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Abstract

The prevailing theory of autoimmune disease, that the 
body creates autoantibodies that attack “self,” was devel-
oped during an era when culture-based methods vastly 
underestimated the number of microbes capable of per-
sisting in and on Homo sapiens. Thanks to the advent of 
culture-independent tools, the human body is now 
known to harbor billions of microbes whose collective 
genomes work in concert with the human genome. Thus, 
the human genome can no longer be studied in isolation. 
Some of these microbes persist by slowing the activity of 
the VDR nuclear receptor, a!ecting the expression of en-
dogenous antimicrobials and other key components of 
the innate immune system. It seems that bacteria that 
cause autoimmune disease accumulate over a lifetime, 
with individuals picking up pathogens with greater ease 
over time, as the immune response becomes increasingly 
compromised. Any one autoimmune disease is likely due 
to many di!erent microbes within the metagenomic mi-
crobiota. This helps explain the high levels of comorbidity 
observed amongst patients with autoimmune conditions. 
What are commonly believed to be autoantibodies may 
instead be created in response to this metagenomic mi-
crobiota, when the adaptive immune system is forced to 
deal with disintegration of infected cells. Similarly, haplo-
types associated with autoimmune conditions vary widely 
amongst individuals and populations. They are more sug-
gestive of a regional infectious model rather than a model 
in which an illness is caused by inherited variation of HLA 
haplotypes.

Background 

In 1922, Ernst Almquist - a colleague of Louis Pasteur - 
commented, “Nobody can pretend to know the complete 
life cycle and all the varieties of even a single bacterial 
species. It would be an assumption to think so.”1 While 
Almquist's work on idiopathic bacteria in chronic disease 
never received the plaudits accorded Pasteur's work, Alm-
quist foresaw the complexity that would later be inherent 
to the field of metagenomics - a field that today forces us 
to examine how countless microbial genomes interact 
with the human genome across disease states.  

Yet in the decades before novel genomic technology 
made a metagenomic understanding of disease possible, 

bacteria could only be cultured in vitro on a limited range 
of growth media. As most major diseases of the time - tu-
berculosis, pneumonia, leprosy, and others - were linked 
to the presence of a handful of acute pathogens able to 
grow under these constraints, a "game over" attitude to-
ward infectious agents dominated the thinking of much 
of the medical community. Little consideration was given 
to the possible role of these pathogens in autoimmune 
and inflammatory disease states. Instead, for most of the 
twentieth century, the predominant feeling about the 
treatment, control and prevention of diseases with a pos-
sible infectious etiology was optimism.2 

Between 1940 and 1960, the development and successes 
of antibiotics and immunizations added to this optimism 
and, in 1969, Surgeon General William H. Stewart told the 
United States Congress that it was time to “close the book 
on infectious diseases.”3 With “victory” declared, increasing 
emphasis was directed at the “non-infectious” diseases 
such as cancer and heart disease. In many cases, research 
on infectious disease or activities on their prevention and 
control were de-emphasized and resources were reduced 
or eliminated. As recently as the 1980s, pharmaceutical 
companies, believing that there were already enough an-
tibiotics, began reducing the development of new drugs 
or redirecting it away from antibiotics.    

Despite this rosy narrative, some microbiologists were 
never convinced that drugs like penicillin had ended the 
war between man and microbe. In 1932, Razumov noted a 
large discrepancy between the viable plate count and to-
tal direct microscopic count of bacteria taken from 
aquatic habitats.4 He found higher numbers (by several 
orders of magnitude) by direct microscopic counting than 
by the plating procedure. In 1949, Winogradsky confirmed 
Razumov's assessment and noted that many microbes are 
not satisfied with laboratory cultivation conditions. He 
remarked that readily cultivated bacteria in natural micro-
bial communities “draw importance to themselves, 
whereas the other forms, being less docile, or even resis-
tant, escape attention.”5 In 1985, Staley and Konopka 
pointed to Razumov's discrepancy and called it the “Great 
Plate Count Anomaly.”6 Their review describes work in 
which they compared the e"cacy of a fluorescent dye 
versus standard plating procedures in detecting bacterial 
species in samples of water collected from Lake Washing-
ton. They found that only approximately 0.1-1.0% of the 
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total bacteria present in any given sample could be enu-
merated by the plating procedure - causing them to con-
clude that, unless new methods for detecting bacteria 
were employed, "No breakthrough in determining species 
diversity seems likely in the near future." 

Meanwhile, some microbiologists continued their best 
e!orts to alter the pH and growth medium of their sam-
ples in an e!ort to look for previously undetected bacteria 
in chronic disease states. Over the course of a career 
spanning almost 50 years, Lida Mattman of Wayne State 
University cultured wall-less forms of bacteria from the 
blood samples of patients with over twenty inflammatory 
diagnoses including multiple sclerosis and sarcoidosis.7 
She authored an entire textbook on novel approaches for 
in vitro cultivation of bacteria.1 Over his thirty-nine year 
career at Tulane University, Gerald Domingue published 
dozens of papers and book chapters devoted to the role 
of chronic forms of bacteria in inflammatory disease. "It is 
unwise to dismiss the pathogenic capacities of any mi-
crobe in a patient with a mysterious disease,” he wrote. 
“Clearly, any patient with a history of recurrent infection 
and persistent disability is sending the signal that the 
phenomenon [infection with chronic bacteria or viruses] 
could be occurring. The so-called autoimmune diseases in 
which no organism can be identified by routine testing 
techniques are particularly suspect.”8

Yet, scientists like Mattman and Domingue faced serious 
challenges in trying to convince the medical community 
their work was valid. Other research teams using less rig-
orous techniques often failed to duplicate their findings. 
Many of their observations were dismissed on the premise 
that their samples could have been contaminated. How-
ever, the greatest impediment towards the acceptance of 
this work was a set of rules set in motion by 19th century 
German physician Robert Koch. These rules, known as 
"Koch's Postulates," stipulate that in order for a microbe to 
be deemed a causative agent of a disease, certain criteria 
must be met. The same microbe must be identified in 
every person with a given disease; the specific microbe 
must be able to be grown on pure culture medium in the 
lab; and, when reintroduced into a healthy animal or per-
son, must produce the disease again. 

While Koch's Postulates may have o!ered a certain clarity 
during the formative stages of the field of microbiology, 

the rules distracted scientists from considering the possi-
bility that multiple species could be responsible for the 
onset of a single disease state. Even today, Koch's notions 
about disease are regularly invoked9 despite the emer-
gence of a number of counterexamples. Neither Mycobac-
terium leprae, which is implicated in leprosy, nor Trepo-
nema pallidum, which causes syphilis, fulfill Koch's Postu-
lates, because these microbes cannot be grown in con-
ventional culture media. Viruses further invalidate Koch’s 
postulates because most require another living cell in or-
der to replicate.10

In the absence of clear connections between a single mi-
crobe and a single disease, most microbiologists necessar-
ily assumed that the body was a sterile compartment and 
that inflammation, which might well suggest the presence 
of microbes, was attributed to an idiopathic causation. 
Unable to grow all but a fraction of bacteria found in the 
human body in the confines of a Petri dish, and con-
strained by a lack of technology with which to detect new 
microbes, the theory of autoimmune disease, in which the 
immune system loses tolerance and generates antibodies 
that target self gained momentum in the 1960s. 

Yet over the past decade, the role of infectious agents in 
autoimmune disease has once again gained momentum. 
The 2004 International Congress on Autoimmunity in Bu-
dapest was themed “Autoimmunity and Infection” with 
many subsequent conferences and papers in the same 
vein. However, nearly all speakers discussed the role of 
viruses in autoimmune disease, while only a few contem-
plated bacteria. Autoimmune conditions were repeatedly 
attributed to easily cultured viruses such as Epstein-Barr 
and Herpes 6. Where bacteria were discussed, most re-
ports centered on select pathogens such as Chlamydia 
pneumoniae. Yet because none of these pathogens have 
ever been detected in any one autoimmune disease state 
100% of the time, such researchers continue to paint 
autoimmune diseases as a mosaic - in which the hallmarks 
of infection are continually present in bits and pieces but 
cannot be drawn into a fully cohesive picture. Yet the 
emerging science of metagenomics is beginning to un-
mask entirely new populations of microbes whose ge-
nomes allow for a means by which to bridge these gaps. 
The following chapter examines how this metagenomic 
microbiota can cause the dysfunction seen in a wide 
range of autoimmune conditions. 
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Culture-independent methods for identifying
microbes 

In 2007, a study orchestrated by NASA announced that 
the surfaces of the supposedly sterile "clean rooms," in 
which technicians assemble spacecraft, host an abun-
dance of hardy bacteria.11 Samples taken from clean 
rooms at the Jet Propulsion Laboratory in California, the 
Kennedy Space Flight Center in Florida, and the Johnson 
Space Center in Houston revealed the presence of almost 
100 types of bacteria representing all the major bacterial 
phyla; 45 percent of the species identified were previously 
unknown to science. The findings came as a shock to 
NASA o"cials, who were left to wonder exactly how many 
unknown microbes might have been taken to the moon 
and Mars. 

These clean room bacteria had not been previously de-
tected because they could not be characterized by stan-
dard cultivation techniques. To find them, the research 
team had used a genomic approach - RNA gene sequence 
analysis - to characterize the genetic material of the bac-
terial species in the rooms previously touted as sterile.  

Similar culture-independent tools are beginning to revo-
lutionize our understanding of autoimmune disease by 
allowing for a vastly more comprehensive understanding 
of the microbes that persist in Homo sapiens, microbes 
that may cause the generation of autoantibodies. Ge-
nomic sequencing techniques, including 16S RNA se-
quencing, polymerase chain reaction and, more recently, 
pyrosequencing, have made it clear that only a fraction of 
those microbes that persist in the human body will grow 
on the limited medium of a Petri dish. With the advent of 
these technologies, the field of metagenomics was born. 
Rather than focusing on the study of single microbes and 
their genomes, metagenomics provides a means of ana-
lyzing aspects of microbial communities through their 
underpinning genetics. The amount of novel microbial 
genetic information that is generated on a daily basis by 
metagenomic analysis is so great that multidisciplinary 
approaches that integrate statistics, bioinformatics, and 
mathematical methods are required to assess it e!ec-
tively.     

Today, the National Institutes of Health (NIH) estimates 
that a mere 10% of the cells that comprise Homo sapiens 

are human cells. The remaining 90% are bacterial in origin. 
The number of E. coli in a single human is comparable to 
the entire human global population – approximately six 
billion people.12 Such knowledge has forever changed the 
manner in which the human organism is perceived. We 
may best describe the human being as a super-organism 
in which communities of di!erent organisms flourish in 
symbiosis with the host. Yet even with the availability of 
technology to explore the microbial world in depth, to 
date, only a fraction of the human bacterial microbiota 
has been genetically identified and characterized. As of 
late 2009, approximately 1,100 published complete bacte-
rial genomes had been identified with 6,000 more under 
review.13 Nevertheless there are still huge gaps in our un-
derstanding of how the microbiota contributes to human 
health and disease.

Viruses (the virome) and phages are also key components 
of the microbiota. Like bacteria, many of these microbes 
have yet to be fully characterized by high-throughput ge-
nome sequencing. However, molecular analysis has re-
vealed that nearly all humans acquire multiple viruses, 
usually within the first years of life, viruses that generally 
remain with them throughout life. Polyomaviruses infect 
between 72% and 98% of humans, surviving in the kid-
ney, lung, and skin.14 Similarly, human herpes viruses are 
extremely persistent.  Anelioviruses, as well as adeno-
associated virus are now recognized to infect most hu-
mans by the end of childhood. The role of these viruses is 
unknown, but a significant number of people who harbor 
them become symptomatic later in life, suggesting that 
they may be capable of virulence under conditions of 
immune dysfunction. According to Herbert Virgin of 
Washington University, "We carry, for good or for ill, many 
lifelong [viral] passengers."14

In the next five years, researchers associated with the NIH 
Human Microbiome Project (HMP), plan to use molecular 
genetic sequencing in an e!ort to catalog the bacterial 
component of the human microbiome. This initiative 
promises to increase our knowledge of bacterial diversity. 
The NIH has funded many more HMP projects, with the 
goal that the diagnosis, treatment and prevention of 
many inflammatory diagnoses can be improved by exam-
ining how the microbiota di!ers between those people 
with a disease and their healthy counterparts. Thus far, 
targeted conditions include Crohn's disease, inflammatory 
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bowel disease, vaginosis, psoriasis, and other conditions 
now considered to be autoimmune. Early work has al-
ready demonstrated fundamental discrepancies in micro-
bial composition between health and disease. Swidsinksi 
et al. found that patients with irritable bowel syndrome 
have more bacteria from diverse genera attached to their 
epithelial gut surfaces than do healthy controls. Some of 
these microbes, such as Bacteriodes, were found to pene-
trate the epithelial layer, at times intracellularly.15 Enck et 
al. found that irritable bowel syndrome manifests with a 
relative decrease in populations of bifidobacteria and sig-
nificant di!erences in a variety of other microbes, includ-
ing those that cause the production of gas.16 

Medicine has become comfortable acknowledging that 
bacterial populations exist in the areas of the body in con-
tact with the external environment, such as the airways, 
gastrointestinal tract, mouth, skin, and vagina/penis. For 
example, analysis of the human oral cavity by Nasidze et 
al. identified 101 bacterial genera in the mouth as well as 
an additional 64 genera previously unknown to science.17 
Yet microbes have also been shown to persist in many 
other body tissues including joints and blood vessels. 

Some of the same bacteria identified in the salivary mi-
crobiome, such as Actinobacillus actinomycetemcomitans 
and Porphyromonas gingivalis - both of which cause tooth 
decay18 - have also been identified in atherosclerotic 
plaque.19 Bacterial DNA has been detected in the blood.20 
Recently, 18 di!erent bacterial taxa were detected in the 
amniotic fluid, which was previously believed to be com-
pletely sterile.21 Analysis using 16S rRNA sequencing de-
tected 28 distinct phylotypes on biofilm removed from 
prosthetic hip joints during revision arthroplasties - joints 
also removed from a body compartment also thought to 
be sterile. The prevalence of hydrothermal vent eubacteria 
- which were previously thought to persist only in the 
depths of the ocean since they were found at tempera-
tures well above 176°F (80°C) - was higher than the preva-
lence of Staphylococcus aureus, a common biofilm species 
(Figure 1). 

It is now more prudent to assume that tissues that be-
come inflamed in disease most probably do so because of 
the actions of microscopic pathogens, rather than idio-
pathic causation. Di!erent microbial populations have 
been identified in many non-gastrointestinal autoimmune 
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conditions including sarcoidosis,22 ankylosing spondyli-
tis,23 and chronic fatigue syndrome, 24 rheumatoid arthri-
tis, multiple sclerosis, Hashimoto's Thyroiditis, and oth-
ers25. These diseases share features of microbial infection 
including widespread inflammation and periods of re-
lapse. Sarcoidosis and Crohn's disease are characterized 
by granuloma. In more than a dozen infectious diseases, 
granuloma is widely acknowledged to be a host-
protective structure and to occur when acute inflamma-
tory processes cannot destroy invading agents.26

The human metagenome 

At only approximately 23,000 genes, the human genome 
is dwarfed by the thousands of genomes of the bacteria, 
viruses, and phages that persist in and on humans. Given 
the sheer number of microbial genes, it is no longer pos-
sible to study the human genome in isolation. Rather, the 
human genome is only one of myriad genomes that influ-
ence the Homo sapiens experience. Humans are controlled 
by a metagenome - a tremendous number of di!erent 
genomes working in tandem. Because they are so small, 
thousands of microbial cells can persist inside a single in-
fected human cell.27 The combined genetic contributions 
of these microbes invariably provide a vast number of 
gene products not encoded by our own relatively small 
genomes.   

There is considerable similarity between the functions of 
the bacterial organisms and the human organisms. For 
example, humans and E. coli metabolize glucose-6-
phosphate in similar fashion, producing almost identical 
metabolites.28 Thus, the transgenomic interaction be-
tween an E. coli genome and the human genome, as they 
exchange nutrients and toxins, increases the complexi-
ty of transcription and translation for both species. The 
dihydrofolate reductase (DHFR) antagonist trimethoprim 
is such an e!ective antibiotic because, like humans, bacte-
rial species possess a folate metabolism. Bacteria in the 
distal intestinal tract of mice have been shown to signifi-
cantly alter the composition of human blood metabolites 
- including amino acids, IPA, and organic acids containing 
phenol groups - providing another example of the signifi-
cant interplay between bacterial and human metabolism. 
A broad, drug-like phase II metabolic response of the host 
to metabolites generated by the gut microbiota was ob-

served,29 suggesting that the gut microbiome has a direct 
impact on the host's capacity for drug metabolism. 

In the pre-genomic era, diseases were classified largely on 
the basis of symptom presentation, while in recent dec-
ades, researchers have attempted to categorize them 
based on common genes. Yet metagenomics dictates that 
we must also consider how the many microbial metabo-
lites a!ect expression of these genes. Some genes and 
their related pathways have already been shown to influ-
ence the pathogenesis of autoimmune disease. For exam-
ple, Goh et al. has shown that PTPN22 is related to rheu-
matoid arthritis, lupus, and diabetes mellitus.30 Yet expres-
sion of PTPN22 is also modified by the bacterial metage-
nome - it has been shown to be upregulated as part of the 
innate immune response to mycobacteria.31 The impor-
tance of understanding how microbes a!ect PTPN22 
across multiple disease states has special impetus given 
the increased rate of latent tuberculosis in the global 
population as well as studies showing high rates of infec-
tion by Mycobacterium avium among autoimmune 
patients.32 

Many of the most well studied persistent pathogenic bac-
teria have evolved mechanisms to evade the immune re-
sponse and survive inside macrophages and other 
phagocytic cells. These include Francisella tularensis,33 My-
cobacterium tuberculosis,8 Rickettsia massiliae,9 Brucella 
spp.,34 Listeria monocytogenes,35 Salmonella typhimurium36 
among others. This suggests that other disease-causing 
components of the microbiota may also persist in the cy-
toplasm of nucleated cells, where they have access to 
both human DNA transcription and protein translation 
machinery.37 When Shigella persists within a macrophage 
it modulates numerous host signaling pathways, includ-
ing those that inactivate mitogen-activated protein 
kinases.38 Brucella spp. downregulates genes involved in 
cell growth and metabolism, but upregulates those asso-
ciated with the inflammatory response and the comple-
ment system upon infecting a macrophage.  

Additionally, there appears to be an entire intra-
cytoplasmic microbiota within phagocytic cells. Wirostko's 
team at Columbia University in the 1980s and 1990s used 
electron microscopy to identify entities within the cyto-
plasm of phagocytes from patients with juvenile rheuma-
toid arthritis, sarcoidosis,39 Crohn's, and other inflamma-
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tory diseases40. The wide variety of elongated and globu-
lar formations, together with both the existence and ab-
sence of exoskeletons around the microbiota, would im-
ply that the observed communities are metagenomic, 
rather than due to any one single obligate phagocytic 
pathogen. 

Microbial complexity 

The HIV genome consists of a single strand of RNA com-
prising 9 genes, from which are transcribed 19 proteins. 
Transcription is non-contiguous, and variations abound. 
For example, “Tat” is transcribed in multiple pieces that are 
subsequently joined. Yet 1,443 direct interactions (3,300 
total interactions) have been identified between just 
these 19 proteins and the human metabolome.41 Consider 
that the average bacterial genome codes for hundreds or 
sometimes thousands of proteins. According to one re-
cent estimate, the average human gut microbiota codes 
for 9 million unique genes.42 Factor in the proteins created 
by viruses and phages, and e!orts to understand how 
these proteins a!ect the metabolome leave an observer 
with little more than stochastic noise, particularly since 
biological systems are replete with components showing 
nonlinear dynamic behavior.

Subsequently, interaction between the metagenome and 
the human genome introduces a new level of complexity 
to the study of autoimmune disease - complexity that 
renders it nearly impossible to fully comprehend the vast 
number of the interactions between the human genome 
and those microbial genomes capable of influencing the 
pathogenesis of autoimmune disease. According to 
Bunge, the size of a gene pool for a given environmental 
sample can be estimated by mathematical modeling, but 
the size of the gene pool for a microbial biosphere such as 
the human body, may be beyond any current credible 
model.43 While this complexity poses a significant chal-
lenge to systems biology and to Koch's simplistic one 
gene-one disease model, it does not impede the emer-
gence of a better understanding of the human superor-
ganism and the processes that cause disease.   

Lifelong symbiosis between the human genome and per-
sistent components of the metagenome has shifted the 
focus of microbiology away from the search for a single 
pathogen in a disease state. Many research teams are now 

striving to understand how components of the microbiota 
may cause disease. For example, researchers with the 
European Tract Meta Initiative are studying how bacteria 
in the gut may contribute to obesity and inflammatory 
bowel disease. The goal of the project is simply to exam-
ine associations between bacterial genes and human 
phenotypes. “We don’t care if the name of the bacteria is 
Enterobacter or Salmonella. We want to know if there is an 
enzyme producing carbohydrates, an enzyme producing 
gas or an enzyme degrading proteins,” explains Francisco 
Guarner of the project.

Studies focused on enzymes, proteins and carbohydrates 
are studies of the metabolome. Metabolomic approaches 
can be used to characterize entire components of the mi-
crobiome that cannot easily be seen or studied directly. 
Because the downstream results of gene expression mani-
fest in the human metabolome, the metabolome can be 
analyzed for the presence of those unique metabolites 
created under the influence of the microbiota. Dumas et 
al. used mass spectroscopy to identify the non-human 
metabolites present in the urine of subjects living in three 
distinct populations - the United States, China, and 
Japan.44 He found that subjects in each population pro-
duced very di!erent non-human metabolites. Thus, ge-
netic makeup, healthcare, nutrition, external toxins - fac-
tors associated with the acquisition of a particular micro-
biota - caused the three populations to become signifi-
cantly di!erent.  Moreover, when five of the Japanese sub-
jects moved to the United States, their metabolomes 
changed to resemble those of the American population. 
This suggests that the metagenome is indeed the product 
of its environment, and that the composition of the mi-
crobiota is far more important than regional variations in 
the human genome itself.

In another study, the INTERMAP epidemiological 
study used a 1H NMR-based metabonomics approach to 
examine di!erences in the urine metabolite profiles for 
each of 4,630 participants from 17 populations in the USA, 
UK, Japan and China.45 Elevated blood pressure was asso-
ciated with high levels of the bacterial co-metabolite for-
mate. Interestingly, low levels of hippurate and alanine, 
which reflected gut microbial activities, were also found in 
subjects with high blood pressure.46 This suggests that 
certain microbial metabolites may serve as useful bio-
markers for a disease state.
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The fact that components of the microbiota are seldom 
found as single entities further complicates the complex-
ity of transgenomic control in Homo sapiens. While just a 
few decades ago, most of the bacteria in Homo sapiens 
were assumed to persist on their own in a planktonic 
form, it is now understood that large components of the 
microbiota pers ist in communit ies commonly 
called biofilms -- they are sheltered by a self-created 
polymeric matrix that better protects them from the im-
mune response. Hundreds of di!erent microbes can per-
sist in a single biofilm community and individual bacteria 
often form a niche inside the biofilm that allows them to 
promote their own survival and the chronic nature of the 
infection. For example, more virulent bacteria may protect 
the biofilm from outside intrusion while other less in-
nocuous species inside the biofilm may focus on obtain-
ing nutrients for the community. As the biofilm forms and 
then develops, the collective genetic expression of mi-
crobes in the biofilm is altered dramatically. For example, 
the expression of 800 genes have been shown to be al-
tered when a single bacterial species joins a 
biofilm.47 Biofilms are increasingly being detected in auto-
immune diseases where they were not known to previ-
ously exist. For example, Wolcott recently used pyrose-
quencing to demonstrate that the infectious agents that 
drive the development of diabetic leg, foot, and pressure 
ulcers are almost all in a biofilm state.48  

Bacteria in biofilm, their planktonic counterparts, viruses, 
and other microbes rapidly and frequently share their 
DNA with other species – even distantly related species – 
through horizontal gene transfer. Genomic coherence is 
further muddled by homologous recombination. This fur-
ther diversifies the variability present in the human mi-
crobiome.  Horizontal gene transfer is now believed by 
many to occur so frequently that it has been proposed as 
a means by which species can acquire new genetic traits. 
Some argue that the number of microbes created through 
homologous recombination is so high that the concept of 
distinct bacterial species may become obsolete.49 

Thus, the concept that a single pathogen could cause the 
human metabolism to fail in the myriad of ways necessary 
to result in an advanced, systemic autoimmune disease is 
increasingly recognized as an outdated 19th century con-
cept. The postulates of Koch are no longer relevant in the 
era of the metagenome. Brock contends in his profile of 

Koch that attempts to rigidly apply Koch’s postulates to 
the diagnosis of viral diseases may have significantly im-
peded the early development of the field of virology.50 
The same can be said for the field of bacteriology, where 
the Postulates have long impeded researchers from con-
sidering that the genomes of many di!erent bacteria and 
other pathogens interact together to cause the range of 
symptoms we associate with autoimmune diagnoses.          

Towards a more nuanced view of the human
microbiota 

In New science of metagenomics: revealing the secrets of our 
microbial planet, the National Research Council writes, 
"The billions of benign microbes that live in the human 
gut help us to digest food, break down toxins, and fight 
o! disease-causing microbes."51 While certain compo-
nents of the microbiota clearly aid humans in these and 
other ways, strictly classifying microbes as either com-
mensal or pathogenic may suggest too categorical a dis-
tinction. Emerging research suggests that bacteria are no 
more "good" or "bad" than their human counterparts, par-
ticularly when a commensal microbe can easily acquire a 
plasmid or virulence factor from another microbe. Accord-
ing to Fredricks and Relman, “The mobile nature of 
virulence-associated gene islands, transported between 
bacteria via plasmids or phages, creates the potential for 
acquired virulence in previously innocuous microbes."52 

In September 2009, Malcolm Casadaban, an infectious 
disease researcher at University of Chicago, died suddenly. 
An autopsy showed no obvious cause of death except 
Yersinia in his bloodstream. Dr. Casadaban, an Associate 
Professor at the University, was studying the bacteria to 
create a better vaccine for plague. Yet Casadaban was 
working with a strain of Yersinia that was supposed to be 
less virulent than those strains considered lethal. Re-
searchers postulated that there must have been some-
thing unusual about the bacterium that caused it to be 
dangerous, such as a mutation. The so-called "innocuous" 
strain of Yersinia may have acquired a plasmid or gene 
that endowed it with newfound virulence.    

Acquired virulence via horizontal gene transfer has been 
studied in anthrax. While Bacillus anthracis -- which causes 
fatal poisoning -- and B. cereus, which causes non-lethal 
opportunistic infections, are generally classified as sepa-
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rate bacterial species, Ho!master discovered a B. cere-
us mutant that also causes a deadly form of pneumonia. 
Analysis revealed that the B. cereus mutant (B. cere-
us G9241) had acquired a plasmid with 99.6% sequence 
homology to pX01 - B. anthracis' most virulent, toxin-
encoding plasmid. Indeed, B cereus G9241 killed mice 
more quickly than B. anthracis. B. cereus G9241 was 
deemed the product of horizontal gene transfer, causing 
Ho!master to note that, depending on the extent of hori-
zontal gene transfer, nature could produce an unlimited 
number of variations and combinations of any given 
pathogen. 

The distinction between commensalism and pathogenic-
ity is further blurred by host-specific factors. For example, 
if a species of bacteria aids in the metabolism of carbohy-
drates from the human intestinal tract, the presence of 
the microbe in the intestines of famine victims could save 
lives. However, in many Western countries, where rates of 
obesity are rising at an alarming pace,53 the same microbe 
might contribute to excess weight gain.  

Returning to the gene/disease network discussed above, 
the ACE gene is related to myocardial infarction, renal tu-
bular dysgenesis, Alzheimer's, the progression of SARS, 
diabetes mellitus, and sarcoidosis. However, Lactobacillus 
and Bifidobacteria - species of bacteria considered to be 
innocuous or "friendly" are capable of creating a number 
of peptides that downregulate expression of ACE.54 These 
species of bacteria are added to many of our dairy prod-
ucts and are clearly present in the human body. Yet by 
altering the expression of ACE these "friendly bacte-
ria" may well a!ect the progression of several autoim-
mune and chronic inflammatory diseases, albeit in ways 
not yet fully understood. 

Pathogens alter the expression of human genes 
and receptors 

Intracellular components create myriad metabolites that 
can interfere and alter the correct transcription of human 
proteins. Some of these metabolites can also disrupt cellu-
lar repair mechanisms - resulting in the accumulation of 
“junk” (e.g. proteins, enzymes, mRNA, etc.) in the cytosol. 
For example, Machado et al. reported that Helicobacter 
pylori impairs central DNA repair mechanisms, inducing a 
transient mutator phenotype, rendering gastric epithelial 

cells vulnerable to the accumulation of genetic 
instability.55 If the accumulation of errors can exceed the 
capacity for cellular repair, such dysregulation not only 
has the potential to drive autoimmune processes, but can 
result in early senescence,56 apoptosis,57, 58 or cancer.    

One of the ways in which pathogens survive is by dys-
regulating the activity of several of the body's key nuclear 
receptors. The ability of a number of pathogens to dys-
regulate the Vitamin D Receptor (VDR) - a type 1 nuclear 
receptor - provides an excellent example of how microbes 
alter human gene expression so as to gain a survival ad-
vantage.  Many of the nuclear receptors play a critical role 
in regulating immune activity and hormonal expression.   

The VDR expresses at least 913 genes, many connected to 
autoimmune conditions and cancers. The receptor also 
regulates expression of several families of key antimicro-
bial peptides, including cathelicidin and the beta-
Defensins. These play a vital role in allowing the innate 
immune system to target intracellular pathogens. For ex-
ample, vitamin D-mediated human antimicrobial activity 
against Mycobacterium tuberculosis is dependent on the 
induction of cathelicidin.59 The VDR also transcribes Toll-
like-receptor 2 (TLR2), which recognizes bacterial polysac-
charides.  

The TACO gene, when expressed, inhibits mycobacterial 
entry as well as survival. Mycobacterium tuberculosis (Mtb) 
downregulates the VDR, and thus expression of TACO, in 
order to survive. Xu et al. showed that the VDR was down-
regulated 3.3 times in monocytic cell lines infected with 
Mtb.60 Borrelia, as assessed by BeadChip microarray, has 
been shown capable of downregulating VDR activity by a 
factor of 50 fold, with lysed Borrelia downregulating the 
receptor by a factor of 8.61 We have previously shown that 
at least one bacterial metabolite produced by gliding 
biofilm bacteria is also a strong VDR antagonist.62 The HIV 
“tat” protein binds to the VDR in order to use this receptor 
to recognize its Long Terminal Repeat (LTR) promoter 
region.63 Thus, tat takes over the human VDR in order to 
transcribe HIV's own genome, so the HIV LTR can be rec-
ognized and express new HIV RNA. Tat also recruits his-
tone acetyltransferase activity, including the CREB binding 
protein (CBP)/p300 complex, to acetylate the HIV LTR 
promoter region.64
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Slowing the ability of the VDR to express elements of the 
innate immune function is such a logical survival mecha-
nism that it is almost certain that other less studied com-
ponents of the microbiota would have also evolved ways 
to dysregulate the VDR, and the other nuclear receptors 
 orchestrating the innate immune response. Eukaryotic 
cells respond to the presence of the microbiota by activat-
ing signaling cascades such as the NF-kappaB pathway. 
Induction of such pathways leads to the upregulation of 
gene expression mediating pro-inflammatory and anti-
apoptotic e!ector proteins. Thus, in order for pathogens 
(and potentially, symbionts) to continue their life cycle, it 
is necessary to evade or repress these cellular responses. 
This is especially true because acquisition of resistance to 
antimicrobial peptides by a sensitive microbial strain is 
surprisingly improbable. Furthermore, the extension of 
human life during the past century now o!ers additional 
opportunity for microbes to evolve their specialization in 
order to survive in man. 

Indeed, Yenamandra et al. recently showed that Epstein-
Barr Virus also slows VDR activity.65 Infection of human B 
cells with EBV induces metabolic activation, morphologi-
cal transformation, cell proliferation and eventual immor-

talization by altering the expression of a number of key 
nuclear receptors. The team found that the expression of 
12 nuclear receptors was downregulated in the longer-
lasting, younger lymphoblastoid cells. Among them was 
the VDR and the Estrogen Receptor Beta (ERB), both 
downregulated by a factor of about 15 times (Figure 2). 

EBV is found in many common chronic disease states. In-
deed, EBV has been detected in a subset of patients with 
nearly every autoimmune diagnosis, although it has rare-
ly been detected in 100% of patients with any given con-
dition. In some cases, infection with the virus is described 
as a "precipitating factor" for autoimmune disease. That 
EBV downregulates VDR and ERB expression may explain 
this phenomenon. If a patient acquires EBV, the virus 
slows innate immune activity to the point where the en-
dogenous microbiota can become dominant.  

This is particularly true because, in addition to reducing 
expression of cathelicidin and beta-Defensin, VDR dys-
regulation opens a number of other pathways that also 
influence immune activity and hormonal regulation. 
Blockage of the VDR prevents transcription of CYP24A1, 
an enzyme that normally breaks down excess levels of the 
active vitamin D metabolite 1,25-dihydroxyvitamin-D 
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Figure 2. Nuclear receptors mRNA expression is downregulated upon infection of B-cells with EBV 65
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(1,25-D). Activation of Protein Kinase A (PKA) by bacterial 
cytokines also causes increased production of the enzyme 
CYP27B1, resulting in increased conversion of 25-
hydroxyvitamin-D (25-D) into 1,25-D. Both processes re-
sult in a rise in 1,25-D. 

High levels of 1,25-D in autoimmune disease have been 
confirmed in a clinical setting. Mawer et al. found that 
1,25-D levels were particularly elevated in the synovial 
fluid surrounding the joints of patients with rheumatoid 
arthritis.66 Abreu et al. found that in a cohort of 88 Crohn's 
disease patients, 35 patients or 40% had elevated levels of 
1,25-D, which the authors defined as above 60 
pg/ml.67 Bell noted that patients with tuberculosis, pneu-
monia, AIDS, disseminated candidiasis, leprosy, rheuma-
toid arthritis, silicone-induced granulomas, Wegerner’s 
granulomatosis, Hodgkin’s disease, lymphoma, histocytic 
lymphoma, T-cell leukemia, plasma cell granuloma, leio-
myoblastoma, seminoma, and subcutaneous fat necrosis 
all tend to manifest with higher than normal levels of 
1,25-D.68 Blaney et al. found that of 100 patients with vari-
ous autoimmune diagnoses, 85 percent had 1,25-D above 

the normal range (Figure 3).69 Yoshizawa et al. reported 
that in VDR knockout mice, a circumstance that closely 
mimics extreme VDR dysregulation, 1,25-D levels increase 
by a factor of ten.70 However, understanding 1,25-D's role 
in various inflammatory disease states is complicated by 
the fact that most researchers determining vitamin D 
status test subjects only for levels of the inactive vitamin 
D metabolite, 25-D. 

In silico research indicates that 1,25-D has a high a"nity 
for, not just the VDR, but many of the body’s other nuclear 
receptors.71 This suggests that at high concentrations it 
will displace their exogenous ligands. Those receptors af-
fected by elevated 1,25-D include alpha thryoid, beta thy-
roid, the glucocorticoid (adrenal) receptor, and the pro-
gesterone receptor (Figure 4). For example, 1,25-D has a 
very high a"nity for the thyroid beta, suggesting that it 
can displace T3 and T4 from the binding pocket (Table 
1).71

If 1,25-D prevents T3 from activating thyroid beta, then 
genes with thyroid beta promoters will be less energeti-
cally transcribed. This would result in thyroid disease and 
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Figure 3.  25-D vs. 1,25-D in a cohort of 100 autoimmune patients 69
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explain why increasing levels of thyroid hormone are nec-
essary to maintain thyroid homeostasis as chronic disease 
progresses. Furthermore, since the functions of type 1 nu-
clear receptors are largely interdependent, if transcription 
by thyroid beta is dysregulated, system wide transcription 
is also a!ected. 

This leads to disruption of system-wide anti-microbial 
peptide (AMP) production. Just as the VDR expresses 
cathelicidin and beta-Defensin, other nuclear receptors 
also express AMPs. Brahmachary et al. have shown that 
the Glucocorticoid receptor, the Androgen receptor, and 
the Vitamin D Receptor, are respectively in control of 20, 
17 and 16 families out of the 22 analyzed.72 Thus, dysregu-
lating VDR activity yields flow-on e!ects that potentially 
disable the bulk of the body's antimicrobial peptides. A 
patient a!ected in this manner would become increas-
ingly immunocompromised, allowing disease-causing 
components of the microbiota to proliferate with even 
greater ease.  

This supports a disease model in which key components 
of the microbiota responsible for autoimmune condi-

tions gradually shut down the innate immune response 
over a person's lifetime as bacteria, and other pathogens, 
incrementally accumulate into the microbiota. Crohn’s 
disease is already characterized by diminishing functional 
antimicrobial activity, particularly when it comes to ex-
pression of cathelicidin and the beta-Defensins.73 Eventu-
ally, genes from the accumulating microbial metagenome 
may instigate a clinical disease symptomology, such as 
one of the autoimmune diagnoses, or simply drive the 
inflammation associated with the aches and pains of ag-
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Table 1. Affinities of Native Ligands and 1,25-D for Various 
Nuclear Receptors

Nuclear receptor Native
ligand

Native
ligand (Kd)

1,25-D 
(Kd)

α-Thyroid T3 7.20 8.41

β-Thyroid T3 7.18 8.44

Glucocorticoid Cortisol 7.36 8.12

Androgen Testosterone 7.38 8.05

Progesterone Progesterone 7.53 8.09

Figure 4. The Thyroid-alpha nuclear receptor and T3, its native ligand [PDB:2H77],  with the bound conformation 
 of 1,25-D superimposed. Since the XSCORE Kd for 1,25-D is 8.4, and for T3 is 7.2, it is apparent that 1,25-D is capa-
ble of displacing T3 from binding to key receptor residues (shown here are Arg228, Asn179, Gly290, Leu292, 
Leu276, Ser277, Thr275, Ala263, Leu287, Ala180, Phe218 and Arg162).71
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ing. Indeed, the lifelong accumulation of an increasingly 
diverse microbiota directly correlates with an age-related 
increase in diseases and symptoms associated with in-
flammation. The term "inflammaging" has been coined to 
explain "the now widely accepted phenomenon that ag-
ing is accompanied by a low-grade chronic, systemic up-
regulation of the inflammatory response, and that the un-
derlying inflammatory changes are common to most age-
associated diseases.”74

Because 1,25-D is expressed in the human cycling en-
dometrium and rises by 40% during early pregnancy, 
women may be disproportionately a!ected by the poten-
tial drop in AMP expression associated with VDR 
dysregulation.75 This implies that females may more easily 
accumulate a more diverse microbiota than their male 
counterparts, which could help explain why women su!er 
from a higher risk of most autoimmune diagnoses.    

Successive infection and variability in disease 
onset and presentation 

The makeup of a person’s microbiota is unique: hu-
mans may share as l ittle as 1% of the same 
species.76 Given that the human microbiome may play the 
principal causative role in autoimmune disease, it may not 
be by accident that the uniqueness with which patients' 
autoimmune disease symptoms develop parallels the in-
credible variability of the human microbiome. Tradition-
ally, diseases have been understood to be discrete and 
have their own respective and distinct pathologies. Hence 
the emphasis on diagnosis. But, if the spectrum of auto-
immune disease were driven by a common factor – 
namely a person's microbial inhabitants – variability in 
disease could be explained by accounting for how the 
human microbiota accumulates and develops in any one 
person. Enck et al. recently analyzed fecal flora of stool 
samples from 35,292 adults whose ages ranged from 18 to 
96 years of age in order to gauge the relative abundance 
and composition of various bacterial species over time.16 
He found that while the number of bacteria in the fecal 
microbiota remained stable with age, the composition of 
the microbiota diversified as subjects became older, with 
the oldest subjects measured (over 60 years of age) repre-
senting the most profound changes. Older subjects were 
much more likely to have higher prevalence of microbes 

associated with chronic disease such as Enterococcus and 
E. coli.  

A number of microbes that slow immune activity have 
already been identified indicating that bacteria/viral-
driven suppression of innate immune activity may occur 
on a much larger scale than previously imagined. Each 
pathogen that decreases immune activity makes it easier 
for the host to pick up other pathogens, which themselves 
may further slow immune activity, creating a snowball 
e!ect. This process is known as successive infection and 
o!ers us a framework for understanding how not only 
diseases of the gastrointestinal tract develop, but also any 
number of other autoimmune and inflammatory diseases. 
As human genes are upregulated or downregulated by 
acquired components of the microbiota, the body shifts 
farther and farther away from its natural state of homeo-
stasis. Infected cells increasingly struggle to correctly pro-
duce human metabolites in the presence of numerous 
proteins and enzymes being created by the pathogenic 
genomes.   

The ease with which a person acquires a pathogen from 
the environment, or from another person, depends largely 
on the state of their immune system. Those people who 
harbor low pathogenic loads and still have an active in-
nate immune system, could be expected to kill the acute 
and chronic pathogens they encounter. Conversely, those 
people with a compromised immune system will accumu-
late pathogens over time. We have previously discussed 
how VDR dysfunction, along with adrenal and androgen 
dysfunction, predispose to a weakened innate immune 
system, but there are many other factors in play. For ex-
ample, Bukholm and team found that when the measles 
virus infects cell cultures, those cells are more susceptible 
to a secondary bacterial invasion.77   

Stress has also been shown to impede immune function, 
by inhibiting natural killer cell activity, lymphocyte popu-
lations, lymphocyte proliferation, antibody production 
and reactivation of latent viral infections.78 Already identi-
fied consequences on health include delayed wound heal-
ing, impaired responses to vaccination and development 
and progression of cancer.79 Depending on the variety of 
stressful events that occur over a lifetime, people may be 
more susceptible to picking up microbes at di!erent 
times. The immune response could be expected to be par-
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ticularly weak after traumatic events such as surgery, a car 
accident or even a pregnancy.80 

People accumulate microbiota-altering pathogens in myr-
iad di!erent ways, the most obvious being social contact. 
People in close proximity, particularly spouses and chil-
dren inevitably pick up components of each other's 
microbiomes.81 Healthcare workers have a higher rates of 
certain autoimmune and inflammatory conditions includ-
ing breast cancer and malignant melanoma.82 Merely 
shaking hands causes the transfer of numerous 
microbes.83 Genomic analysis of the bacteria on the hands 
of students leaving an exam room contained 332,000 ge-
netically distinct bacteria belonging to 4,742 di!erent 
species. Forty-five percent of the species detected were 
considered rare. This marked a hundred-fold increase in 
the number of bacterial species detected over previous 
studies that had relied on purely culture-based methods 
to characterize the human hand microbiota. 

Obesity is not currently accepted as an autoimmune con-
dition, but Christakis and Fowler recently used quantita-
tive analysis of a densely interconnected social network to 
conclude that obesity is transmitted among people.84 A 
person’s risk of becoming obese increases by 57% if they 
have a friend who becomes obese, and by 37% if their 
spouse becomes obese. While, as the team concludes, 
people may mimic the behavior of friends or family in 
ways that could cause them to gain or lose weight, it is 
also possible that the close proximity among many of the 
subjects in the study would have allowed them to directly 
exchange microbes. Since the composition of bacteria in 
the gut has, in several instances, been linked to the devel-
opment of obesity85 – perhaps, in some cases, obesity is 
literally contagious. It seems likely the same could be said 
for any autoimmune condition with an infectious etiology.  

In some cases, pathogens may be acquired in the womb, 
particularly if the mother already su!ers from one or more 
autoimmune or inflammatory diagnoses. Similarly, bacte-
rial species including Staphylococcus epidermidis, Strepto-
coccus viridans, E. coli, Staphylococcus aureus, Streptococcus 
faecalis, Proteus and others have been detected in 
sperm.86 Mycobacterium tuberculosis and influenza HSN1 
have been shown to cross the placental barrier. Already 
implicated in implantation failure, spontaneous abortion, 
and preterm birth, infection with Shigella is now proposed 

to cause endometriosis.87 DiGiulio studied ribosomal DNA 
(rDNA) of bacteria, fungi and archaea from amniotic fluid 
of 166 women in preterm labor with intact membranes. 
Fifteen percent of subjects harbored microbes that to-
gether belonged to 18 di!erent taxa - including Sneathia 
sanguinegens, Leptotrichia amnionii and an unassigned, 
uncultivated, and previously uncharacterized bacterium. 
A positive PCR was associated with histologic chorioam-
nionitis and funisitis. The correlation between positive 
PCR and preterm delivery was 100%. 

Pathogens can also pass from mother to child during 
breast-feeding. For example, Human papillomavirus type 
16 (also called high-risk HPV-16), which has been linked to 
cervical cancer, has been detected in human breast milk 
collected during the early period after a woman delivers 
her baby.88 Pathogens can also be transmitted from per-
son to person through bodily fluids released during 
coughing, sneezing and other intimate contact and are 
found nearly everywhere in our environment. For exam-
ple, non-tuberculosis Mycobacteria and other opportunis-
tic human pathogens are enriched to high levels in many 
showerhead biofilms, >100-fold above background water 
contents. Catheters used to treat urinary tract infections 
and other conditions have, in some cases, been shown to 
harbor copious amounts of biofilm.  

Early infections predispose a person to later 
chronic disease 

Most of the bacteria implicated in autoimmune disease 
are slow-growing pathogens whose e!ects will take dec-
ades to manifest.89 In this sense, bacteria acquired earlier 
in life can alter the ultimate microbiota in ways that may 
not be recognized for decades. According to Merkler et al., 
“In genetically susceptible individuals, early childhood 
infections seem to predispose them to [such disease as] 
multiple sclerosis or type 1 diabetes years or even dec-
ades before clinical onset.”90 A 2006 report by the Centers 
for Disease Control (CDC) echoes this sentiment: “A per-
son’s age at the time of infection—from intrauterine or 
perinatal (the time period surrounding birth), through 
childhood and adolescence, to adulthood and the elder 
years—may further influence the risk for chronic out-
come. For example, perinatal herpes virus infection dra-
matically increases the risk of developing adult or pediat-
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ric chronic liver disease. Recurrent infections or perhaps 
serial infections with certain agents might also determine 
a person’s risk for chronic outcome.”91

Thus, while Medicine generally assumes that once a per-
son has recovered from an acute illness, they return to a 
state of complete health – so-called "sterilizing immunity" 
– in truth, the long-term consequences of acute infection 
are somewhat poorly understood. Newborns who harbor 
certain types of bacteria in their throats, including Strep-
tococcus pneumoniae and Haemophilus influenzae are at 
increased risk for developing recurrent wheeze or asthma 
early in life.92 Approximately two-thirds of patients with 
Guillain-Barré syndrome, a suspected autoimmune condi-
tion, have a history of an antecedent respiratory tract or 
gastrointestinal infection.28 Prenatal infections such as 
rubella, influenza, and toxoplasmosis are all associated 
with higher incidence of schizophrenia - with the children 
of those mothers exposed to influenza in the first trimes-
ter of gestation showing a seven-fold increased risk of 
schizophrenia.93 Reactive arthritis (Reiter's syndrome) is 
classically seen following infection with enteric pathogens 
such as Yersinia, Salmonella, Campylobacter and 
Shigella.94 Acute gastroenteritis, resulting from infection 
with the same pathogens, causes approximately 6-17% of 
patients to develop chronic irritable bowel syndrome.      

In an especially provocative experiment, a team including 
Doron Merkler and Nobel Laureate Rolf Zinkernagel in-
jected cytomegalovirus (CMV) into the brains of mice that 
were only a few days old.90 The innate immune systems of 
the mice were able to eliminate CMV from most of the 
tissues except for those of the central nervous system. As 
a result, the virus persisted in the brains of the mice. Later 
in life, when the same mice were challenged by infection 
with a similar virus, they developed a condition resem-
bling a type of autoimmune disease and died. The team 
referred to this concept as "viral déjà vu.”    

Incidents of food poisoning also point to unresolved fea-
tures of acute infections. Siegler et al. noted that 10% of 
people who su!ered from E. coli food poisoning later de-
veloped a relatively infrequent life-threatening complica-
tion called hemolytic uremic syndrome (HUS) where their 
kidneys and other organs fail.95 According to the study, 
10-20 years after patients recover, between 30-50% of E. 
coli survivors will have some kidney-related problem, 

conditions that include high blood pressure caused by 
scarred kidneys, slowly failing kidneys, or even end-stage 
kidney failure requiring dialysis.  

Microbes can also be transmitted by donation of blood, 
bone marrow transplants, or organ donation, which, if 
pathogenic, can greatly disrupt the composition of the 
microbiota over time. The term "donor-acquired sarcoido-
sis" refers to the development of sarcoidosis in presuma-
bly naïve (non-sarcoidosis) transplant recipients who have 
received tissues or organs from donors who were not 
known or suspected to have active sarcoidosis.96 Murphy 
studied over 8,500 people in the United Kingdom who 
under went hear t surger y bet ween 1996 and 
2003.97 Patients who had received red blood cell transfu-
sions were about three times more likely to su!er a heart 
attack or stroke and were at a higher risk for infection, re-
admission to hospital, and death compared with heart 
patients who did not receive blood. The risks associated 
with blood transfusions were not influenced by a patient’s 
age, hemoglobin levels or the extent of their disability at 
the time of transfusion. Writing in the journal Circula-
tion, Murphy et al. concluded: “Red blood cell transfusion 
appears to be harmful for almost all cardiac surgery pa-
tients and wastes a scarce commodity and other health 
service resources.”97   

Comorbidity  

Thus the catastrophic failure of the human metabolism 
we see in autoimmune disease – which at first glance ap-
pears so diverse and so di!erent among di!erent diagno-
ses – appears to be due to a single underlying mecha-
nism: a ubiquitous microbiota, much of which has evolved 
to persist in the cytoplasm of nucleated cells. What di!ers 
among individuals as they gradually acquire a unique mi-
crobiota over time is the virulence, location, and combina-
tion of those pathogenic species. The high rate of comor-
bidity among inflammatory diagnoses98 lends support for 
this explanation. Such comorbidity between seemingly 
unrelated diseases cannot be explained by laws of aver-
age – the risk of autoimmune disease is not evenly dis-
tributed. Figure 5 demonstrates the degree of comorbid-
ity seen among various inflammatory diagnoses. Each 
“spoke” represents a study from PubMed which has dem-
onstrated a significant statistical relationship between 
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patients su!ering from one inflammatory disease and the 
next. 

In the case of multiple sclerosis, Barcellos et al. identified 
coexisting autoimmune phenotypes in patients with mul-
tiple sclerosis from families with several members with the 
disease and in their first-degree relatives.99 A total of 176 
families (386 individuals and 1107 first-degree relatives) 
were examined for a history of other autoimmune disor-
ders. Forty-six (26%) index cases reported at least one co-
existing autoimmune disorder. The most common were 
Hashimoto’s thyroiditis (10%), psoriasis (6%), inflamma-
tory bowel disease (3%), and rheumatoid arthritis (2%). 
One hundred and twelve (64%) families with a history of 
multiple sclerosis reported autoimmune disorders (ex-
cluding multiple sclerosis) in one or more first-degree 
relatives. Hashimoto’s thyroiditis, psoriasis, and inflamma-
tory bowel disease were also the most common diagno-
ses occurring in these family members. Such high rates of 
comorbidity support a model for autoimmune conditions 

in which no two people with the same diagnosis ever de-
velop the exact same disease presentation; the interac-
tions between an individual's genome and their unique 
metagenome are so varied that they are rarely identical. 

Note that Figure 5 suggests that patients with autoim-
mune diagnoses are also much more likely to su!er from 
mental conditions such as depression and anxiety. In-
creasing clinical evidence, including that from our own 
study100, confirms the involvement of microbiota in neu-
rological disease states. This suggests that both autoim-
mune and neurological diagnoses, which are currently 
balkanized into separate medical specialties, most proba-
bly result from the same underlying dysregulation of mi-
crobial populations.  

Autoimmune and inflammatory conditions also su!er 
from specialty delineation.  For example, VDR dysregula-
tion does not just impact the autoimmune disease state. 
Researchers have reported epigenetic repression of VDR 
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gene expression and activity in choriocarcinoma cell 
lines.101 Furthermore, the VDR expresses genes involved in 
both autoimmune and inflammatory processes. It tran-
scribes insulin-like growth factor (IGFBP-3),102 which influ-
ences the development of diabetes, yet also expresses 
Metastasis Suppressor Protein 1 (MTSS1), which plays a 
vital role in repressing the cell cycle and promoting apop-
tosis in cancerous cells.102 Drawing a line between auto-
immune and inflammatory disease makes these and other 
common mechanisms harder to recognize and study.  

Causation versus association 

If most autoimmune and inflammatory conditions do in-
deed arise from the same underlying disease process, 
then we must re-examine some of the cause and e!ect 
relationships postulated to exist among inflammatory 
conditions. For example, it is commonly believed that 
obesity is a causative factor in the development of 
diabetes.103 In fact, patients with type 2 diabetes are so 
likely to become morbidly obese that the two conditions 
are sometimes collectively referred to as "diabesity."104 
Obesity has been tied to microbial composition in the 
gut105, the result of a microbial process. Roesch et 
al. found that the onset of type 1 diabetes was tied to the 
p re s e n c e o f s p e c i fi c b a c t e r i a i n t h e m u r i n e 
gut.106 Additionally, at least one microbial species, Strep-
tomyces achromogenes, secretes a substance, streptozocin, 
which can directly induce type 1 diabetes.107 The diabetes 
disease process would also make it substantially harder 
for the immune system to regulate microbial gut compo-
sition. In particular, species that are extremely e!ective at 
extracting calories from food may thrive while their in-
n o c u o u s c o u n t e r p a r t s m a y fi n d t h e m s e l v e s 
out-competed. The expression of hormones that regulate 
appetite, such as leptin or ghrelin could also become dys-
regulated by the bacterial microbiota.108 For example, H. 
pylori infection leads to a decrease in circulating ghrelin 
through a reduction in ghrelin-producing cells in the gas-
tric mucosa.109 In some cases, this could cause weight gain 
even in the absence of excess calorie consumption.110 In 
light of the above, obesity and diabetes might better be 
described as developing simultaneously. Treatments 
aimed at addressing those underlying factors contribut-

ing to both disease states might well prove the most ef-
fective. 

The same dichotomy is found in other sets of parallel con-
ditions such as tooth decay and dementia, rheumatoid 
arthritis and uveitis, high cholesterol and heart disease, 
and others. It is far more likely that both conditions arise 
from a common metagenomic microbiota than that one 
condition is causal for the other. 

Microbial interaction and disease 

One of the more striking characteristics of non-obese dia-
betic (NOD) mice is that exposure to Mycobacteria can 
prevent the onset of diabetes while precipitating lupus in 
the same animal.111, 112 While this phenomenon is di"cult 
to interpret by studying the murine genome alone, it may 
help to consider the murine metagenome. If, as in hu-
mans, the murine metagenome causes disease as it ac-
cumulates over time, then the interactions between vari-
ous microbial species may be telling. Even within the con-
text of the ultimate example of symbiotic behavior, the 
biofilm, bacteria have been shown to compete with one 
another, sometimes even "cheating" to do so.113 We would 
not have many antibiotics if it weren't for competition 
among bacterial species. For example, the early tetracy-
cline antibiotics were derived from species of Streptomy-
ces, and are toxic to a number of its competitors. 

With the NOD mice, introduction of a new species of bac-
teria into the microbiota, Mycobacteria, may alter the mi-
crobiota in such a way as to wipe out, or at least diminish, 
the diabetes disease state. At the same time, the microbi-
ota allows lupus to proliferate or dominate. Similar com-
petition between microbes may also explain why lupus 
has been shown to inhibit the development of malaria 
(Plasmodium falciparum).114

Autism, an inflammatory condition that has been associ-
ated with several unique microbial populations,115 may 
have a comparable dynamic at work. In children diag-
nosed with autism spectrum disorder, fever associated 
with intercurrent bacterial or viral infections - such as up-
per respiratory infections - has been shown to temporarily 
decrease aberrant behavior such as irritability and inap-
propriate speech.116

Gastric surgery invariably alters the composition of the 
gastrointestinal microbiota. DePaula et al. found that after 
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39 diabetic type 2 patients in Brazil underwent bariatric 
surgery, all subjects no longer required insulin therapy.117 
All subjects also experienced normalization of their cho-
lesterol levels, 95.8% had their hypertension controlled, 
and 71% achieved targeted triglyceride levels. This corre-
lates with data showing that the intestinal bacterial popu-
lations of normal weight individuals, morbidly obese indi-
viduals, and people who have undergone gastric bypass 
surgery are distinctly di!erent. For example, Firmicutes 
were dominant in normal-weight and obese individuals 
but significantly decreased in post-gastric-bypass indi-
v iduals , who had a propor t ional increase of 
gammaproteobacteria.118  

Other microbial interactions can alter the pathogenicity of 
one or more species involved. The pathogenic potential 
of Helicobacter hepaticus in a mammalian colitis model is 
altered by the presence of di!erent strains of Bacteroides 
fragilis. When the bacterial polysaccharide PSA is ex-
pressed on the microbial cell surface of B. fragilis, it sup-
presses pro-inflammatory interleukin-17 production to H. 
hepaticus.119 Ho!man et al. found that when the bacterial 
species Pseudomonas. aeruginosa and S. aureus were in-
cubated together, P. aeruginosa created a protein, HQNO, 
which protected S. aureus from eradication by commonly 
used aminoglycoside antibiotics such as tobramycin.120 
Also, in cases of P. aeruginosa and S. aureus co-infection in 
the presence of HQNO, small-colony variants of S. aure-
us are selected for, making S. aureus more di"cult for the 
immune system to target.  While we are far from under-
standing the full nature of these microbial interactions, it 
is clear that a microbiota constantly evolves so that the 
symptoms of any given disease are seldom static. 

Familial aggregation 

The common disease-common variant hypothesis sug-
gests that chronic diseases are the product of anywhere 
from one to thousands of disease-causing alleles. The 
HapMap single nucleotide polymorphisms (SNP)-
cataloging project has identified over 3.1 million SNPs, 
with many more expected to be found as the project con-
tinues. However only a fraction of these SNPs confer any 
more than a minimal statistically increased risk for 
disease.121 For example, in cancer, for nearly all regions 
conclusively identified by genome wide association stud-

ies (GWAS), the per allele e!ect sizes estimated are less 
than 1.3. While over 85 regions have been conclusively 
associated in over a dozen di!erent cancers, no more than 
five regions have been associated with more than one 
distinct cancer type.121 According to Stephen Chanock of 
NIH, “Nearly every candidate SNP [associated with cancer] 
has failed in the long run – maybe five or six are real by 
rigorous standards.”(Personal communication)

There appear to be factors at work other than just Mende-
lian inheritance. The increased risk of chronic disease 
amongst non-relations in close proximity – so-called "case 
clusters" – strongly implies an infectious dynamic at work. 
The evidence that the autoimmune disease sarcoidosis is 
communicable is particularly strong. A study of 215 sar-
coidosis patients found that five husband-and-wife cou-
ples both had the disease - a rate 1,000 times greater than 
could be expected by chance.122 The NIH ACCESS research 
team also noted that the risk for sarcoidosis increased 
nearly five-fold in parents and siblings of people with the 
disease. A case-controlled study of residents of the Isle of 
Man found that 40% of people with sarcoidosis had been 
in contact with a person known to have the disease, com-
pared with 1 to 2% of the control subjects.123 Another 
study reported three cases of sarcoidosis among ten fire-
fighters who apprenticed together.124

The literature contains many examples of unexpected fa-
milial associations among seemingly distinct disease pa-
thologies. For example, a 2008 study of parents of children 
with autism found they were more likely to have been 
hospitalized for a mental disorder than parents of control 
subjects, with schizophrenia being more common among 
case mothers and fathers compared with respective con-
trol parents.125 In the case of schizophrenia and autism, 
both have been associated with prenatal viral 
infection.126 While a fetus can acquire these and many 
other pathogens directly, successive infection dictates 
that as children age they will manifest with inflammatory 
symptoms that may di!er from those of their parents. Ma-
jor factors that would influence the development of a dis-
crete inflammatory diagnosis include the mix of species 
acquired, the sequence in which the pathogens are ac-
quired, the subsequent changes in gene expression 
caused by the pathogens, and the profound e!ect on the 
body’s proteins, enzymes and metabolites caused by 
these changes. Because the adaptive immune response in 
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infants takes several weeks to develop, infants are particu-
larly prone to picking up pathogens during the first weeks 
of life.92 Such pathogens could be acquired from any fam-
ily or friends in contact with the child, especially the 
grandparents, who probably harbor some of the highest 
pathogenic loads. Palmer et al. found that infants pick up 
many of the species that make up their gut flora from fam-
ily members within just a few weeks of birth, suggesting 
that non-gut bacteria may easily be acquired during this 
time as well.127

Is autoimmune disease predisposition
Mendelian? 

Two decades ago, the attention of the research commu-
nity shifted towards a new source in an attempt to explain 
the etiology of autoimmune disease: the human genome. 
Begun formally in 1990, the U.S. Human Genome Project 
was a 13-year e!ort coordinated by the U.S. Department 
of Energy and the NIH. Its primary goal was to determine 
the sequence of chemical base pairs that make up DNA 
and to identify the genes of the human genome from 
both a physical and functional standpoint. A working 
draft of the genome was released in 2000 and a complete 
version in 2003, with further analyses yet to be completed 
and published.128 Meanwhile, the private company Celera 
Genomics conducted a parallel project.129

Early in the aftermath of the sequencing of the human 
genome, many geneticists advocated the common 
disease-common variant hypothesis, expressing certainty 
that the field would quickly determine genetic haplotypes 
that would correlate with and explain the bulk of chronic 
diseases. Dr. Francis Collins' 2001 statement was typical: "It 
should be possible to identify disease gene associations 
for many common illnesses in the next 5 to 7 years."130 
Researchers hoped that by dissecting the human genome, 
patients could be informed that they had "the gene" for 
breast cancer, sarcoidosis, rheumatoid arthritis, or any of 
the other autoimmune diagnoses. Targeted gene thera-
pies could then be developed to e!ectively eradicate 
these conditions. 

It may be too early to call human genomic research an 
unqualified failure,131 but it is di"cult to ignore a lack of 
utility in identification of disease. Recently, the limited 
progress in the genetic analysis of common diseases has 

begun to be acknowledged.132, 133 Certainly there have 
been no widely successful gene therapies to date, and 
genome-driven personalized medicine has yet to live up 
to its early promise. To identify what some researchers 
refer to as the "missing heritability," geneticists have pro-
posed GWA studies with historically unprecedented sam-
ple sizes. In the last year, researchers have publicly con-
templated "daunting" sample sizes exceeding 500,000 
subjects in concert with studies that would be conducted 
over periods as long as 45 years.134  

Ewald et al. argue that evolutionary forces that would 
cause a serious disease to be weeded from the population 
would also cause those people whose immune systems 
are prone to self-attack to be eliminated from the 
population.135 An exception would occur if the disease 
o!ers a survival advantage. For example, the genetic dis-
orders cystic fibrosis may confer resistance to 
tuberculosis.136 The Mendelian disorder sickle cell anemia 
is common in tropical countries because it confers resis-
tance to malaria. With malaria, researchers can quantify 
the rate by generation at which the gene for sickle cell 
anemia is dropped from the population in the absence of 
an evolutionary advantage – as is the case when people 
migrate away from malaria-infested areas. However, no 
autoimmune diagnosis has been shown to confer any sort 
of beneficial survival trait. Under these circumstances, one 
would expect any faulty gene or network of genes associ-
ated with an autoimmune condition to be selected 
against, especially since many autoimmune conditions 
strike during the reproductive years. Chronic diseases 
have existed for thousands of years with manifestations of 
both arteriosclerosis137 and cardiac disease observed in 
mummies of ancient Egypt.138 Ötzi the Neolithic Iceman 
who lived around 3300 BC had arthritis, allowing ample 
time for any alleles associated with autoimmune disease 
to be eliminated via natural selection.139 Instead, the 
prevalence of autoimmune conditions seems to have re-
mained essentially constant until quite recently. 

SNPs and autoimmune disease 

After noting that amongst his cohort of 31 patients with 
abdominal aortic aneurysm, SNPs in the gene BAK1 were 
di!erent in aortic tissue than in blood samples from the 
same patients,140 Gottlieb remarked, "Genome-wide asso-
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ciation studies were introduced with enormous hype sev-
eral years ago, and people expected tremendous break-
throughs. Unfortunately, the reality of these studies has 
been very disappointing, and our [own] discovery cer-
tainly could explain at least one of the reasons why." The 
conundrum that Gottlieb's study has exposed is that the 
human genome appears to vary between the tissue and 
plasma compartments. Medicine has always assumed that 
human DNA is homogeneous throughout the human 
body. We now need to explore the mechanisms whereby 
these di!erent genetic sequences could arise through 
selective pressure in di!erent tissues such as would exist if 
the tissue harbored a microbiota. 

One of the mechanisms proposed for genetic predisposi-
tion states that genetic haplotypes predispose for disease 
processes. Because it is a highly polymorphic genomic 
region, MHC has served as the preferred axis for studying 
susceptibility to immune diseases. Major changes have 
been detected within the HLA class I and class II genes 
related to various populations across the globe. For ex-
ample, in Type 1 diabetes, the most common haplotype in 
the Western world is AH8.1 (HLA-A1-B8 DR3 -SC01). How-
ever, this haplotype is almost nonexistent in the Indian 
population, and has been supplanted by the variant 
AH8.1v which di!ers from the Caucasian AH8.1 at several 
gene loci.141 Moreover, there are additional HLA-DR3 hap-
lotypes HLA-A26-B8-DR3, HLA-A24-B8 DR3 (AH8.3), A2-B8-
DR3 (AH8.4) and A31-B8-DR3 (AH8.5) that occur largely in 
the Indian population alone. 

Similarly, the FCRL3-169T-C polymorphism, which is sig-
nificantly associated with rheumatoid arthritis (RA) in East 
Asian populations is not associated with RA in Caucasians 
of European decent.142 Interestingly, the frequency of the 
rs7528684 minor allele associated with FCRL3- varies as 
much within each of the two ethnic groups as it does be-
tween them. Furthermore, a recent large case-controlled 
study found that FCRL3-169T-C was not significantly asso-
ciated with RA in Korean patients.142

Thus, no diagnostic certainty can be obtained by measur-
ing genes on the HLA axis. None of the HLA haplotypes 
cause disease 100% of the time and none cause any one 
immune disease consistently. Patterns of haplotype varia-
tion are more suggestive of a regional infectious model 
rather than a model in which an illness is caused by wide-

spread inherited variation of HLA haplotypes. 

Potential systematic errors in the interpretation 
of the metagenome

Primers selected for most epidemiological studies are 
chosen without consideration for whether they might 
amplify DNA from the genomes of any intracellular mi-
crobes. As artist Pablo Picasso once remarked, "Computers 
are useless. They can only give you answers." If a software 
program fails to make provision for the possibility that a 
metagenome might also be present, the chances of a false 
positive increase significantly during the process of ge-
nomic analysis. Similarities between bacterial and human 
genes will likely cause the analysis software to not assem-
ble the genomic data properly. The likelihood of error is 
not minuscule as there is growing evidence of molecular 
mimicry, homology between bacterial and human pro-
teins. For example, significant sequence homology exists 
between human carbonic anhydrase II and alpha-carbonic 
anhydrase of H. pylori.143 Moreover, the homologous seg-
ments contain the binding motif of the HLA molecule 
DRB1*0405. The group A streptococcal carbohydrate anti-
gen N-acetyl-glucosamine is able to cross react with car-
diac myosin.144 Microbes including E. coli, H. pylori, P. ae-
ruginosa, Cytomegalovirus, and H. influenzae share se-
quence homology with human pyruvate dehydrogenase 
complex-E2, which has been tied to the development of 
primary biliary cirrhosis.145 The core oligosaccharides of 
low-M(r) LPSs of C. jejuni serotypes that are associated 
with the development of Guillain-Barré syndrome are 
homologous to neural gangliosides. 

Before we can be certain that all measured SNPs and HLA 
haplotypes are a product of only the human genome and 
not the metagenome, researchers must begin to actively 
choose PCR primer pairs that are unlikely to amplify mi-
crobial DNA. Primers need to not only be certified to am-
plify a unique sequence in the human genome, they need 
to be certified as not likely to amplify genes from any of 
the thousands of bacterial and viral genomes in the 
metagenomic databases. While PCR amplification usually 
involves more than one stage of genomic selectivity, the 
increasing use of arrays of RNA probes increases the likeli-
hood that a fragment of metagenomic RNA will unex-
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pectedly match a probe, and increases the possibility of a 
false-positive being signaled for the particular SNP being 
sought. 

Antibodies in response to microbial DNA  

Autoimmune diseases are characterized largely by the 
presence of autoantibodies. While autoantibodies were 
reported over a century ago, many scientists at the time 
were unwilling to accept the possibility that the immune 
system attacks its own cells. Ehrlich argued that autoim-
munity was not possible and proposed the theory of hor-
ror autotoxicus to describe the body's innate aversion to 
immunological self-destruction by the production of 
autoantibodies.  Now that humans are understood to be 
the product of multiple genomes, increasing evidence 
supports Ehrlich's view. When an innate immune system is 
forced to respond to a chronic microbiota, the resulting 
cascade of chemokines and cytokines will also stimulate 
an adaptive response. Antibodies are notoriously poly-
specific, and the likelihood that antibodies generated to 
target metagenomic fragments will also target human 
proteins (target "self") is finite. 

A litany of research implies a re-evaluation of the 
"autoantibody." Recently researchers have shown that cer-
tain autoantibodies are created in response to several 
well-studied pathogens. "Lupus specific autoantibodies" 
such as RO, La or dsDNA are often generated in response 
to Epstein-Barr Virus.146 Similarly, anti-EBNA-1 antibodies 
are able to bind lupus-specific autoantigens such as Sm or 
Ro.Harley146 Casali and Slaughter found that in humans, 
EBV is a polyclonal B cell activator, and in vitro transforma-
tion with EBV results in production of rheumatoid factor 
(RF).147, 148 Possnett et al. argues that high titers of RF are 
associated with severe rheumatoid arthritis but also ap-
pear in a number of other diseases including viral, bacte-
rial, and parasitic infections.149 Maturation of RF can be 
initiated by chronic infections.150 For example, patients 
with subacute bacterial endocarditis, which is frequently 
tied to the presence of Streptococcus, also often present 
with high levels of RF.151 Williams et al. showed that once 
the o!ending infectious agent is removed with antibiotic 
therapy, the RF disappears.152 Similarly, the autoimmune 
disease thrombocytopenic purpura (ITP) is mediated by 
what are considered to be anti-platelet autoantibodies. 

However, Asahi et al. found that eradication of H. pylori is 
e!ective in increasing platelet count in nearly half of ITP 
patients infected with the bacterium.153 Barzilai and team 
also found that Hepatitis B shares amino acid sequences 
with di!erent autoantigens, further suggesting that so-
called autoantibodies may actually be created in response 
to pathogens.146 Autoantibodies have been detected in 
patients without autoimmune disease during periods of 
infection. Berlin et al. collected sera from 88 patients with 
acute infections (41 bacterial, 23 viral, 17 parasitic, and 7 
rikettsial.154 Elevated titers of autoantibodies including 
annexin-V, prothrombin, ASCA, ANA, or antiphospholipid 
antibodies were detected in approximately half of the 
subjects, with 34 individuals harboring elevated titers of 
at least two "autoantibodies."     

EBV, E. coli, Salmonella and other pathogens discussed 
above are easily detected by culture-based methods that 
may explain why their presence has already been tied to 
"autoantibody" production. Yet the vast majority of the 
human microbiota is understudied. This means that what 
we now consider to be autoantibodies in many autoim-
mune diagnoses may also indicate the presence of patho-
gens, but pathogens that have yet to be fully character-
ized and named. Thus, in addition to looking for antibod-
ies to well-characterized pathogens, it is also important 
that we look for antibodies indicating the presence of the 
underlying chronic microbiota, some of which we may 
also be mistaking for autoantibodies. Like the pathogens 
that may create them, many of these antibodies may not 
yet be detected by standard testing. If this is the case, 
hundreds of pathogen-induced antibodies may exist and 
impact the autoimmune disease state, but the possible 
detection and correlation of such antibodies with specific 
components of the microbiota remains di"cult until a 
much larger portion of the microbiota has been character-
ized.  

Because many antibodies demonstrate a high degree of 
polyspecificity, it is possible that in some cases, antibodies 
initially directed against pathogens could also attack hu-
man tissue.155 According to Bozic, oxidative alterations, 
a!ecting either the hypervariable region or the receptor 
site of IgGs, may influence their functions.156 Similarly, 
McIntyre reported the appearance and disappearance of 
antiphospholipid antibodies subsequent to oxidation re-
actions in human blood.157 Dimitrov et al. has shown that 
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a fraction of antibodies present in all healthy individuals 
begin to recognize large number of self-antigens only af-
ter a transient exposure to certain protein-destabilizing 
conditions, including low or high pH, high salt concentra-
tion, chaotropic factors and redox-active agents.158 This 
points to at least one mechanism whereby the oxidative 
stress that accumulates in inflamed tissue could be at 
least partly responsible for the apparent polyspecificity of 
antibodies and autoantibodies. 

Molecular mimicry, in which peptides from pathogens 
share sequence or structural similarities with self-
antigens, may also contribute to autoantibody produc-
tion. Lekakh et al. found that autoantibodies with poly-
specific activity in the serum of healthy donors were able 
to cross-react with DNA and lipopolysaccharides (LPS) of 
widespread species of bacteria including E. coli, P. aerugi-
nosa, Shigella boydii, and Salmonella.159 Crohn's disease is 
classified as an autoimmune condition based largely on 
the presence of perinuclear anti-nuclear cytoplasmic anti-
bodies (pANCA) in patients with the disease. Yet recently 
two major species of proteins immunoreactive to pANCA 
were detected in bacteria from anaerobic libraries, impli-
cating colonic bacteria as a possible trigger for the 
disease-associated immune response.  

We previously discussed how factors other than calorie 
consumption may contribute to the weight gain often 
associated with autoimmune or inflammatory conditions. 
Fetissov et al. studied healthy women for the presence of 
IgG or IgA autoantibodies directed against 14 key regula-
tory peptides and neuropeptides including ghrelin, leptin, 
vasopressin, and insulin.108 They found numerous cases of 
sequence homology among these peptides and the pro-
tein structures of over 30 microbes including Lactobacilli, 
H. pylori, E. coli, Yersinia pseudotuberculosis, and Listeria 
monocytogenes, suggesting that the "autoantibodies" 
were actually the result of molecular mimicry. In the pres-
ence of certain pathogenic bacterial species, the produc-
tion of IgG autoantibodies directed against ghrelin were 
upregulated, suggesting a complex interplay between 
autoantibody levels and microbial antigens. This sug-
gested that these so-called "autoantibodies" might not 
only have physiologic implications in pathways that regu-
late hunger and satiety but also represent a key link be-
tween the gut and the brain. 

An increasing number of studies also show that what are 
currently perceived as autoantibodies can often be de-
tected in so called healthy individuals years before the full 
presentation of an autoimmune disease state. Many re-
searchers now espouse that early detection of these anti-
bodies can help predict whether or not such a "healthy" 
person will develop an autoimmune disease. For example, 
in an 8-year prospective study, Swaak et al. examined 
the diagnostic significance of anti-double-stranded de-
oxyribonucleic acid (anti-dsDNA) determination in a 
group of 441 patients without systemic lupus erythema-
tosus whose sera were found to contain antibodies to 
dsDNA on routine screening.160 Within one year, 69% (304) 
of these patients fulfilled the preliminary American 
Rheumatism Association (ARA) criteria for systemic lupus 
erythematosus (SLE). Eighty-two of the remaining 137 pa-
tients were followed up for several years. At the end of the 
study, 52% of these patients had also developed systemic 
lupus erythematosus. The team concluded that about 
85% of patients without systemic lupus erythematosus 
with anti-dsDNA in the circulation would develop SLE 
within a few years.  

Another recent study of blood from 441 healthy Portu-
guese blood-donors found autoantibodies for rheumatoid 
factor, anti cyclic citrunillated peptides, anti-mitochondria, 
anti-Sacharomyces cerevisiae, ANA, anti-TTG, and anti-
Beta2- glycoprotein.161 More than 30% of the blood con-
tained one or more of the antibodies, 4% exhibited two 
antibodies, and nearly 1% had three or more antibodies 
present. It is clear that sub-clinical autoimmune disease is 
much more common than previously thought.

This gradual presentation of an increasing number of so-
called "autoantibodies" in the years before a patient 
meets the o"cial criteria for an autoimmune diagnosis 
supports the model of successive infection described ear-
lier -- pathogenic components of the microbiota gradually 
accumulate over the course of a lifetime until bacterial, 
viral and phage load reaches a level at which a diagnosis 
can be made. It also supports the contention that indi-
viduals perceived as "healthy" may still harbor and accu-
mulate pathogenic microbes that will eventually lead to 
an inflammatory diagnosis, or a process associated with 
"aging." Indeed, it is possible that any antibodies that 
damage “self” do so as an unintended polyspecific conse-
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quence of their activity against the metagenomic patho-
gens. 

Therapies in the era of the metagenome 

At the 2008 International Conference on Metagenomics in 
La Jolla, CA, James Kinross of the Imperial College of Lon-
don began his speech with the following statement: "We 
surgeons have been operating on the gut for literally 
thousands of years and the microbiota has just been this 
extraordinary elephant in the room. We seem to have 
completely ignored the fact that we've co-evolved with 
thousands of bacteria over millions of years and that they 
somehow may be important to our health. As doctors, we 
routinely do terrible things to the microbiota and I'm sure 
this has implications for our health." 

While most physicians are undoubtedly well-intentioned, 
Kinross is correct in that many clinicians are generally not 
o!ered training that would keep them up to date with 
advances in metagenomics. The result is that many doc-
tors still believe that non-mucosal surfaces of the body are 
largely sterile and that bacteria and other pathogens are 
not driving factors in the autoimmune processes. Instead, 
the standard of care for patients with autoimmune dis-
ease continues to be corticosteroids and TNF-alpha block-
ing medications. According to a 2008 report, TNF-alpha 
inhibitors accounted for 80% of rheumatoid arthritis drug 
sales in the United States, France, Germany, Italy, Spain, 
the United Kingdom and Japan. Use of these immuno-
suppressants is still grounded in the theory that autoim-
mune disease results from an overly exuberant immune 
response, and these drugs are administered without con-
sideration for the presence of a metagenome. Whether 
helpful or harmful, there is no question that by dramati-
cally slowing the immune response, such therapies must 
necessarily and profoundly a!ect the composition, devel-
opment, and stability of the human microbiota. 

Despite the copious use of these immunosuppressant 
drugs in autoimmune conditions, they provide, at best, 
short-term palliation. Gottlieb et al. showed that steroid 
use causes relapse in sarcoidosis.162 Additionally, there are 
no definitive studies showing corticosteroids improve 
long-term prognosis in the treatment of chronic inflam-
matory illness, nor is there any demonstrated reduction in 
mortality. Van den Bosch and Grutters write, “Remarkably, 

despite over 50 years of use, there is no proof of long-term 
(survival) benefit from corticosteroid treatment.”163 On the 
other hand, one of the side e!ects of TNF-alpha inhibitors 
is an increased risk of tuberculosis. Several studies have 
show that TNF-alpha production is required for the proper 
expression of acquired specific resistance following infec-
tion with M. tuberculosis.164, 165 So if we inhibit TNF-alpha 
expression, we would expect a long-term increase in the 
prevalence of not only tuberculosis, but in any of the 
autoimmune or inflammatory diseases already associated 
with chronic forms of mycobacteria and other bacteria.166, 

167

The failure of these first-line therapies to cure "autoim-
munity," and the range of detrimental side e!ects associ-
ated with their use, suggests that slowing the immune 
response of patients with autoimmune disease is coun-
terproductive, allowing microbial populations to develop 
unchecked. Now that autoimmune conditions are more 
widely understood as illnesses in which myriad pathogens 
may trigger or drive the disease process, e!orts to target 
the root cause of autoimmune disease should instead be 
targeted towards activating the innate immune response, 
not suppressing it.  

Our own work100 o!ers an example of the results of stimu-
lating rather than suppressing the innate immune re-
sponse of patients with autoimmune disease. Over the 
past seven years, we have observed the e!ects of an ex-
perimental therapy for autoimmune disease that uses the 
VDR agonist olmesartan to reverse pathogen-induced 
VDR dysregulation. Subjects are also administered subin-
hibitory bacteriostatic antibiotics, which weaken bacterial 
ribosomes so that pathogens can more easily be targeted 
by the reactivated immune system. Nearly all of the hun-
dreds of patients to start the therapy reported the pre-
dicted increase in specific symptoms of their autoimmune 
diagnosis. After months, or sometimes years, of dealing 
with these symptomatic flares, the very symptoms that 
waxed and waned in synchronism with antibiotic admini-
stration began to disappear, resulting in improvement 
and, in many cases, eventual resolution of the disease 
process. This response has been noted in the widely vary-
ing diagnoses sarcoidosis, rheumatoid arthritis, lupus, 
type II diabetes, uveitis, Hashimoto's thyroiditis, ankylos-
ing spondylitis, chronic fatigue syndrome, and fibromyal-
gia among others. The often dramatic elevations in dis-
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ease activity observed among study subjects - particularly 
during the early stages of therapy - cannot be attributed 
to side e!ects of the protocol medications, as individually 
the drugs are well known and unremarkable.168 Addition-
ally, when healthy individuals have been administered the 
same medications they do not su!er any similar symp-
toms. 

The most viable hypothesis for these temporary surges in 
disease symptoms and inflammatory markers is that 
treatment medications allow the immune system to 
mount an e!ective attack on an intracellular microbiota, 
such as the microbiota observed by Wirostko et al. It is 
reasonable to expect that when intraphagocytic patho-
gens are killed, that some of the host cells will also un-
dergo apoptosis, phagocytosis or simply disintegration, 
leading to an increase in inflammation. For over 100 years, 
researchers have noted that the death of acute and persis-
tent pathogens is accompanied by a surge in inflamma-
tion. They have attributed the temporary rise in inflamma-
tion to an increase in endotoxin and cytokine release 
upon bacterial death. Known as the Jarisch-Herxheimer 
Reaction, or immunopathology, this phenomenon has 
been previously demonstrated after antibiotic administra-
tion in diseases including tuberculosis,169 borreliosis,170 
tick-borne relapsing fever,171 multiple sclerosis,172 Whipple 
disease,173 and syphilitic alopecia174 among others. 
Martin Zinkernagel also observed immunopathology in 
the mice he had infected with a persistent neuro-active 
virus.175 Similarly, immune reconstitution inflammatory 
syndrome (IRIS) is a condition seen in some cases of AIDS 
following the use of antiretroviral drugs. As the immune 
system begins to recover, it responds to previously ac-
quired opportunistic infections with an overwhelming 
inflammatory response that, like the immunopathological 
reaction we observe, makes the symptoms of the infec-
tion temporarily worse.176 At this point in time, the exact 
species or forms of bacteria potentially killed by any one 
subject in our own study cohort remain unknown. As the 
focus of the Human Microbiome Project moves beyond 
the mucosal surfaces, and catalogs L-forms and other in-
tracellular species within body tissues, a clearer picture of 
disease pathogenesis will emerge. However, as long as 
patients continue to report improvement and recovery, 
determining the exact nature of pathogens being tar-
geted by the therapy has not been a high priority, given 

the limited resources currently allocated to this research 
team. 

Some subjects in the cohort have reported drops in viral 
titers, suggesting that once the immune system is no 
longer burdened by the pathogenic components of the 
bacterial microbiota, it may regain the ability to target 
chronic viruses as well. This suggests that treatments that 
reverse immunosuppression caused by the bacterial mi-
crobiota might also prove useful in mitigating viral viru-
lence.    

Our research suggests that while some people report be-
ing "allergic" to certain bacteriostatic antibiotics, what 
they perceive as an "allergy" may actually be immunopa-
thological reactions. For example, there are reports of 
minocycline "inducing lupus."177 A more logical explana-
tion may be that certain patients harbor persistent bacte-
rial species that predispose for sub-clinical lupus. When 
minocycline is administered, some of these bacteria are 
killed, resulting in immunopathological reactions that are 
mistakenly interpreted as clinical manifestation of the dis-
ease. 

What we have initiated needs further testing. However, 
the reports of profound immunopathological reactions in 
autoimmune subjects imply the need to re-examine 
whether palliative drugs actually provide long-term 
benefit for patients with autoimmune disease.  Whether at 
the doctor's o"ce or the health food store, patients with 
autoimmune conditions continually seek out palliative 
drugs or supplements that successfully reduce symptoms 
by lowering inflammation. Yet, if bacteria drive the patho-
genesis of autoimmune inflammation, and chronic bacte-
rial death invariably results in temporary increases in dis-
comfort, then treatments that mitigate symptoms may 
well do so at the expense of proliferation in pathogenic 
components of the microbiota. Commonly used immuno-
suppressive compounds include vitamin D which, al-
though its immunosuppressive properties have now been 
identified,178 is now viewed as the ultimate inexpensive 
wonder drug.179 Frequent use of vitamin D, as well as 
other substances that slow immune activity, could at least 
partially account for the recently increased prevalence of 
nearly every autoimmune disease.180 

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          24

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media



L-form bacteria: an often overlooked compo-
nent of the microbiota 

Certain stages of the bacterial life cycle result in the loss of 
the cell wall. L-form bacteria are often less than 0.2 µm in 
diameter,8 and are therefore di"cult to view with a stan-
dard optical microscope. Not only do these L-form vari-
ants fail to succumb to antibiotics that target the bacterial 
cell wall, those antibiotics encourage the formation of L-
forms. “Treatment with penicillin does not merely select 
for L-forms (which are penicillin-resistant) but actually in-
duces L-form growth,” states Josep Casadesus of the Uni-
versity of Sevilla.181 In fact, researchers deliberately culture 
classical forms of bacteria in conjunction with various 
beta-lactam antibiotics in order to create L-forms.1 The 
ability of the L-form to flourish in the face of treatment 
with the beta-lactam antibiotics points to a mechanism by 
which acute bacterial forms can mutate into latent mu-
tants that may cause disease at a later time. Some re-
searchers have deemed the conversion into the L-form 
state to be a universal property of bacteria.182

Joseleau-Petit et al. showed that classical forms of bacteria 
transform into the L-form only if they are denied the abil-
ity to form a normal cell wall.183 The beta-lactam antibiot-
ics work towards this end by blocking the creation of 
penicillin-binding proteins (PBPs) – proteins responsible 
for forming the cross-linked chains associated with a 
peptidoglycan-derived cell wall. When the ability of the 
PBPs to create a full cell wall is blocked, the cells also be-
come spherical and osmosensitive. Recently, Glover et al. 
performed the first systematic genetic evaluation of genes 
and pathways involved in the formation and survival of 
unstable L-form bacteria.184 Microarray analysis of L-form 
versus classical bacterial colonies revealed many up-
regulated genes of unknown function as well as multiple 
over-expressed stress pathways shared in common with 
persister cells and biofilms. Dell'Era et al. also observed 
cell division and changes in gene expression in stable L. 
monocytogenes L-forms.185

Since the discovery of the L-forms in 1935,186 they have 
been described in hundreds of publications. Yet because 
researchers are only just beginning to use molecular tools 
to study the L-form, they are still seldom factored into the 
mix of microbes that compose the human microbiome. 
However, over the years, L-forms have been implicated in 

dozens of diseases of unknown etiology including rheu-
matoid arthritis, multiple sclerosis, sarcoidosis, glomeru-
lonephritis, idiopathic hematuria, interstitial cystitis, 
rheumatic fever, and syphilis – as well as a large number 
of chronic and relapsing infections.1, 8

A research consideration: men are not tall mice 
without tails 

The emerging role of the human microbiota implies a re-
consideration of certain longstanding and frequently in-
voked models of disease. According to Javier Mestas of 
University of California, Irvine, “There has been a tendency 
to ignore di!erences and in many cases, perhaps, make 
the assumption that what is true in mice is necessarily 
true in humans. By making such assumptions we run the 
risk of overlooking aspects of human immunology that do 
not occur, or cannot be modeled, in mice.”187 Murine 
models are still used in an e!ort to understand most auto-
immune and inflammatory conditions, despite the obvi-
ous di!erences between the murine and human immune 
systems. 

For example, there are major di!erences in the Toll-Like 
Receptors. TLR1-9 exist in both mouse and man, although 
TLR8 detects single stranded RNA in man and has no 
known function in the mouse. TLR10 exists in humans 
only; it is a degenerative pseudo-gene in the mouse. 
TLR11,12 and 13 in mice do not exist in man and their 
function is not yet well defined. 

Analysis of the human and murine VDR o!ers other ex-
amples of discord between man and mouse. Marshall's 
molecular dynamics emulation showed that the drug 
olmesartan, a putative VDR agonist, binds into a di!erent 
conformation in the murine VDR to that of Homo sapi-
ens,188 calling into question the whole concept of drug 
safety testing in murine models.

While the human VDR transcribes dozens of genes neces-
sary for a robust innate immune response, including many 
key antimicrobial peptides, the Vitamin D Receptor does 
not similarly control the murine innate immune system. 

The murine innate immune response is dependent on a 
cascade of nitric oxide functions in a manner yet to be 
fully understood.189 Although mice have VDRs, the ho-
mology di!ers, and they express di!erent genes than the 

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          25

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media



human VDR. For example, the gene encoding the calcium 
binding protein osteocalcin is “robustly” transcribed by 
the VDR in humans, but not in mice. 

Brahmachary et al. showed that the rat VDR does not ex-
press the cathelicidin antimicrobial peptides (AMPs), 
marking an important di!erence in the way the two spe-
cies target invading pathogens.72 Gombart et al. recently 
expanded on the finding by providing evidence of an evo-
lutionarily fixed, Alu-mediated divergence in steroid hor-
mone nuclear receptor gene regulation between humans/
primates and other mammals.190 This divergence, which 
placed the cathelicidin pathway under VDR control only in 
humans and closely related primates, remained under pu-
rifying selection for the last 55-60 million years, and yet 
even cathelicidin in primates is not identical to that in 
man. Eventually, the pathway evolved to become a key 
component of a novel innate immune response unique to 
human infection. Because the murine VDR does not ex-
press cathelicidin, there is less of an evolutionary incen-
tive for components of the murine microbiota to dysregu-
late its expression. This suggests that the survival mecha-
nisms employed by the human and murine microbiotas 
may be very di!erent. Thus, the intermingling of murine 
and human biologies in the literature hinders our ability 
to fully understand nuclear receptor control of the AMPs 
and other key aspects of innate immunity. 

Discussion 

The prevailing theory of autoimmune disease, which dic-
tates that the body creates autoantibodies that attack its 
own cells, was developed during an era when culture-
based methods vastly underestimated the number of mi-
crobes capable of persisting in and on Homo sapiens. The 
advent of culture-independent tools such as 16S RNA se-
quencing, single cell sampling, and pyrosequencing have 
opened the door to an era of discovery. Rather than a ster-
ile compartment, the human body is now known to teem 
with thousands of species of bacteria, viruses and phages. 
In addition to persisting on the body's external surfaces, 
these microbes survive in the blood and in many of the 
tissues which become inflamed during autoimmune dis-
ease, suggesting that what were once thought to be 
"autoimmune" processes may instead result from the 
presence of persistent microbes. Metagenomics is allow-

ing us to study these microbes in the tissues within which 
they naturally persist, where they can be examined in the 
context of other microbes in their community. A more ex-
act understanding of how networks of microbes can in-
teract to cause disease has superseded Koch’s Postulates, 
which stipulate that a single microbe causes a single dis-
ease. 

While diseases were once categorized largely on the basis 
of symptom presentation, they can now be classified 
based on their underlying genetics. Yet the expression 
of key human genes is continually altered by a plethora of 
microbial metabolites through an almost imponderable 
number of interactions. These metabolites, some of which 
are created by bacteria considered to be "friendly" or in-
nocuous, can directly drive the pathogenesis of autoim-
mune disease by altering the expression of genes such as 
ACE and PTN22, genes associated with diagnoses includ-
ing rheumatoid arthritis, lupus, diabetes mellitus, myocar-
dial infarction, renal tubular dysgenesis and Alzheimer's. It 
is becoming apparent that autoimmune processes cannot 
be fully understood if the human genome is studied in 
isolation. An understanding of the interactions between 
the human genome and the metagenome calls for a more 
nuanced understanding of the microbiota. Classifying cer-
tain microbes as purely commensal may underrepresent 
the full spectrum of their actions. Indeed, harmless spe-
cies of bacteria and viruses can easily acquire virulent 
plasmids via horizontal gene transfer or homologous re-
combination. 

The microbiota has persisted in and on the human body 
for millennia. It has evolved to slow the host immune re-
sponse in order to ensure microbial survival. Pathogens 
such as M. tuberculosis, Borrelia, Epstein-Barr virus, and HIV 
have evolved to dysregulate the VDR nuclear receptor, in-
hibiting expression of the beta-Defensin and cathelicidin 
antimicrobial peptides along with TLR2. Flow-on e!ects 
from VDR dysregulation can further alter AMP expression 
via (at least) the alpha-thyroid, androgen and glucocorti-
coid nuclear receptors. This may result in the immuno-
suppression and hormonal imbalances characteristic of 
many autoimmune diagnoses. 

The bacteria that cause autoimmune disease likely accu-
mulate over a lifetime, with individuals picking up patho-
gens with greater ease over time, as the immune response 
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becomes increasingly constrained. Successive infection 
dictates that even people with the same autoimmune di-
agnosis are unlikely to present with identical clusters of 
symptoms and helps explain the high levels of comorbid-
ity observed among these patients. Common autoim-
mune comorbidities include inflammatory conditions 
such as cardiovascular disease, along with mental diagno-
ses such as depression or anxiety, suggesting these condi-
tions may also be driven by the microbiota. Thus, insights 
gained from studying microbial composition in autoim-
mune disease can accelerate research in other areas of 
medicine. Recently, several studies have shown the pres-
ence of "autoantibodies" in autism with anti-nuclear anti-
body seropositivity showing a significant positive associa-
tion with disease severity, mental retardation and electro-
encephalogram abnormalities. Rather than assign autism 
to the end of a growing list of autoimmune diagnoses, this 
knowledge might be better used as a basis on which to 
further explore the role that components of the microbi-
ota may play in driving the pathogenesis of disease. 

Analyzing autoimmune disease through the lens of meta-
genomics calls for a re-evaluation of the autoantibody. 
Polyspecific autoantibodies are increasingly being associ-
ated with elements of the microbiota, making it likely that 
the term "autoimmune" will soon lose its diagnostic utility. 
When a disabled immune system is forced to respond to 
the presence of a chronic microbiota, the resulting cas-
cade of cytokines and chemokines will stimulate an adap-
tive immune response. The adaptive immune system will 
then proceed to generate antibodies to fragments of DNA 
generated by apoptosis or phagocytosis of infected cells. 
This is supported by studies showing that so-called auto-
antibodies such as RO, La, dsDNA and RF can be created in 
response to various bacterial and viral pathogens. Autoan-
tibodies are often observed before a patient becomes 
fully symptomatic with an autoimmune diagnosis, reflect-
ing the gradual accumulation of persistent microbes. 

Rather than focusing on phenotypes and subsets of the 
metagenome, microbiome research may instead benefit 
from broader approaches geared toward understanding 
shared mechanisms of persistence. Translational medicine 
should aim at cutting through barriers among specialties, 
even between biologists and clinicians, so that more of 
the pieces of the emerging jigsaw of disease etiology can 
drop into place, and autoimmune disease patients can 

fully benefit from the insights gained from metagenomic 
science. 

Acknowledgements

The authors wish to acknowledge the assistance of Dr. 
Elena Kashuba for sharing her data and helping us pre-
pare Figure 2.

Works Cited

1. Mattman LH. Cell Wall Deficient Forms: Stealth Pathogens: CRC 
Press; 2000.

2. Cohen ML. Changing patterns of infectious disease. Nature. 
Aug 17 2000;406(6797):762-767.

3. Avila M, Said N, Ojcius DM. The book reopened on infectious 
diseases. Microbes Infect. Jul 2008;10(9):942-947.

4. Razumov A. The direct method of calculation of bacteria in 
water: comparison with the Koch method. Mikrobiologija. 
1932;1:131-146.

5. Relman DA. Detection and identification of previously unrec-
ognized microbial pathogens. Emerging Infectious Diseases. 
1998;4(3):382-389.

6. Grice EA, Kong HH, Renaud G, et al. A diversity profile of the 
human skin microbiota. Genome Res. Jul 2008;18(7):1043-1050.

7. Almeno! Pl JA. Growth of acid fast L forms from the blood of 
patients with sarcoidosis. Thorax. 1996;51(5):530-533.

8. Domingue GJ, Sr., Woody HB. Bacterial persistence and ex-
pression of disease. Clin Microbiol Rev. Apr 1997;10(2):320-344.

9. Monaco C, Mathur A, Martin JF. What causes acute coronary 
syndromes? Applying Koch's postulates. Atherosclerosis. Mar 
2005;179(1):1-15.

10. Walker L, Levine H, Jucker M. Koch's postulates and infec-
tious proteins. Acta Neuropathol. Jul 2006;112(1):1-4.

11. Moissl C, Osman S, La Duc MT, et al. Molecular bacterial 
community analysis of clean rooms where spacecraft are as-
sembled. FEMS Microbiol Ecol. Sep 2007;61(3):509-521.

12. Staley JT. Biodiversity: are microbial species threatened? 
Curr Opin Biotechnol. Jun 1997;8(3):340-345.

13. Liolios K, Mavromatis K, Tavernarakis N, et al. The Genomes 
On Line Database (GOLD) in 2007: status of genomic and meta-
genomic projects and their associated metadata. Nucleic Acids 
Res. Jan 2008;36(Database issue):D475-479.

14. Virgin HW, Wherry EJ, Ahmed R. Redefining chronic viral 
infection. Cell. Jul 10 2009;138(1):30-50.

15. Swidsinski A, Weber J, Loening-Baucke V, et al. Spatial or-
ganization and composition of the mucosal flora in patients 
with inflammatory bowel disease. J Clin Microbiol. Jul 
2005;43(7):3380-3389.

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          27

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media



16. Enck P, Zimmermann K, Rusch K, et al. The e!ects of ageing 
on the colonic bacterial microflora in adults. Z Gastroenterol. Jul 
2009;47(7):653-658.

17. Nasidze I, Li J, Quinque D, et al. Global diversity in the hu-
man salivary microbiome. Genome Research. 2009.

18. Lamell CW, Gri!en AL, McClellan DL, et al. Acquisition and 
colonization stability of Actinobacillus actinomycetemcomitans 
and Porphyromonas gingivalis in children. J Clin Microbiol. Mar 
2000;38(3):1196-1199.

19. Kozarov EV, Dorn BR, Shelburne CE, et al. Human athero-
sclerotic plaque contains viable invasive Actinobacillus actino-
mycetemcomitans and Porphyromonas gingivalis. Arteriosclero-
sis, Thrombosis, and Vascular Biology. 2005;25(3):e17-18-e17-18.

20. Nikkari S, McLaughlin IJ, Bi W, et al. Does Blood of Healthy 
Subjects Contain Bacterial Ribosomal DNA? J Clin Microbiol. 
2001;39(5):1956-1959.

21. DiGiulio DB, Romero R, Amogan HP, et al. Microbial preva-
lence, diversity and abundance in amniotic fluid during preterm 
labor: a molecular and culture-based investigation. PLoS ONE. 
2008;3(8):e3056.

22. el-Zaatari FA, Naser SA, Markesich DC, et al. Identification 
of Mycobacterium avium complex in sarcoidosis. J Clin Microbiol. 
Sep 1996;34(9):2240-2245.

23. Penttinen MA, Liu Y, Granfors K. The role of infection in the 
pathogenesis of spondyloarthropathies with special reference 
to human leukocyte antigen-B27. Current Rheumatology Reports. 
2002;4(6):518-524.

24. Lombardi VC, Ruscetti FW, Das Gupta J, et al. Detection of 
an infectious retrovirus, XMRV, in blood cells of patients with 
c h r o n i c f a t i g u e s y n d r o m e . S c i e n c e . O c t 2 3 
2009;326(5952):585-589.

25. Pordeus V, Szyper-Kravitz M, Levy RA, et al. Infections and 
autoimmunity: a panorama. Clin Rev Allergy Immunol. Jun 
2008;34(3):283-299.

26. Zumla A, James DG. Granulomatous infections: etiology 
and classification. Clin Infect Dis. Jul 1996;23(1):146-158.

27. Wirostko E, Johnson L, Wirostko B. Sarcoidosis associated 
uveitis. Parasitization of vitreous leucocytes by mollicute-like 
organisms. Acta Ophthalmol (Copenh). Aug 1989;67(4):415-424.

28. Kuroki S, Saida T, Nukina M, et al. Campylobacter jejuni 
strains from patients with Guillain-Barre syndrome belong 
mostly to Penner serogroup 19 and contain beta-N-
a c e t y l g l u c o s a m i n e r e s i d u e s . A n n N e u r o l . M a r 
1993;33(3):243-247.

29. Wiko! WR, Anfora AT, Liu J, et al. Metabolomics analysis 
reveals large e!ects of gut microflora on mammalian blood me-
tabolites. Proc Natl Acad Sci U S A. Mar 2009;106(10):3698-3703.

30. Goh KI, Cusick ME, Valle D, et al. The human disease net-
work. Proc Natl Acad Sci U S A. May 22 2007;104(21):8685-8690.

31. Lykouras D, Sampsonas F, Kaparianos A, et al. Human 
genes in TB infection: their role in immune response. Monaldi 
Arch Chest Dis. Mar 2008;69(1):24-31.

32. Bentley RW, Keenan JI, Gearry RB, et al. Incidence of Myco-
bacterium avium subspecies paratuberculosis in a population-
based cohort of patients with Crohn's disease and control sub-
jects. Am J Gastroenterol. May 2008;103(5):1168-1172.

33. Hazlett KR, Caldon SD, McArthur DG, et al. Adaptation of 
Francisella tularensis to the mammalian environment is gov-
erned by cues which can be mimicked in vitro. Infect Immun. Oct 
2008;76(10):4479-4488.

34. Baldwin CL, Goenka R. Host immune responses to the in-
tracellular bacteria Brucella: does the bacteria instruct the host 
to fac i l i tate chronic infec t ion? C r i t R e v I m m u n o l. 
2006;26(5):407-442.

35. Birmingham CL, Canadien V, Gouin E, et al. Listeria mono-
cytogenes evades killing by autophagy during colonization of 
host cells. Autophagy. Sep-Oct 2007;3(5):442-451.

36. Kuijl C, Savage ND, Marsman M, et al. Intracellular bacterial 
growth is controlled by a kinase network around PKB/AKT1. 
Nature. Nov 29 2007;450(7170):725-730.

37. Hall CB, Caserta MT, Schnabel K, et al. Chromosomal inte-
gration of human herpesvirus 6 is the major mode of congenital 
h u m a n h e r p e s v i r u s 6 i n f e c t i o n . P e d i a t r i c s . S e p 
2008;122(3):513-520.

38. Lutjen-Drecoll E. Morphology of the pars plana region. Dev 
Ophthalmol. 1992;23:50-59.

39. Wirostko E, Johnson L, Wirostko W. Juvenile rheumatoid 
arthritis inflammatory eye disease. Parasitization of ocular leu-
kocytes by mollicute-like organisms. The Journal of rheumatol-
ogy. 1989;16(11):1446-1453.

40. Wirostko E, Johnson L, Wirostko W. Chronic leucocytoclas-
tic bacterial vitritis. A lymphocyte transmission electron micro-
scopic study. J Submicrosc Cytol. Oct 1987;19(4):651-656.

41. Fu W, Sanders-Beer BE, Katz KS, et al. Human immunodefi-
ciency virus type 1, human protein interaction database at NCBI. 
Nucleic Acids Res. Jan 2009;37(Database issue):D417-422.

42. Yang X, Xie L, Li Y, et al. More than 9,000,000 unique genes 
in human gut bacterial community: estimating gene numbers 
inside a human body. PLoS One. 2009;4(6):e6074.

43. Bunge J. Statistical Estimation of Uncultivated Microbial 
Diversity. Uncultivated Microorganisms. Springer Berlin / Heidel-
berg; 2009:1-18.

44. Dumas ME, Maibaum EC, Teague C, et al. Assessment of 
analytical reproducibility of 1H NMR spectroscopy based meta-
bonomics for large-scale epidemiological research: the INTER-
MAP Study. Anal Chem. Apr 1 2006;78(7):2199-2208.

45. Stamler J, Elliott P, Dennis B, et al. INTERMAP: background, 
aims, design, methods, and descriptive statistics (nondietary). J 
Hum Hypertens. Sep 2003;17(9):591-608.

46. Holmes E, Loo RL, Stamler J, et al. Human metabolic phe-
notype diversity and its association with diet and blood pres-
sure. Nature. May 15 2008;453(7193):396-400.

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          28

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media



47. Sauer K, Camper AK, Ehrlich GD, et al. Pseudomonas ae-
ruginosa displays multiple phenotypes during development as 
a biofilm. Journal of Bacteriology. 2002;184(4):1140-1154.

48. Dowd SE, Sun Y, Secor PR, et al. Survey of bacterial diversity 
in chronic wounds using pyrosequencing, DGGE, and full ribo-
some shotgun sequencing. BMC Microbiol. 2008;8:43.

49. Doolittle WF, Papke RT. Genomics and the bacterial species 
problem. Genome Biol. 2006;7(9):116.

50. Brock TD. Robert Koch a life in medicine and bacteriology ; 
with a new foreword. Washington,D.C: ASM Press; 1999.

51. Committee on Metagenomics, National Research Council. 
New science of metagenomics : revealing the secrets of our micro-
bial planet. Washington, DC: National Academies Press; 2007.

52. Fredricks DN, Relman DA. Infectious agents and the etiol-
ogy of chronic idiopathic diseases. Curr Clin Top Infect Dis. 
1998;18:180-200.

53. Wang Y, Beydoun MA. The Obesity Epidemic in the United 
States--Gender, Age, Socioeconomic, Racial/Ethnic, and Geo-
graphic Characteristics: A Systematic Review and Meta-
Regression Analysis. Epidemiol Rev. 2007:mxm007-mxm007.

54. Ramchandran L, Shah NP. Proteolytic profiles and 
angiotensin-I converting enzyme and alpha-glucosidase inhibi-
tory activities of selected lactic acid bacteria. J Food Sci. Mar 
2008;73(2):M75-81.

55. Machado AM, Figueiredo C, Touati E, et al. Helicobacter 
pylori infection induces genetic instability of nuclear and mito-
chondrial DNA in gastric cells. Clin Cancer Res. May 1 
2009;15(9):2995-3002.

56. Muller MP, Peters H, Blumer J, et al. The Legionella E!ector 
Protein DrrA AMPylates the Membrane Tra"c Regulator Rab1b. 
Science. Jul 22 2010.

57. Knodler LA, Finlay BB. Salmonella and apoptosis: to live or 
let d ie? M i c r o b e s a n d I n f e c t i o n / I n s t i t u t Pa s t e u r. 
2001;3(14-15):1321-1326.

58. Yilmaz O, Yao L, Maeda K, et al. ATP scavenging by the in-
tracellular pathogen Porphyromonas gingivalis inhibits P2X7-
m e d i ate d h o s t- ce l l a p o p to s i s . C e l l M i c r o b i o l . A p r 
2008;10(4):863-875.

59. Liu PT, Stenger S, Tang DH, et al. Cutting edge: vitamin D-
mediated human antimicrobial activity against Mycobacterium 
tuberculosis is dependent on the induction of cathelicidin. J 
Immunol. Aug 15 2007;179(4):2060-2063.

60. Xu Y, Xie J, Li Y, et al. Using a cDNA microarray to study cel-
lular gene expression altered by Mycobacterium tuberculosis. 
Chinese Medical Journal. 2003;116(7):1070-1073.

61. Salazar JC, Duhnam-Ems S, La Vake C, et al. Activation of 
human monocytes by live Borrelia burgdorferi generates TLR2-
dependent and -independent responses which include induc-
tion of IFN-beta. PLoS Pathog. May 2009;5(5):e1000444.

62. Marshall TG. VDR nuclear receptor is key to recovery from 
cognitive dysfunction. Days of Molecular Medicine. Stockholm, 
Sweden; 2008.

63. Nevado J, Tenbaum SP, Castillo AI, et al. Activation of the 
human immunodeficiency virus type I long terminal repeat by 
1{alpha},25-dihydroxyvitamin D3. J Mol Endocrinol. 
2007;38(6):587-601.

64. Romani B, Engelbrecht S, Glasho! RH. Functions of Tat: the 
versatile protein of human immunodeficiency virus type 1. J Gen 
Virol. Jan 2010;91(Pt 1):1-12.

65. Yenamandra SP, Lundin A, Arulampalam V, et al. Expression 
profile of nuclear receptors upon Epstein -- Barr virus induced B 
cell transformation. Experimental Oncology. 2009;31(2):92-96.

66. Mawer EB, Hayes ME, Still PE, et al. Evidence for nonrenal 
synthesis of 1,25-dihydroxyvitamin D in patients with inflamma-
tory arthritis. Journal of bone and mineral research : the o!cial 
journal of the American Society for Bone and Mineral Research. 
1991;6(7):733-739.

67. Abreu MT, Kantorovich V, Vasiliauskas EA, et al. Measure-
ment of vitamin D levels in inflammatory bowel disease patients 
reveals a subset of Crohn's disease patients with elevated 1,25-
dihydroxyvitamin D and low bone mineral density. Gut. 
2004;53(8):1129-1136.

68. Bell NH, Shaw S, Turner RT. Evidence that 1,25-
dihydroxyvitamin D3 inhibits the hepatic production of 25-
hydroxyvitamin D in man. The Journal of clinical investigation. 
1984;74(4):1540-1544.

69. Blaney GP, Albert PJ, Proal AD. Vitamin D metabolites as 
clinical markers in autoimmune and chronic disease. Ann N Y 
Acad Sci. Sep 2009;1173:384-390.

70. Yoshizawa T, Handa Y, Uematsu Y, et al. Mice lacking the 
vitamin D receptor exhibit impaired bone formation, uterine 
hypoplasia and growth retardation after weaning. Nat Genet. 
Aug 1997;16(4):391-396.

71. Proal AD, Albert PJ, Marshall TG. Dysregulation of the vita-
min D nuclear receptor may contribute to the higher prevalence 
of some autoimmune diseases in women. Ann N Y Acad Sci. Sep 
2009;1173:252-259.

72. Brahmachary M, Schonbach C, Yang L, et al. Computational 
promoter analysis of mouse, rat and human antimicrobial 
peptide-coding genes. BMC Bioinformatics. 2006;7 Suppl 5:S8.

73. Nuding S, Fellermann K, Wehkamp J, et al. Reduced muco-
sal antimicrobial activity in Crohn's disease of the colon. Gut. 
Sep 2007;56(9):1240-1247.

74. Giunta S. Is inflammaging an auto[innate]immunity sub-
clinical syndrome? Immunity & ageing : I & A. 2006;3:12-12.

75. Viganò P, Lattuada D, Mangioni S, et al. Cycling and early 
pregnant endometrium as a site of regulated expression of the 
vitamin D system. Journal of Molecular Endocrinology. 
2006;36(3):415-424.

76. Eckburg PB, Bik EM, Bernstein CN, et al. Diversity of the 
human intest inal microbia l flora . S c i e n c e. Jun 10 
2005;308(5728):1635-1638.

77. Bukholm G, Modalsli K, Degre M. E!ect of measles-virus 
infection and interferon treatment on invasiveness of Shigella 

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          29

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media



flexneri in HEp2-cell cultures. J Med Microbiol. Dec 
1986;22(4):335-341.

78. Webster Marketon JI, Glaser R. Stress hormones and im-
mune function. Cell Immunol. Mar-Apr 2008;252(1-2):16-26.

79. Boscarino JA. Posttraumatic stress disorder and physical 
illness: results from clinical and epidemiologic studies. Ann N Y 
Acad Sci. Dec 2004;1032:141-153.

80. McLean SA, Williams DA, Clauw DJ. Fibromyalgia after mo-
tor vehicle collision: evidence and implications. Tra!c Inj Prev. 
Jun 2005;6(2):97-104.

81. Wilhoite SL, Ferguson DA, Jr., Soike DR, et al. Increased 
prevalence of Helicobacter pylori antibodies among nurses. 
Arch Intern Med. Mar 22 1993;153(6):708-712.

82. Lie JA, Andersen A, Kjaerheim K. Cancer risk among 43000 
Norwegian nurses. Scand J Work Environ Health. Feb 
2007;33(1):66-73.

83. Fierer N, Hamady M, Lauber CL, et al. The influence of sex, 
handedness, and washing on the diversity of hand surface bac-
teria. Proc Natl Acad Sci U S A. Nov 18 2008;105(46):17994-17999.

84. Christakis NA, Fowler JH. The Spread of Obesity in a Large 
Social Network over 32 Years. N Engl J Med. 2007;357(4):370-379.

85. Kinross JM, von Roon AC, Holmes E, et al. The human gut 
microbiome: implications for future health care. Curr Gastroen-
terol Rep. Aug 2008;10(4):396-403.

86. Merino G, Carranza-Lira S, Murrieta S, et al. Bacterial infec-
tion and semen characteristics in infertile men. Arch Androl. Jul-
Aug 1995;35(1):43-47.

87. Kodati VL, Govindan S, Movva S, et al. Role of Shigella in-
fection in endometriosis: a novel hypothesis. Med Hypotheses. 
2008;70(2):239-243.

88. Sarkola M, Rintala M, Grenman S, et al. Human papillomavi-
rus DNA detected in breast milk. Pediatr Infect Dis J. Jun 
2008;27(6):557-558.

89. Davenport MP, Belz GT, Ribeiro RM. The race between in-
fection and immunity: how do pathogens set the pace? Trends 
Immunol. Feb 2009;30(2):61-66.

90. Merkler D, Horvath E, Bruck W, et al. "Viral déjà vu" elicits 
organ-specific immune disease independent of reactivity to self. 
The Journal of clinical investigation. 2006;116(5):1254-1263.

91. O'Connor SM, Taylor CE, Hughes JM. Emerging infectious 
determinants of chronic diseases. Emerging Infectious Diseases. 
2006;12(7):1051-1057.

92. Bisgaard H, Hermansen MN, Buchvald F, et al. Childhood 
asthma after bacterial colonization of the airway in neonates. 
The New England journal of medicine. 2007;357(15):1487-1495.

93. Brown AS. Prenatal infection as a risk factor for schizo-
phrenia. Schizophr Bull. Apr 2006;32(2):200-202.

94. Hill Gaston JS, Lillicrap MS. Arthritis associated with enteric 
infection. Best Pract Res Clin Rheumatol. Apr 2003;17(2):219-239.

95. Siegler RL, Pavia AT, Christo!erson RD, et al. A 20-year 
population-based study of postdiarrheal hemolytic uremic syn-

drome in Utah. Pediatrics. 1994;94(1):35-40.

96. Padilla ML, Schilero GJ, Teirstein AS. Donor-acquired sar-
coidosis. Sarcoidosis Vasc Di"use Lung Dis. Mar 2002;19(1):18-24.

97. Murphy GJ, Reeves BC, Rogers CA, et al. Increased mortal-
ity, postoperative morbidity, and cost after red blood cell trans-
fusion in patients having cardiac surgery. Circulation. Nov 27 
2007;116(22):2544-2552.

98. Anderson G, Horvath J. The growing burden of chronic 
d i s e a s e i n A m e r i c a . P u b l i c H e a l t h R e p . M a y - J u n 
2004;119(3):263-270.

99. Barcellos LF, Kamdar BB, Ramsay PP, et al. Clustering of 
autoimmune diseases in families with a high-risk for multiple 
sc leros is : a descr ipt ive study. L a n ce t N e u r o l . Nov 
2006;5(11):924-931.

100. Perez TH. Bacteria induced vitamin D receptor dysfunction 
in autoimmune disease: theoretical and practical implications 
for interpretation of serum vitamin D metabolite levels. Paper 
presented at: 6th International Congress on Autoimmunity; 
September 11, 2008; Porto, Portugal.

101. Pospechova K, Rozehnal V, Stejskalova L, et al. Expression 
and activity of vitamin D receptor in the human placenta and in 
choriocarcinoma BeWo and JEG-3 cell lines. Mol Cell Endocrinol. 
Feb 27 2009;299(2):178-187.

102. Wang TT, Tavera-Mendoza LE, Laperriere D, et al. Large-
scale in silico and microarray-based identification of direct 1,25-
dihydroxyvitamin D3 target genes. Mol Endocrinol. Nov 
2005;19(11):2685-2695.

103. Hibbert-Jones E, Regan G, Bramwell J. What do we know 
about... diabetes and obesity in adults and children? J Fam 
Health Care. 2004;14(4):95-98.

104. Bailey CJ. New therapies for diabesity. Curr Diab Rep. Oct 
2009;9(5):360-367.

105. Turnbaugh PJ, Ley RE, Mahowald MA, et al. An obesity-
associated gut microbiome with increased capacity for energy 
harvest. Nature. 2006;444(7122):1027-1131.

106. Roesch LF, Lorca GL, Casella G, et al. Culture-independent 
identification of gut bacteria correlated with the onset of diabe-
tes in a rat model. ISME J. May 2009;3(5):536-548.

107. Bolzan AD, Bianchi MS. Genotoxicity of streptozotocin. 
Mutat Res. Dec 2002;512(2-3):121-134.

108. Fetissov SO, Hamze Sinno M, Coe"er M, et al. Autoanti-
bodies against appetite-regulating peptide hormones and neu-
ropeptides: putative modulation by gut microflora. Nutrition. 
Apr 2008;24(4):348-359.

109. Weigt J, Malfertheiner P. Influence of Helicobacter pylori on 
gastric regulation of food intake. Curr Opin Clin Nutr Metab Care. 
Sep 2009;12(5):522-525.

110. English PJ, Ghatei MA, Malik IA, et al. Food fails to suppress 
ghrelin levels in obese humans. J Clin Endocrinol Metab. Jun 
2002;87(6):2984.

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          30

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media



111. Harada M, Kishimoto Y, Makino S. Prevention of overt dia-
betes and insulitis in NOD mice by a single BCG vaccination. 
Diabetes Res Clin Pract. Jan 1990;8(2):85-89.

112. Hawke CG, Painter DM, Kirwan PD, et al. Mycobacteria, an 
environmental enhancer of lupus nephritis in a mouse model of 
s y s t e m i c l u p u s e r y t h e m a t o s u s . I m m u n o l o g y. J a n 
2003;108(1):70-78.

113. Dunny GM, Brickman TJ, Dworkin M. Multicellular behavior 
in bacteria: communication, cooperation, competition and 
cheating. Bioessays. Apr 2008;30(4):296-298.

114. Zanini GM, De Moura Carvalho LJ, Brahimi K, et al. Sera of 
patients with systemic lupus erythematosus react with plasmo-
dial antigens and can inhibit the in vitro growth of Plasmodium 
falciparum. Autoimmunity. Sep 2009;42(6):545-552.

115. Nicolson GL, Gan R, Nicolson NL, et al. Evidence for Myco-
plasma ssp., Chlamydia pneunomiae, and human herpes virus-6 
coinfections in the blood of patients with autistic spectrum dis-
orders. J Neurosci Res. Apr 2007;85(5):1143-1148.

116. Curran LK, Newscha!er CJ, Lee LC, et al. Behaviors associ-
ated with fever in children with autism spectrum disorders. Pe-
diatrics. Dec 2007;120(6):e1386-1392.

117. DePaula AL, Macedo AL, Rassi N, et al. Laparoscopic treat-
ment of type 2 diabetes mellitus for patients with a body mass 
index less than 35. Surg Endosc. Mar 2008;22(3):706-716.

118. Zhang H, DiBaise JK, Zuccolo A, et al. Human gut microbi-
ota in obesity and after gastric bypass. Proc Natl Acad Sci U S A. 
Feb 17 2009;106(7):2365-2370.

119. Mazmanian SK, Round JL, Kasper DL. A microbial symbiosis 
factor prevents intestinal inflammatory disease. Nature. May 29 
2008;453(7195):620-625.

120. Ho!man LR, Deziel E, D'Argenio DA, et al. Selection for 
Staphylococcus aureus small-colony variants due to growth in 
the presence of Pseudomonas aeruginosa. Proc Natl Acad Sci U S 
A. Dec 26 2006;103(52):19890-19895.

121. Chung CC, Magalhaes W, Gonzalez-Bosquet J, et al. 
Genome-wide Association Studies in Cancer - Current and Fu-
ture Directions. Carcinogenesis. Nov 11 2009.

122. Rossman MD, Kreider ME. Lesson learned from ACCESS (A 
Case Controlled Etiologic Study of Sarcoidosis). Proc Am Thorac 
Soc. Aug 15 2007;4(5):453-456.

123. Gribbin J, Hubbard RB, Le Jeune I, et al. Incidence and mor-
tality of idiopathic pulmonary fibrosis and sarcoidosis in the UK. 
Thorax. Nov 2006;61(11):980-985.

124. Kern DG, Neill MA, Wrenn DS, et al. Investigation of a 
unique time-space cluster of sarcoidosis in firefighters. Am Rev 
Respir Dis. Oct 1993;148(4 Pt 1):974-980.

125. Daniels JL, Forssen U, Hultman CM, et al. Parental psychiat-
ric disorders associated with autism spectrum disorders in the 
o!spring. Pediatrics. May 2008;121(5):e1357-1362.

126. Fatemi SH, Reutiman TJ, Folsom TD, et al. The role of cere-
bellar genes in pathology of autism and schizophrenia. Cerebel-
lum. 2008;7(3):279-294.

127. Palmer C, Bik EM, Digiulio DB, et al. Development of the 
H u m a n I n f a n t I n t e s t i n a l M i c r o b i o t a . P L o S B i o l . 
2007;5(7):e177-e177.

128. Collins FS, Morgan M, Patrinos A. The Human Genome Pro-
ject: lessons from large-scale biology. Science. Apr 11 
2003;300(5617):286-290.

129. Venter JC, Adams MD, Myers EW, et al. The sequence of the 
human genome. Science. Feb 16 2001;291(5507):1304-1351.

130. Collins FS, McKusick VA. Implications of the Human Ge-
n o m e Pr o j e c t f o r m e d i c a l s c i e n c e . J A M A . Fe b 7 
2001;285(5):540-544.

131. Buchanan AV, Weiss KM, Fullerton SM. Dissecting complex 
disease: the quest for the Philosopher's Stone? Int J Epidemiol. 
Jun 2006;35(3):562-571.

132. Davey Smith G, Ebrahim S, Lewis S, et al. Genetic epidemi-
ology and public health: hope, hype, and future prospects. Lan-
cet. Oct 22-28 2005;366(9495):1484-1498.

133. Risch NJ. Searching for genetic determinants in the new 
millennium. Nature. Jun 15 2000;405(6788):847-856.

134. Burton PR, Hansell AL, Fortier I, et al. Size matters: just how 
big is BIG?: Quantifying realistic sample size requirements for 
human genome epidemiology. Int J Epidemiol. Feb 
2009;38(1):263-273.

135. Cochran GM, Ewald PW, Cochran KD. Infectious causation 
of disease: an evolutionary perspective. Perspect Biol Med. 
Spring 2000;43(3):406-448.

136. Poolman EM, Galvani AP. Evaluating candidate agents of 
selective pressure for cystic fibrosis. J R Soc Interface. Feb 22 
2007;4(12):91-98.

137. Azer SA. Arterial disease in antiquity. Med J Aust. Sep 6 
1999;171(5):280.

138. Miller R, Callas DD, Kahn SE, et al. Evidence of myocardial 
infarction in mummified human tissue. JAMA. Aug 16 
2000;284(7):831-832.

139. Dickson JH, Oeggl K, Handley LL. The iceman reconsidered. 
Sci Am. May 2003;288(5):70-79.

140. Gottlieb B, Chalifour LE, Mitmaker B, et al. BAK1 gene varia-
tion and abdominal aortic aneurysms. Hum Mutat. Jul 
2009;30(7):1043-1047.

141. Mehra NK, Kumar N, Kaur G, et al. Biomarkers of suscepti-
bility to type 1 diabetes with special reference to the Indian 
population. Indian J Med Res. Mar 2007;125(3):321-344.

142. Begovich AB, Chang M, Schrodi SJ. Meta-analysis evidence 
of a di!erential risk of the FCRL3 -169T-->C polymorphism in 
white and East Asian rheumatoid arthritis patients. Arthritis 
Rheum. Sep 2007;56(9):3168-3171.

143. Guarneri F, Guarneri C, Benvenga S. Helicobacter pylori and 
autoimmune pancreatitis: role of carbonic anhydrase via mo-
lecular mimicry? J Cell Mol Med. Jul-Sep 2005;9(3):741-744.

144. Cunningham MW. Autoimmunity and molecular mimicry 
in the pathogenesis of post-streptococcal heart disease. Front 
Biosci. May 1 2003;8:s533-543.

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          31

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media



145. Bogdanos DP, Baum H, Grasso A, et al. Microbial mimics are 
major targets of crossreactivity with human pyruvate dehydro-
genase in primar y bil iar y cirrhosis. J Hepatol. Jan 
2004;40(1):31-39.

146. Barzilai O, Ram M, Shoenfeld Y. Viral infection can induce 
the production of autoantibodies. Curr Opin Rheumatol. Nov 
2007;19(6):636-643.

147. Casali P, Burastero SE, Nakamura M, et al. Human lympho-
cytes making rheumatoid factor and antibody to ssDNA belong 
to Leu-1+ B-cell subset. Science. Apr 3 1987;236(4797):77-81.

148. Slaughter L, Carson DA, Jensen FC, et al. In vitro e!ects of 
Epstein-Barr virus on peripheral blood mononuclear cells from 
patients with rheumatoid arthritis and normal subjects. J Exp 
Med. Nov 1 1978;148(5):1429-1434.

149. Posnett DN, Edinger J. When do microbes stimulate rheu-
matoid factor? J Exp Med. May 19 1997;185(10):1721-1723.

150. Djavad N, Bas S, Shi X, et al. Comparison of rheumatoid 
factors of rheumatoid arthritis patients, of individuals with my-
cobacterial infections and of normal controls: evidence for 
maturation in the absence of an autoimmune response. Eur J 
Immunol. Oct 1996;26(10):2480-2486.

151. Russell MW, Wu HY, White PL, et al. Serum antibody re-
sponses to Streptococcus mutans antigens in humans systemi-
cally infected with oral streptococci. Oral Microbiol Immunol. Dec 
1992;7(6):321-325.

152. Williams RC, Jr., Kunkel HG. Rheumatoid factor, comple-
ment, and conglutinin aberrations in patients with subacute 
bacterial endocarditis. J Clin Invest. Mar 1962;41:666-675.

153. Asahi A, Kuwana M, Suzuki H, et al. E!ects of a Helicobac-
ter pylori eradication regimen on anti-platelet autoantibody 
response in infected and uninfected patients with idiopathic 
t h r o m b o c y t o p e n i c p u r p u r a . H a e m a t o l o g i c a . O c t 
2006;91(10):1436-1437.

154. Berlin T, Zandman-Goddard G, Blank M, et al. Autoantibod-
ies in nonautoimmune individuals during infections. Ann N Y 
Acad Sci. Jun 2007;1108:584-593.

155. Christen U, Hintermann E, Holdener M, et al. Viral triggers 
for autoimmunity: is the 'glass of molecular mimicry' half full or 
half empty? J Autoimmun. Feb 2010;34(1):38-44.

156. Bozic B, Cucnik S, Kveder T, et al. Autoimmune reactions 
after electro-oxidation of IgG from healthy persons: relevance of 
electric current and antioxidants. Ann N Y Acad Sci. Aug 
2007;1109:158-166.

157. McIntyre JA. The appearance and disappearance of anti-
phospholipid autoantibodies subsequent to oxidation--
reduction reactions. Thromb Res. 2004;114(5-6):579-587.

158. Dimitrov JD, Lacroix-Desmazes S, Kaveri SV, et al. Insight 
into the mechanism of the acquired antibody auto-reactivity. 
Autoimmun Rev. Jun 2008;7(6):410-414.

159. Lekakh IV, Rott GM, Poverennyi AM. ["Masked" autoanti-
bodies from the serum of healthy blood donors cross-reacting 
with DNA and bacterial lipopolysaccharides]. Biull Eksp Biol Med. 
May 1991;111(5):516-518.

160. Swaak T, Smeenk R. Detection of anti-dsDNA as a diagnos-
tic tool: a prospective study in 441 non-systemic lupus erythe-
matosus patients with anti-dsDNA antibody (anti-dsDNA). Ann 
Rheum Dis. Apr 1985;44(4):245-251.

161. Tavares-Ratado P, Geraldes A, Simões V. Prevalence of Cir-
culating Autoantibodies in Portugese Blood Donors. Paper pre-
sented at: 4th Asian Congress on Autoimmunity; September 11-
13, 2009; Singapore.

162. Gottlieb JE, Israel HL, Steiner RM, et al. Outcome in sarcoi-
dosis. The relationship of relapse to corticosteroid therapy. 
Chest. Mar 1997;111(3):623-631.

163. Grutters JC, van den Bosch JM. Corticosteroid treatment in 
sarcoidosis. Eur Respir J. Sep 2006;28(3):627-636.

164. Allie N, Alexopoulou L, Quesniaux VJF, et al. Protective role 
of membrane tumour necrosis factor in the host's resistance to 
mycobacterial infection. Immunology. 2008;125(4):522-534.

165. Arend SM, Breedveld FC, van Dissel JT. TNF-alpha blockade 
and tuberculosis: better look before you leap. Neth J Med. Apr 
2003;61(4):111-119.

166. Bull TJ, McMinn EJ, Sidi-Boumedine K, et al. Detection and 
verification of Mycobacterium avium subsp. paratuberculosis in 
fresh ileocolonic mucosal biopsy specimens from individuals 
with and without Crohn's disease. J Clin Microbiol. Jul 
2003;41(7):2915-2923.

167. Burnham WR, Lennard-Jones JE, Stanford JL, et al. Myco-
bacteria as a possible cause of inflammatory bowel disease. 
Lancet. Sep 30 1978;2(8092 Pt 1):693-696.

168. Schwocho LR, Masonson HN. Pharmacokinetics of CS-866, 
a new angiotensin II receptor blocker, in healthy subjects. J Clin 
Pharmacol. May 2001;41(5):515-527.

169. Cheung CM, Chee SP. Jarisch-Herxheimer reaction: para-
doxical worsening of tuberculosis chorioretinitis following ini-
tiation of antituberculous therapy. Eye. Jul 4 2008.

170. Vidal V, Scragg IG, Cutler SJ, et al. Variable major lipopro-
tein is a principal TNF-inducing factor of louse-borne relapsing 
fever. Nat Med. Dec 1998;4(12):1416-1420.

171. Mitiku K, Mengistu G. Relapsing fever in Gondar, Ethiopia. 
East Afr Med J. Feb 2002;79(2):85-87.

172. Kissler H. Is multiple sclerosis caused by a silent infection 
with malarial parasites? A historico-epidemiological approach: 
part II. Med Hypotheses. Sep 2001;57(3):292-301.

173. Peschard S, Brinkane A, Bergheul S, et al. [Whipple disease 
associated with pulmonary arterial hypertension. Jarisch-
Herxheimer reaction after antibiotic therapy]. Presse Med. Oct 27 
2001;30(31 Pt 1):1549-1551.

174. Pareek SS. Syphilitic alopecia and Jarisch-Herxheimer reac-
tion. Br J Vener Dis. Dec 1977;53(6):389-390.

175. Zinkernagel MS, Bolinger B, Krebs P, et al. Immunopa-
thological basis of lymphocytic choriomeningitis virus-induced 
chorioretinitis and keratitis. J Virol. Jan 2009;83(1):159-166.

176. Shelburne SA, 3rd, Hamill RJ, Rodriguez-Barradas MC, et al. 
Immune reconstitution inflammatory syndrome: emergence of 

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          32

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media



a unique syndrome during highly active antiretroviral therapy. 
Medicine (Baltimore). May 2002;81(3):213-227.

177. Geddes R. Minocycline-induced lupus in adolescents: clini-
cal implications for physical therapists. J Orthop Sports Phys Ther. 
Feb 2007;37(2):65-71.

178. Arnson Y, Amital H, Shoenfeld Y. Vitamin D and autoimmu-
nity: new aetiological and therapeutic considerations. Ann 
Rheum Dis. Sep 2007;66(9):1137-1142.

179. Holick MF. Vitamin D: a D-Lightful health perspective. Nutr 
Rev. Oct 2008;66(10 Suppl 2):S182-194.

180. Luque C, Cisternas FA, Araya M. [Changes in the patterns of 
disease after the epidemiological transition in health in Chile, 
1950-2003]. Rev Med Chil. Jun 2006;134(6):703-712.

181. Casadesus J. Bacterial L-forms require peptidoglycan syn-
thesis for cell division. Bioessays. Dec 2007;29(12):1189-1191.

182. Gumpert J, Taubeneck U. Characteristic properties and 
biological significance of stable protoplast type L-forms. Experi-
entia Suppl. 1983;46:227-241.

183. Joseleau-Petit D, Liebart JC, Ayala JA, et al. Unstable 
Escherichia coli L forms revisited: growth requires peptidogly-
can synthesis. J Bacteriol. Sep 2007;189(18):6512-6520.

184. Glover WA, Yang Y, Zhang Y. Insights into the molecular 
basis of L-form formation and survival in Escherichia coli. PLoS 
One. 2009;4(10):e7316.

185. Dell'Era S, Buchrieser C, Couvé E, et al. Listeria monocyto-
genes l-forms respond to cell wall deficiency by modifying gene 
expression and the mode of division. Molecular Microbiology. 
2009;73(2):306-322.

186. Kleineberger-Nobel E. Filterable forms of bacteria. Bacterio-
logical reviews. 1951;15(2):77-103.

187. Mestas J, Hughes CCW. Of Mice and Not Men: Di!erences 
between Mouse and Human Immunology. J Immunol. 
2004;172(5):2731-2738.

188. Marshall TG. Vitamin D discovery outpaces FDA decision 
making. BioEssays: News and Reviews in Molecular, Cellular and 
Developmental Biology. 2008;30(2):173-182.

189. Bogdan C. Nitric oxide and the immune response. Nat Im-
munol. Oct 2001;2(10):907-916.

190. Gombart AF, Borregaard N, Koe#er HP. Human cathelicidin 
antimicrobial peptide (CAMP) gene is a direct target of the vi-
tamin D receptor and is strongly up-regulated in myeloid cells 
by 1,25-dihydroxyvitamin D3. The FASEB journal : o!cial publica-
tion of the Federation of American Societies for Experimental Biol-
ogy. 2005;19(9):1067-1077.

191. Dempsey KE, Riggio MP, Lennon A, et al. Identification of 
bacteria on the surface of clinically infected and non-infected 
prosthetic hip joints removed during revision arthroplasties by 
16S rRNA gene sequencing and by microbiological culture. Ar-
thritis research & therapy. 2007;9(3):R46-R46.

Proal et al.: Autoimmune disease and the human metagenome                                                                                                                                          33

 This is a preprint of a book chapter published by Springer Media, (c) Copyright, 2011, Springer Media


