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INTRODUCTION

Definition of Immunome
Inflammation is the most common biological occurrence in any living organism’s life, and it can be
both beneficial and harmful. Under homeostatic conditions inflammation is finely orchestrated,
controlled and necessary for defense and return to normality whereas, under pathological
conditions, inflammation is excessive, uncontrolled and causes tissue, organ or system damage.
An inflammatory response can be caused by loss of structure, loss of regulation or loss of function
(1) but, regardless of its cause, is always a highly convoluted process. This had led to notion of
“immunome”, the sum of all cellular and molecular structures arbitrating inflammation. The term
immunome was proposed in 1999 by Pederson, who defined it as “a limit concept, viz the totality of
rearranged antibody and antigen receptor genes present in all living humans.” (2). With continuous
progress in many fields of biology and technology this definition has evolved and has acquired an
expanded all-inclusive connotation.

Current View of the Immunome
We know now that the immunome is far more than antibodies and antigen receptors, and is now
variably defined as a composite of leukocyte immunophenotypes (3), the cellular environment
mediating immune responses (4), a comprehensive single cell immune profiling (5), and the future
of blood testing (6). The immunome is much more than an assembly of immune cells, their
functions, products and effects, but includes any immune and non-immune component
participating in a response, the interactions among all these components and the environment
where the interactions take place. This all-inclusive definition has fundamental implications because
it expands and diversifies how immune responses are initiated, executed, regulated, and terminated
or prolonged. When applied to inflammation, this broad definition renders any inflammatory
disease remarkably complex, not only regarding the mechanisms but also the interventions to
modify its outcome. The complexity of the immunome, or in fact of any other ome, can be tackled
with advanced computational tools, and many exist that allow disease pattern identification, patient
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subtyping, network construction and visualization, controllers
discovery, therapeutics linkages and drug toxicity prediction (7).

The Immunome in Autoimmune and
Chronic Inflammatory Diseases
The immunome is the central arbitrator of all chronic
inflammatory diseases (immune-mediated inflammatory
diseases - IMIDs), where myriads of factors come together to
trigger inflammation and sustain it for extended periods or even
a lifetime (8). The pathogenesis of IMIDs is a perfect example of
immunome complexity. Rather than a molecularly defined
entity, each IMID is a heterogeneous syndrome (9), where
heterogeneity is shaped by the respective immunomes
containing both unique and shared cellular and molecular
mechanisms (10). There are various IMIDs where the
investigation of the immunome has helped to better
understand the underlying pathophysiology, like in rheumatoid
arthritis (11), systemic lupus erythematosus (12), type 1 diabetes
(13), and psoriasis (14), just to mention a few. The practical value
of these studies is illustrated by a recent study of rheumatoid
arthritis, where the prospective analysis of immune cells found in
a simple fingerstick coupled with clinical follow-up allowed the
detection of circulating blood cells that precede a clinical flareup
(15). This indicates that the analysis of immunome components
detectable in a blood sample, like cells, proteins, metabolites, etc.,
may reveal key diagnostic and prognostic information in
multiple IMIDs.

The IBD Immunome
In inflammatory bowel disease (IBD) the immunome is the key
effector of phlogosis, but it is also useful for diagnosis, patient
stratification and disease staging. To achieve this the IBD
immunome must be integrated with other omes such as the
exposome, genome, epigenome, transcriptome, proteome,
metabolome, and microbiome (16). All these omes are
interdependent, and all need to be taken into account
collectively to uncover IBD pathogenesis (17). Therefore, the
IBD immunome cannot be analyzed in isolation as it is
currently done with sophisticated but primarily descriptive
single cell technologies and spatial transcriptomics (18–22).
These methodologies provide information on cell phenotypes,
receptors, transcripts and tissue localization as well as associations
with degree of inflammation or IBD subtype. However, results are
inconsistent and of limited value because they are described in a
biological vacuum that excludes other omes. This generates
dissimilar IBD immunome “signatures”, further complicating its
interpretation and pathogenic role. Despite these drawbacks, the
IBD immunome is still considered the best target for therapeutic
interventions because both Crohn’s disease (CD) and ulcerative
colitis (UC) are IMIDs mediated by dysregulated immunity. This
perception explains the development of a growing assortment of
medications aimed at blocking specific single components of the
IBD immunome (23), and this narrow unidirectional approach
has improved clinical outcomes. However, beneficial outcomes
are restricted to <50% of patients, are unpredictable and
accompanied by significant side effects, and are lost with time
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(23). Most notably, the response rates are similar regardless of
which component of the immune response is being affected (24),
demonstrating that targeting single components of the IBD
immunome is an unsatisfactory form of therapy. This raises
fundamental questions: 1) Why is the current therapeutic
approach to IBD inadequate? and 2) How can the therapeutic
approach to IBD be improved? This opinion article will try to
address both questions.
WHY IS THE CURRENT THERAPEUTIC
APPROACH TO IBD INADEQUATE?

By targeting the same components of the immunome in all IBD
patients implicitly assumes that that the gut inflammatory
process is the same in all patients. This could not be further
from the truth. Humans display an enormous immune diversity
driven by genes, age, sex, cohabitation, environment and season,
and this diversity evolves over time (25, 26). Immunity is not set
but a continuum of archetypes with innate and adaptive immune
plasticity that incessantly adapts to fluctuating needs (27).
Consequently, the composition and function of the immunome
undergoes incessant changes even under short periods of time
(28, 29). This variation is not unique to the immune system, but
an intrinsic property of all biological systems that explains
heterogeneity of mechanisms and variability of responses (30).
Thus, one must remember that the IBD immunome also
continuously adjusts, and what mediates IBD at one stage may
not at another stage, and therapeutic interventions must adjust
and target different components at different times. The number
of factors that modify the IBD immunome is enormous, and only
a few examples will be mentioned.

Exposome
The word exposome is used to define the endless diversity of
exposures that humans undergo during life. Such exposures
include exogenous chemicals, foods, psychological and physical
stressors and all the endogenous factors resulting from the
subsequent biological responses (31). That environmental
factors affect IBD is known, as shown by smoking and diet
(32–34), but the list of environmental factors conditioning or
modulating IBD keeps growing, including air pollutants,
e-cigarettes, proton pump inhibitors and many others (35–38).
A link between the exposome and the IBD immunome is the aryl
hydrocarbon receptor, a transcription factor receptive to a
variety of endogenous and exogeneous ligands (39, 40), and
able to modulate intestinal immunity (41).

Microbiome
The link between the gut microbiome and IBD is firmly
established by plentiful experimental and clinical evidence (42,
43), creating a key connection with the immunome (44). This
can happen directly through the response of immune cells to
microbial antigens and metabolites but also indirectly through
the action of antibiotics (45), non-antibiotic drugs (46), genes
(47) and pollutants (48). Each of these agents alters the
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microbiome and the associated immune response in unique
ways, modifying the IBD immunome and creating the need to
customize therapies to its modification.

Proteome and Metabolome
A less investigated but no less important connection exists between
the immunome and metabolism, and immunometabolism in
particular. Metabolism is at the core of all biological functions,
and this is also true for the immune response, since metabolism
regulates immune cell quiescence, proliferation and differentiation
(49, 50). This is relevant to the global function of the immunome
in health and disease (51), and several experimental approaches to
interrogate immunometabolism are already available, such as
computational metabolic and genomic metabolic models, that
allow to investigate exposome metabolic dependencies of
immune cells, disease regulators, and multiomics integration
(52). Reports on metabolism and immunometabolism in IBD
are relatively few, but several metabolic perturbations have been
detected in the stools, serum, plasma and mucosal tissues of CD
and UC patients, all of them potentially impacting on the IBD
immunome (53).

Epigenome
The investigation of the IBD genome has been extensive (54),
but less so for the IBD epigenome. Epigenetic modifications
occur throughout lifetime (55) and are critically important
because they reprogram the function of immune cells (56),
and in so doing the function of the immune system under
physiological and pathological conditions (57). Multiple
mechanisms induce epigenetic changes, such as those induced
by microRNAs, methylation status, and the posttranscriptional
“epitranscriptomic” mRNA modification (58–61). The epigenetic
modulation of the IBD immunome is just starting to be explored,
but it’s crucial importance will become evident when viewed
under the magnifying glass of the biological integration discussed
in the following paragraph.

Biological Integration
The above unidirectional interplays are only one aspect of the
actual biological interfaces going on in IBD. In fact, while one
particular ome modulates the immunome, it also impacts on all
others omes which, in turn, also affect the immunome. The result
is an intricate and reciprocally communicating interactome (62),
as shown by numerous examples: a whole host of environmental
insults induces a host-microbiome adaptation which alters gene
expression and immunity (40, 63, 64); lifestyle, antibiotics,
common drugs and environmental components modify the gut
microbiome (46, 48, 65), which consecutively modifies the
immunome; diet impacts on microbiome-immune interactions
(66), and gene-microbiota interactions occur in IBD (47); genetic
and environmental factors interact with age and sex in shaping
the methylome (67), and DNAmethylation mediates genetic risk
of IBD (58). Considering the almost infinite number of these
biological correlations, any intervention that targets a single
component of the IBD immunome is bound to fail to
significantly alter its composition or normalize its function.
Frontiers in Immunology | www.frontiersin.org 3
HOW CAN THE THERAPEUTIC
APPROACH TO IBD BE IMPROVED?
GO BEYOND THE IMMUNOME

The advent of anti-TNF biologics unquestionably represented a
major step forward in IBD management, followed by the
development of multiple other biologics and small molecules
targeting other cytokines, integrins, receptors, signaling and
homing molecules, alone or in combination (68). What all
these therapies have in common is the blockade of a specific
but single component of the IBD immunome, an approach that
reaches a <50% therapeutic success (24). To overcome this
plateau in drug efficacy combination therapies are being
proposed (69), but they are unlikely to substantially improve
efficacy and may induce more negative side effects (70). This
relentless search for new IBD drugs using the present single
target philosophy (71) resembles what has been done in
Alzheimer’s disease, where amyloid has been the only
therapeutic target for years. Many agents have been developed
to neutralize amyloid, and the scientific and pharmaceutical
communities insist in pursuing this avenue even though no
concrete evidence of benefit has ever been demonstrated (72).
In face of the complexity of the IBD immunome and its constant
modifications due to the influence of other omes, one must
conclude that it is time to go beyond the immunome to develop
breakthrough therapeutic strategies (23, 73).

Unbiased Integration-Based New IBD
Target Discovery
Disease heterogeneity and a disproportionate emphasis on single
immune targets are at the base of the low response rate of current
IBD therapies, and it is time to go beyond the immunome to
develop precision medicine drugs by combining molecular and
clinical data. In oncology, the NIH TCGA consortia have
outlined the roadmap to precision medicine and how to
identify novel drug/gene targets in patient subgroups. For
example, integration of genomic, epigenomic, transcriptomic
and clinical information from colon cancer patients identified
a particular molecular subtype with high microsatellite instability
(74). This subtype responds to immunotherapy with a significant
longer progression-free survival (75), validating the multi-omic
molecular integration approach for target discovery. A similar
roadmap should be applied to IBD, aiming first at identifying
IBD molecular subgroups. By doing this, these IBD patient
subgroups can benefit from custom therapy that specifically
targets the underlying molecular mechanisms unlike the
current non-specific anti-inflammatory or immunosuppressive
drugs or single target biologic agents. Admittedly, integration
of molecular and clinical data is challenging because of a
variety of factors such as biological complexity, multifactorial
etiopathogenesis, patient heterogeneity, clinical and temporal
variability, and biosample collection and size (7). Nevertheless,
efforts in this direction are currently under way, like the
discovery of a new drug that specifically targets the hub of an
interactome present in a particular subgroup of UC patients
(unpublished data). Additional efforts in this direction are being
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made (76–78), but they need longitudinally collected
biomaterials from well characterized patients. It is also
essential to develop novel computational tools tailored to
multi-omic IBD datasets (43, 79). The ultimate aim of these
efforts will result in the identification of gene, protein, metabolite
or microbe hubs that will become new IBD drug targets and/or
companion diagnostics.
CONCLUSION

Current therapeutic strategies for IBD are largely focused on
blocking a single component of the IBD immunome at one time,
and results are considered positive when the clinical response is
statistically greater than that of placebo. When primary endpoints
are not reached then the results are deemed “promising” because
some patients showed an indication of response, and larger
studies are advocated. In adopting this “thought collective”
Frontiers in Immunology | www.frontiersin.org 4
attitude the IBD community and pharmaceutical industry
prolong the present status quo and set aside the reality that IBD
is a life-long, continuously evolving, heterogeneous and extremely
complex disease. Not only is the IBD immunome extremely
complex, but so are all other interconnecting omes, creating the
convoluted IBD interactome responsible for chronic gut
inflammation. Figure 1 lists the factors responsible for the high
complexity of each ome and illustrates the boundless interactions
among them. Complex problems require complex solutions (80),
and these demand integrate the IBD immunome with all other
relevant pathogenic omes to find the disease controlling hub(s).
AUTHOR CONTRIBUTIONS

CF and DI contributed equally to all components of this opinion
article and agree to be accountable for its content. All authors
read and approved the final manuscript.
REFERENCES
1. Medzhitov R. The Spectrum of Inflammatory Responses. Science (2021) 374

(6571):1070–5. doi: 10.1126/science.abi5200
2. Pederson T. The Immunome. Mol Immunol (1999) 36(15-16):1127–8. doi:

10.1016/S0161-5890(99)00125-X
3. Biancotto A, McCoy JP. Studying the Human Immunome: The Complexity of

Comprehensive Leukocyte Immunophenotyping. Curr Topics Microbiol
Immunol (2014) 377:23–60. doi: 10.1007/82_2013_336

4. Yosef N, Regev A. Writ Large: Genomic Dissection of the Effect of Cellular
Environment on Immune Response. Science (2016) 354(6308):64–8. doi:
10.1126/science.aaf5453
5. Landhuis E. Single-Cell Approaches to Immune Profiling. Nature (2018) 557
(7706):595–7. doi: 10.1038/d41586-018-05214-w

6. Arnaout RA, Prak ETL, Schwab N, Rubelt F. The Future of Blood Testing Is
the Immunome. Front Immunol (2021) 12:626793. doi: 10.3389/
fimmu.2021.626793

7. Fiocchi C, Dragoni G, Iliopoulos D, Katsanos K, Ramirez VH, Suzuki K.
Results of the Seventh Scientific Workshop of ECCO: Precision Medicine in
IBD-What, Why, and How. J Crohn’s Colitis (2021) 15(9):1410–30. doi:
10.1093/ecco-jcc/jjab051

8. Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, et al.
Chronic Inflammation in the Etiology of Disease Across the Life Span. Nat
Med (2019) 25(12):1822–32. doi: 10.1038/s41591-019-0675-0
FIGURE 1 | Schematic representation of the IBD interactome and its components. Each of the four major pathogenic IBD omes (exposome, genome, microbiome
and immunome) is intrinsically complex and influences the composition and behavior of the other omes in a stimulatory (green arrows) and/or inhibitory (red arrows)
way. This creates a biological interconnectedness and interdependence among the IBD omes, where the function of the genome is exposome-dependent, the
function of the microbiome is exposome and genome-dependent, and the function of the immunome is exposome, genome and microbiome-dependent.
May 2022 | Volume 13 | Article 864762

https://doi.org/10.1126/science.abi5200
https://doi.org/10.1016/S0161-5890(99)00125-X
https://doi.org/10.1007/82_2013_336
https://doi.org/10.1126/science.aaf5453
https://doi.org/10.1038/d41586-018-05214-w
https://doi.org/10.3389/fimmu.2021.626793
https://doi.org/10.3389/fimmu.2021.626793
https://doi.org/10.1093/ecco-jcc/jjab051
https://doi.org/10.1038/s41591-019-0675-0
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fiocchi and Iliopoulos IBD Immunome
9. Buckley CD, Chernajovsky L, Chernajovsky Y, Modis LK, O’Neill LA, Brown
D, et al. Immune-Mediated Inflammation Across Disease Boundaries:
Breaking Down Research Silos. Nat Immunol (2021) 22(11):1344–8. doi:
10.1038/s41590-021-01044-7

10. Devaprasad A, Radstake T, Pandit A. Integration of Immunome With
Disease-Gene Network Reveals Common Cellular Mechanisms Between
IMIDs and Drug Repurposing Strategies. Front Immunol (2021) 12:669400.
doi: 10.3389/fimmu.2021.669400

11. Gawel DR, Serra-Musach J, Lilja S, Aagesen J, Arenas A, Asking B, et al. A
Validated Single-Cell-Based Strategy to Identify Diagnostic and Therapeutic
Targets in Complex Diseases. Genome Med (2019) 11(1):47. doi: 10.1186/
s13073-019-0657-3

12. Tsokos GC. Autoimmunity and Organ Damage in Systemic Lupus
Erythematosus. Nat Immunol (2020) 21(6):605–14. doi: 10.1038/s41590-
020-0677-6

13. Bian X,Wasserfall C, Wallstrom G,Wang J, Wang H, Barker K, et al. Tracking
the Antibody Immunome in Type 1 Diabetes Using Protein Arrays.
J Proteome Res (2017) 16(1):195–203. doi: 10.1021/acs.jproteome.6b00354

14. Conrad C, Gilliet M. Psoriasis: From Pathogenesis to Targeted Therapies.
Clin Rev Allergy Immunol (2018) 54(1):102–13. doi: 10.1007/s12016-018-
8668-1

15. Orange DE, Yao V, Sawicka K, Fak J, Frank MO, Parveen S, et al. RNA
Identification of PRIME Cells Predicting Rheumatoid Arthritis Flares. N Engl
J Med (2020) 383(3):218–28. doi: 10.1056/NEJMoa2004114

16. Seyed Tabib NS, Madgwick M, Sudhakar P, Verstockt B, Korcsmaros T,
Vermeire S. Big Data in IBD: Big Progress for Clinical Practice. Gut (2020) 69
(8):1520–32. doi: 10.1136/gutjnl-2019-320065

17. Fiocchi C. Inflammatory Bowel Disease: Complexity and Variability Need
Integration. Front Med (2018) 5:75. doi: 10.3389/fmed.2018.00075

18. Rubin SJS, Bai L, Haileselassie Y, Garay G, Yun C, Becker L, et al. Mass
Cytometry Reveals Systemic and Local Immune Signatures That Distinguish
Inflammatory Bowel Diseases. Nat Commun (2019) 10(1):2686. doi: 10.1038/
s41467-019-10387-7

19. Mitsialis V, Wall S, Liu P, Ordovas-Montanes J, Parmet T, Vukovic M, et al.
Single-Cell Analyses of Colon and Blood Reveal Distinct Immune Cell
Signatures of Ulcerative Colitis and Crohn’s Disease. Gastroenterology
(2020) 159(2):591–608.e10. doi: 10.1053/j.gastro.2020.04.074

20. Kosoy R, Kim-Schulze S, Rahman A, Friedman JR, Huang R, Peters LA, et al.
Deep Analysis of the Peripheral Immune System in IBD Reveals New Insight
in Disease Subtyping and Response to Monotherapy or Combination
Therapy. Cell Mol Gastroenterol Hepatol (2021) 12(2):599–632. doi:
10.1016/j.jcmgh.2021.03.012

21. Kondo A, Ma S, Lee MYY, Ortiz V, Traum D, Schug J, et al. Highly
Multiplexed Image Analysis of Intestinal Tissue Sections in Patients With
Inflammatory Bowel Disease. Gastroenterology (2021) 161(6):1940–52. doi:
10.1053/j.gastro.2021.08.055

22. Argmann C, Tokuyama M, Ungaro RC, Huang R, Hou R, Gurunathan S, et al.
Molecular Characterization of Limited Ulcerative Colitis Reveals Novel
Biology and Predictors of Disease Extension. Gastroenterology (2021) 161
(6):1953–68.e15. doi: 10.1053/j.gastro.2021.08.053

23. Falloon K, Fiocchi C. Current Therapy in Inflammatory Bowel Disease: Why
and How We Need to Change? EMJ Innov (2022) 6(1):40–9. doi: 10.33590/
emjinnov/21-00134

24. Alsoud D, Verstockt B, Fiocchi C, Vermeire S. Breaking the Therapeutic
Ceiling in Drug Development in Ulcerative Colitis. Lancet Gastroenterol
Hepatol (2021) 6(7):589–95. doi: 10.1016/S2468-1253(21)00065-0

25. Liston A, Humblet-Baron S, Duffy D, Goris A. Human Immune Diversity:
From Evolution to Modernity. Nat Immunol (2021) 22(12):1479–89. doi:
10.1038/s41590-021-01058-1

26. Ter Horst R, Jaeger M, van de Wijer L, van der Heijden WA, Janssen AMW,
Smeekens SP, et al. Seasonal and Nonseasonal Longitudinal Variation of
Immune Function. J Immunol (2021) 207(2):696–708. doi: 10.4049/
jimmunol.2000133

27. Mujal AM, Krummel MF. Immunity as a Continuum of Archetypes. Science
(2019) 364(6435):28–9. doi: 10.1126/science.aau8694

28. Carr EJ, Dooley J, Garcia-Perez JE, Lagou V, Lee JC, Wouters C, et al. The
Cellular Composition of the Human Immune System is Shaped by Age and
Cohabitation. Nat Immunol (2016) 17(4):461–8. doi: 10.1038/ni.3371
Frontiers in Immunology | www.frontiersin.org 5
29. Lakshmikanth T, Muhammad SA, Olin A, Chen Y, Mikes J, Fagerberg L, et al.
Human Immune System Variation During 1 Year. Cell Rep (2020) 32
(3):107923. doi: 10.1016/j.celrep.2020.107923

30. Vitale I, Shema E, Loi S, Galluzzi L. Intratumoral Heterogeneity in Cancer
Progression and Response to Immunotherapy. Nat Med (2021) 27(2):212–24.
doi: 10.1038/s41591-021-01233-9

31. Vermeulen R, Schymanski EL, Barabasi AL, Miller GW. The Exposome and
Health: Where Chemistry Meets Biology. Science (2020) 367(6476):392–6. doi:
10.1126/science.aay3164

32. Papoutsopoulou S, Satsangi J, Campbell BJ, Probert CS. Review Article:
Impact of Cigarette Smoking on Intestinal Inflammation-Direct and
Indirect Mechanisms. Aliment Pharmacol Therap (2020) 51(12):1268–85.
doi: 10.1111/apt.15774

33. Levine A, Sigall Boneh R, Wine E. Evolving Role of Diet in the Pathogenesis
and Treatment of Inflammatory Bowel Diseases. Gut (2018) 67(9):1726–38.
doi: 10.1136/gutjnl-2017-315866

34. Lo CH, Lochhead P, Khalili H, Song M, Tabung FK, Burke KE, et al. Dietary
Inflammatory Potential and Risk of Crohn’s Disease and Ulcerative Colitis.
Gastroenterology (2020) 159(3):873–83.e1. doi: 10.1053/j.gastro.2020.05.011

35. Beamish LA, Osornio-Vargas AR, Wine E. Air Pollution: An Environmental
Factor Contributing to Intestinal Disease. J Crohn’s Colitis (2011) 5(4):279–86.
doi: 10.1016/j.crohns.2011.02.017

36. Sharma A, Lee J, Fonseca AG, Moshensky A, Kothari T, Sayed IM, et al. E-
Cigarettes Compromise the Gut Barrier and Trigger Inflammation. iScience
(2021) 24(2):102035. doi: 10.1016/j.isci.2021.102035

37. Xia B, Yang M, Nguyen LH, He Q, Zhen J, Yu Y, et al. Regular Use of Proton
Pump Inhibitor and the Risk of Inflammatory Bowel Disease: Pooled Analysis
of 3 Prospective Cohorts. Gastroenterology (2021) 161(6):1842–52.e10. doi:
10.1053/j.gastro.2021.08.005

38. Piovani D, Danese S, Peyrin-Biroulet L, Nikolopoulos GK, Lytras T, Bonovas
S. Environmental Risk Factors for Inflammatory Bowel Diseases: An Umbrella
Review of Meta-Analyses. Gastroenterology (2019) 157(3):647–59.e4. doi:
10.1053/j.gastro.2019.04.016

39. De Juan A, Segura E. Modulation of Immune Responses by Nutritional
Ligands of Aryl Hydrocarbon Receptor. Front Immunol (2021) 12:645168.
doi: 10.3389/fimmu.2021.645168

40. Suzuki T, Hidaka T, Kumagai Y, Yamamoto M. Environmental Pollutants and
the Immune Response. Nat Immunol (2020) 21(12):1486–95. doi: 10.1038/
s41590-020-0802-6

41. Lamas B, Natividad JM, Sokol H. Aryl Hydrocarbon Receptor and Intestinal
Immunity.Mucosal Immunol (2018) 11(4):1024–38. doi: 10.1038/s41385-018-
0019-2

42. Gilbert JA, Blaser MJ, Caporaso JG, Jansson JK, Lynch SV, Knight R. Current
Understanding of the Human Microbiome. Nat Med (2018) 24(4):392–400.
doi: 10.1038/nm.4517

43. 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. doi:
10.1038/s41586-019-1237-9

44. Sartor RB, Wu GD. Roles for Intestinal Bacteria, Viruses, and Fungi in
Pathogenesis of Inflammatory Bowel Diseases and Therapeutic Approaches.
Gastroenterology (2017) 152(2):327–39.e4. doi: 10.1053/j.gastro.2016.10.012

45. Nguyen LH, Örtqvist AK, Cao Y, Simon TG, Roelstraete B, Song M, et al.
Antibiotic Use and the Development of Inflammatory Bowel Disease: A
National Case-Control Study in Sweden. Lancet Gastroenterol Hepatol
(2020) 5(11):986–95. doi: 10.1016/S2468-1253(20)30267-3

46. Maier L, Pruteanu M, Kuhn M, Zeller G, Telzerow A, Anderson EE, et al.
Extensive Impact of non-Antibiotic Drugs on Human Gut Bacteria. Nature
(2018) 555(7698):623–8. doi: 10.1038/nature25979

47. Hu S, Vich Vila A, Gacesa R, Collij V, Stevens C, Fu JM, et al. Whole Exome
Sequencing Analyses Reveal Gene-Microbiota Interactions in the Context of
IBD. Gut (2021) 70(2):285–96. doi: 10.1136/gutjnl-2019-319706

48. Claus SP, Guillou H, Ellero-Simatos S. The Gut Microbiota: A Major Player in
the Toxicity of Environmental Pollutants? NPJ Biofilms Microbiomes (2016)
2:16003. doi: 10.1038/npjbiofilms.2016.3

49. Hotamisligil GS. Foundations of Immunometabolism and Implications for
Metabolic Health and Disease. Immunity (2017) 47(3):406–20. doi: 10.1016/
j.immuni.2017.08.009
May 2022 | Volume 13 | Article 864762

https://doi.org/10.1038/s41590-021-01044-7
https://doi.org/10.3389/fimmu.2021.669400
https://doi.org/10.1186/s13073-019-0657-3
https://doi.org/10.1186/s13073-019-0657-3
https://doi.org/10.1038/s41590-020-0677-6
https://doi.org/10.1038/s41590-020-0677-6
https://doi.org/10.1021/acs.jproteome.6b00354
https://doi.org/10.1007/s12016-018-8668-1
https://doi.org/10.1007/s12016-018-8668-1
https://doi.org/10.1056/NEJMoa2004114
https://doi.org/10.1136/gutjnl-2019-320065
https://doi.org/10.3389/fmed.2018.00075
https://doi.org/10.1038/s41467-019-10387-7
https://doi.org/10.1038/s41467-019-10387-7
https://doi.org/10.1053/j.gastro.2020.04.074
https://doi.org/10.1016/j.jcmgh.2021.03.012
https://doi.org/10.1053/j.gastro.2021.08.055
https://doi.org/10.1053/j.gastro.2021.08.053
https://doi.org/10.33590/emjinnov/21-00134
https://doi.org/10.33590/emjinnov/21-00134
https://doi.org/10.1016/S2468-1253(21)00065-0
https://doi.org/10.1038/s41590-021-01058-1
https://doi.org/10.4049/jimmunol.2000133
https://doi.org/10.4049/jimmunol.2000133
https://doi.org/10.1126/science.aau8694
https://doi.org/10.1038/ni.3371
https://doi.org/10.1016/j.celrep.2020.107923
https://doi.org/10.1038/s41591-021-01233-9
https://doi.org/10.1126/science.aay3164
https://doi.org/10.1111/apt.15774
https://doi.org/10.1136/gutjnl-2017-315866
https://doi.org/10.1053/j.gastro.2020.05.011
https://doi.org/10.1016/j.crohns.2011.02.017
https://doi.org/10.1016/j.isci.2021.102035
https://doi.org/10.1053/j.gastro.2021.08.005
https://doi.org/10.1053/j.gastro.2019.04.016
https://doi.org/10.3389/fimmu.2021.645168
https://doi.org/10.1038/s41590-020-0802-6
https://doi.org/10.1038/s41590-020-0802-6
https://doi.org/10.1038/s41385-018-0019-2
https://doi.org/10.1038/s41385-018-0019-2
https://doi.org/10.1038/nm.4517
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.1053/j.gastro.2016.10.012
https://doi.org/10.1016/S2468-1253(20)30267-3
https://doi.org/10.1038/nature25979
https://doi.org/10.1136/gutjnl-2019-319706
https://doi.org/10.1038/npjbiofilms.2016.3
https://doi.org/10.1016/j.immuni.2017.08.009
https://doi.org/10.1016/j.immuni.2017.08.009
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fiocchi and Iliopoulos IBD Immunome
50. Wang A, Luan HH, Medzhitov R. An Evolutionary Perspective on
Immunometabolism. Science (2019) 363(6423). doi: 10.1126/science.aar3932

51. Norata GD, Caligiuri G, Chavakis T, Matarese G, Netea MG, Nicoletti A, et al.
The Cellular and Molecular Basis of Translational Immunometabolism.
Immunity (2015) 43(3):421–34. doi: 10.1016/j.immuni.2015.08.023

52. Purohit V, Wagner A, Yosef N, Kuchroo VK. Systems-Based Approaches to
Study Immunometabolism. Cell Mole Immunol (2022) 19(3):409–20. doi:
10.1038/s41423-021-00783-9

53. Gallagher K, Catesson A, Griffin JL, Holmes E, Williams HRT. Metabolomic
Analysis in Inflammatory Bowel Disease: A Systematic Review. J Crohn’s
Colitis (2021) 15(5):813–26. doi: 10.1093/ecco-jcc/jjaa227

54. Mirkov MU, Verstockt B, Cleynen I. Genetics of Inflammatory Bowel Disease:
Beyond NOD2. Lancet Gastroenterol Hepatol (2017) 2(3):224–34. doi:
10.1016/S2468-1253(16)30111-X

55. Cheung P, Vallania F, Warsinske HC, Donato M, Schaffert S, Chang SE, et al.
Single-Cell Chromatin Modification Profiling Reveals Increased Epigenetic
Variations With Aging. Cell (2018) 173(6):1385–97.e14. doi: 10.1016/j.cell.
2018.03.079

56. Placek K, Schultze JL, Aschenbrenner AC. Epigenetic Reprogramming of
Immune Cells in Injury, Repair, and Resolution. J Clin Invest (2019) 129
(8):2994–3005. doi: 10.1172/JCI124619

57. Ray G, Longworth MS. Epigenetics, DNA Organization, and Inflammatory
Bowel Disease. Inflammation Dowel Dis (2019) 25(2):235–47. doi: 10.1093/
ibd/izy330

58. Ventham NT, Kennedy NA, Adams AT, Kalla R, Heath S, O’Leary KR, et al.
Integrative Epigenome-Wide Analysis Demonstrates That DNA Methylation
may Mediate Genetic Risk in Inflammatory Bowel Disease. Nat Commun
(2016) 7:13507. doi: 10.1038/ncomms13507

59. Soroosh A, KoutsioumpaM, Pothoulakis C, Iliopoulos D. Functional Role and
Therapeutic Targeting of microRNAs in Inflammatory Bowel Disease. Am J
Ohysiol Gastrointest Liver Physiol (2018) 314(2):G256–g62. doi: 10.1152/
ajpgi.00268.2017

60. Somineni HK, Venkateswaran S, Kilaru V, Marigorta UM, Mo A, Okou DT,
et al. Blood-Derived DNA Methylation Signatures of Crohn’s Disease and
Severity of Intestinal Inflammation. Gastroenterology (2019) 156(8):2254–
65.e3. doi: 10.1053/j.gastro.2019.01.270

61. Bechara R, Amatya N, Bailey RD, Li Y, Aggor FEY, Li DD, et al. The M(6)A
Reader IMP2 Directs Autoimmune Inflammation Through an IL-17- and
Tnfa-Dependent C/EBP Transcription Factor Axis. Sci Immunol (2021) 6
(61). doi: 10.1126/sciimmunol.abd1287

62. de Souza HSP, Fiocchi C. Network Medicine: A Mandatory Next Step for
Inflammatory Bowel Disease. Inflammation Bowel Dis (2018) 24(4):671–9.
doi: 10.1093/ibd/izx111

63. Wang GH, Dittmer J, Douglas B, Huang L, Brucker RM. Coadaptation
Between Host Genome and Microbiome Under Long-Term Xenobiotic-
Induced Selection. Sci Advances (2021) 7(19). doi: 10.1126/sciadv.abd4473

64. Peters A, Nawrot TS, Baccarelli AA. Hallmarks of Environmental Insults. Cell
(2021) 184(6):1455–68. doi: 10.1016/j.cell.2021.01.043

65. Dong TS, Gupta A. Influence of Early Life, Diet, and the Environment on the
Microbiome. Clin Gastroenterol Hepatol (2019) 17(2):231–42. doi: 10.1016/
j.cgh.2018.08.067

66. Alexander M, Turnbaugh PJ. Deconstructing Mechanisms of Diet-
Microbiome-Immune Interactions. Immunity (2020) 53(2):264–76. doi:
10.1016/j.immuni.2020.07.015

67. van Dongen J, Nivard MG, Willemsen G, Hottenga JJ, Helmer Q, Dolan CV,
et al. Genetic and Environmental Influences Interact With Age and Sex in
Shaping the Human Methylome. Nat Commun (2016) 7:11115. doi: 10.1038/
ncomms11115

68. Baumgart DC, Le Berre C. Newer Biologic and Small-Molecule Therapies for
Inflammatory Bowel Disease. N Engl J Med (2021) 385(14):1302–15. doi:
10.1056/NEJMra1907607
Frontiers in Immunology | www.frontiersin.org 6
69. Stalgis C, Deepak P, Mehandru S, Colombel JF. Rational Combination
Therapy to Overcome the Plateau of Drug Efficacy in Inflammatory Bowel
Disease. Gastroenterology (2021) 161(2):394–9. doi: 10.1053/j.gastro.
2021.04.068

70. Kirchgesner J, Lemaitre M, Carrat F, Zureik M, Carbonnel F, Dray-Spira R.
Risk of Serious and Opportunistic Infections Associated With Treatment of
Inflammatory Bowel Diseases. Gastroenterology (2018) 155(2):337–46.e10.
doi: 10.1053/j.gastro.2018.04.012

71. Neurath MF. Targeting Immune Cell Circuits and Trafficking in
Inflammatory Bowel Disease. Nat Immunol (2019) 20(8):970–9. doi:
10.1038/s41590-019-0415-0

72. Spires-Jones T. Toward a Holistic Model of Alzheimer’sHow Not to Study a
Disease: The Story of Alzheimer’s Karl Herrup MIT Press, 2021. 272 Pp.
Science (2021) 374(6565):267. doi: 10.1126/science.abl7597

73. Fiocchi C, Iliopoulos D. What’s New in IBD Therapy: An “Omics
Network” Approach. Pharmacol Res (2020) 159:104886. doi: 10.1016/j.phrs.
2020.104886

74. Cancer Genome Atlas Network. Comprehensive Molecular Characterization
of Human Colon and Rectal Cancer. Nature (2012) 487(7407):330–7. doi:
10.1038/nature11252
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