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SUMMARY

Molecular mimicry is a common mechanism used by many bacteria to evade immune responses. 

In recent years, it has become evident that bacteria also decorate the extracellular matrix of their 

biofilms with molecules that resemble those of the host. These molecules include amyloids and 

other proteins, polysaccharides, and extracellular DNA. Bacterial amyloids, like curli, and 

extracellular DNA are found in the biofilms of many species. Recent work demonstrated that curli 

and DNA form unique molecular structures that are recognized by the immune system causing 

activation of autoimmune pathways. Although a variety of mechanisms have been suggested as the 

means by which infections initiate and/or exacerbate autoimmune diseases, the mechanism 

remains unknown. In this article, we discuss recent work on biofilms that highlight the role of 

amyloids as a carrier for DNA and potentiator of autoimmune responses and propose a novel link 

between bacterial infections and autoimmune diseases.
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Infections and autoimmune diseases

Chronic autoimmune diseases occur when the immune system recognizes self-antigens as 

foreign, leading to inflammation and destruction of specific tissues and organs. 

Autoimmunity was first recognized by a famous physician, Paul Ehrlich, in the early 1900s. 

He realized that the powerful effector mechanisms used in host defense could, if turned 

against the host, cause severe tissue damage; Ehrlich termed this horror autotoxicus. To 

protect itself from an autoimmune response, the body uses a technique called self-tolerance 

in which T cells go through a negative selection process. Not all self-reactive T cells are 

removed, however, and the remaining self-reactive T cells must be regulated to avoid an 

autoimmune response. Dysregulation of these T cells in the periphery can lead to 

autoimmune responses throughout the body, the reaction first described by Ehrlich.
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There is evidence that infectious agents can trigger gut or systemic autoimmune diseases. 

However, opposing evidence, primarily from animal models of autoimmunity, suggest that 

many autoimmune disorders occur through internal dysregulation of the immune system 

without the participation of infectious agents. It is now accepted that susceptibility to 

autoimmune diseases is multifactorial and that the interaction between genetic and 

environmental factors underlies disease progression. Different genetic factors are associated 

with susceptibility to autoimmune disease, and various environmental factors feed into 

breaking tolerance to self-antigens in the susceptible host. Infections are considered to be 

one of these environmental factors. How infections contribute to the disease onset or flares 

of many autoimmune diseases remains a mystery, however. Within this review, we will 

discuss how amyloid-expressing enteric bacteria drive autoimmune reactions during 

infections. Amyloids and DNA that potentially trigger autoimmune responses are expressed 

by many important human pathogens such as Escherichia coli, Borrelia burgdorferi, 
Salmonella enterica serovar Typhimurium, Mycobacterium tuberculosis, Pseudomonas 
aeruginosa, and Staphylococcus aureus. It is important to note that the bacteria discussed 

here with the exception of curli-producing E. coli and S. Typhimurium as well as PSM 

producing S. aureus have not been shown to produce amyloid/DNA complexes. Many of 

these bacteria produce amyloids and eDNA in their biofilms in vitro. However, the 

production of amyloids as part of a biofilm during the human infection and their interactions 

with DNA leading to autoimmunity needs further investigation.

Autoimmune sequelae following bacterial infections

There are many examples of diseases in which bacterial infections initiate or exacerbate 

autoimmune responses (Figure 1). One of the well-described autoimmune conditions that 

develop in response to an infection is reactive arthritis (ReA), also known as post-infectious 

arthritis or ankylosing spondylitis. ReA is a painful form of inflammatory arthritis caused 

after gastrointestinal infections with enteric pathogens such as Salmonella, Shigella, 
Yersinia, or Campylobacter or after genital infection with Chlamydia trachomatis (1). ReA 

usually starts one to four weeks post infection. ReA affect the joints, and many patients also 

develop eye inflammation (conjunctivitis) and urinary problems (urethritis). ReA affects 

approximately 5% of patients following gastrointestinal infections, and some patients remain 

symptomatic for 5 years or longer. ReA has traditionally been thought of as a “sterile” 

arthritis because antibiotic treatment in individuals with ReA is ineffective (2, 3) and 

cultures of joint fluids yield no growth of organisms. Recent evidence suggests, however, 

that Chlamydia species can become persistent in joint and synovial tissue (4, 5) of patients 

with ReA, and immunocytochemical staining and mass spectrometry has demonstrated the 

presence of enteric bacterial products in the synovial fluid, further implicating 

microorganisms in the inflammatory process (6–8).

Genetic variations and differences in etiology make treatment of ReA difficult. For example, 

the histocompatibility leukocyte antigen (HLA)-B27 genotype is a risk factor for ReA, and 

over two-thirds of the patients with ReA carry the HLA-B27 genotype. Those patients 

negative for HLA-B27 are frequently positive for cross-reacting antigens such as HLA-B7, 

HLA-B22, HLA-B40, or HLA-B42 (9). It has been suggested that the bacteria express 
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antigens that react with HLA-B27, but it is still unclear why HLA-B27 predisposes 

individuals to ReA.

In addition to ReA, there are other examples of arthritis likely induced by bacterial infection 

that are not associated with HLA-B27. Post-streptococcal arthritis is a poorly understood 

clinical syndrome. It is not clear whether post-streptococcal arthritis is a separate entity or a 

condition that presents with rheumatic fever. Group A streptococci colonize the throat or 

skin and are responsible for various infections and post-streptococcal immune sequelae. 

These bacteria are the most common cause of pharyngitis in school-aged children. 

Rheumatic fever or rheumatic heart disease is an important autoimmune sequelae that follow 

pharyngitis. Molecular mimicry by M-protein and the production of cross-reactive 

antibodies are important for the pathogenesis. Antibodies that recognize the M protein and 

the N-acetyl-β-D-glucosamine of S. pyogenes cross-react with myosin leading to heart 

damage (10, 11). Some of the rheumatic heart disease patients also experience arthritis post-

infection. However, the mechanisms that trigger arthritis is not known.

Recently, streptococcal carriage has been proposed to have a role in a human skin 

autoimmune disease, psoriasis. An interesting connection was discovered when researchers 

found that tonsillectomy provided relief of symptoms in psoriasis patients (12). 

Streptococcal biofilms that cause chronic infections of the tonsils are thought to exacerbate 

psoriatic symptoms. This was supported by data showing that patients with moderate to 

severe chronic plaque psoriasis have shown improvement in skin lesions upon long-term 

penicillin treatment (12, 13).

The pediatric autoimmune neuropsychiatric disorders associated with streptococci, or 

PANDAS, is a neurological response seen in children after they have been treated for a 

group A streptococcal infection (strep throat) (14). Patients present with an obsessive 

compulsive or tic disorder and express anti-neuronal antibodies against dopamine receptors 

(14). This condition is one of very few examples of an autoimmune reaction within the 

brain, most often thought of as an immune privileged area of the body. This provides 

evidence for an axis of interaction between the peripheral streptococcal infection and the 

neurological response.

Another example of autoimmunity induced by bacterial infections is Lyme disease. Lyme 

disease is a tick-borne disease caused mainly by the B. burgdorferi bacterium though other 

Borrelia species have been found to cause the disease in rare cases. If untreated, Borrelia 
species spread throughout the body and cause arthritis and nervous system problems as well 

as pain and fatigue. Although quite controversial, biofilms of Borrelia were detected in a 

recent study and proposed to be responsible for the persistent infection and continuation of 

disease symptoms (15). Intriguingly, many Lyme disease symptoms overlap with those of 

systemic lupus erythematosus (SLE), a chronic human autoimmune disease. Furthermore, 

autoantibodies detected in sera from Lyme disease patents are the same as those observed in 

SLE patients. For example, Lyme patients, like SLE patients, test positive for auto-nuclear 

antigens (ANA)(16, 17). Molecular mimicry of γ enolase by Borrelia enolase has been 

suggested to drive the autoimmune response and more chronic symptoms (18).
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Mysteriously, most individuals positive for ANA do not have an autoimmune disease. This 

brings up the question of whether the generation of autoantibodies post-infection is a 

common response to bacterial infection. Consistent with this idea, anti-double-stranded 

DNA antibodies and antibodies to other autoantigens are seen in patients who have had lung 

infections caused by Pseudomonas aeruginosa, biliary tract infections caused by enteric 

bacteria, and bacterial prostatitis caused by E. coli (19–21). The most controversial infection 

that has been proposed to be an infection-initiated autoimmune disease is tuberculosis (22).

Mycobacterium tuberculosis infections cause granuloma formation, and patients have a 

depressed immune response (23). Further, 40% of tuberculosis patients present with 

autoantibodies normally associated with SLE and Wegener’s granulomatosis (22). 

Additionally, inflammatory arthritis occurs in some patients even without detectable bacteria 

within the joint space. Tuberculosis shares symptoms with multiple autoimmune diseases 

including irritable bowel disease, Crohn’s disease, ankylosing spondylitis, and sarcoidosis to 

name a few (22, 24, 25). Sarcoidosis diagnoses often mirror those of tuberculosis, the only 

difference being a lack of mycobacterium presence in tissues (22, 25). The similarities 

between these disease states indicate that similar host molecules are at play in these 

conditions.

Intriguingly, of all the bacteria implicated in the diseases described above, most have been 

shown to express amyloids, a type of molecule that the immune system recognizes as a 

conserved molecular pattern (Figure 1). Though the production of amyloids during human 

infection remains speculative, increasing evidence suggest that amyloids maybe the link 

between infections and autoimmunity. Regardless of their amino acid sequence, amyloids 

are characterized by their conserved beta-sheet fibrillar structure(26). It is this conserved 

structure that is recognized by the innate immune receptors such as the toll-like receptor 

(TLR)2/TLR1 heterocomplex and Nod-like receptor protein 3 (NLRP3) (27, 28). Bacteria 

produce amyloids as part of their biofilm introducing a common molecular pattern for host 

recognition. In most cases, it remains unclear whether bacterial amyloids are expressed 

during the infections that trigger autoimmune reactions.

Bacterial amyloids: survival strategy and molecular mimicry

In a biofilm, a group of bacteria are encapsulated in a three-dimensional, self-produced 

extracellular matrix (ECM) that adheres to abiotic or biotic surfaces (29, 30). Bacteria 

produce biofilms to protect the population from environmental insults including 

antimicrobials, physical sheer stress, or the immune response. Intriguingly, the biofilm ECM 

makes up 85% of the biofilm mass. Bacterial amyloid proteins that possess a conserved 

cross beta-sheet structure serve as a strong scaffold for the ECM (31, 32). Amyloids are 

highly resistant to chemical, proteolytic, and enzymatic degradation, and therefore provide a 

strong scaffold for the community and act almost like a shield under stress (33, 34). 

Moreover, amyloids are expressed also by humans (35–37); therefore, bacteria may use 

these molecules to hide the bacterial community from the immune system.

Depending on the habitat, between 5 and 40% of species isolated from environmental 

biofilms produce amyloids, demonstrating the widespread distribution of this extracellular 

Nicastro and Tükel Page 4

Trends Microbiol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



structure (38). Curli fibers are amyloids produced in the biofilms of enteric bacteria in the 

environment as well as during infections (39). Curli has high structural and functional 

similarity to human amyloids (33, 39–41). Although expression, function, and immune 

activation by E. coli and Salmonella curli species are well characterized, in vivo expression 

of curli by clinical enteric strains has yet to be described. Phylogenetic analysis suggests that 

the curli assembly machinery is widespread, as homologs of the csg genes, which encode 

curli and are responsible for its biosynthesis and secretion, are found within four phylum, 

Bacteroidetes, Proteobacter, Firmicutes, and Thermodesulfobacteria, as well as nine 

different classes of sequenced bacteria (42). Consistent with these findings many pathogenic 

bacteria associated with autoimmune sequelae post-infection produce amyloid proteins. 

Staphylococci produce phenol-soluble modulins and Bap amyloids; Streptococcus mutans 
produce amyloidogenic P1, WapA, and SMU_63c; Pseudomonas sp. produce FapC amyloid; 

and B. burgdorferi produces OspA amyloid (43–49). As S. mutans produces amyloid, it is 

thought that other Streptococcus sp. may be producing amyloids as well. Intriguingly, M. 
tuberculosis has been reported to express a curli-like amyloid during human infection (48); 

however, not much is known about this protein.

OspA protein is an amyloid protein and a major virulence factor expressed by B. 
burgdorferi, the pathogen that causes Lyme disease. The importance of this protein during 

infection is highlighted by studies showing anti-OspA treatment is protective against 

infection in mice (50). Not only is this protein necessary for infection, but it is also used by 

Borrelia sp. as a molecular mimic for adhesion molecule LFA-1α (51). LFA-1α is a partial 

agonist of antibodies against OspA, and it exacerbates autoimmune symptoms (52). Finally, 

sequence similarity between B. burgdorferi OspA and S. pyogenes M5 proteins have been 

reported (53). These findings suggest that bacteria produce molecules similar to host 

molecules to mitigate the immune onslaught.

In the bigger picture of infections involving biofilms, the National Institutes of Health 

reported that among acute and chronic microbial infections, 65% and 80%, respectively, are 

associated with biofilm formation(54). Infections associated with biofilms include urinary 

tract infections, middle-ear infections, bone and joint infections, dental caries, periodontitis, 

endocarditis, chronic tonsillitis, cystic fibrosis, bacterial prostitis, biliary tract infections, and 

infections of persistent indwelling devices such as heart valves and joint prostheses. Many 

urinary tract infections and bloodstream infections are caused due to biofilms associated 

with indwelling medical devices (55–57). Among the long list of bacteria that cause biofilm-

associated infections, amyloid-producing bacteria make up a significant number (Figure 2), 

and the number of amyloid-producing bacteria may be underestimated. Amyloids do not 

share a conserved amino acid sequence, therefore it is hard to determine if a bacterial species 

produces an amyloid by analysis of gene sequences. One common method to screen for 

amyloid production by bacteria is to supplement growth media with Congo Red, an amyloid 

indicator dye. Amyloid production is indicated by a red colony phenotype. Congo red, 

however has the potential to stain other polysaccharide components of the biofilm and 

therefore amyloid production can be confirmed with the addition of Coomassie brilliant blue 

to the plates or with the use of another amyloid specific dye Thioflavin T (38, 58–60). It 

must also be noted that for most of the bacterial species that are amyloid-producers, the 

presence of amyloid during infection has not been definitely demonstrated. For instance, 
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although S. aureus produces phenol-soluble modulins or Bap in biofilms generated in vitro 
in laboratory conditions (49, 61, 62), it is not known whether staphylococci produce these 

amyloids during infections or whether the repertoire of amyloids influences the type of 

immune response.

Enteric bacterial biofilms: curli, extracellular DNA, and autoimmunity

Although the bacteria produce amyloids as a way to hide from the insults of the immune 

cells, the immune system in turn recognizes the amyloids as conserved molecular signatures 

to detect bacterial activity. For instance, curli is recognized by the TLR2/TLR1 complex and 

the NLRP3 inflammasome (27, 28, 63, 64). It is important to note that toll-like receptors 

also recognize human amyloids including beta-amyloid, which is present in plaques in the 

brains of patients with Alzheimer’s disease, and serum amyloid A (SAA). Studies suggest 

that the TLR2/TLR1 heterocomplex is a major innate immune receptor that recognizes the 

fibrillar beta sheet structure of bacterial amyloid curli, human beta-amyloid, and human 

SAA. The NLRP3 inflammasome also recognizes beta-amyloid and SAA (64–68). 

Amyloids produced by other bacteria are likely also bound by the TLR2/TLR1 complex and 

NLRP3 inflammasome due to their common fibrillar beta-sheet structure. Thus, amyloids 

may mimic host molecules to hide from the immune system. In return, the immune system 

recognizes these molecules regardless of their origin, which may initiate the autoimmune 

responses.

In addition to amyloids, carbohydrates and extracellular DNA are major constituents of the 

ECM of biofilms (32, 39, 69). For example, cellulose produced by enteric bacteria is 

integrated into the biofilm ECM providing additional structural support and protection. A 

recent study demonstrated that curli and bacterial DNA form complexes in enteric biofilms 

that are highly proinflammatory compared to curli alone or DNA alone (70). In fact, 

curli/DNA complexes activate multiple innate immune receptors in various compartments of 

an immune cell: First, curli activates the TLR2/TLR1 heterocomplex on the membrane (28, 

63, 64), and then internalization of this complex brings curli/DNA into the endosome to 

activate the DNA receptor TLR9 (71), followed by cytosolic escape of fibrillar curli, which 

activates NLRP3 (27). Structural analysis suggests that the curli fibers organize DNA with 

an inter-DNA spacing that promotes effective, multivalent TLR9 binding and activation (71).

Lipopolysaccharide (LPS) and flagellin are thought to be the dominant molecular signatures 

of enteric bacteria recognized by the immune system. However, recent studies show that in 

the case of a biofilm, curli/DNA complexes serve as the dominant molecular signature that 

triggers the autoimmune response (70). Since bacteria decorate the ECM with molecules that 

resemble the host, it is not surprising that bacterial biofilms that harbor curli and DNA elicit 

an autoimmune response. In murine models, infection with either commensal E. coli or 

pathogenic S. enterica serovar Typhimurium leads to elevated levels of antibodies to double-

stranded DNA and chromatin as well as positive ANA results, and these responses require 

expression of curli by the bacteria (70). Injection of purified curli/DNA complexes triggers 

similar responses in mice that are dependent on the activation of TLR2 and TLR9. Thus, 

amyloid curli serves as a carrier for DNA and the generation of subsequent DNA-related 

responses (71).
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The elevation of autoantibodies induced by curli/DNA complexes occurs both in lupus-prone 

and in wild-type mice (70). Therefore, it is possible that the autoimmunity is triggered by 

biofilm-related infections even in individuals without an autoimmune disease, although this 

autoimmunity may be resolved over time by the competent immune system. If, however, the 

individual is already predisposed to an autoimmune disease by genetic factors and there is 

exposure to the biofilm for a long period of time, biofilm-related infections may contribute 

to disease progression or flares. We speculate that an autoimmune response driven by 

curli/DNA complexes contributes to the development of ReA following enteric infections. It 

is possible that during a gastroenteritis outbreak caused by enteric bacteria, individuals with 

the HLA-B27 genotype will develop an exacerbated immune response and ReA, whereas 

those with other HLA genotypes experience an autoimmune response that is moderate or 

transient. Although these connections are speculative, they warrant further investigation.

Systemic lupus erythematosus (SLE)

Generation of autoantibodies, including anti-double-stranded DNA antibodies, and the type I 

interferon response are hallmarks of the human autoimmune disease SLE (70). SLE is 

considered a prototypical autoimmune disease; 80% of SLE patients develop joint and 

muscle pain, skin rashes, fatigue, and a general feeling of being unwell. SLE is often 

mistaken for other diseases. An anti-nuclear autoantibody (ANA) test is used to confirm the 

presence of autoantibodies to aid in diagnosis (72). Intriguingly, patients who eventually 

develop SLE show positivity for anti-double-stranded DNA and anti-chromatin years before 

the diagnosis (73).

Infections are the most common causes of hospitalization and mortality in SLE patients. The 

frequencies of infections in SLE patients, such as pneumonia, sepsis, skin infections, and 

urinary tract infections, are similar to those of the general population and are caused by both 

Gram-positive and Gram-negative bacteria (74). However, infections (both viral and 

bacterial) trigger flares in SLE patients. During a lupus flare the most common complaints 

are of flu-like symptoms (with or without fever), fatigue, and muscle and joint pains. 

However, continual flare-ups negatively affect various organs, including kidneys and lungs, 

and can eventually lead to organ failure and death (75).

Genome-wide association studies suggest an involvement of toll-like receptors in the 

pathogenesis of SLE (76). It is well established that DNA triggers autoimmune responses 

and contributes to the pathogenesis of SLE via the activation of TLR9 (77). Although 

polymorphisms of TLR2 have no correlation with predisposition to SLE, peripheral blood 

mononuclear cells (PBMCs) from lupus patients express higher levels of TLR2 than PBMCs 

from healthy controls (76), suggesting that SLE patients may react more strongly to TLR2 

ligands than healthy individuals.

SLE patients have elevated levels of LPS in systemic circulation, suggesting that the 

immune systems of these patients are frequently exposed to bacterial products (78). 

Consistent with this, infection with S. Typhimurium or E. coli causes bacteremia, sepsis, or 

soft tissue infections in SLE patients instead of the gastroenteritis and urinary tract 

infections common in otherwise healthy individuals. This shows how the altered immune 
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system of these patients can influence the location where bacteria establish an infection. The 

fact that curli/DNA complexes from enteric biofilms as well as several other infections by 

amyloid-producing bacteria lead to positive ANA results suggests that there may be a link 

between the infections and autoimmunity.

Biofilms on implanted devices and autoimmunity

Bacterial biofilms on implanted devices are difficult to treat, often requiring additional 

surgery or implant removal. Many bacteria that colonize implanted devices have the capacity 

to produce amyloids (Figure 2). There have been recent reports of patients who have 

undergone transvaginal mesh surgeries or hernia surgeries who have developed autoimmune 

diseases, including SLE, following surgery. It has been speculated that biofilms associated 

with the mesh break tolerance and trigger autoimmunity in these patients (79–82). 

Consistent with this, recent work showed the presence of multiple species in biofilms on 

implanted mesh (83, 84). The connection between implants colonized with biofilms and 

autoimmune disease remains controversial, as some studies have shown no direct correlation 

between infected mesh implants and autoimmune disease onset. More mechanistic studies as 

well as epidemiological studies are needed to determine the complex immune reactions to 

biofilms on implanted devices in the future.

Concluding Remarks

Bacteria use biofilms as a hideout from the immune system to establish successful 

infections. Independent studies show that resolution of many infections are complicated by 

autoimmune sequelae for unknown reasons. Recent evidence showed that the molecules 

used by bacteria to decorate the extracellular matrix of the biofilms, e.g. amyloid/DNA 

complexes, generates autoimmune responses during infections in animal models. It is 

thought that while biofilm-associated infections trigger a transient autoimmune response by 

bacterial amyloid/DNA complexes in healthy individuals, this response may be sustained 

and detrimental in individuals genetically predisposed to an autoimmune disease. However, 

at this point the role of biofilm-associated infections as a trigger and modulator for human 

autoimmune diseases remains to be formally proven (see Outstanding Questions). 

Epidemiological studies that delve into the clinical history of patients and consider biofilm 

associated-infections or possible exposure to bacterial amyloids as a risk factor to develop 

autoimmune diseases are needed. More importantly, new practices to ensure the eradication 

of biofilms are needed to prevent the chronic exposure to biofilms. This will prevent the 

long-term exposure of the immune system to the biofilm products such as amyloid/DNA 

complexes that are capable of breaking immune tolerance.
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Outstanding Questions

• Are bacterial biofilms responsible for autoimmune sequelae post-infection?

• Do biofilm associated bacterial infections accelerate autoimmune disease 

onset and contribute to flares?

• Do both Gram-negative and Gram-positive bacterial amyloids complex with 

DNA that trigger autoimmune reactions?

• Are bacterial amyloid-like proteins expressed during many bacterial 

infections?

• Do amyloids carry bacterial molecules other than DNA that can trigger 

autoimmunity?
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Highlights

• Autoimmune responses are generated during many bacterial infections. Most 

bacteria that cause autoimmune sequelae post-infection produce amyloid 

proteins.

• Amyloids are detected in biofilms produced by many bacterial species.

• The incorporation of amyloid and DNA into the biofilm extracellular matrix 

enhances biofilm stability.

• Amyloid/DNA complexes are dominant molecular signatures that the immune 

system recognizes.

• Systemic exposure to amyloid/DNA complexes lead to an autoimmune 

response via TLR2 and TLR9.

• Biofilm associated infections have the potential to generate autoimmunity via 

presentation of amyloid/DNA complexes to the immune system.
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Figure 1: 
Human infections followed by autoimmune sequelae. Shown are human infections with their 

associated causative bacteria. Each line links the infection to the appropriate site of infection 

on the body. Amyloid-producing bacteria are marked in red.
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Figure 2: 
Biofilm-related infections in humans. Infections of native body tissue are shown in the left 

table while bodily infections associated with implanted devices are shown in the table on the 

right. Amyloid-producing bacteria are marked in red text.
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