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KEY POINTS

� It has been learned that human beings are superorganisms integrating the identity, func-
tion, and immunity of resident micro-oganisms.

� Low-cost high-throughput sequencing of microbial communities comprising the human
microbiome is unveiling the identity and function of unculturable microbes.

� Our own innate and adaptive immune systems have evolved to deal with invading
organisms.

� Public health officials and neuroepidemiology researchers will be called on to guide the
understanding of I-Cubed illnesses and the implications of the human microbiome.
INTRODUCTION

The human microbiome, defined as the collection of micro-organisms that reside
within our body, have coevolved over the history of mankind and have been over-
looked as determinants of health and disease. Given the appearance of new microbial
agents and the everyday occurrence of unexplained lethal neurologic syndromes of
suspected infectious cause, scientists have begun to identify a plethora of microbial
agents in our body and in the human genome. The true capability of such microbes
residing in our body to cause human disease has become the focus of medical sci-
ence. Postinfectious autoimmune illness is increasingly recognized because of resi-
dent and invasive microbial agents that have the capacity to trigger our immune
system, turning it on and off at will. With differences in resident microbial niches,
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imperfect host defenses, and susceptibility to epidemic and endemic diseases in the
environment, there are ever-increasing opportunities for infectious bacterial, virus,
parasitic, and fungal exposures. The triumvirate of infection, immunity, and inflamma-
tion, termed I-Cubed, which posits that there are complex and often self-sustaining
host adaptive immune responses to acute and chronic infection, forms the etiopatho-
logic basis for diverse medical and neurologic disorders. Public health officials and
neuroepidemiology researchers will be called on to guide the understanding of
I-Cubed illnesses and the implications of the human microbiome for communicable
and noncommunicable diseases, at times one leading to the other, as the natural his-
tory is appreciated and the responsiveness of given medical and neurologic disorder
to a variety of medical approaches including strong antibiotics and immune-
modulatory is established.
BACKGROUND

Imagine the excitement of a scientist at a medical conference claiming to have discov-
ered a new human organ which, like the immune system, contains collections of cells
and 100 times more genes than the host. Not only is it tailored to the individual host,
but it is modifiable by stress, diet, medications, exercise, and antibiotics. When lost,
nearly all aspects of the host’s normal physiologic function are altered. Although it
has been known for some time that the human body is inhabited by resident flora in
a factor greater than 10:1, most researchers have focused instead on a minority of
disease-causing or “pathogenic” organisms with far fewer examining the benefits of
the resident bacterial flora. The completion of the human genome sequence in
2001, which was the crowning achievement in biology, was incomplete because it
did not look at the synergistic activities of humans and microbes living together.
With many well-recognized neurologic diseases of likely infectious trigger yet unas-
signed to infectious microbes, such as most cases of aseptic meningitis, encephalitis,
and cerebral vasculitis, there was a need for a second human genome project to pro-
vide a comprehensive inventory of microbial genes and genomes at major sites of mi-
crobial colonization in the human body. Many investigators envisioned that
understanding the microbial contributions to inflammatory disease could be
addressed effectively through a thoughtful integration of modern technologies and
clinical insight.
The concept of the human microbiome or microbiota originated with the Rockefeller

University scientist Joshua Lederberg,1 as an ecological community of commensal,
symbiotic, and pathogenic micro-organisms sharing our body space. It is estimated
that 20% to 60% of the human-associated microbiome, depending on body site, is still
resistant to conventional culture techniques, making it difficult to accurately estimate
its true diversity. More recently, the human microbiome has been studied in different
biological states using gene sequencing techniques. Scientists have used molecular
tools to extract and compare bits of a particular kind of RNA, the products of DNA
transcription and translation, to determine if previously known or new microbes
were present in a particular human tissue such as blood. This technique, which is
widely used as a biomarker for microbial disease, uses a particular kind of RNA known
as 16S ribosomal RNA (rRNA).
Because the genes for rRNA have changed little over millions of years as organisms

have evolved, slight changes in their composition provide valuable clues to the very
nature of microbial organisms located in the human body. The 16S rRNA gene is
very short, just 1542 nucleotide bases, making it quickly and cheaply copied,
sequenced, and then compared with libraries of stored 16S rRNA genes from
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numerous known bacteria. The ones that match up perfectly are microbes that have
been previously identified, whereas others that show differences may be previously
unknown microbes. Such studies of gastrointestinal microbes at the 16S rRNA gene
level have revealed significant diversity in the flora of individuals. An international
meeting held in Paris in November 2005, hosted by the French National Institute for
Agricultural Research, led to the recommendation of an initiative to precisely define
the human intestinal microbiome in health and disease. Directly following the Paris
meeting, the National Institutes of Health held discussions about the merits of a Hu-
man Microbiome Project, which soon became a roadmap for later biomedical
research. Fast-forward to the present: we are presently at a public health crossroads,
in a position to make gigantic gains in our knowledge to better understand how mi-
crobes impact on human health, transitioning from description to causality and micro-
bial engineering. Underscoring this, 2 papers published simultaneously in the journals
Science2 and Nature3 called for the establishment of a Unified [domestic] Microbiome
Initiative and International Microbiome Initiative.
With more than 90% of cells in the human microbiome understood to be bacterial,

viral, fungal, or otherwise nonhuman in nature, and human metabolism and immunity
attributed to the molecular genetic contribution of microbial and human interaction,
human beings are being referred to as superorganisms. In the last decade the United
States, the Human Microbiome Project and European MetaHit, 2 large-scale genomic
projects, along with several private efforts, have investigated the microbiota in a vari-
ety of human body niches using new molecular genetic tools. Although many sites
such as the skin, oral and nasal cavities, and vagina are all relatively easy to access,
most of the research in this area has focused on the gastrointestinal tract, in particular,
the colon. The colon is where the greatest density and numbers of bacteria are found.
Most of the data regarding the bacterial microbiota comes from fecal samples and tis-
sue specimens lining of the lower intestine. Although the function of colonic microbiota
is to efficiently degrade complex indigestible carbohydrates, the small intestine micro-
biome is shaped by its capacity for fast import and conversion of relatively small car-
bohydrates, and rapid adaptation to overall nutrient availability. The gut microbiota
ferments carbohydrates in the upper colon, whereas other gut flora digest protein
and amino acids, liberating short-chain fatty acids. The fermentation of short-chain
fatty acids can lead to a range of potentially harmful compounds, some of which
play a role in gut diseases such as colorectal cancer and inflammatory bowel disease.
Studies in animals show that some compounds, like ammonia, phenols, p-cresol,
certain amines, and hydrogen sulfide, play important roles in the initiation or progres-
sion of a leaky gut, inflammation, DNA damage, and cancer progression. High dietary
fiber or intake of plant-based foods appears to inhibit this, highlighting the importance
of maintaining vegetarian gut microbiome carbohydrate fermentation. The newly
recognized axis of communication between the gut and brain has led to the recogni-
tion of a mind-gut connection, seeking to explain a spectrum of functional symptoms
from anxiety and depression to irritable bowel syndrome. So recognized, customized
food diets have emerged aimed at improving the gut by impacting on microbiota ac-
tivities linked to systemic host physiology.
With 5 phyla representing most of the bacteria that comprise the gut microbiota,

there are about 160 species in the large intestine alone of any individual, and very
few of these are shared between individuals. The functions contributed by these spe-
cies appear to be found in everybody’s gastrointestinal tract, an observation that sug-
gests that microbial function is more important than the identity of the species
providing it. The understanding of human microbial biology first derived from pure cul-
tures and genomic sequencing, has been limited by sampling bias toward 4 bacterial
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phyla, Proteobacteria, Firmicutes, Actinobacteria, and Bacteroides, of the 35 bacterial
and 18 known archaeal phylum-level lineages. With roughly two-thirds of published
microbiological research dedicated to only 8 bacterial genera, all of which grow well
on agar culture plates, it is unlikely that they are representative of the 5000 or more
species known to us. Phylogenetic molecular genetic methodologies using next gen-
eration sequencing have not only revolutionized our understanding of the origin and
evolution of microbial organisms, but also have provided scientists with the means
for identifying the types of organisms that occur in the environment and in the human
microbiome. Molecular biologists using rRNA sequence have revealed amicrobial tax-
onomy based on 1 of 3 aboriginal lines of descent separating bacterial organisms into
3 major kingdoms. The Eubacteria or modern Eukaryotes contain all of the typical
bacteria-sharing 16S rRNA present in moderately large and varied collections of
organisms and organelles of prokaryotic cells. The Urkaryotes sharing 18S rRNA
comprise major ancestors of eukaryotic cells, including plant, fungal, and slimemolds.
The Archaebacteria possess anaerobic metabolism based on reduction of carbon di-
oxide to methane, making them well suited for the type of environment presumed to
exist on earth 3 to 4 billion years ago.
INFECTION ACTIVATES IMMUNITY

Immunity was originally separated into 2 types based on the purported effects of im-
munization or vaccine against a given pathogen. The first type was the effect of immu-
nization that resulted in definable changes in the cell-free bodily fluid or serum or
humor, whereas another was the observed protective effect associated with multipli-
cation of specific cells. Two primordial types of immune cells are now recognized, one
lineage termed B cells that matures in the bone marrow and further differentiates into
plasma cells and memory cells. Mature plasma cells are capable of producing anti-
bodies capable of latching onto their target in a lock-and-key specific fashion when
their surface antibody receptors recognize other cells displacing foreign antigens.
Other B cells mature into memory B cells that circulate in the bloodstream. The other
cell lineage of T cells, also derived in the bone marrow, instead passes though the
thymus gland, where it achieves final immunoreactivity and is thought to be most pro-
tective in recognizing virus-infected cells. These cells participate in the defense
against intracellular bacterial, fungal, and protozoan infections; cancers; and trans-
plant rejection. Other aspects of enhanced cellular immunity includes the secretion
of cell-signaling molecules termed cytokines that promote cell-to-cell communication
in immune responses and stimulate the movement of cells toward sites of inflamma-
tion and infection.
Not surprisingly, major understandings of the pathophysiology of autoimmune dis-

eases have been achieved through an appreciation of infectious triggers of the humor-
al and cell-mediated immune system. WhenWhipple disease was first identified as the
causative agent of the neurologic disorder almost 25 years ago by Relman and co-
workers,4 it was unclear whether the uncultured bacillus Tropheryma (T) whippelii
was a rare member of the normal human microbial flora and whether it might be asso-
ciated with other human diseases. Whipple disease causes a systemic inflammatory
disorder involving the gastrointestinal tract, heart, and brain. According to phyloge-
netic analysis, the isolated bacterium was a gram-positive actinomycetes not closely
related to any known genus. A molecular genetic approach amplifying a 16S rRNA
sequence directly from tissues of 5 unrelated patients determined its nucleotide
sequence. A decade later, the same authors5 performed ultrastructural studies of in-
testinal biopsy specimens from affected patients. These studies showed the location
Downloaded from ClinicalKey.com at New York University October 23, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.



I-Cubed and the Human Microbiome 867
of T whippelii rRNA to be most prevalent near the tips of the intestinal villi in the lamina
propria just basal to the epithelial cells, located between cells and not intracellular,
indicating that the bacillus grew outside cells and that it was not an obligate intracel-
lular pathogen. Such studies ushered in a generation of molecular genetic technology
used today in the study of resident human microbes.
Relman6 later observed that molecular, cultivation-independent methods revealed

that the distribution and diversity of micro-organisms in the world was far greater
than previously appreciated. One particular molecular genetic technique compared
human tissue–derived DNA sequences with those of known pathogenic and
commensal bacterial, viral, fungal, and protozoan genomes in established
expressed-sequence tag libraries. However, inefficient and cost-ineffective for
screening large numbers of specimens in most laboratories, it revealed surprising find-
ings of nonhuman genetic sequences that appeared to be an inherent feature of the
human genome. It appears that all humans have human endogenous retrovirus se-
quences as an integral part of their genome.7 At some time during the course of human
evolution, exogenous progenitors of the human endogenous retrovirus inserted them-
selves into the human germ-line reproductive cells where they were replicated along
with the host cellular genes. However, intact disease-producing retroviruses differ in
the presence of at least one additional coding region, the envelope (env) gene that en-
codes viral membrane proteins that mediate the budding of virus particles to the
cellular receptors enabling virus entry as the first step in the pathway to a new replica-
tion cycle and disease pathogenicity.
Hajjeh and coworkers8 observed that unexplained deaths and critical illness

possibly due to infectious causes in previously healthy persons occurred at an inci-
dence rate of 0.5 per 100,000 per year from 1995 to 1998 among 7.7 million persons
in 4 US Emergency Infectious Programs. However, only two-thirds were diagnosed by
reference serologic tests, and the remaining one-third was diagnosed by polymer
chain reaction (PCR)-based methods. These findings suggested the need for molec-
ular genetic surveillance approaches to detect present and emerging infectious dis-
eases. New molecular biological techniques have led to the identification of several
previously unculturable infectious agents, such as non-A and non-B hepatitis, and
hantavirus.9 Real-time PCRmethods with primers and a probe targeting conserved re-
gions of the bacterial 16S rRNA revealed rRNA in blood specimens from healthy indi-
viduals, raising the possibility that there were normal populations of bacterial DNA
sequences in the blood compartments previously considered sterile at least most of
the time. Although persistent infection is a potential source of nonhuman sequences
in normally sterile human anatomic sites, not all bona fide pathogens have been asso-
ciated with abnormality.
The immunologic mechanisms and interactions between resident microbial agents

and the human host have been studied at various body sites. The interaction between
resident oral bacteria and human gingival epithelial cells in culture demonstrates their
potential for virulence. The microbial agents frequently associated with periodontal
diseases include Bacteroides forsythus, Campylobacter curvus, Eikenella corrodens,
Fusobacterium (F) nucleatum, Porphyromonas gingivalis, and Prevotella intermedia.
The effects of these bacteria on the production of interleukin-8, a proinflammatory
chemokine, were also measured. F nucleatum adheres to and invades human gingival
epithelial cells accompanied by high levels of interleukin 8 secretion from the epithelial
cells.10 By electron microscopy, this invasion occurs via a “zipping” mechanism that
requires the active involvement of actins, microtubules, signal transduction, protein
synthesis, and energy metabolism of the human gingival epithelial cells, as well as pro-
tein synthesis by F nucleatum.
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Other investigators11 noted a heightened risk of inflammatory bowel disease and
colorectal cancer between diffusely adherent Escherichia coli and areas of dysplastic
mucosa of the colon that made it easier for the bacterial pathogens to gain direct con-
tact with the mucosal surface, a location that is relatively sterile in the normal colon.
Such interactions between bacterial components and intrinsic T-cell receptors of
the human mucosa with subsequent downstream protein signaling as the mechanism
for early oncogenesis illustrating yet another molecular genetic property of the resi-
dent bacteria in their putative role in genotoxicity and human disease. If epithelial-
associated bacteria play a causative role in inflammatory bowel disease and colorectal
cancer, then dietary consumption of soluble plant fibers that prevent mucosal recruit-
ment of bacteria may be protective against both conditions.
Postinfectious autoimmunity is a recognized phenomenon with several theories to

explain its occurrence, including molecular mimicry, bystander activation, and viral
persistence.12 Alone or in combination, these mechanisms have been used to account
for the immunopathology observed at the site of infection and in distant areas of the
body. Molecular mimicry occurs when there are shared immunologic identities or epi-
topes between the microbe and host. One well-recognized example is rheumatic fe-
ver, a systemic autoimmune disease that occurs after group A b-hemolytic
streptococci (GABHS) infection wherein affected patients develop and manifest circu-
lating reactive antibodies to the bacterial organism reactive to the heart, joint, and
brain, leading to the cardinal manifestations of rheumatic fever. Pediatric autoimmune
neuropsychiatric disease associated with GABHS infection or PANDAS, is another
example of bacterial-based molecular mimicry.
Viruses with cross-reactive epitopes to hepatitis B virus and myelin basic protein, a

constituent of myelin, develop autoimmune experimental allergic encephalomyelitis
(EAE) due to circulating T cells that preserve the memory of the virus and cross-
react with myelin present in brain white matter of experimental mice. There is a
form of postinfectious encephalitis named acute disseminated encephalomyelitis,
an inflammatory demyelinating disorder of the brain in children that follows seemingly
minor viral infection with a 2- to 30-day latency period that is thought to be postinfec-
tious and autoimmune. It is thought that naissance of autoimmunity in such disorders
originates when novel disease-inducing autoantigens are presented by specialized
elements of the immune system in a trimolecular complex comprising antigen-
presenting cells, major histocompatibility complex class II molecules, and autoreac-
tive CD41 T cells.
Bystander activation and killing, a second mechanism that can also lead to autoim-

mune disease, has gained support through the use of experimental animal models mir-
roring some of the features of autoimmune disease, such as the nonobese diabetic
mouse for type 1 diabetes (T1D) and EAE. It states that virus infections lead to signif-
icant activation of antigen-presenting cells that potentially activate preprimed autor-
eactive virus-specific T cells that migrate to areas of virus infection/antigen, such as
the pancreas or brain. There, they encounter virus-infected cells presenting certain
molecular tags, in turn releasing cytotoxic granules resulting in the killing or death of
the infected cells. The dying cells, CD81 T cells, and inflammatory cells within such
inflammatory foci release cytokines that lead to the demise of uninfected neighboring
cells and additional immunopathology at sites of infection.
Persistent viral infection is a third mechanism of immune-mediated injury due to the

constant presence of viral antigens that in turn drive the immune response. Yet un-
proven in humans, an example of this occurs in experimental mice who develop a con-
dition termed Theiler murine encephalomyelitis,13 in which persistent infection leads to
a T-cell-mediated immunopathology in genetically susceptible animals. Susceptible
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strains develop virus-specific delayed-type hypersensitivity responses, whereas
resistant strains do not. This response has been proposed as the basis for flaccid pa-
ralysis that spreads rapidly to all 4 limbs after an incubation period of 7 to 30 days
because of inflammation and demyelination in the brain and spinal cord.
I-CUBED DISORDERS

With the preceding concepts in mind, this section considers 2 exemplary disorders,
human leukocyte antigen (HLA) B27-related spondyloarthropathy and T1D and neu-
ropathy, both of public health concern because of its pervasive occurrence in the
population.

Spondyloarthropathy

The relationship between microbial infection and the gut, which has been known for
decades as the basis for the spondyloarthritides (SpA)14 has only recently been incor-
porated into the I-Cubed paradigm. SpA consists of diverse disorders of inflammatory
arthritis. The reported incidence of 0.48 to 63/100,000 and prevalence of 0.01% to
2.5% for SpA diseases in the population15 vary depending on the methodology and
case definitions used for case ascertainment, and frequency of HLA-B27 in the pop-
ulation studied. Affected patients with symptoms referable to the vertebral column and
limb joints may be seen by a variety of specialists including rheumatologists, neurol-
ogists, and general practitioners before the disorder is correctly diagnosed. Documen-
tation of HLA B27 haplotype is a frequent associated feature.
Experimentally induced SpA occurs in mice with a striking resemblance to humans

when HLA B27 components are introduced into genetically susceptible animals,
establishing its central role in the human sickness.16 Certain genetically prone mice
develop colitis and later SpA when they are colonized with Bacterioides flora along
with increased colonic cytokine expression compared with germ-free uncolonized an-
imals.17 The story, however, becamemore interesting when it was found that such an-
imals also showed activation of Th17 helper cells18 with HLA-B27 misfolding and a
further heightened immune response to the unfolded protein associated with
interleukin-23 production.19

Taken together, these findings suggested that genetically predisposed animals
react to a microbial imbalance by altering their immune system in the intestinal
compartment toward a more inflammatory state. The process is mediated by T-cell
and interleukin production, which ultimately leads to local and systemic clinical dis-
ease manifested as aSpA-like human illness.20 Such insights of the microbiomes
have been used to advance therapy of SpA and other autoimmune arthritides. Empiric
broad-spectrum antibiotics do not appear to have a therapeutic role and may select
species with even more pathogenic potential. Bacterial modulation using alternative
methods drawing from innate benefits of the microbiota,21 such as fecal microbial
transplantation, diet, and probiotics, have instead been used to restore a healthier in-
testinal microbiome.

Diabetes Mellitus and Neuropathy

Type 1 diabetes
T1D and type 2 diabetes (T2D) are both associated with diverse metabolic diseases
that share the common feature of elevated blood glucose levels due to deficient insulin
secretion or defective secretion or action, respectively. Both classes of patients are at
perpetual risk for the development of nerve, kidney, and retinal disease. T1D usually
develops before age 30 years, and such individuals need insulin injections for the
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rest of their life. Their disease is caused by the gradual loss of insulin-producing b cells
in the pancreas.22 Patients with T2D are typically older, often obese, and at high risk
for hypercholesterolemia and heart disease, with relative insulin resistance that per-
petuates hyperglycemia. The epidemiology of diabetes is well known. In the United
States alone, more than one million people are living with T1D and approximately
80 people per day, or 30,000 individuals per year, are newly diagnosed. The global
incidence of T1D is increasing at a rate of approximately 3% to 4% per year, notably
among younger children. These statistics highlight the need for both better TID ther-
apies and the continued push toward the prevention of T1D.
In the past several years, several lines of investigations have suggested the impor-

tance of environmental factors, including infectious diseases, making T1D an impor-
tant candidate for an I-Cubed framework of understanding.
First, T1D appears to be caused by autoimmune mechanisms directed against the

insulin-producing b cells of the pancreas,23 with up to 90% of T1D patients harboring
one or more autoantibodies.
Second, the pancreas of newly diagnosed T1D patients shows inflammation in the

region of the insulin-producing b cells.24

Third, the possibility that the onset of T1D might be triggered in genetically predis-
posed individuals by a preceding infection inducing attack on islets by molecular mim-
icry was investigated in children with T1D who died prematurely. Their autopsy
showed pancreatic islet cell, membrane-bound, superantigens, indicating integrated
bacterial or viral genes. The genetic risk of T1D is strongly linked to HLA class II
DR3 and DR4 haplotypes, with the highest risk in those with the DR3/DR4 genotype.
The importance of HLA genes to T1D risk highlights the role of the adaptive immune
system in the development of autoimmunity.
Fourth, T1D occurs with increased frequency in association with several other auto-

immune disorders, including Grave disease, pernicious anemia, Hashimoto thyroiditis,
myasthenia gravis, anti-phospholipid antibody syndrome, and Addison disease.
Fifth, there is an animal model of autoimmune diabetes in which T cells are strongly

implicated in b-cell destruction, similar in nature to studies in humans in which primed
autoreactive T cells recognize peptides common to both insulin and microbial anti-
gens, suggesting that molecular mimicry may be the priming event in the destruction
of b-islet cells in animals and humans.25 Moreover, the response of T cells to homol-
ogous peptides derived from microbial antigens suggests that their initial priming
could occur via molecular mimicry.
Sixth, it is hypothesized that perturbations in normal early microbiome development

might predispose to disease whether through direct modulation of innate immunity or
via alteration of intestinal permeability, with a downstream effect on adaptive immu-
nity. The gut microbiome is both less diverse and protective in individuals with islet
cell autoimmunity or recent onset T1D.26–28 Whether this difference is causal to T1D
in such patients is not known because multiple factors could affect the early intestinal
microbiome, some of which also have been shown to correlate with risk of islet auto-
immunity and T1D.29 Nevertheless, increased intestinal permeability as a conse-
quence of prolonged enteric intestinal infections could lead to increased
susceptibility to T1D.22 Viruses, with their potential to induce innate and adaptive im-
mune responses and local inflammation in the pancreas and other organs, have been
suspected of initiating these autoimmune processes. The etiologic link between T1D
and viruses is based on epidemiologic, serologic, and histologic findings, as well as
experimental in vivo and in vitro studies in DNA Herpesviruses and Parvoviruses,
and RNA Togaviruses, Paramyxoviruses, Retroviruses, and Picornaviruses. A mecha-
nism of molecular mimicry has been suggested on the observation that some
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microbial/viral proteins and host proteins have sequence or structural homology and
therefore go unrecognized as self-proteins stimulating immune response against the
viral antigen, which becomes cross-reactive against the homologous sequence of
the host b-cell proteins.12 Another possible mechanism of infection-induced autoim-
munity is bystander activation whereby the infection of neighboring b cells stimulates
local inflammation with the appearance of T cells and other inflammatory cells that
release inflammatory proteins that lead to bystander killing of b cells.30

Diabetic neuropathy
Peripheral neuropathy occurring in association with T1D and T2D affecting large so-
matic and small pain-sensitive and autonomic fibers may be similarly influenced by in-
flammatory autoimmune factors. Historically, early investigations of diabetic
neuropathy used nerve trunks obtained from diseased limbs obtained at surgical
amputation and postmortem examination; such patients had longstanding diabetes
that tended to increase the likelihood of arteriosclerosis. However, one early case
showed clinicopathologic features of mononeuritis multiplex and vascular thrombosis
of arteriae nervorum, suggesting a vascular inflammatory pathogenesis of neuropa-
thy.31 Decades later, investigations of peripheral nerve microvessels using vital stains
to examine endoneurial blood vessels showed thickening of their walls32 that was sub-
sequently found to be reduplication of the basal lamina, a change also common to reti-
nopathy and nephropathy. Unable to validate the correlation between so-called
microangiopathy and neuropathy, attention focused on metabolic alterations in nerve
elements, but attempts to correlate chronic hyperglycemia with metabolic derange-
ments and alterations of intrinsic nerve lipids, alcoholic sugars, and a series of
biochemical consequences leading to altered protein synthesis, abnormal glycosyla-
tion, slowed axon transport, axoglia dysjunction, osmotic swelling, or thickening of
axolemmal and endoneurial basement membranes was often inconsistent.
In a series of 2 articles spanning a decade in 107 patients with diabetic neuropathy,

Younger and colleagues33,34 noted a more pervasive contribution of inflammatory and
immune-mediated damage to the pathogenesis of diabetic neuropathy than had ever
been previously imagined. Inflammatory lesions in diabetic nerves stained by immuno-
peroxidase comprised primarily CD81 and CD41 T cells of varying severity situated
around endoneurial and small epineurial arteries or veins measuring 70 mm, leading
to perivasculitis so noted in 23% of cases, and transmural inflammation of the vessel
wall termed microvasculitis or frank vasculitis each in 3%. Associated immunologic
alterations included complement deposition along vessel walls, not simply at sites
of vascular inflammation, with expression of various interleukins and tumor necrosis
factora.
Two disorders of known autoimmune etiopathogenesis, chronic inflammatory

demyelinating polyneuropathy (CIDP) and lumbosacral radiculoplexus neuropathy
(LSRPN), were described in patients with T1D and T2D. Stewart and colleagues35

and Haq and coworkers36 described the clinical, electrophysiological, and histopath-
ologic findings of a small series of diabetic patients meeting formal criteria for CIDP,
the associated features of which did not discriminate diabetics from nondiabetics.
Dyck and colleagues37 compared 57 patients with LSRPN alone or associated with
diabetes in 33 other patients, with regard to natural history variables, electrophysio-
logical features, quantitative sensory and autonomic analysis, histopathology, and
outcome, noting no differences in the indices between diabetic and nondiabetic
patients.
More recently, Younger38 described a living patient with diabetic LRPN in whom

nerve biopsy showed necrotizing arteritis prompting combination immunosuppressive
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therapy, who at postmortem examination had perivascular epineurial and endoneurial
inflammation in the extradural lumbar plexus, sciatic, and femoral nerve tissue without
evidence of systemic vasculitis. Painful small-fiber neuropathy confirmed by intraepi-
dermal nerve fiber analysis also occurs in patients with T1D and T2D as well as in as-
sociation with diverse connective tissue and infectious and autoimmune neurologic
disorders.39

REFERENCES

1. Lederberg J, McCray AT. ‘Ome Sweet ’Omics—a genealogical treasury of words.
New Scientist 2001;15:8.

2. Alivisator AP, Blaser MJ, Brodie EL, et al. MICROBIOME. A unified initiative to
harness Earth’s microbiomes. Science 2015;350:507–8.

3. Dubilier N, McFall-Ngai M, Zhao L. Create a global microbiome effort. Nature
2015;526:631–4.

4. Relman DA, Schmidt TM, MacDermott RP, et al. Identification of the uncultured
bacillus of Whipple’s disease. N Engl J Med 1992;327:293–301.

5. Fredericks DN, Relman DA. Localization of Tropheryma whippelii rRNA in tissues
from patients with Whipple’s disease. J Infect Dis 2001;183:1229–37.

6. Relman DA. The search for unrecognized pathogens. Science 1999;284:
1308–10.

7. Lower R, Lower J, Kurth R. The viruses in all of us: characteristics and biological
significance of human endogenous retrovirus sequences. Proc Natl Acad Sci
U S A 1996;93:5177–84.

8. Hajjeh RA, Relman D, Cieslak PR, et al. Surveillance for unexplained deaths and
critical illnesses due to possibily infectious causes, United States, 1995-1998.
Emerg Infect Dis 2002;8:145–53.

9. Gao SJ, Moore PS. Molecular approaches to the identification of unculturable in-
fectious agent. Emerg Infect Dis 1996;2:159–67.

10. Han YW, Shi W, Huang GT, et al. Interactions between periodontal bacteria and
human oral epithelial cells: Fusobacterium nucleatum adheres to and invades
epithelial cells. Infect Immun 2000;68:3140–6.

11. Prorok-Hamon M, Friswell MK, Alswied A, et al. Colonic mucosa-associated
diffusely adherent afaC1 Escherichia coli expressing lpfA and pks are increased
in inflammatory bowel disease and colon cancer. Gut 2014;63:761–70.

12. Fujinami RS, von Herrath MG, Christen U, et al. Molecular mimicry, bystander
activation, or viral persistence: infections and autoimmune disease. Clin Microbiol
Rev 2006;19:80–94.

13. Theiler M. Spontaneous encephalomyelitis of mice, a new virus disease. J Exp
Med 1937;65:705–19.

14. Yurkovetskiy LA, Pickard JM, Chervonsky AV. Microbiota and autoimmunity:
exploring new avenues. Cell Host Microbe 2015;17:548–52.

15. Stolwijk C, Boonen A, van Tubergen A, et al. Epidemiology of spondyloarthritis.
Rheum Dis Clin North Am 2012;38:441–76.

16. Hammer RE, Maila SD, Richardson JA, et al. Spontaneous inflammatory disease
in transgenic rates expressing HLA-B27 and human beta 2m: an animal model of
HLA-B27-associated human disorders. Cell 1990;63:1099–112.

17. Rath HC, Herfarth HH, Ikeda JS, et al. Normal luminal bacteria, especially Bacter-
oides species, mediated chronic colitis, gastritis, and arthritis in HLA-B27/human
beta2 microglobulin transgenic rats. J Clin Invest 1996;98:945–53.
Downloaded from ClinicalKey.com at New York University October 23, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0733-8619(16)30022-6/sref1
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref1
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref2
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref2
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref3
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref3
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref4
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref4
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref5
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref5
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref6
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref6
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref7
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref7
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref7
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref8
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref8
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref8
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref9
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref9
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref10
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref10
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref10
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref11
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref11
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref11
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref12
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref12
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref12
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref13
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref13
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref14
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref14
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref15
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref15
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref16
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref16
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref16
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref17
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref17
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref17


I-Cubed and the Human Microbiome 873
18. Glatigny S, Fert I, Blaton MA, et al. Proinflammatory Th17 cells are expanded and
induced by dendritic cells in spondyloarthritis-prone HLA-B27-transgenic rats.
Arthritis Rheum 2012;64:110–20.

19. DeLay ML, Turner MJ, Klenk EI, et al. HLA-B27 misfolding and the unfolded pro-
tein response augment interleukin-23 production and are associated with Th17
activation in transgenic rats. Arthritis Rheum 2009;60:2633–43.

20. Scher JU, Littman DR, Abramson SB. Microbiome in inflammatory arthritis and
human rheumatic diseases. Arthritis Rheumatol 2016;68(1):35–45.

21. Olle B. Medicines from microbiota. Nat Biotechnol 2013;31:309–15.

22. Precechtelova J, Borsanyiova M, Sarmirova S, et al. Type I diabetes mellitus: ge-
netic factors and presumptive enteroviral etiology or protection. J Pathog 2014;
2014:738512.

23. Atkinson MA, Caclaren NK. The pathogenesis of insulin-dependent diabetes mel-
litus. N Engl J Med 1994;331:1428–36.

24. Hanninen A, Jolkanen S, Salmi M, et al. Macrophages, T cell receptor usage, and
endothelial cell activation in the pancreas at the onset of insulin-dependent dia-
betes mellitus. J Clin Invest 1992;90:1901–10.

25. Yang J, Chow IT, Sosinowski T, et al. Autoreactive T cells specific for insulin B:11-
23 recognize a low-affinity peptide register in human subjects with autoimmune
diabetes. Proc Natl Acad Sci U S A 2014;111:14840–5.

26. Giongo A, Gano KA, Crabb DB, et al. Toward defining the autoimmune micro-
biome for type 1 diabetes. ISME J 2011;5:82–91.

27. Brown CT, Davis-Richardson AG, Giongo A, et al. Gut microbiome metagenomics
analysis suggests a functional model for the development of autoimmunity for
type 1 diabetes. PLoS One 2011;6:e25792.

28. de Goffau MC, Luopajarvi K, Knip M, et al. Fecal microbiota composition differs
between children with beta-cell autoimmunity and those without. Diabetes 2013;
62:1238–44.

29. VanBuecken D, Lord S, Greenbaum CJ. Changing the course of disease in type 1
diabetes. In: De Groot LJ, Beck-Peccoz P, Chrousos G, et al, editors. Endotext.
South Dartmouth (MA): MDText.com, Inc.; 2000 [Updated 2015 Jun 29].

30. Roep BO, Hiemstra S, Schloot NC, et al. Molecular mimicry in type 1 diabetes:
immune cross reactivity between islet autoantigen and human cytomegalovirus
but not Coxsackie virus. Ann N Y Acad Sci 2002;958:163–5.

31. Raff MC, Sangalang V, Asbury AK. Ischemic mononeuropathy multiplex associ-
ated with diabetic mellitus. Arch Neurol 1968;18:487–99.

32. Fagerberg SE. Diabetic neuropathy-a clinical and histological study on the signif-
icance of vascular affections. Acta Med Scand 1959;164(Suppl 345):1–97.

33. Younger DS, Rosoklija G, Hays AP, et al. Diabetic peripheral neuropathy: a clin-
ical and immunohistochemical analysis of sural nerve biopsies. Muscle Nerve
1996;19:722–7.

34. Younger DS. Diabetic neuropathy: a clinical and neuropathological study of 107
patients. Neurol Res Int 2010;2010:140379.

35. Stewart JD, McKelvey R, Durcan L, et al. Chronic inflammatory demyelinating pol-
yneuropathy (CIDP). J Neurol Sci 1996;142:59–64.

36. Haq RU, Pendlebury WW, Fries TJ, et al. Chronic inflammatory demyelinating pol-
yradiculoneuropathy in diabetic patients. Muscle Nerve 2003;27:465–70.

37. Dyck PJ, Norell JE, Dyck PJ. Non-diabetic lumbosacral radiculoplexus neuropa-
thy: natural history, outcome and comparison with the diabetic variety. Brain
2001;124:1197–207.
Downloaded from ClinicalKey.com at New York University October 23, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0733-8619(16)30022-6/sref18
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref18
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref18
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref19
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref19
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref19
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref20
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref20
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref21
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref22
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref22
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref22
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref23
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref23
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref24
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref24
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref24
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref25
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref25
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref25
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref26
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref26
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref27
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref27
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref27
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref28
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref28
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref28
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref29
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref29
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref29
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref30
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref30
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref30
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref31
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref31
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref32
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref32
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref33
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref33
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref33
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref34
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref34
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref35
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref35
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref36
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref36
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref37
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref37
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref37


Younger874
38. Younger DS. Diabetic lumbosacral radiculoplexus neuropathy: a postmortem
studied patient and review of the literature. J Neurol 2011;258:1364–7.

39. Younger DS. HTLV-1-associated myelopathy/tropical spastic paraparesis and pe-
ripheral neuropathy following live-donor renal transplantation. Muscle Nerve
2015;51:455–6.
Downloaded from ClinicalKey.com at New York University October 23, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0733-8619(16)30022-6/sref38
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref38
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref39
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref39
http://refhub.elsevier.com/S0733-8619(16)30022-6/sref39

	I-Cubed (Infection, Immunity, and Inflammation) and the Human Microbiome
	Key points
	Introduction
	Background
	Infection activates immunity
	I-cubed disorders
	Spondyloarthropathy
	Diabetes Mellitus and Neuropathy
	Type 1 diabetes
	Diabetic neuropathy


	References


