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Abstract
The possibility of using microbes to maintain health, and to prevent or treat disease is a topic as old
as microbiology. However, one factor impeding the introduction of effective probiotics has been our
very limited understanding of the composition of the human microbiome, as well as the biological
requirements for these organisms. With advances in understanding the microbiome and its
metagenome in humans and other mammals, we now can build a more robust scientific basis to
develop probiotic strategies. Increasing knowledge of intramicrobial competition and cooperation,
as well as host-microbe cross-signaling, will facilitate design of new probiotics and the modeling of
their deployment, leading to eventual clinical trials.

Introduction
The microbial component of humans or animals has been termed the indigenous microbiota.
However, since “biome” refers to “ecosystems” in ecology, the term microbiome, introduced
by Joshua Lederberg (Lederberg 2000) also applies. Despite interest in the human microbiome,
going back more than a century (reviewed by Mackowiak, 1982), it remains largely unexplored
(Blaser 2006). Experimental evidence shows that the microbiome is needed for the health of
the host and that alterations in the ecological equilibrium of microbes can lead to disease.
Therefore, it is logical to expect that the use of microbes that are members of the microbiome
might help us restore balance. We use the term “probiotics” to refer to microbes that are
administered to produce beneficial effects on health, and the term “prebiotics” to indicate
substrates that improve the growth or metabolic activities of particular indigenous organisms.
Long ago, physicians and others started the practice of administering intestinal microbes (as
probiotics) to maintain health or correct disease, before they clearly understood the
mechanisms involved in microbial metabolism and signaling. The knowledge base underlying
the use of probiotics is small today, but is an important frontier for scientific inquiry to improve
human health.

The Human Microbiome
The first life forms on earth were bacteria, over 4 billion years ago, and we continue to live in
the age of bacteria (Gould 1994). All subsequent forms of life evolved in their presence,
interacting and integrating with them. Mammals appear to be born free of bacteria, fungi, or
protozoa, but in the microbial world in which we reside, our exposed organs -skin, body
invaginations, and digestive tract- become niches for adapted microbes. In a sense, these spaces
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reflect in part the exterior environment crossing our body. The contents of these organs are
kept separated from the “interior” of the body by barriers that effectively cordon the luminal
microbes. Humans have a developmental program for expression of antimicrobial peptides
modulating the microbial ecosystem that begins to form shortly after birth (Menard, Forster et
al. 2008). The process of colonization is dynamic, creating the structured populations reached
in the climax community, which itself is subject to perturbations (Caufield, Cutter et al.
1993; Schwiertz, Gruhl et al. 2003; Hopkins, Macfarlane et al. 2005). The choreography of
such events is modulated by the complex interactions involving microbial signaling with other
microbes and with the host.

The best studied microbe-dominated organ is the human intestinal ecosystem, estimated to
contain 500–1,000 bacterial species (Mackowiak 1982; Eckburg, Bik et al. 2005). However,
amplifying and sampling signature genes for taxonomic purposes provides incomplete
definition, due to PCR biases and insufficient sample coverage. Analyses of the microbiomes
of the skin (Gao, Tseng et al. 2007), mouth (Kroes, Lepp et al. 1999), esophagus (Pei, Bini et
al. 2004), stomach (Bik, Eckburg et al. 2006) and vagina (Hyman, Fukushima et al. 2005), also
have provided preliminary views. Table 1 shows current examples of the roles of digestive
tract microbes on intestinal function; however, in reality we know little about the roles of our
microbial populations and their interactions with other microbes and with the host. Detailed
metagenomic analyses will provide the next level of understanding.

The structure of the intestinal microbiome in humans has high individual variability.
Essentially all humans living in primitive societies harbor protozoa and helminths (Marini,
Maldonado et al. 2007), probably resembling the microbiomes of humans in prehistoric times.
With modern lifestyles, which involve improved hygiene, small family size, and intensive
exposure to antibiotics from early ages, protozoa and helminths are disappearing from the
digestive tract of modern populations, and some bacterial species also are trending towards
extinction [for example H. pylori (Perez-Perez, Salomaa et al. 2002; Blaser 2005)]. The health
implications of these trends focus in part our current interests towards probiotics.

Mechanisms of immune modulation by microbes
Newborns have poorly developed immune regulation, involving T-cells, and regulatory and
antigen-presenting cells (Figure 1). Post-natal development, intrinsically modulated by both
genetic and microbial factors, leads to a functionally healthy intestine that maintains a dynamic
balance between microbes, host epithelial cells and mucosal immunity. Eukaryotic cell TLR
recognition provides a molecular basis for bacterial-epithelial cross-talk, with effects on both
innate and acquired immune responses [(Bach 2005;Walker 2008); (Table 2)]. Indigenous
microbes also may protect against autoimmune and inflammatory diseases (Ismail and Hooper
2005), using mechanisms including antigenic competition (immune responses against
pathogens compete with autoimmune and allergic responses) and immunoregulation
[stimulation of regulatory cells (Th2, CD25+, Tr1, and NKT)]. Since the microbial population
structure helps maintain mucosal immunologic balance, factors affecting the community may
disrupt mucosal tolerance. Decreases in infectious diseases with modernity, related to frequent
antibiotic use and possibly excessive hygiene, have been associated with a concomitant
increase in the prevalence of autoimmune and chronic inflammatory diseases involving the
mucosa [respiratory allergies, rhino-sinusitis, inflammatory bowel disease, and possibly some
lymphomas(Bach 2005;Praprotnik, Sodin-Semrl et al. 2008)]. For example, helminths affect
host mucosal and systemic immunity, inhibiting dysregulated inflammatory responses and
inducing regulatory T-cell activity (Weinstock, Summers et al. 2005).
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Can we improve upon the human microbiome? The use of prebiotics and
probiotics and sustainability of the microbiome

Current probiotics are naturally occurring indigenous microbes that are aimed to restore lost
bacteria or metabolic activities in colonized organs, restore a balanced immune response
similar to that induced by the usual indigenous microbiota, or to suppress pathogenic microbes
(Kalliomaki and Isolauri 2003). The scope of probiotics being used is narrow: several intestinal
species predominate, including Bifidobacterium and Lactobacillus species, Streptococcus
thermophilus, Enterococcus and Bacillus species, E. coli and yeasts, including Sacharomyces
boulardii.

Preliminary studies indicate that probiotics can affect innate immunity, as evidenced by oral
tolerance, which cannot be achieved in germ-free animals (Sudo, Sawamura et al. 1997), is
reduced by antibiotic use (Bashir, Louie et al. 2004), and can be restored by administering
probiotics (Braat, van der Brande et al. 2004). Probiotics also protect against pathogens by
strengthening the intestinal mucosal (immune) barrier, decreasing pathogen adherence (Mack,
Michail et al. 1999), or by production of acid or antibiotics inhibitory to pathogens (Gibson,
McCartney et al. 2005). Our scientific understanding of currently used probiotics is limited;
their beneficial effects are usually low, with strong placebo effects, and a substantial lack of
robustness across experiments.

Modern era lifestyles are impacting our microbiome in ways we are just beginning to elucidate.
We might need to have a probiotic in our future, but first, well-designed clinical trials are
needed. The future of probiotics might expand in several ways:

1. Use of non-bacterial members of the human microbiota as probiotics
Fungi also are known to be constituents of the intestinal microbiota in mice (Scupham, Presley
et al. 2006), fish (Andlid, Blomberg et al. 1999) and humans, and they are being investigated
as intestinal probiotics (Martins, Nardi et al. 2005). S. boulardii may bind pathogenic
Escherichia coli strain and salmonellae (Buts, Dekeyser et al. 2006)]. Effective probiotics for
the skin, vagina, nose, and ear microbiota are yet to be discovered. It also is possible that
constituents of other microbiomes from other animals might have specific utilities for humans;
these, too, would need to be carefully tested so that the zoonotic costs do not exceed the
potential benefits.

2. Administration of bacteriophages
Bacteriophages may be considered as either probiotics or as prebiotics , in the sense that they
would inhibit specific bacterial populations, promoting the growth of other species.
Bacteriophages also are potential alternatives to antibiotics (Sulakvelidze and Morris 2001).
Discovered independently by Frederick W. Twort and Felix d’Herelle (Stone 2002), phages
have been extensively used to prevent and treat bacterial infections, mainly in Eastern Europe
and the former Soviet Union (Shasha, Sharon et al. 2004). Phages have been used in humans
against diarrheal diseases caused by E. coli, Shigella or Vibrio, and to eliminate
Campylobacter, Escherichia and Salmonella in farm animals (Lederberg 1996; Sulakvelidze
and Morris 2001). Although more specific, the lysogenic (non-lytic) pathway can limit the
effectiveness of phage therapy.

3. Development of new prebiotics
Deeper knowledge of human microbial ecology will lead to specific prebiotic approaches to
promote growth of favorable microbes, or to provide substrate for favorable metabolic
pathways. In that sense, lactulose, a non-absorbable polysaccharide currently used as a
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prebiotic to treat hepatic encephalopathy, has multiple effects; next generation prebiotics may
have much greater specificity.

Conclusions
It is likely that many potentially useful microbes remain unculturable. Better elucidation of the
microbiome will lead to improved techniques to culture and evaluate candidate probiotic
organisms. An alternative possibility is the banking of each individual’s intestinal contents
(obtained as a fecal sample during health) that could be administered at the time of disease.
Either the total (undefined) biota could be useful or the specimen cultured to isolate particular
host-specific organisms that had become depleted. The former approach is closer to the current
state-of-the-art, but it is the latter that is most desirable.

In any event, a fundamental need to advance the use of probiotics and prebiotics is to improve
our knowledge of the microbiome and its function, which will facilitate identifying and
evaluating microbes that can be given to many hosts. Technical advances involving
metagenomic, transcriptomic, and proteomic analyses of our microbial communities promise
to increase our understanding of the human microbiome. This improved knowledge will aid
the design of new probiotics and prebiotics, leading to the necessary clinical trials to assess
efficacy.
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Fig 1.
Developmental cross-talk between colonizing microbes and the immune response across the
human lifespan
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Table 1
Non-immunologic function of the gastrointestinal microbiome

Physiological benefit Demonstrated effects Reference
Host nutrition Synthesis of vitamins (Stevens and Hume 1995),

(Savage 1986)
Degradation of indigestible plant cell walls (Savage 1986; Mackie 2002)

Integrity of intestinal barrier induction of epithelial growth by microbial butyrate (Gaudier, Forestier et al. 2004)
Colonization resistance Protection against pathogen colonization (Boullier, Nougayrede et al. 2003)
Regulation of angiogenesis Stimulation of the elaboration of microvasculature (Stappenbeck, Hooper et al. 2002)]
Hormonal regulation Energy homeostasis: modulation of leptin and ghrelin

Estrogen metabolism in the intestine
(Roper, Francois et al. 2007)
(Tamura, Tsushida et al. 2007)
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Table 2
Mechanisms of immunity modulated by bacteria

Function Mechanism Reference
Intestinal homeostasis Stimulation of the gut lymphoid tissue (Kerneis, Bogdanova et al. 1997; Cherayil and Walker

2003)
Mucosal defense Intraepithelial and lamina propria production of

cytokines
(Kohler, McCormick et al. 2003),

Maturation of helper T cells into mature TH1/Th2 and
Th3/Trl

(Calder, Krauss-Etschmann et al. 2006; Walker
2008).

Secretion of IgA by mesenteric lymph nodes (Macpherson and Uhr 2004)
Decreased IgE production in response to antigens (oral
tolerance; eg. IgE production to ovalbumin ingestion is
higher in germfree mice)

Sudo, Sawamura et al. 1997; Spiekermann and Walker
2001; Bashir, Andersen et al. 2002)

Stimulation of antigen-presenting cells (Cherayil and Walker 2003; Walker, Rhubart-Berg et
al. 2005)

Immunological tolerance Dendritic cell sampling of bacterial antigens through Toll
like receptors (TLR)

(Rescigno, Urbano et al. 2001)

Interaction of microbes with host CD14 (Akira, Takeda et al. 2001; Elson, Dunn-Siegrist et al.
2007; Udan, Ajit et al. 2008),
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