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Self peptides shape T-cell development 
through selectional processes in the 

thymus and secondary lymphoid organs 
to promote a diverse and balanced rep-
ertoire of conventional and regula-
tory T cells. Foreign proteins and their 
derivative peptides permeate our muco-
sal tissues to constitute another diverse 
array of peptides that may specify and 
diversify the mucosal T-cell repertoire. 
Indeed, the distinction between self 
peptides and environmental foreign pep-
tides may be academic if both are present 
constantly within the body. The premise 
here is that the plethora of foreign pep-
tides, present ubiquitously in our envi-
ronment and body, form homeostatic 
niches to foster highly diversified reper-
toires of conventional and regulatory T 
cells that recognize persistent environ-
mental peptides as self. Highly diversi-
fied repertoires that recognize myriads 
of self and environmental foreign pep-
tides as homeostatic ligands may be crit-
ical for adaptive distinctions of friend or 
foe in mucosal tissues. The change from 
our agrarian past to the highly sterile 
environments of today may adversely 
impact the diversity and concentrations 
of foreign peptides that shape the muco-
sal T-cell repertoire. Various hygiene 
hypotheses postulate that the lack of fac-
tors such as infectious pathogens, innate 
receptor engagement or Th1 bias is key 
to the marked increase in immunologi-
cal disease in modern society. In this 
version of the hygiene hypothesis, highly 
diverse constellations of innocuous envi-
ronmental peptides are postulated to be 
the critical factor for immune balance 
and homeostasis.

Self Peptides and the Generation 
of a Highly Diverse  
T-Cell Repertoire

Thymic differentiation and selection rep-
resent an amazing developmental feat. 
From a genetic program with the input of 
resources and energy, the thymus gener-
ates a clonotypically arrayed, vast assem-
blage of T-cell antigen receptor (TCR) 
structures able to recognize a plethora of 
self peptides on a restricted set of polymor-
phic MHC class I and II gene products.1-6 
T-cell recognition of this vast repertoire 
of self peptide/MHC complexes has been 
selected and tuned so that each recogni-
tion event is a low efficiency interaction 
that imparts a positive homeostatic signal. 
These ‘weak’ signals enable survival and 
persistence of a given clone. By this pro-
cess, the T-cell repertoire ‘learns’ to use 
the set of inherited MHC molecules to 
reject dangerous pathogens.

Thymic selection is guided by a set-point 
theory. Selectional and tuning programs 
purge the T-cell repertoire of highly reac-
tive T cells having potential for pathogenic 
autoreactivity. The repertoire is also purged 
of T cells that have ‘useless’ TCR which 
are unlikely to have meaningful crossre-
activity with foreign agonist peptides on 
host MHC molecules. Positive selection 
of the repertoire favors a subset of clones 
that impart a low efficiency signal with 
each clone having specificity for a limited 
set of self-MHC ligands. The nature of this 
low-efficiency, positively-selecting interac-
tion is incompletely understood. The sig-
nal qualitatively lacks efficacy—even high 
concentrations of this ligand will not drive 
overt blastogenesis and differentiation into 
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the regulatory T-cell repertoire” for par-
ticular self antigens without a commensu-
rate abrogation of the conventional T-cell 
repertoire for the same self-antigen. The 
predicted outcome would be an outbreak 
of uncontrolled autoimmunity.

Regulatory T cells (Tregs) medi-
ate a central role in the maintenance of 
peripheral self tolerance.13-15 Tregs are an 
important subset that typically comprises 
5–10% of the CD4+ T-cell population. 
Like conventional T cells, Tregs express 
clonotypic, somatically-rearranged TCR 
and are positively-selected in the thy-
mus upon interaction with self peptides. 
Mature Tregs exhibit various degrees of 
self-specificity and require antigenic stim-
ulation to become suppressive. This subset 
exhibits an activated phenotype in normal 
non-stimulated animals characterized 
by expression of activation markers such 
as CD25, CTLA-4, LAG3, GITR and 
Foxp3. One presumes that cognate self 
peptides drive the activated status of Tregs 
in vivo. Although Tregs comprise a minor-
ity of T cells, like conventional T cells, 
Tregs have a highly diverse T-cell reper-
toire. Their overall mode of self/nonself 
discrimination, and particularly whether 
Tregs recognize self peptides in the same 
manner as conventional T cells, are issues 
that are not currently understood.

The main point is that self peptides 
appear critical for development of both 
conventional and regulatory T cell sub-
sets. When conventional and regulatory 
subsets share specificity for the same self 
antigen, the presumption is that Tregs 
prevent pathogenic responses by con-
ventional clonotypes specific for that self 
antigen. When focusing on a T-cell rep-
ertoire specific for a given self antigen, the 
probability is that a partial T-cell immu-
nodeficiency is more likely to abrogate a 
minor antigen-specific T-cell network 
(Tregs) than a major network thereby 
unleashing the more predominant subset 
of conventional T cells against that self 
antigen to cause immune dysregulation 
and autoimmunity.9

Hallmarks of Normal  
and Pathogenic Immunity

The signature of an infectious pathogen is 
the sudden appearance of multiple highly 

and fully disables adaptive immunity. In 
contrast, partial T-cell deficiency repre-
sents a more common clinical scenario 
that reflects a quantitative impairment of 
a gene product and diminished adaptive 
immune responses. Patients with a wide 
variety of different partial immunodefi-
ciency diseases co-present with allergic 
hypersensitivity and/or autoimmune dis-
ease.9 The paradox is that a partial T-cell 
immunodeficiency would be predicted to 
confer hypo-reactive immunity. However, 
as many as 50% of patients with partial 
T-cell deficiencies present with autoim-
mune disease or hypersensitivity. These 
include primary immunodeficiency dis-
eases, representing partial defects in genes 
such as RAG1, RAG2, LIG4, ARTEMIS, 
ADA, ZAP70 or STAT5B that cause a 
secondary autoimmunity. This striking 
predilection excludes defects in known 
T-cell regulatory pathways such as those 
underlying IPEX and APECED, repre-
senting defects in regulatory genes such 
as Foxp3 or AIRE, which cause primary 
autoimmune diseases that in turn result in 
a secondary immunodeficiency.

A wide variety of gene knock-downs 
also result in partial T-cell deficiency in 
mouse models, and many of these gene 
defects are also associated with autoim-
munity and hypersensitivity.9 The wide 
array of gene defects that reveal this asso-
ciation lends credence to a possible causal 
relation between partial immunodefi-
ciency and immune dysregulation. The 
Omenn syndrome for example, when 
present as a partial immunodeficiency 
of V-D-J recombination, results in the 
emergence of a limited oligoclonal T-cell 
repertoire along with elevated IgE produc-
tion and a graft-versus-host like systemic 
autoimmune disease.9,12 Residual recom-
binase activity is sufficient to generate 
an oligoclonal repertoire that undergoes 
homeostatic expansion in the immuno-
deficient host. The emerging principle is 
that oligoclonal repertoires are sufficient 
in effector activity but deficient in regula-
tory activity. Repertoires of both conven-
tional and regulatory T cells have high 
levels of clonotypic diversity. However, 
repertoires of conventional T cells may be 
more robust in terms of clonal size than 
repertoires of regulatory T cells. A partial 
immunodeficiency may result in a “hole in 

an effector or memory status. An appropri-
ate set-point is facilitated by mechanisms of 
selection and receptor tuning. Thymocytes 
that recognize their ligands as negatively-
selecting, strong ligands may avoid apopto-
sis by developmental programs that damp 
the strength of TCR-mediated signal trans-
duction pathways. These clones may per-
manently downregulate co-receptor levels 
and the strength of TCR signal transduc-
tion pathways. These reformed clones may 
no longer recognize a given ligand as a neg-
ative-selecting agonist ligand but rather as 
a low efficacy, inefficient ligand within an 
efficacy range that is beneficial and drives 
positive selection and maintenance of the 
clone.

Through this process, thymic output 
is characterized by a self-reinforcing sys-
tem of homeostatic weak interactions. 
As the repertoire seeds peripheral tissues 
and secondary lymphoid organs, the same 
self-selecting process is evident in the 
selection and maintenance of the mature 
T-cell repertoire.7,8 Mature naïve T cells 
may be long-lived with life-spans contin-
gent upon continued clonotypic interac-
tions with the set of positively-selecting 
ligands first encountered in the thymus. 
Given the vastness of the T-cell repertoire, 
some clones will exhibit cross-reactivity 
between the low-efficacy, positively-select-
ing, peptide-MHC ligands and high-
efficacy foreign peptide-MHC ligands. 
This cross-reactivity is the basis of host 
defense. The probability of cross-reactivity 
is greatly fostered because the same poly-
morphic MHC structure is the basis for 
presentation of a homeostatic peptide and 
the cross-reacting foreign agonist peptide.

The main point is that a vast diversity 
of self peptides is fundamentally impor-
tant for shaping the T-cell repertoire. Self 
peptides thereby represent a critical forma-
tive stimulus of a mature T cell repertoire.

Partial Immunodeficiency  
and Immune Dysregulation

An important clue regarding mechanisms 
of self tolerance and immunopathogenesis 
is the unexpected correlation between par-
tial T-cell immunodeficiency and immune 
dysregulation.9-12 Complete T-cell immu-
nodeficiency is clinically rare, represents a 
qualitative knock-out of a gene function, 
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engagement of the innate immune system, 
Th2-biased immune deviation, among 
other factors, may represent the key pro-
tective environmental factors. To date, the 
hygiene hypothesis has not been used suc-
cessfully to identify surrogate agents that 
replicate the effect of an agrarian envi-
ronment. In a broad sense, the hygiene 
hypothesis is confounded by a number 
of observations. Inner city environments 
have a less appealing fit of a generally poor 
hygienic living condition, low income and 
high infection rates with extremely high 
rates of immunological disease, in partic-
ular asthma. The role of immune devia-
tion is uncertain. Parasites are associated 
with Th2 immunity but confer protection 
against Th2-related allergic disease. The 
hygiene hypothesis must not only explain 
increased incidence of Th2-related atopic 
diseases but must also account for diseases 
such as multiple sclerosis, inflammatory 
bowel disease and type I diabetes, which 
are thought to stem from Th1-biased auto-
immune responses.

An alternative hygiene hypothesis can 
be formulated based on the theme of 
peptides being the foremost differentia-
tion factors for development and mainte-
nance of a balanced immune system. 
The emphasis has been on ‘self ’ peptides 
driving T-cell maturation pathways. 
Innocuous foreign peptides however per-
meate our respiratory and digestive sys-
tems, and when present chronically in our 
environment, these peptides would have 
a persistent presence within our bodies. 
This alternative hygiene hypothesis postu-
lates that the diversity of innocuous envi-
ronmental peptides introduced constantly 
into our bodies is the critical variable of 
the environment that is of fundamental 
importance for development of a healthy 
immune system. The lack of a diverse 
array of innocuous foreign antigens in our 
contemporary ‘clean’ environments is pos-
tulated to be an important cause of immu-
nological disease. The hypothesis is based 
on a number of considerations.

The developing immune system cannot 
distinguish origins of a particular peptide. 
Rather, the immune system senses whether 
a peptide has a transient or chronic pres-
ence, engendering immunity or tolerance 
respectively. In a healthy immune system, 
there is no immunological distinction 

robust repertoire conventional T cells 
may be reduced but not depleted by the 
immunodeficiency. Thus, the minority 
Treg repertoire and the majority repertoire 
of conventional T cells may be differen-
tially affected by the immunodeficiency; 
the first being abrogated and the second 
merely reduced in scope simply because 
the first is a minor subset and the second 
is a major subset. In this case, the residual 
conventional T cells may recognize the 
“foreign antigen mimicry” unchecked by 
Tregs. To whatever extent conventional 
clonotypes were depleted by the partial 
immunodeficiency, these T cells would 
quickly recover numbers due to recogni-
tion of the mimicry epitope in the absence 
of Tregs. The consequence would be 
clonal expansion of mimicry-specific con-
ventional T cells, differentiation to effec-
tor status, and autoimmunity against the 
cross-reactive self epitope.

A Diversity  
of Hygiene Hypotheses

The other piece of the puzzle is the strik-
ing observation that immunological dis-
eases almost unknown in agrarian cultures 
have reached epidemic levels in advanced 
industrial cultures. The ‘hygiene hypoth-
esis’ was forwarded as an explanation for 
this paradox.19 The hypothesis is that the 
infectious disease load and bombardment 
of the innate receptor systems early in 
life balances the effector pathways of the 
developing immune system. Just as sight 
is needed for development of the visual 
cortex, exposure to microbial denizens is 
postulated to be critical for balanced devel-
opment of the immune system. Agrarian 
environments are considered replete with 
macrophage-activating organisms which 
are believed to impart a Th1 bias to the 
developing immune system. The sterile 
environments of the modern industrial age 
lack this developmental Th1 bias and are 
hypothesized to foster immune systems 
with a pronounced Th2 bias coupled with 
susceptibility to Th2-associated immuno-
logical diseases such as asthma.

A variety of hygiene hypotheses have 
been proposed.19-23 These hypotheses dif-
fer in emphasis on whether parasitic infec-
tions per se, overall infectious disease 
burden, innocuous bacteria of the GI tract, 

agonistic MHC-peptide ligands.16-18 In this 
sense, the immune system is a homeostatic 
network of weak peptide-specific interac-
tions that is allergic to the sudden novelty 
of multiple strong interactions. Infectious 
pathogens are often characterized by rapid 
replication and emerge suddenly as a mul-
titude of protein subunits. The peptides 
derived from infectious agents are new 
to the immune system and are perceived 
by some cross-reactive T cells as strongly 
efficacious agonist ligands. The diver-
sity of agonistic recognition events most 
likely determines the vigor of the immune 
response. Pathogens giving rise to 10, 100 
or 1,000s of foreign peptides will be pro-
gressively more immunogenic. Although 
Treg recognition of self peptides on APC 
dampens immune responses, Treg activity 
presumably is overwhelmed by threshold 
levels of agonistic interactions of con-
ventional T cells with the same APC. It 
is tempting to think that the balance of 
tolerance and immunity is simply the tug 
of war between a highly diverse set of low 
efficacy interactions of Tregs with APC 
versus a more limited set of high efficacy 
interactions of conventional T cells with 
the same APC.

This view fits well with the idea that 
an interaction of molecular mimicry and 
mild immunodeficiency may drive auto-
immune disease. Infectious pathogens 
evolve to mimic self molecules as camou-
flage against immune surveillance. Yet, 
mimicry is common and autoimmunity is 
rare. In normal immune systems, the “for-
eign antigen mimicry” may be recognized 
simultaneously by both cross-reactive rep-
ertoires of Tregs and conventional T cells. 
In a clonotypically-diverse immune sys-
tem, a robust Treg repertoire specific for 
a given self antigen may cross-react exten-
sively with the foreign mimicry, given 
that self and mimicry MHC-ligands must 
share common structural features. In this 
case, a robust repertoire of conventional 
T cells that perceive the mimicry epit-
ope as a highly efficacious ligand would 
be held in check by the mimicry-specific 
Treg repertoire, thus preventing mimicry-
specific immune pathogenesis. However, 
in the case of a mild or partial immuno-
deficiency, a cross-reactive Treg repertoire 
specific for the “foreign antigen mimicry” 
may be absent whereas the parallel, more 
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may recognize these innocuous foreign 
peptides as full agonists, but due to the 
chronic presence of these peptides from 
early life, this repertoire may exhibit 
habituation. Mechanisms of peripheral 
tolerance may enforce the homeostatic 
set-point by clonal deletion or adapta-
tion such that these peptides, like true 
self peptides, become recognized as low-
efficacy MHC ligands.

If environmental antigens have homeo-
static interactions with mucosal T cells 
and are recognized as low efficacy ligands, 
a central question is how ‘weak’ recogni-
tion of foreign environmental peptides 
shapes T cell selection and differentiation, 
particularly in ways that are beneficial to 
the host. A clue to this answer may be 
provided by studies of homeostatic expan-
sion.7,8 Naïve T cells adoptively transferred 
into an immunodeficient host expand to 
fill the ‘available space.’ Homeostatic 
expansion appears to be driven by a com-
petition among clones for a limited set 
of MHC ligands such that the repertoire 
expands until a limited set of MHC-
peptide ligands is saturated, thereby filling 
the ‘available space.’ Homeostatic expan-
sion is clonotypic and is driven by recog-
nition of some of the same self peptides 
responsible for positive thymic selection.

The main adaptive advantage of a 
diverse set of environment peptides in 
mucosal tissues is that these peptides 
would provide additional niches to diver-
sify the T-cell repertoire. Conventional T 
cells that perceive environmental peptides 
as low efficacy ligands would have a niche 
favoring homeostatic maintenance of that 
clone. Regulatory T cells would differenti-
ate to fill niches conferred by recognition of 
these persistent foreign peptides as if they 
were self-derived peptides. These niches 
would not exist and the clones would 
not persist in environments largely lack-
ing diverse environmental antigens. The 
main point is that a diverse set of environ-
ment peptides would create developmen-
tal niches to engender a qualitatively more 
diverse repertoire. A repertoire main-
tained by both self and foreign peptides 
would have qualitatively higher diversity 
than a repertoire maintained solely on self 
peptides. And the clonotypic diversity of 
conventional and regulatory repertoires 
may be closely tied to the ability of the 

gut mucosa. Enormous quantities of food 
and commensal organisms are present in 
the gut. These substances and their par-
tially degraded products move across the 
mucosa via leakage and active transport. 
The mucosa is closely interconnected with 
an extensive lymphoid network compris-
ing approximately 75% of all lymphocytes 
in the body. M cells actively transport anti-
genic material by transcytosis directly into 
the grasp of submucosal dendritic cells. 
Mucosal dendritic cells directly extend 
arborizations across the epithelial barrier 
to directly capture and internalize lumi-
nal antigenic material. By these and many 
other mechanisms, the mucosal immune 
system appears designed to maximize 
interactions of luminal antigenic material 
with submucosal leukocytes.

One of the presumptions of this 
hypothesis is that foreign environmen-
tal peptides have a beneficial impact on 
the development of T cell repertoire. 
However, the question arises as to how 
a T cell repertoire, after positive selec-
tion on exclusively self MHC ligands 
in the thymus, would interact with this 
universe of environmental peptides. 
Presumably, foreign peptides are absent 
from the thymus. The answer may lie in 
two hallmarks of immune system func-
tion, which are the tendency for cross-
reactivity and a tendency to gravitate 
toward a homeostatic set-point. The T 
cell repertoire is selected by interactions 
with self MHC ligands that are perceived 
as weak, low efficacy ligands. These T 
cells exhibit cross-reactivity with foreign 
MHC ligands that are perceived as fully 
agonistic MHC ligands. Cross-reactive 
recognition of strong agonist peptides is 
necessary for immune responses against 
infectious agents. In all probability, 
mature T cells also exhibit cross-reactiv-
ity between weak self-MHC ligands and 
foreign MHC ligands that are also per-
ceived as inefficient, low efficacy ligands. 
This latter type of cross-reactivity how-
ever would not drive an immunogenic 
response and is largely ignored in immu-
nology. But this type of cross-reactivity 
may be important in that a substantial 
repertoire of T cells may have cross-reac-
tive interactions with environmental pep-
tides and perceive these as low efficacy or 
weak MHC ligands. Additional T cells 

between self peptides and innocuous envi-
ronmental peptides, if both sets have a 
persistent presence in vivo.

Foreign peptides might be considered 
unimportant given the vast quantitative 
excess of self inside the body. However, 
the design of the immune system imposes 
qualitative constraints on the size of the 
relevant peptide universe. Although self 
peptides may be in molar excess, the uni-
verse of self peptides is limited by the finite 
nature of the human genome and by the 
binding constraints imposed by the inher-
ited set of MHC molecules. The inherited 
set of MHC glycoproteins acts as a filter so 
that only a limited subset of peptides can 
engage the immune system. Most peptides 
lack the appropriate binding motifs and 
are ignored by the immune system. The 
filtering, peptide-sampling mechanism of 
MHC binding represents the first step of 
an adaptive immune response and func-
tions to ensure that the T-cell repertoire 
is not overwhelmed by essentially-infinite 
and extensively cross-reactive pools of self 
and nonself peptides.

Measured strictly in qualitative terms 
of peptide diversity, the universe of self 
peptides is dwarfed by the universe of 
foreign peptides. Peptide diversity can be 
defined as the number of different peptide 
species (rather than the molar concentra-
tion of any one) that are able to bind a set 
of inherited MHC molecules within one 
individual. Whereas the pool of relevant 
self peptides is derived from one genome, 
MHC-compatible foreign peptides would 
be derived from myriads of organisms 
that make up an entire ecological niche. 
Although self peptides may be present in 
molar excess in vivo, the universe of for-
eign peptides would be qualitatively more 
diverse, perhaps by orders of magnitude, 
giving rise to a much richer array of pep-
tides with high affinity for self MHC 
molecules.

One might suspect that foreign pep-
tides enter the body only in limited 
quantity. If so, the absorptive capacity 
of the mucosa is not the limiting factor. 
Respiratory and gut mucosal tissues are 
designed to maximize absorptive surface 
area. Depending on the physical envi-
ronment, considerable quantities of aero-
solized plant and animal matter may be 
constantly deposited in the respiratory and 
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that these foreign antigens are given the 
status of ‘protected self.’ This strategy has 
a tremendous adaptive advantage because 
otherwise we would succumb to useless 
immunological wars against innocuous 
environmental antigens, as is the case in 
hypersensitivity disease.

A Glimpse into a Dirtier Tomorrow

Imagine a child growing up on a farm, 
a child growing up indoors in front of a 
computer screen or a child in an inner 
city environment. The farm environment 
would be replete with aerosolized animal 
and plant matter carried in quantity by 
wind, deposited in the lungs, dissolved in 
saliva and swallowed into the gut. Highly 
diverse constellations of environmen-
tal antigens would change from season 
to season but would be continuous year 
to year, engendering constancy of these 
homeostatic niches. Highly diversified 
repertoires of conventional and regulatory 
T cells would colonize the niches created 
by peptides from this array of aerosolized 
plant and animal products. Intense aerobic 
work in an outdoor environment would 
move environmental antigens into the 
deeper recesses of the lung to nurture local 
networks of diversified T cells in these 
critical tissues. These highly diversified 
repertoires of conventional and regulatory 
T cells would ensure optimal balance of 
immunogenicity and tolerance. This child 
would not likely develop asthma or smol-
dering inflammation against environmen-
tal antigens that can prime autoimmunity 
but would exhibit robust immunity 
against infectious pathogens.

The child in the sterile indoors environ-
ment of electronic computer games would 
have minimal exposure to what would be 
considered a diverse array of environmen-
tal antigens. The antigen array in this envi-
ronment would be better characterized by 
a lack of diversity and perhaps would be 
punctuated by high concentrations of a 
particular antigen. The T-cell repertoire 
in lung mucosa would be maintained 
largely by interaction with self antigens. 
The differentiation of a robust Treg reper-
toire specific for diverse innocuous foreign 
antigens would be absent, because diverse 
foreign antigens would be lacking. In this 
sense, the respiratory mucosa would be 

agonists, while regulatory populations 
would prevent excessive inflammation in 
tissues having a predominance of self and 
innocuous non-self.

The hygiene hypothesis has been 
applied to a wide variety of immunologi-
cal diseases, including Th2-associated 
atopic diseases as well as Th1-associated 
diseases such as type I diabetes, inflam-
matory bowel disease and multiple scle-
rosis. An important question pertains to 
how an immunological deficiency at the 
mucosa may prime autoimmunity against 
non-mucosal self antigens in the core of 
the body. The idea is that tolerance is local 
but a breach in tolerance is systemic. Self 
or environmental peptides that maintain 
tolerance have local tissue-specific distri-
butions in the body. Presumably, regula-
tory subsets that recognize these peptides 
home to and are maintained by these 
peptides in local tissues and lymphatics, 
thereby filling the homeostatic niches gen-
erated by these peptides. In clean environ-
ments, the lack of environmental peptides 
may undercut an effective regulatory net-
work and lead to smoldering inflamma-
tion and allergy in mucosal tissues against 
innocuous environmental antigens. Of 
course, these environmental peptides are 
no longer innocuous when these antigens 
drive chronic inflammation. The lack of 
effective regulation coupled with chronic 
inflammation and the periodic presence 
of antigenic mimicry epitopes on invad-
ing mucosal pathogens could seed immu-
nogenic responses against cross-reactive 
self antigens. If molecular mimicry drives 
autoimmunity against cross-reactive self 
epitopes in a beta cell protein or a myelin 
protein, then the consequence might be 
an inflammatory response against beta 
cells or myelin which in turn may prime 
self-sustaining autoimmunity and onset of 
Type I diabetes or multiple sclerosis. It is 
provocative to think that a lack of diverse 
environmental peptides in mucosal tissues 
may indirectly lead to chronic autoimmu-
nity against true self peptides in the core 
systems, organs and tissues of the body.

The key concept is the idea that the 
immune system has a developmental 
handshake with the outside world, to 
extend peace to the vast universe of innoc-
uous foreign antigen as an extension of the 
immunological sensory apparatus, such 

repertoire to be a discriminating interface 
with the outside world.

Homeostatic niches created by the uni-
verse of environmental peptides would 
sustain additional clonotypes of both con-
ventional and regulatory T cells in tissues 
having abundant exposure to environmen-
tal antigens, particularly mucosal tissues. 
Two types of regulatory T cells exist. The 
natural Tregs are derived during differ-
entiation in the thymus upon interaction 
with self peptides. A separate regulatory 
subset of ‘induced’ Tregs acquires a sup-
pressive Foxp3+ phenotype in peripheral 
tissues. An important subset of induced-
Tregs may differentiate to fill the niches 
formed by presentation of persistent 
innocuous peptides from the environ-
ment. If so, these niches would position 
highly diverse clones of the ‘iTreg’ subset 
at the critical mucosal interface.

A central assumption is that a highly 
diverse repertoire can accurately distin-
guish pathogens whereas a restricted rep-
ertoire is a hallmark of immunodeficiency 
and is marked by error-prone decisions 
and immunological disease.9 A central 
postulate is that a rich array of environ-
mental peptides, present as a constant 
during a lifetime (at least until recent gen-
erations), are critical for creating sufficient 
thresholds of T cell diversity among Treg 
and conventional subsets in our muco-
sal tissues. Particularly important would 
be the cultivation of highly diverse Treg 
repertoires specific for persistent environ-
mental antigens. Environmental peptides, 
by enhancing clonotypic diversity of Treg 
subsets, may thereby extend immunologi-
cal tolerance to the vast world of innocuous 
nonself in a given natural environment.

How would highly diverse mucosal rep-
ertoires recognize dangerous pathogens? 
Highly diverse repertoires of conventional 
and regulatory subsets maintained by 
diverse sets of both self and environmental 
antigens would maintain the appropriate 
balance of regulatory control and adap-
tive immunity. A diverse regulatory T-cell 
repertoire would prevent hypersensitivity 
against innocuous environmental anti-
gens. The trigger for immunity would 
be the relatively sudden introduction of 
highly agonistic peptides from a novel 
source.16,17 Conventional T cells would 
drive reactivity against the source of these 
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local array of environmental antigens as 
house guests, treated as one of the family, 
as self, then the answer is no. The hypoth-
esis simply suggests the notion that the 
immune system extends an umbrella of 
what one would normally consider self to 
include both self and innocuous nonself. 
Associated with this idea is another inter-
esting semantic twist on a classical con-
cept—that type I hypersensitivities such 
as asthma and atopy may be considered 
autoimmune diseases against innocuous 
environmental antigens.

For those of us aghast at the epidemic of 
bottled water, what does the future hold? 
If the hygiene hypothesis is not based on 
infectious disease burden, innate recep-
tor engagement, and Th1/Th2 imbalance 
and is instead based on nature’s bounti-
ful diversity, then aerosolized particulates 
from the nation’s farmlands and wilder-
ness areas may become a staple of indoor 
environments. Yes, in the future, we may 
buy both ‘natural’ water and ‘natural’ air.
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populated by a partially immunodeficient 
repertoire with error-prone impressions 
of infectious nonself. The clean indoor 
environments are marked by a lack of 
diversity compensated by the presence of 
uniformity. The highly diverse world of 
environmental antigens would be replaced 
with high concentrations of a limited set 
of antigens (dust mite, pollen, spores, pet 
dander, etc.,). This is the perfect setting 
for driving immunity against these highly 
abundant environmental antigens, par-
ticularly if such antigens are present pha-
sically. Their presence would be marked 
by abrupt appearances of highly agonistic 
ligands in the absence of a Treg counter-
balance, thereby resulting in immunity 
and hypersensitivity disease.

The immune system of the child in 
the inner city would face the same lack of 
nature’s diversity. Again, the environment 
would be characterized by uniformity in 
antigen make-up. The purported presence 
of Th1-biasing infectious agents is to no 
avail. Infectious agents that are present 
temporarily cannot prime clonotypically 
diverse populations of mucosal Tregs. 
Diversity replaced with uniformity results 
in deficient T cell repertoires and con-
sequently immune dysfunction. In this 
sense, the hypothesis predicts that the best 
way to develop a food allergy is to begin a 
diet comprised of just one kind of food. It 
is interesting to consider that we cannot 
so easily extract ourselves from our agrar-
ian past. The immune system may need 
nature’s diversity to seed the full course of 
immunological development.

Whether this hypothesis challenges the 
classical concept of self/nonself discrimi-
nation is simply a matter of semantics. If 
one stringently defines the boundary of 
self and nonself as what is made within 
our epithelial barriers, then the answer 
would be yes. However, if one takes the 
view that the body can annex or adopt the 


