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Translating the human microbiome: a path
to improving health
Ramnik J. Xavier1,2

Translating the human microbiome in health and dis-
ease requires detailed information about each microbial
member—from individual annotated genomes to com-
munity functional dynamics to relationships with the
host. Toward this goal, phylogenetic descriptions of the
microbiome are evolving into mechanistic analyses. Re-
cent years have seen a dramatic rise in metagenomic and
metabolomic studies using microbial-driven pathologies
as models to understand host–microbiome interactions.
These studies are charting community-wide ecological
maps that provide insight into microbial determinants of
health and disease, layering in impacts of the micro-
biome at different life stages. Although much is known
about early microbiome development, trajectories during
aging and later in life require further characterization.
The microbiome impacts every organ system and as-

pect of physiology, often through as-yet-unknown mech-
anisms. Moreover, the influence of the microbiome
extends beyond the local environment: neuroactive mol-
ecules produced by gut commensals reach the brain to
mediate mood, depression, and mental illness [1]. Un-
derstanding the principles that govern a healthy micro-
biome establishes a framework for interrogating
perturbations associated with disease or diet and for de-
veloping interventional strategies. Unlike the genome,
the microbiome is a dynamic reflection of health status
that can be modified and, therefore, represents a largely
untapped reservoir of opportunity to understand and ex-
ploit mechanisms that influence human physiology.
This special issue of Genome Medicine highlights the

advances made in understanding strain diversity,

microbial biochemistry, disease risk, and clinical out-
comes. In this Editorial, I highlight key areas and recent
progress that has been made in the field toward translat-
ing the microbiome and defining the many pathways
that modulate host biology.

Comprehensive maps from a single microbe
Metagenomic sequences provide a framework to gener-
ate testable mechanistic hypotheses; however, functional
validation is limited by the availability of culturable iso-
lates. Strain collections are being assembled, but those
aiming to capture the breadth of diversity within the
microbiome underrepresent strain-specific functional di-
versity. This obstacle is being circumvented in part by
computational advancements, such as comparative gen-
omics platforms that can analyze a single bacterial class,
map genetic diversity to phenotypes, and identify poten-
tial competitive fitness genes through the quantification
of highly related strains [2]. This approach highlights the
value of comparative genomics in mechanistic analyses
of unculturable microbes that impact human health.

Microbiome and T cells
Recently, we have learnt that subsets of microbiome-
reactive T cells are characteristic of health and various
diseases, but our knowledge of microbial antigens is in-
complete [3]. Computational tools are accelerating pro-
gress in antigen discovery, immunodominance, and
characterizations of T cell receptors with functional phe-
notypes. Predicting antigen binding to MHC molecules,
for instance, is a powerful approach to interrogate fea-
tures of immunogenicity and specificity of T cell re-
sponses. The BOTA (bacteria originated T cell antigen)
predictor uses genomic sequences to generate candidate
MHCII-restricted epitopes based on accessibility criteria.
When coupled with high-throughput validation for rec-
ognition by T cell receptors, it provides a platform to
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identify immunodominant epitopes. Detailed molecular
characterizations of responses induced by bacterial iso-
lates in T cell subsets harvested from healthy and disease
tissues will aid future functional analyses.
Adaptive immunity is additionally affected by micro-

bial metabolites, and recent work revisited the effects of
bacterially modified bile acids on T cell biology. Litho-
cholic acid (LCA) derivatives were found to regulate the
differentiation of naive T cells into Treg and Th17 cells,
the balance of which plays a critical role in inflammatory
bowel diseases (IBD) [4]. A network of microbial bile
acid metabolites was shown to maintain a specific Treg
population in the colon and ameliorates gut inflamma-
tion [5]. The secondary bile acid 3β-hydroxydeoxycholic
acid (isoDCA) promoted Treg generation by reducing
the immunostimulatory properties of dendritic cells [6].
On a global scale, the impact of the microbiome on host
chemistry was revealed by comparing metabolomes from
germ-free and specific-pathogen-free mice and uncov-
ered previously unknown bile acid conjugates that are
enriched in IBD and cystic fibrosis patients [7]. Toward
unraveling microbial pathways responsible for bile acid
metabolism, a set of six enzymes was found to be re-
quired to derive DCA and conferred the ability to pro-
duce DCA and LCA when expressed in a commensal
that cannot synthesize these molecules naturally [8].
Thus, the potential for modulating metabolite levels in
the host increases as knowledge of microbial biosyn-
thetic pathways expands.

Microbiome and diet
Dietary fibers modulate the composition and function of
the microbiome, shaping host–microbiome interactions.
Fiber-rich diets maintain a healthy, diverse microbiome
and lead to beneficial metabolites such as short-chain
fatty acids (SCFAs), which promote mucus and anti-
microbial peptides production as well as maintain intes-
tinal barrier integrity and robust immunity. Fiber-poor
diets reduce diversity and alter microbial functions,
impairing host physiology and increasing susceptibility
to infection and chronic inflammation. Interventional in-
creases in the dietary glycans, fructooligosaccharides and
polydextrose, have been shown to cause quantifiable and
consistent microbiome responses [9]. Importantly, de-
creases in the bacterially fermented metabolites of gly-
cans, SCFAs, have been associated with IgE-mediated
food allergy, providing an example of how dietary-driven
microbiota changes can influence human health and dis-
ease [10].
Specific microbial commensals have been linked to

beneficial health effects that are dependent on diet. An
example is Prevotella copri, which has been correlated
with improved glucose and insulin tolerance when sub-
jects consume a high fiber diet [11, 12]. Two

foundational studies have resolved genomic and func-
tional variation in Prevotella copri and presented meta-
genomic analyses defining four carbohydrate-
metabolizing clades highly prevalent in non-
industrialized populations, which typically have high-
fiber diets. Functional analyses confirmed that isolates
from each clade utilize distinct sets of plant-derived
polysaccharides. Thus, there is increasing interest in res-
toration of the healthy state potentially through dietary
interventions or by utilizing microbial carbohydrate-
active enzymes, CAZymes, to replace metabolic activity
lost through diet-dependent microbiome changes.

Microbiome and disease pathophysiology
Discoveries in microbiome-associated diseases point to-
ward mechanisms underlying pathophysiology. Address-
ing concurrent increases in autoimmune and allergic
disease rates, the hygiene hypothesis posits that early
childhood exposure to certain microbes contributes to
immune development and protects against these dis-
eases. To test this, a longitudinal study followed children
genetically predisposed to autoimmunity from birth to
age three in neighboring countries [13]. Infants born in
Finland and Estonia, where early-onset autoimmunity is
common, were exposed to lipopolysaccharide (LPS) pri-
marily from Bacteroides highly abundant in their micro-
biomes. Infants born in Russian Karelia, where
autoimmunity is less prevalent, were exposed to a struc-
turally distinct LPS from Escherichia coli. The study
demonstrated that Bacteroides LPS inhibits innate im-
mune activation by E. coli LPS, providing evidence that
early life colonization by immune-silencing microbiota
may hinder immune education and enhance susceptibil-
ity to autoimmune disease.
Gain- and loss-of-function mutations in C9orf72

contribute to neurodegenerative diseases including
amyotrophic lateral sclerosis (ALS). Microbiomes of
ALS patients differ from unaffected individuals, and
recent evidence suggests that interactions between
C9orf72 and the microbiome influence inflammatory
responses within the nervous system. The latter
stemmed from the observation that, despite identical
genetic backgrounds, C9orf72-deficient mice reared in
separate facilities harbored distinct microbiota and
displayed marked differences in disease severity. A re-
duction in immune-stimulating bacteria protected
C9orf72-deficient mice from neuroinflammation and
early mortality, even after initial onset [14]. In con-
trast, disease was exacerbated in a Sod1-G93A mouse
model of ALS lacking a microbiome or treated with
antibiotics [15]. These findings underscore the im-
portance of interactions between genetics and the
microbiome in multifactorial diseases.
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The microbiome influences cancer onset, progression,
and response to therapy. While effects can be exerted in-
directly through release of bioactive molecules into the
circulation, it is also possible for the tumor microenvir-
onment to support its own microbiome. Bacteria have
long been detected in tumors, but the small biomass of
the microenvironment made it challenging to exclude
the possibility of contamination. A recent analysis sur-
veyed bacteria in primary tumors and adjacent normal
tissue across seven cancer types from body sites both ex-
posed to and protected from microbes [16]. Each tumor
type displayed a unique microbial profile, with breast tu-
mors harboring the richest and most diverse micro-
biome. Microbes and their predicted metabolic functions
associated with clinical features such as smoking status
and response to therapy. In another example, using inte-
grated multi-omics in hepatocellular carcinoma patients
identified changes in the tumor immune microenviron-
ment caused by the gut microbiota via serum bile acids,
suggesting that gut microbes may be used as biomarkers
of clinical features and outcomes [17]. Although deter-
mining mechanistic links remains a challenge, these
studies represent important first steps.

The missing microbiome and global conservancy
Current efforts are building extensive biobanks of hu-
man gut isolates with corresponding multi-omic data,
not only to advance mechanistic research but to preserve
and expand our understanding of microbiome biodiver-
sity across communities worldwide. Research to date
largely centers on industrialized populations, providing
little insight into the microbiomes of non-industrialized
populations that are often more diverse. Moreover, ther-
apies based on or targeted for industrialized micro-
biomes might be ineffectual or even detrimental for
other populations. Longitudinal microbiome analyses of
the Hadza, an indigenous hunter-gatherer society, illu-
minated important roles played by gut microbes at risk
of extinction from industrialization [18]. The Hadza diet
follows distinct seasons that are reflected in microbiome
composition and functional capacity, particularly in
CAZymes. Taxa fluctuating most with season differenti-
ated the Hadza from industrialized populations, suggest-
ing that the presence of dynamic microbes decreased as
a result of modern lifestyles. Isolate collections compris-
ing strains from industrialized and non-industrialized
populations are valuable not only to determine the im-
pact of lifestyle on microbiome composition and diver-
sity but also to investigate adaptation within bacterial
genomes. Higher rates of horizontal gene transfer were
found in the microbiomes of industrialized populations,
indicating that microbes acquire new functionalities
suited to the host lifestyle [19].

Future directions
Human cohort studies will continue to be integral for
translating the microbiome in health and disease.
Treatment-naive cohorts and longitudinal studies re-
vealed important alterations in microbiome community
structure and function during IBD [3] and serve as tem-
plates for other microbiome-associated diseases. An
early analysis of treatment-naive pediatric Crohn’s dis-
ease (CD) patients defined a microbial axis strongly as-
sociated with disease status and amplified by antibiotic
treatment. This axis established the first link between
oral microbes and chronic intestinal inflammation. Data
from this cohort also correlated early anti-TNF therapy
with reduced risk of certain complications and led to the
development of a risk-stratification model. Studies of
treatment-naive pediatric ulcerative colitis (UC) patients
linked compositional and temporal microbiome changes
with disease course and response to therapy. The Inte-
grative Human Microbiome Project catalogued longitu-
dinal taxonomic, functional, and biochemical shifts in
IBD, identifying metabolites exclusively in IBD patients
and uncovering distinct microbial enrichments in CD
and UC [20]. Microbial and clinical factors implicated by
these and other human cohort studies will inform opti-
mal treatment strategies and guide clinical translations
of the microbiome.
Multi-omic data exposed extensive “microbial dark

matter” within the microbiome. Much about these
unculturable microbes and their metabolic capabilities
remains unknown, but new computational and biochem-
ical approaches are enabling the characterization of un-
annotated molecules. The next steps will be to resolve
the human metabolome into host, microbial, or co- me-
tabolites (those initially derived from the host and modi-
fied by microbes, or vice versa) and build chemical
libraries that can be tested in functional assays. A
complete annotation of the microbes, genes, proteins,
and metabolites within the human microbiome will be
essential to hypothesis-based functional studies that re-
veal biological mechanisms at work in health and
disease.
While a promising route to the improvement of hu-

man health, microbiome-based therapeutics face several
current challenges. One is the need to study immuno-
modulatory molecules and other bioactives derived from
microbes at physiological concentrations. Then, deep
mechanistic understandings need to be developed with
particular emphasis on potential pleiotropic effects. For
example, a single microbial metabolite may bind mul-
tiple host receptors, each with a distinct, often cell type-
specific biological outcome. Stimulation thresholds de-
termined by signal strength, duration, or both might also
dictate host responses. Synergistic or antagonistic effects
that are not observed in reductionist models could
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appear in more complex contexts and emphasize the
critical importance of conducting functional studies in
simple systems, such as mono- and co-cultures, as well
as sophisticated models that more closely resemble tis-
sues. Lastly, pharmacokinetic processes of administra-
tion, absorption, distribution, metabolism, and excretion
need to be considered when evaluating metabolites or
microbes themselves as therapeutics. The future of
microbiome-based precision medicine will rely on exten-
sive hypothesis-based functional work, as well as full
consideration of the complexities between microbes and
their hosts, in order to improve human health.

Acknowledgements
Not applicable.

Author’s contributions
The author read and approved the final manuscript.

Funding
R.J.X. is supported by the National Institutes of Health (P30 DK043351) and
the Center for Microbiome Informatics and Therapeutics.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
R.J.X. is a consultant to Novartis and Nestle.

References
1. Jameson KG, Olson CA, Kazmi SA, Hsiao EY. Toward understanding

microbiome-neuronal signaling. Mol Cell. 2020;78(4):577–83. https://doi.
org/10.1016/j.molcel.2020.03.006.

2. Bisanz JE, Soto-Perez P, Noecker C, Aksenov AA, Lam KN, Kenney GE, et al. A
genomic toolkit for the mechanistic dissection of intractable human gut
bacteria. Cell Host Microbe. 2020;27(6):1001–13 e1009. https://doi.org/10.101
6/j.chom.2020.04.006.

3. Plichta DR, Graham DB, Subramanian S, Xavier RJ. Therapeutic opportunities
in inflammatory bowel disease: mechanistic dissection of host-microbiome
relationships. Cell. 2019;178(5):1041–56. https://doi.org/10.1016/j.cell.2019.07.
045.

4. Hang S, Paik D, Yao L, Kim E, Jamma T, Lu J, et al. Bile acid metabolites
control TH17 and Treg cell differentiation. Nature. 2019;576(7785):143–8.
https://doi.org/10.1038/s41586-019-1785-z.

5. Song X, Sun X, Oh SF, Wu M, Zhang Y, Zheng W, et al. Microbial bile acid
metabolites modulate gut RORγ+ regulatory T cell homeostasis. Nature.
2020;577(7790):410–5. https://doi.org/10.1038/s41586-019-1865-0.

6. Campbell C, McKenney PT, Konstantinovsky D, Isaeva OI, Schizas M, Verter J,
et al. Bacterial metabolism of bile acids promotes generation of peripheral
regulatory T cells. Nature. 2020;581(7809):475–9. https://doi.org/10.1038/s41
586-020-2193-0.

7. Quinn RA, Melnik AV, Vrbanac A, Fu T, Patras KA, Christy MP, et al. Global
chemical effects of the microbiome include new bile-acid conjugations.
Nature. 2020;579(7797):123–9. https://doi.org/10.1038/s41586-020-2047-9.

8. Funabashi M, Grove TL, Wang M, Varma Y, McFadden ME, Brown LC, et al. A
metabolic pathway for bile acid dehydroxylation by the gut microbiome.
Nature. 2020;582(7813):566–70. https://doi.org/10.1038/s41586-020-2396-4.

9. Creswell R, Tan J, Leff JW, Brooks B, Mahowald MA, Thieroff-Ekerdt R, et al.
High-resolution temporal profiling of the human gut microbiome reveals
consistent and cascading alterations in response to dietary glycans.
Genome Med. 2020;12(1):59. https://doi.org/10.1186/s13073-020-00758-x.

10. Goldberg MR, Mor H, Magid Neriya D, Magzal F, Muller E, Appel MY, et al.
Microbial signature in IgE-mediated food allergies. Genome Med. 2020;12(1):
92. https://doi.org/10.1186/s13073-020-00789-4.

11. Tett A, Huang KD, Asnicar F, Fehlner-Peach H, Pasolli E, Karcher N, et al. The
Prevotella copri complex comprises four distinct clades underrepresented in
westernized populations. Cell Host Microbe. 2019;26(5):666–79 e667. https://
doi.org/10.1016/j.chom.2019.08.018.

12. Fehlner-Peach H, Magnabosco C, Raghavan V, Scher JU, Tett A, Cox LM,
et al. Distinct polysaccharide utilization profiles of human intestinal
Prevotella copri isolates. Cell Host Microbe. 2019;26(5):680–90 e685. https://
doi.org/10.1016/j.chom.2019.10.013.

13. Vatanen T, Kostic AD, d'Hennezel E, Siljander H, Franzosa EA, Yassour M,
et al. Variation in microbiome lps immunogenicity contributes to
autoimmunity in humans. Cell. 2016;165(4):842–53. https://doi.org/10.1016/j.
cell.2016.04.007.

14. Burberry A, Wells MF, Limone F, Couto A, Smith KS, Keaney J, et al. C9orf72
suppresses systemic and neural inflammation induced by gut bacteria.
Nature. 2020;582(7810):89–94. https://doi.org/10.1038/s41586-020-2288-7.

15. Blacher E, Bashiardes S, Shapiro H, Rothschild D, Mor U, Dori-Bachash M,
et al. Potential roles of gut microbiome and metabolites in modulating ALS
in mice. Nature. 2019;572(7770):474–80. https://doi.org/10.1038/s41586-01
9-1443-5.

16. Nejman D, Livyatan I, Fuks G, Gavert N, Zwang Y, Geller LT, et al. The human
tumor microbiome is composed of tumor type-specific intracellular bacteria.
Science. 2020;368(6494):973–80. https://doi.org/10.1126/science.aay9189.

17. Huang H, Ren Z, Gao X, Hu X, Zhou Y, Jiang J, et al. Integrated analysis of
microbiome and host transcriptome reveals correlations between gut
microbiota and clinical outcomes in HBV-related hepatocellular carcinoma.
Genome Med. 2020;12(1):102. https://doi.org/10.1186/s13073-020-00796-5.

18. Smits SA, Leach J, Sonnenburg ED, Gonzalez CG, Lichtman JS, Reid G, et al.
Seasonal cycling in the gut microbiome of the Hadza hunter-gatherers of
Tanzania. Science. 2017;357(6353):802–6. https://doi.org/10.1126/science.aa
n4834.

19. Groussin M, Poyet M, Sistiaga A, Kearney SM, Moniz K, Noel M, et al.
Elevated rates of horizontal gene transfer in the industrialized human
microbiome. Cell. 2021;184:2053.

20. Lloyd-Price J, Arze C, Ananthakrishnan AN, Schirmer M, Avila-Pacheco J,
Poon TW, et al. Multi-omics of the gut microbial ecosystem in inflammatory
bowel diseases. Nature. 2019;569(7758):655–62. https://doi.org/10.1038/s41
586-019-1237-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Xavier Genome Medicine           (2021) 13:78 Page 4 of 4

https://doi.org/10.1016/j.molcel.2020.03.006
https://doi.org/10.1016/j.molcel.2020.03.006
https://doi.org/10.1016/j.chom.2020.04.006
https://doi.org/10.1016/j.chom.2020.04.006
https://doi.org/10.1016/j.cell.2019.07.045
https://doi.org/10.1016/j.cell.2019.07.045
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1038/s41586-019-1865-0
https://doi.org/10.1038/s41586-020-2193-0
https://doi.org/10.1038/s41586-020-2193-0
https://doi.org/10.1038/s41586-020-2047-9
https://doi.org/10.1038/s41586-020-2396-4
https://doi.org/10.1186/s13073-020-00758-x
https://doi.org/10.1186/s13073-020-00789-4
https://doi.org/10.1016/j.chom.2019.08.018
https://doi.org/10.1016/j.chom.2019.08.018
https://doi.org/10.1016/j.chom.2019.10.013
https://doi.org/10.1016/j.chom.2019.10.013
https://doi.org/10.1016/j.cell.2016.04.007
https://doi.org/10.1016/j.cell.2016.04.007
https://doi.org/10.1038/s41586-020-2288-7
https://doi.org/10.1038/s41586-019-1443-5
https://doi.org/10.1038/s41586-019-1443-5
https://doi.org/10.1126/science.aay9189
https://doi.org/10.1186/s13073-020-00796-5
https://doi.org/10.1126/science.aan4834
https://doi.org/10.1126/science.aan4834
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.1038/s41586-019-1237-9

	Comprehensive maps from a single microbe
	Microbiome and T cells
	Microbiome and diet
	Microbiome and disease pathophysiology
	The missing microbiome and global conservancy
	Future directions
	Acknowledgements
	Author’s contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

