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Innate receptors and microbes in induction of autoimmunity
Alexander Chervonsky
Cells of the adaptive immune system (T and B cells) causing

autoimmunity require activation signals that are normally

provided by the innate immune system. Innate signaling

receptors are obvious candidates for participation in the

induction of autoimmunity, and the nature of these receptors

suggests that microbes could be the triggers. Recent

publications describing the development of autoimmunity in

sterile conditions and in animals deficient in innate signaling

question the requirement of these receptors for initiation of

autoimmunity. In addition, the role of the non-pathogenic

(commensal) microbiota as a regulator of autoimmunity has

come into the spotlight. In this review we discuss recent reports

that deal with the link between innate signaling receptors and

‘adaptive’ autoimmunity.
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Introduction
The studies of autoimmune disease concordance in iden-

tical twins, emigrants from areas with high or low inci-

dence of a particular autoimmune disease to areas with

respectively low or high incidence and genetically related

populations living in dissimilar conditions, all find that

environment influences the diseases (reviewed in [1–3].

For example, the results of the identical twin studies in

type 1 diabetes (T1D) find that the concordance rate is

about 40–50%, which is higher than in non-identical twins

(around 7%) but is much less than 100%. Taken at the

face value the figure suggests both strong genetic and

environmental influences. It also suggests that either 50%

of identical twins were unlucky to be infected with T1D-

provoking pathogens or that 50% of twins were lucky to

be exposed to environmental cues that stopped the

autoimmunity. That the second interpretation is plaus-

ible was confirmed by the studies of T1D in genetically
www.sciencedirect.com
susceptible mice (that are also genetically identical). It

was found that the incidence of diabetes was dependent

on the quality of animal care (good care = less pathogen-

s = high incidence) [4].

Microbial involvement in autoimmunity suggested that

receptors that have been evolutionary selected to detect

conserved molecular patterns associated with pathogens

(PAMPS, according to Janeway [5]) could be involved.

These innate pattern-recognition receptors (PRRs) can

see microbial products that are absent from eukaryotic

host (glycolipids, lipopeptides, special proteins, modified

nucleic acids), or not available to them in the host under

normal circumstances because of the rapid clearance or

sequestration from the receptors. The receptors of the

adaptive system (T cell receptors and antibodies) lack the

ability to tell apart self from non-self but are sensitive to

self-antigens during development. Immunity to patho-

gens is based on sequential reactivity of the innate and

adaptive immune systems (Figure 1A (a)). The goal of

this review is to discuss recent data linking PRRs with

‘adaptive’ autoimmunity.

Germ-free animals: a test tube for sterile
autoimmunity
The question of whether microbes are required to induce

an autoimmune disease can be addressed (not so easily)

by derivation of autoimmunity-prone animals into germ-

free (GF or axenic, sterile) animals. Such animals can be

analyzed for the signs of the disease and also can be

colonized with a defined set of microbes (making them

‘gnotobiotic’ animals). GF animals have been used to test

the development of various autoimmune and autoinflam-

matory conditions. It is clear that T1D develops in GF

rodents [6,7,8��]. GF non-obese diabetic (NOD) mice

demonstrated a high incidence of the disease in both

females and males (whereas it is skewed towards females

in specific pathogen free, SPF conditions). However, GF

mice did not develop T1D as a cohort, but showed quite a

stretch of the disease onset over time. Two important

conclusions can be drawn from this experiment:

a. that microbes were not required for the induction of

T1D, and

b. that a prominent stochastic component is involved in

T1D development in the absence of microbiota. This

stochastic component is probably a reflection of the

random nature of the rearrangement of the T cell

receptor (TCR) genomic segments leading to pro-

duction of autoimmune T cellswith a certain probability

and explaining partly the low disease concordance in

twin studies. These data and the well-established
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Figure 1

(A) (a) Janeway’s model of communication between innate and adaptive immune responses. Activation of the innate system produces three different

signals that stimulate T cells: active antigen processing and presentation (I), costimulation (II) and a milieu of cytokines (III) that provides for the

‘adequacy’ of the immune response based on recognition of a pathogen such as an extracellular or an intracellular bacterium, virus, or a fungus or a

worm. In the absence of signal II, T cells engaging cognate antigens are supposed to die. That is likely to be one of the key mechanisms that suppress

autoimmunity. (b) Costimulatory signals elicited by pathogens through PRRs can also activate self-reactive T cells that have escaped negative

selection. That process requires that the antigen presenting cell (APC) also express the self-peptide/MHC complex. That may be achieved by cross-

presentation of peptides from infected cells engulfed by the APC. In this scenario antigenic similarity between a pathogen and self is not required. In

fact, such similarity, known as ‘molecular mimicry’ has been documented only in limited number of systems. The bystander activation of autoimmune T

cells still requires genetic predisposition to autoimmunity and/or a failure of other protective mechanisms. It is normally controlled by mechanisms that

limit self-antigen processing and presentation in response to detection of the PRR agonists by the APCs [16] ((c) and (d)). Since autoimmunity in

diseases such as T1D develops in the absence of microbes and TLR signaling, the genetic predisposition to autoimmunity could be explained by two

scenarios with faulty negative selection being a prerequisite to both of them. Either expression of costimulatory signals is genetically elevated in

susceptible individuals (c) or the T cells have lower threshold for activation that can utilize background costimulatory signals (d). Obviously, these two

scenarios are not mutually exclusive. Although TLR signals are not required, they can still be crucial for acceleration of the disease induction by

pathogens (as in (b)). (B) Influence of PRRs and commensal microbiota of autoimmunity. In T1D the lack of MyD88 signaling removes control over

commensal microbiota changing its composition. Microbes that are now thriving induce tolerance of T cells in regional lymph nodes and protect
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genetic linkage of organ-specific autoimmune diseases

with the Major Histocompatibility Complex (MHC)

strongly suggest that faulty negative selection is the

primary and the most important component in the

pathogenesis of autoimmune diseases. In support of this

view, development of autoimmunity in GF mice

deficient in transcription factor AIRE [9��], that controls

negative selection at the early stages of development

[10], was an excellent demonstration of the lack of

necessity for microbial involvement in the onset of

disease.

The processes of negative selection are hardly complete

even in the carriers of MHC alleles without known associ-

ation with autoimmunity or in animals sufficient for AIRE.

That is best demonstrated by rampant autoimmunity in

adult animals in which regulatory T cells (Tregs) were

ablated by a toxin [11�]. Therefore, in addition to active

tolerance induced by Tregs multiple additional barriers

exist to curb autoimmunity: immune privilege, induction

of inhibitory receptors [12–14], limitation of self-antigen

processing and presentation by the PRR agonists [15,16],

and contraction of expanded T cell clones either by self-

limiting mechanisms [17–19] or by elimination of activated

APCs [20,21]. Importantly, the latter mechanism requires

stimulation of PRRs to induce the sensitivity of APCs to

Fas-mediated elimination [21].

Other autoimmune models were tested in GF conditions

and some were microbe-independent (autoimmune gastri-

tis in mice lacking activation-induced cytidine deaminase,

AID [22]), whereas others (ankylosing enthesopathy [23] or

arthritis caused by deletion of the IL-1 receptor antagonist

[24]) were ablated in GF animals. A hypomorphic mutation

in the SHP1 encoding gene led to the ‘motheaten’-like

phenotype in the SPF but not in the GF environment [25].

Notably, the predominant pathology in motheaten mice is

caused by activation of innate inflammatory effector cells

(macrophages and neutrophils) and is also observed in Rag-

deficient animals [26]. In this case, the autoinflammatory

component turned out to be dependent on the microbiota.

Important conclusions from the studies of GF animals are

that (a) ‘adaptive’ autoimmunity can develop in the

absence of microbes, and (b) if it does not, then endogen-

ous ligands for PRRs are not important without microbial

stimuli. Which brings us to the key question of whether

development of ‘adaptive’ autoimmunity requires innate

signaling through PRRs.

PRRs and autoimmunity
A major set of signaling PRRs is the Toll-like receptors

(TLRs), which have been shown beyond any reasonable
( Figure 1 Legend Continued ) animals from T1D. In GF mice lacking microbi

T1D independently of TLRs. No endogenous ligands for TLRs are involved i

animal’s immune system towards themselves and affecting autoimmune T c
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doubt to work in a way predicted by Charlie Janeway:

they activate innate cells to provide signals ‘one’ and ‘two’

to the cells of the adaptive immune system [27,28,29�].

Three questions can be formulated that are important for

the understanding of the role of the TLRs (and other

PRRs) in autoimmunity:

a. Are TLRs required to induce an autoimmune disease?

b. If they are, do they use exogenous or endogenous

ligands?

c. Can TLRs modulate the course of the disease, and by

what mechanisms?

The answers are likely to be disease specific, but it is clear

that at least two diseases (T1D in NOD mice and poly-

specific autoimmunity caused by the disruption of aire
gene) were independent of TLR signaling [8��,9��].

In the systems where TLRs appear to be dispensable for

induction of autoimmunity, the question of endogenous

vs. exogenous ligands is not valid. However, the results of

many studies claiming the opposite cannot be simply

discarded on the basis of this conclusion, they just need

to be re-interpreted. For example, a study showing TLR2

involvement in T1D development [30] could in fact

suggest that TLR2 is crucial for the homeostasis of the

commensal microbiota (see below). For experimental

models in which autoimmunity does not develop in

GF conditions, the answer to question ‘(b)’ is that the

TLR ligands must be of exogenous origin. That may be

only partly true if TLRs are used in a positive amplifica-

tion loop rather than for initiation of the disease.

The answer to question ‘(c)’ is a definite ‘yes’, as it has

been shown in many systems. The influence of TLRs on

T1D that can be both protective and inductive has been

recently reviewed [31–33] including induction of T1D in

BB-DR rats by viral infections. TLR-dependence of the

disease in BB-DR rats was shown by multiple indirect

approaches since the lack of relevant knockouts in rats

makes it hard to establish directly. In mice with trans-

genic expression of an LCMV-derived antigen and a

TCR that recognizes that antigen, the triggering of

autoimmunity required either infection with the virus

(LCMV) or TLR engagement [34]. Interestingly, the

anti-LCMV response is dependent on TLR but not on

other PRRs’ signaling [35]. Among many other viruses

implicated in T1D development, Coxsakie viruses are

considered main culprits both in humans (where evi-

dence is obviously circumstantial) and in mice (reviewed

in detail in [36]). The role of TLRs in the process
ota the protective mechanisms cannot work and they proceed to develop

n disease induction. Protective microbes are probably tolerizing the

ells by a bystander mechanism.
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appeared to be hard to address because TLR3-deficient

mice (but not MyD88-deficient mice) were highly sen-

sitive to infection with Coxsakie B4 virus [37]. This is one

of the few known instances where susceptibility to a

pathogen is solely dependent on a single PRR, but it also

makes the point that the importance of TLR signaling for

protection against infections outweighs their importance

for development of autoimmunity.

Are other PRRs involved in autoimmunity? The known

signaling PRRs are divided into membrane/endosomal

receptors (TLRs and dectins), and cytosolic receptors:

nucleotide-binding oligomerization domain containing

(NOD-like) receptors (NLRs), retinoic acid-inducible

gene I (RIG-I) like receptors (RLRs) and intracellular

DNA sensor(s) inducing type I interferons, IDS).

Dectins (C-type lectins signaling through a Syk kinase-

dependent pathway) are involved in the anti-fungal

responses and promote Th17 differentiation [38,39]. In

a recent study [40], the yeast cell wall derivative zymosan

was found to work as an adjuvant promoting induction of

Experimental Autoimmune Encephalomyelitis (EAE)

under conditions where TLR2 signaling was ablated.

Interestingly, TLR2 induced suppression of the disease

when mice were immunized with the antigen (MOG)

with zymosan but not when immunized with

MOG+CFA. Thus, exposure to different TLR agonists

can decide the course of an autoimmune disease.

Mutations in NLRs, which are part of caspase-1 activating

inflammasomes, seem to lead primarily to autoinflamma-

tory disorders [41�], suggesting that in general signaling

through these receptors does not lead to induction of

costimulation and triggering of adaptive immune

responses. In addition, inflammasomes require transcrip-

tion of pro-IL1, which is triggered by TLR agonists,

making it hard to dissect the role of these receptors in

autoimmunity [29�,42]. NOD-like receptors have been

associated by genetic screens with IBD and have been

found to activate adaptive immunity [43] and stimulate

Th17 development in humans [44].

The role for RLRs in autoimmunity is not yet deter-

mined, although they are capable of sensing both foreign

and self-RNA species. Quite interestingly, recent screens

for genes involved in T1D [45,46�] pointed at IFIH1

(MDA-5, an RLR) as a player in T1D development.

Although there is no direct evidence yet on how it could

work, observed polymorphism of the gene suggested that

protective alleles were loss-of-function mutants. Thus

IFIH1 can be involved in T1D as a trigger of costimula-

tion for the activation of autoimmunity in response to a

viral infection.

Sensing of DNA by multiple receptors leads to pro-

duction of type I interferons that can lead for activation
Current Opinion in Immunology 2009, 21:641–647
of costimulatory signals and autoimmunity (recently

reviewed in [47]. Because DNA sensors can serve as

receptors for self-DNA, several mechanisms prevent such

recognition. However, mutations in secreted and intra-

cellular exo-nucleases and endo-nucleases lead to pro-

duction of type I interferon and systemic or organ-specific

autoimmunity. The reaction can be amplified by intra-

cellular delivery of DNA bound by antimicrobial peptide

LL37 (psoriasis) anti-DNA antibodies (lupus models) or

by a DNA-binding molecule HMGB1 [42]. In systemic

lupus-like diseases, TLR7 and TLR9 are likely to be

important for the amplification loop of the autoimmune

process: in Y-associated autoimmune (Yaa) mouse carry-

ing a duplication of a portion of X chromosome (including

tlr7 gene), autoimmunity was still detectable when TLR7

expression dose was returned to 1X [48]. However, higher

levels of expression of TLR7 are sufficient to induce

autoimmunity even in resistant animals [48]. Thus, evol-

utionary conserved fine-tuning of the expression of recep-

tors that can use self-molecules as agonists is an important

anti-autoimmune mechanism.

Non-pathogenic microbes and autoimmunity
Whereas encounters with pathogens are random, eukar-

yotic organisms are in a constant mutualistic relationship

with commensal microbiota that is essential for the fitness

of the eukaryotic host. Besides nutritional and lymphoid

organogenic functions, commensals are needed for pro-

tection against pathogens and support of the integrity of

the intestinal epithelium. Our recent study [8��] has

highlighted the role of commensals in autoimmunity.

NOD mice lacking the MyD88 adaptor were resistant

to T1D development when housed in SPF conditions.

However, GF conditions reversed the trend and made the

knockout mice susceptible to T1D. Colonization of GF

MyD88-negative mice with a defined bacterial consor-

tium led to a significant decrease in T1D development. At

the same time, transplantation of the microbiota of SPF

MyD88-negative mice to GF wild-type mice led to a

decrease in T1D-associated pathology in the latter. This

result and the deep sequencing of 16S RNA genes from

ceacal microbiota of MyD88-sufficient and MyD88-

deficient mice confirmed the hypothesis that specific

changes in microbiota composition can affect the devel-

opment of autoimmunity. Figure 1B shows the model

explaining the hypothesis. In the case of T1D, commen-

sal bacteria that are normally controlled by a MyD88-

dependent mechanism(s) render diabetogenic T cells

tolerant. The microbial signals and receptors that are

involved in the process are currently unknown. It is

important to appreciate that many effects of innate re-

ceptor signaling on autoimmunity could be indirect. The

aforementioned finding of T1D dependence on TLR2 is

a likely example of that, with TLR2 (and TLR9 [49])

being responsible for control over the intestinal micro-

biota. We have recently found that double TLR4/MyD88

negative (a double knockout that disables all TLRs
www.sciencedirect.com
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except TLR3) GF NOD mice were still highly suscept-

ible to T1D (P Volchkov, unpublished data), a result that

in combination with the lack of TLR3 participation in

T1D development [8��,49] shows that TLRs are totally

dispensable for T1D development when commensals are

absent. TLRs are probably involved in control over

intestinal microbiota through causing secretion of immu-

noglobulins, activation of neutrophils and macrophages

and secretion of antimicrobial peptides. Because besides

inflammatory signals, TLRs deliver commensal-depend-

ent tissue repair signals [50], it is possible that viral

enteritis (or other types of stress on microbiota such as

antibiotics) affects the commensal microbiota reducing its

tolerogenic function and enhancing delivery of PRR

agonists across the epithelial barrier. Moreover, other

PRRs (e.g. NOD1) [51] and the microbiota itself

[52,53] could be involved in commensal-dependent de-

velopment of gut-associated lymphoid organs, adding to

the complexity of the host–commensal relationship.

Commensals can also be involved in induction of auto-

immunity by other unknown mechanisms. Joint diseases

frequently accompany intestinal inflammation, and in

gnotobiotic mice with ankylosing enthesopathy coloniza-

tion with typical intestinal commensal bacteria were

crucial for disease progression [54]. Similarly, commensals

were required for arthritis development in IL1R antagon-

ist-negative mice [24], suggesting that microbial agonists

of PRRs can be delivered systemically or that they induce

inflammatory mediators acting systemically.

An important issue is the role of diet in development of

autoimmunity. Besides provision of nutrients that can

affect immune reactivity directly (e.g. vitamins A and D)

[55], diet can affect microbial communities in the gut. For

example, an obesity-promoting diet affects microbiota

and sets its metabolism to sustain obesity [56,57�]. Diet

can control many physiological and pathophysiological

processes including PRR signaling [58]. Microbiota-

induced metabolic changes can be detected in the blood

by ‘metabolomics’ analysis [59�]. Thus, the longitudinal

studies of T1D may contribute in a significant way to the

understanding of the role of the microbiota and diet in

disease development: metabolomics analysis of sera from

children before and after conversion to diabetes has

revealed metabolic changes that precede the appearance

of autoantibodies [60��].

Metabolism, diet and microbiota make a functional

triangle where every side affects two others also affecting

the host’s health including autoimmunity.

Conclusions and future directions
Two major points need to be made.

First, the lack of a requirement for TLR signaling for

development of autoimmunity in some systems suggests
www.sciencedirect.com
that in addition to faulty negative selection, a glitch either

in T cell requirements for costimulation (low threshold

for T cell activation) or in sensitivity of T cells to the

background costimulatory signals can result in autoim-

munity. These background signals must be important for

the homeostasis of the immune system and are present in

sterile conditions [61]. Genetic linkage of autoimmunity

to genes controlling T cell activation [ptpn22 phosphatase

[62], IL2RA [63], UBASH3A (human homologue of

mouse STS2 [64])], costimulation (CTLA-4 [65]),

lymphocyte–lymphocyte interactions (SLAM family

members [66]) and transcription factors regulating

multiple immunity-related genes (BACH2 [64]) support

this conclusion. Some of these genes are predictably

universal for all types of autoimmunity and some are

disease specific [67].

Second, involvement of PRRs in development of auto-

immunity can be indirect and work through regulation of

the host–commensal microbiota interactions. Clearly,

comprehensive deep microbial DNA sequencing studies

are needed to clarify the effects of inactivation of various

antimicrobial mechanisms on commensal composition

and metabolism in animal models, as well as to test

microbiota dynamics in longitudinal studies of human

autoimmunity. The use of GF mice deficient in PRR

signaling, although technically challenging, would be

helpful in elucidating the role of innate signaling recep-

tors in other models of autoimmunity.
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