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Gut Microbiome and Crohn’s 
Disease: An Enigmatic Crosstalk
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Navin Kumar, Sudhir Kumar Singh and Somprakas Basu

Abstract

Crohn’s disease (CD) is a chronic, recurrent, immune-mediated inflammatory 
bowel disease that demonstrates a spectrum of intestinal and extra-intestinal  
manifestations. The pathogenesis of CD is multifactorial and involves a complex 
interplay between environmental and microbiological factors in a genetically suscep-
tible host. There is robust evidence suggesting the role of gut microbial dysbiosis in 
the development as well as exacerbation of CD by immune dysregulation and altera-
tion in the immune microbiota crosstalk. Patients with CD show reduced commensal 
microbial diversity, along with increased numbers of pathogenic Enterobacteriaceae 
and Proteobacteriaceae. Faecalibacterium prausnitzii, an anti-inflammatory molecule-
producing bacteria, is also seen in reduced numbers in patients with CD and is 
associated with an increased risk of recurrence. There has been a paradigm shift in 
the management of patients of CD, from controlling symptoms to controlling inflam-
mation and promoting mucosal healing. Current treatment strategies aim to replace, 
remove, reset, or redesign the gut microbiota for the therapeutic benefits of patients 
with CD. These include microbial restoration therapies such as dietary modification, 
the use of pre-, pro-, and postbiotics, and fecal microbiota transfer (FMT). This 
chapter focuses on the role of gut microbiota in the pathophysiology of CD and the 
emerging concepts in microbial therapeutics.

Keywords: microbiome, dysbiosis, gut-immune crosstalk, microbial therapeutics, 
Crohn’s disease

1. Introduction

Crohn’s disease (CD) is a chronic relapsing inflammatory disease that can involve 
any part of the gut from the mouth to the anus [1]. The first documented case of 
CD dates back to 1761, described by Morgagni [2]. However, it was in 1932, that 
Crohn et al. elucidated the disease in detail [3]. There has been a rising trend in the 
incidence of this disease, with more than 6.8 million people affected worldwide 
[4]. Traditionally, known as the disease of the West, the incidence of CD has also 
increased in Asian and Southeast Asian countries in the past decade, owing to rapid 
industrialization and urbanization. The CD is primarily a disease of the young, with 
a second smaller peak seen in the sixth decade. A female preponderance is seen in 
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Europe and USA, while the reverse is true in Asia. Younger females are at a lower risk 
of developing CD as compared to older females [5]. The exact cause of CD is still 
uncertain. However, the proposed pathophysiology involves an intricate relation-
ship between the genetic, environmental, microbial, and immunological factors [6]. 
Recent evidence suggesting the role of gut microbial dysbiosis as an important initia-
tor and propagator of CD has found great interest among the researchers (Figure 1).

Patients with CD may present with intestinal or extra-intestinal symptoms. 
Cardinal symptoms include crampy abdominal pain, persistent intermittent diarrhea, 
bleeding per rectum, weight loss, and fatigue. Severe disease is associated with intes-
tinal strictures, fistulas, intraabdominal-abscesses, or perianal disease in the form 
of fistula, abscess, etc. These occur due to the transmural intestinal inflammation. 
Extra-intestinal involvement includes arthropathy, eye and skin manifestations, hepa-
tobiliary and pulmonary involvement, and secondary amyloidosis [6]. The chronic 
relapsing and remitting course of the disease results in significant morbidity and a 
decreased quality of life (QOL). Individualized treatment focused on mucosal healing 
and aimed at remission should be undertaken, thereby improving the patient’s QOL 
and achieving better clinical outcomes. This chapter outlines the pathophysiology, 
risk factors and the role of gut microbiota in the causation and progression of CD, and 
the recent advances in the therapeutic strategies of its management.

2. Factors promoting the development of CD

2.1 Host genetics

The onset and progression of CD are influenced by epigenetic changes in a geneti-
cally susceptible host. There is evidence suggesting a strong inheritable component 
of CD which has been obtained through Genome Wide Association Studies (GWAS). 
A total of 41 chromosomal loci involved in the maintenance of intestinal barrier, 

Figure 1. 
Interplay of genetic, environmental factors, and microbial dysbiosis in the pathogenesis of CD and the role of 
microbial therapeutics and diet in the management and remission of CD.
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epithelial restitution, regulation of innate and adaptive immunity, autophagy, reac-
tive oxygen species (ROS) production, microbial defense, and cellular hemostasis 
have been identified [7, 8]. The most extensively studied gene in the pathogenesis 
of CD is the nucleotide binding oligomerization domain containing 2 (NOD2) gene. 
It is responsible for immunomodulation, and its mutation is associated with the 
development of CD. Similarly, mutation in autophagy gene autophagy-related 16-like 
1 (ATG16L1) is also associated with the development of CD, while IL23R gene poly-
morphisms increases the risk of developing CD. Early onset IBD, as seen mostly in 
the pediatric patients, is associated with mutations in X-linked inhibitor of apoptosis 
(XIAP) and interleukin 10 receptor (IL10R) genes. The prevalence of CD in certain 
specific population groups explains the role of genetic susceptibility to the disease. 
While variance in NOD-2, ATG16L1, and IL23R predominates in the western popula-
tion, TNF superfamily member 15 (TNFSF15) mutation is selectively associated with 
CD in the Asians. Almost half of these genetic alterations are associated with diseases 
such as psoriasis and ankylosing spondylitis often present as extraintestinal manifes-
tations of CD. However, this genetic variance is seen only in 10–25% of the total cases 
of CD which suggests the role of epigenetic factors in the causation of CD [9].

2.2 Environmental factors

The epidemiologic distribution of CD suggests a possible role of epigenetics along 
with genetic susceptibility of the individual. With the advent of industrialization, 
there has been an exponential increase in the incidence of CD, especially in the Asian 
and Southeast Asian countries, confirming the role of environmental factors [2]. 
Smoking has been extensively studied as a risk factor in CD and is associated with 
alterations in autophagy, gut flora, and direct toxicity to the immune and mucus-
producing cells [10]. Processed foods are rich in saturated fatty acids but low in fiber, 
which result in intestinal mucosal inflammation and alteration in the gut microbiota. 
A diet rich in processed food is associated with an increased risk of CD [11]. High-
fiber diet is protective in the development of CD as it is converted into short chain 
fatty acids (SCFA) that possess anti-inflammatory properties [9, 12]. Sedentary 
lifestyle and obesity are other risk factors associated with an increased risk of CD 
[9]. Extensive use of antibiotics in pediatric age group may alter the developing gut 

Factors Paper /year/type 

of study

Sample size/

no. of studies

Pd of 

intervention

Role

Smoking Mahid et al. [15]

(2006)

Meta-analysis

To et al. [10]

(2015)

Meta-analysis

9 Jan 1980–Jan 

2006

1990–July 2015

Twofold increase in CD

Early onset CD

Higher postoperative 

disease recurrence

Low fiber diet Lambert et al. [12]

(2021)

Meta-analysis

19 Jan 2000–Sept 

2020

Higher risk of CD

Risk reduction is 

greatest for fiber 

derived from fruits

High dietary 

fat/protein

Ajabnoor et al. 

[16]

(2020)

Meta-analysis

13 — High omega-3 may 

reduce IBD risk (low 

quality evidence)
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microbiota and may predispose to CD [13]. “Hygiene hypothesis” or exposure to a 
“too clean” environment during childhood causes alteration in the evolution of gut 
microbiota and predisposes the children to CD [14]. Indirect evidence suggesting that 
most of the environmental factors are associated with an alteration in the gut micro-
biota reaffirms their possible role in the pathogenesis of CD. However, the role of gut 
microbiota in either initiation or progression of CD is still uncertain (Table 1).

3. Pathophysiology

The pathogenesis of CD is characterized by an impaired intestinal barrier func-
tion, dysregulation of the innate and adaptive immune response, and gut microbial 
dysbiosis [5]. There exists a functional equilibrium between the intestinal epithelium 
and the luminal contents. This equilibrium is maintained by the intestinal barrier 
which is composed of the intestinal epithelial cells (IEC), innate immune cells, mucus 

Factors Paper /year/type 

of study

Sample size/

no. of studies

Pd of 

intervention

Role

Lifestyle Jain et al. [17]

(2019)

Cohort study

Nguyen et al. [18]

(2019)

Cohort study 

(nationwide)

4748 patients

42,285 

patients

Since 2011 

with at least 

6-months 

follow-up

Admissions 

between January 

to June 2013 and 

re-admissions 

until December 

2013

Obesity is 

independently 

associated with an 

increased risk of 

persistent disease 

activity and relapse

Obese patients with 

IBD had longer hospital 

stays

Appendectomy Kaplan et al. [19]

(2008)

Meta-analysis

Fantodji et al. [20]

(2022)

Cohort study

21 studies

400,520 

patients

1966–2007

1970–1974 and 

followed till 

2014

Still debatable

Antibiotics at 

early age

Ungaro et al. [13]

(2014)

Meta-analysis

11 studies 

(7208 

participants)

2004–2012 Positive association if 

used in first year of life

Oral 

contraceptive 

use

Ortizo et al. [21]

(2017)

Meta-analysis

20 studies 1984–2010 Positive association

NSAID use Moninuola et al. 

[22]

(2018)

Meta-analysis

13 studies 1974–March 

2017

Positive association

Vitamin D Pinto et al. [23]

(2015)

Meta-analysis

Li et al. [24]

(2019)

Meta-analysis

14 studies 

(1891 

participants)

55 studies

Inception—Dec 

2014

1982–April 2019

Lower vitamin D levels 

were associated with 

high CD risk

Table 1. 
Environmental factors and their role in the development of CD.
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layer, and the commensal gut microbiota. It is a dynamic structure that not only acts 
as a physical barrier but also acts as a chemical and immunological barrier against the 
pathogenic microbes and helps in maintaining the gut homeostasis [25].

The IECs are divided according to their functions into Goblet cells, entero-absorptive 
cells, Paneth cells, neuroendocrine cells, and M cells. The Goblet cells produce mucus that 
acts as a physical barrier and also helps in epithelial cell repair. Paneth cells are associated 
with maintenance of intestinal stem cell niche and secretion of antimicrobial effectors 
which are responsible for gut microbial homeostasis [25]. The mucosal innate immune sys-
tem consists of macrophages, dendritic cells, lymphocytes, and neutrophils that form the 
first line of defense along with IECs. In a healthy state, the intestinal macrophages exhibit 
“self-tolerance” where they show attenuated response to the host microbial ligands and 
cytokines while retaining the bactericidal activity against pathogens. These are a special 
subset of macrophages that lack CD14. These promote regulatory T cell (Tregs) differentia-
tion by producing anti-inflammatory cytokines. Tregs are a specialized subset of T cells 
that suppress the immune system and are responsible for maintenance of self-tolerance 
and homeostasis. These macrophages are also responsible for attenuation of Th1 and Th17 
responses. It is observed that patients with CD exhibit another macrophage population 
that expresses CD14 along with dendritic cell markers, thus producing abundant pro-
inflammatory cytokines such as IL-6 and TNF α and resulting in intestinal mucosal inflam-
mation. The dendritic cells form an interface between the innate and adaptive immune 
system and relay signals to initiate an appropriate adaptive immune response. They 
perform bacterial sampling by direct dendritic cell to microbe contact which is mediated by 
CX3CR1-dependent mechanism. Deletion of CX3CR1 results in increased translocation of 
gut bacteria due to decreased lamina propria macrophages [26, 27].

The microbial products that permeate the intestinal barrier are identified by the 
antigen-presenting cells (APCs), which initiate a cascade of pro- and anti-inflam-
matory signals. This activates the local and circulating lymphocytes to migrate to the 
area of inflammation. The leucocyte migration occurs via binding of integrins on the 
leucocyte surface to the cellular adhesion molecules (CAMs) on the endothelium.  
The activated endothelium itself produces chemokines to attract leucocytes to the site 
of inflammation. This disturbed pro- and anti-inflammatory balance with leucocyte 
migration results in an exaggerated T cell response (Th1 and Th17) that is seen in CD. 
The APCs and macrophages secrete IL12, IL18, IL23, and TGF-β which cause differ-
entiation of Th1 and Th17 cells. The Th1 and 17 cells secrete IL-17, IFN-ϒ, and TNF-α 
that in turn stimulate the APCs, macrophages, fibroblasts, and endothelial cells 
leading to persistent activation of the T cells [28].

Tregs and Th17 cells arise from a common precursor but have opposite actions. In 
normal state, TGF-β promotes Treg cell differentiation in the lamina propria depend-
ing on the local cytokines and microbial signals. But in inflammatory conditions like 
CD, it leads to Th17 cell differentiation promoted by the presence of other cytokines 
and microbial signals. This mechanism is responsible for the initiation, persistence, 
and relapses seen in CD [29].

4. The gut microbiome and dysbiosis

4.1 The gut microbiome

The human gut is niche to a vast variety of commensal, symbiotic, and patho-
genic microbial floras that play a pivotal role in various synthetic, metabolic, and 
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immunologic functions of the human body. Due to its immense functional plasticity, 
it has often been referred as the “forgotten organ.” It co-evolves with the human 
gut and shares a complex and bi-directional interaction with the host, which helps 
in maintaining host homeostasis [30]. Gut bacteria form the major biomass, along 
with archaea, viruses, and eukaryotes. Firmicutes, Bacteroidetes, Proteobacteria, and 
Actinobacteria are the four predominant phyla present in the human gut of which 
Firmicutes and Bacteroidetes are in maximum abundance, accounting for almost 90% 
of the total microbiota [29]. Firmicutes and Bacteroidetes, along with Bifidobacterium, 
synthesize SCFAs, mainly butyrate, which is the principal source of energy for colonic 
epithelia [31]. Bifidobacterium also synthesizes vitamins K and B, which are essential 
for coagulation [32]. The gut microbiota also plays a crucial role in the development of 
the host immune system, which, in turn, shapes the gut microbiome [33, 34]. Animal 
studies have shown that mice deficient in gut microbiota exhibited impaired develop-
ment of innate immune system [35]. A specific bacterium Candidatus arthromitis, 
also known as segmented filamentous bacteria (SFB), promotes the maturation of 
mucosal immune system, which is a significant component of the intestinal barrier 
[36]. Clostridium strains IV, XIVa, and XVIII induce Treg cell differentiation and 
expansion via butyrate production [37]. Recent research has demonstrated that F. 
prausnitzii, which belongs to Clostridium cluster IV, has an anti-inflammatory action 
in the human gut. It produces butyrate and anti-inflammatory bioactive molecules 
such as shikimic and salicylic acids, inducing the production of IL10 and inhibiting 
the production of IL12 and interferon-ϒ [38, 39]. In addition, the gut microbiota is 
also involved in the defense of the host against the intestinal pathogens. The com-
mensal bacteria compete with the pathogenic bacteria thus preventing their coloniza-
tion. This mechanism is known as “colonization resistance” [40]. They either directly 
inhibit them by competing for nutrients or, indirectly, by producing inhibitory 
substances [41]. Bacteroides thetaiotaomicron, an abundant commensal bacterium, 
utilizes the carbohydrates used by Citrobacter rodentium, a pathogenic bacteria, and 
leads to its competitive exclusion [42]. Bacillus thuringiensis secretes a bacteriocin that 
directly targets the spore forming Clostridia and Bacilli [43]. The microbial products 
such as lipopolysaccharides and flagellin promote the secretion of IgA from B cells, 
production of antimicrobial peptide, and the development of Th17 cells [44, 45].

4.2 The gut microbial dysbiosis and CD

“Dysbiosis” or an imbalance in the microbial composition alters the host-micro-
biota-immune crosstalk and results in disruption of host homeostasis [45]. It may 
occur due to various environmental factors such as dietary changes, toxins, drugs, 
and infections [40]. There is a reduction in the beneficial commensal bacteria and a 
pathological bloom of pathogenic bacteria or “pathobionts,” which results in altered 
synthetic, metabolic, and immunomodulatory functions of the host [46]. Disruption 
of gut homeostasis results in increased intestinal permeability and translocation of 
pathogenic bacteria through the intestinal barrier. This activates the gut mucosal 
immune system, leading to a state of low-grade chronic inflammation [47–49]. 
This altered host-microbiota-immune crosstalk has been linked to the pathogenesis 
of various metabolic, cardiovascular, neurological, and neoplastic diseases [46]. 
However, their association with inflammatory bowel disease (IBD) has been a subject 
of interest among the researchers since the past few decades.

Gut microbial dysbiosis has surfaced as a significant aspect in the pathogenesis 
of IBD, exhibiting a decrease in the “alpha” or the “within-sample” diversity with 
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a simultaneous increase in the pathobionts [49]. It is significantly affected by the 
geographical diversity and epigenetic factors and is more pronounced in patients 
with CD [50]. The taxonomic shifts in CD are mostly related to dysfunctions of 
microbial metabolism and bacterial protein signaling. A reduced abundance of 
bacterial taxa within the phyla Firmicutes is the most consistent finding [49]. This 
leads to significant reduction in SCFAs, mainly butyrate, in the gut that affects the 
epithelial cell growth as well as Treg cell differentiation and expansion. Other SCFA-
producing bacteria such as Bifidobacterium, Lactobacillus, and Roseburia intestinalis 
are remarkably reduced in patients with CD when compared with healthy individuals. 
It is seen that the proportions of Clostridium clusters XIVa and IV are significantly 
lower in CD patients [51, 52]. F. prausnitzii belongs to Clostridium Cluster IV and 
possesses anti-inflammatory properties. A significant reduction in its abundance is 
associated with a decreased resistance of the gut against inflammatory interactions. 
Thus, decreased abundance of F. prausnitzii can be correlated with disease activity 
and an increased risk of recurrence after surgery [38, 52]. Studies have also shown 
decreased abundance of Eubacterium rectale, Blautia faecis, Roseburia inulinivorans, 
Ruminococcus torques, and Clostridium lavalense along with a decrease in families of 
Christensenellaceae, Coriobacteriaceae, and especially Clostridium leptum [50, 52–54].

Patients with CD demonstrate abundance of Proteobacteria such as 
Enterobacteriaceae and certain species of Bacteriodetes. There is a relative abun-
dance of mucosal associated bacteria, mainly Enteroinvasive E. coli (EIEC) and C. 
rodentium that have adhesive properties [45]. These bacteria activate the mucosal 
immune system by adhering to the intestinal epithelium, thereby inducing intestinal 
inflammation. Decreased abundance of protective bacteria such as C. arthromitis, 
B. thetaiotaomicron, and Bacillus thuringenesis leads to proliferation of these pathobi-
onts. Certain mucolytic bacteria such as Ruminococcus gnavas and R. torques are also 
increased in patients with CD [55]. Increased abundance of Desulfovibrio, a sulfate-
reducing bacteria, is associated with intestinal epithelial damage due to production 
of hydrogen sulfate, thereby inducing mucosal inflammation [56]. A predominance 
of Clostridium difficile and Bacteroides vulgates is observed in patients with relapse of 
CD [57]. Abundance of pathobionts such as Bacteroides fragilis, strains of Clostridium 
hathewayi, Clostridium bolteae, Actinomycetes spp., Veillonella spp., Intestinibacter spp. 
and a significant increase in Coprococcus spp. is also seen in patients with CD when 
compared to healthy gut flora [58]. Recent studies have also isolated some strains of 
enterohepatic Helicobacter species in these patients suggesting a protective role of 
these strains in CD [59].

4.3 Fungal dysbiosis and CD

In addition to bacterial dysbiosis, an alteration in the mycobiome (fungal com-
munity) is also seen in these patients. Studies have shown significant decrease in the 
Saccharomyces cerevisiae abundance with a significant increase in the Candida spp., 
mainly Candida albicans and tropicalis [60]. Malassezia restricta, a commensal skin 
fungus, is also found in abundance in CD patients [61].

4.4 Viral dysbiosis and CD

Recent evidence also shows the potential role of gut virome in the pathogenesis 
of CD [6, 62]. The abundance of Caudovirales bacteriophage sequences, including 
Myoviridae, Siphoviridae, and Podoviridae detected in the intestinal washes and 
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tissue biopsies of pediatric CD patients, may be utilized as a potential biomarker 
of early onset CD [63]. An increased abundance of Synechococcus phage S CBS1 and 
Retroviridae family viruses is also observed in these patients [64].

Gut microbial diversity is also affected by the medical treatment protocols of CD. 
Repeated antibiotic exposure is associated with a significant and consistent reduc-
tion in the gut microbial biodiversity with near absence of some specific taxa such as 
Acetovibrio, Butyricicoccus, Collinsella, Dorea, and Subdoligranulum [65]. Treatment 
with 5-aminosalicylic acid showed a significant decrease in E. coli with an increase 
in Enterococcus spp., but the results have been conflicting. Anti-TNF therapy demon-
strated decreased numbers of F. prausnitzii and E. coli in some studies [57]. However, 
the effect of these immunomodulator therapies on the gut microbiome is little known 
and further research is required.

Postoperative recurrence in CD was characterized by significant abundance in the 
bacterial counts of E. coli, Bacteroides, and Fusobacteria at the neoterminal ileum. A 
lesser percentage of F. prausnitzii in the resected ileal segment was associated with an 
early endoscopic recurrence of CD, suggesting a microbial signature that can predict 
the possibility of recurrence postoperatively [66].

4.5 Genetic variants in CD and their association with microbial dysbiosis

A possible association of the gut microbiome with the genetic loci of CD has long 
been suspected; however, the results have not been consistent. NOD2 gene has been 
extensively studied in the pathogenesis of CD. It is expressed by the Paneth cells and 
stimulates an immune reaction on recognizing the cell wall peptidoglycan muramyl 
peptide of gram-positive and gram-negative bacteria. Studies have demonstrated that 
NOD2 variants of CD show an increased adaptive response to microbial antigens. Risk 
alleles at NOD2 and ATG16L1 loci were associated with significant taxonomic shifts, 
especially decreased Faecalibacterium and Roseburia spp. and increased Escherichia 
spp. strains [67]. Specific genes involved in adhesion, oxidative stress responses, and 
utilization of mucus favor colonization of Ruminococcus gnavus [68]. NOD-like recep-
tor 6 (NLRP 6) has been recognized as the key regulator of a pathobiont Akkermansia 
muciniphila that promotes the development of CD [69]. These associations were 
associated with a high genetic risk for CD. CLEC7A is a pattern recognition receptor 
that recognizes glucans with β-1,3 and β-1,6 bonds from fungi. Alteration in C-type 
lectin domain containing 7A (CLEC7A) is associated with altered macrophage and 
dendritic cell function and is associated with decreased Lactobacillus population [70]. 
Caspase recruitment domain family member 9 (CARD 9) recognizes fungal motifs 
and is associated with fungal dysbiosis. It is associated with decreased Lactobacillus 
population and a predominance of Ascomycota, Basidiomycota, and Zygomycota [71]. 
Alteration in nucleotide-binding oligomerization domain, Leucine-rich repeat, and 
pyrin domain containing protein (NLRP) increases susceptibility to IBD by promot-
ing intestinal inflammation and is associated with an increased abundance of A. 
muciniphila and Prevotellaceae family [72]. The common CD-specific genes and their 
role in pathogenesis of CD and effect on the immune system and intestinal microbiota 
have been summarized in Table 2. However, consistent taxonomic shifts could not 
be demonstrated in further studies, thus necessitating the need for larger GWAS and 
higher level of evidence.

It is anticipated that portraying the compositional and functional changes in the 
microbial diversity will help in developing novel therapeutic options for preventing 
relapses and inducing remission in CD.
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S. no. Genes Role Role in 

pathogenesis of CD

Effect on the 

immune system

Effect of genetic 

variants on 

the intestinal 

microbiome

1 NOD 2 Recognizes 

muramyl 

dipeptide (MDP) 

that stimulates 

autophagy and 

controls bacterial 

replication 

and antigen 

presentation

Regulation of 

T-cell response via 

MDP independent 

pathways

Defective 

recognition 

and removal of 

pathogenic bacteria

Defective autophagy

Decreased release of 

defensins

Role in innate 

and adaptive 

immunomodulation

Increased 

Enterobacteriaceae, 

Erysipelotrichaceae, 

Actinobacteria group, 

Firmicutes class, and 

Bacteroides spp.

Decreased 

Faecalibacterium, 

Roseburia, 

Ruminococcaceae

2 ATG16L1 Autophagy

Maintenance 

of intracellular 

homeostasis

ATG16L1T300A 

is associated with 

increased risk of CD

Responsible for 

increased Th1 and 

Th17 cells in the 

lamina propria of 

ileum and colon 

without intestinal 

inflammation

Mutations are 

associated loss 

of tolerance 

to commensal 

microbiota due to 

increased production 

of IgG and IgA 

against commensal 

microbiota

Decreased abundance 

of Faecalibacterium, 

Roseburia and 

Bacteroidaceae

Increased numbers 

of Enterobacteriaceae 

such as Escherichia 

coli; Fusobacteriaceae, 

increase in 

Lachnospiraceae

3 IRGM Responsible for 

autophagy

Maintenance 

of intracellular 

homeostasis

Defective autophagy

Decreased 

production of 

antimicrobial 

peptide

Abnormal secretory 

granule development

Plays a role in innate 

immune response

Decreased abundance 

of Roseburia

4 IL23R [73] Maintains T-cell 

dependent 

immunity by 

encoding a subunit 

of IL-23 that is 

involved in Th-17 

cell generation

Role in 

autoimmunity 

by expansion of 

proinflammatory 

Th17 cells in CD

Responsible 

for persistent 

production of 

pro-inflammatory 

mediators like IL6, 

IL12, IL17, INF-γ, 
TNF-α and IL23

Decreased abundance 

of Christensenellaceae, 

Bacteroides caccae and 

Oscillospira

5 IL-10R 

[74, 75]

Essential 

for immune 

homeostasis in 

colon

Causes extensive 

perianal and colonic 

inflammation

Leads to very early 

onset IBD (VEO-

IBD) and extensive 

perianal disease

Role in 

immunomodulation, 

suppresses 

proliferation and 

cytokine secretion

Increased numbers of 

Enterococcus faecalis, E. 

coli, and Helicobacter 

hepaticus

6 CLEC7A Pattern 

recognition 

receptor

Recognizes 

various glucan 

bonds from fungi

(β-1,3 and β-1,6 

bonds)

Associated with 

altered macrophage 

and dendritic cell 

activity

Associated with 

fungal dysbiosis

Role in innate 

immunity

Decreased abundance 

of nonpathogenic 

Lactobacillus, 

Saccharomyces

Increased numbers 

of Enterobacteriaceae, 

Candida, and 

Trichosporon
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5. Nutrition in CD

Nutrition plays an important role in the management of CD. Dietary changes can 
influence the gut microbiota and help in restoring the gut homeostasis [78, 79]. In 
addition, nutritional management is also important in view of CD-associated malnu-
trition, which results from decreased absorption, intestinal dysbiosis, and CD-related 
symptoms such as loss of appetite, nausea, and vomiting. Specific dietary strategies 
have been advised for the management of CD.

S. no. Genes Role Role in 

pathogenesis of CD

Effect on the 

immune system

Effect of genetic 

variants on 

the intestinal 

microbiome

7 CARD9 Recognizes viral, 

bacterial, and 

especially fungal 

motifs

Associated with 

fungal dysbiosis

Enhances production 

of IL-1β and 

IL-23p19 subunit

Decreased colonies of 

Lactobacillus

Dominant Ascomycota, 

Basidiomycota, and 

Zygomycota

8 NLRP [72] Has a molecular 

domain that 

helps in self 

oligomerization 

and has ATPase 

activity

Can sense 

endogenous 

alarmins and 

microbial ligands

Promotes intestinal 

inflammation

Increases 

susceptibility to 

colitis in murine 

models

Activation of IL-1 

family cytokines

Key regulator 

of Akkermansia 

muciniphila, 

Prevotellaceae family

Increased S. 

thuringiensis, 

Clostridium, Rod 

bacteria, and 

Proteobacteria

9 PTPN 2 

[76]

Associated with 

autophagy

Defective 

autophagosome 

formation and 

bacterial elimination

Promotes T cell 

differentiation into 

Th1 and Th17 types

Associated with 

increased levels of 

IFN-γ, IL-17, and 

IL-22 in the serum 

and intestinal 

mucosa

High levels of INF-γ, 
IL17 and IL22

Role in innate and 

adaptive immunity

Reduced 

Faecalibacterium, 

Bilophila, Coprococcus, 

Erysipelotrichaeceae, 

Clostridiales, and 

Ruminococcaceae

Bacteroides were 

increased in number

10 LRRK-2 

[77]

Involved in 

endocytosis, 

phagocytosis, and 

autophagocytosis, 

lysosomal 

function

Also implicated 

in intracellular 

trafficking

Activation of LRRK 

is associated with 

increased dendrtitic 

cell activation, 

increased expression 

and release of 

pro-inflammatory 

molecules like IL2 

and TNF-α

Production of 

IL-2 and TNF-α 

and activation of 

dendritic cells

Increased numbers of 

Listeria monocytogenes 

and Salmonella 

Typhimurium

Abbreviations: IRGM, immunity related GTPase-M; PTPN-2, protein tyrosine phosphate non-receptor-2; LRRK-2, 
leucine-rich repeat kinase-2 [70–72].

Table 2. 
Genetic variants and their association with intestinal microbiota in CD.
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5.1 Diets for nutritional optimization in CD

Enteral nutrition (EN) is a liquid dietary regimen that can be given in three 
formulations, depending on the protein and fat content. These formulations include 
elemental (easily absorbable low-fat nutrients such as amino acids, mono- or oligo-
saccharides, and medium-chain triglycerides), semielemental (peptides of different 
chain length, simple sugars, glucose polymers or starch, and medium-chain triglyc-
erides), and polymeric (whole proteins, complex carbohydrates, and long-chain 
triglycerides). These formulations are particularly recommended during CD relapses 
for 6–8 weeks to induce disease remission. These formulations are also advised as a 
maintenance diet during the remission phase in addition to the usual diet. This type 
of diet affects the gut microbiota and reduces gut bacterial dysbiosis.

Parenteral nutrition (PN) provides nutrients including macronutrients, micro-
nutrients, and electrolytes through a venous access. Exclusive parenteral nutrition is 
advised during acute inflammatory phase of CD to provide bowel rest or in conditions 
such as partial obstruction, high-output fistulae, and bowel ischemia, where the 
use of enteral nutrition is contraindicated. It is also used as a supplement in patients 
where enteral nutrition is inadequate to fulfill the energy requirement. Thus, EN 
often represents the main dietary option, alone, or in association with PN.

5.2 Specific carbohydrate diet

Apart from treatment of celiac disease, this diet is also used in the management 
of IBD. It includes monosaccharides, dairy products with low lactose content, meat, 
eggs, oil, and amylose rich vegetables. Products rich in sucrose, maltose, isomaltose, 
and lactose, along with potatoes, corn, soy, food additives, and preservatives, must be 
avoided. Studies have shown that this diet improves IBD symptoms and quality of life, 
and help in maintaining remission.

5.3  Low fermentable, oligosaccharides, disaccharides, monosaccharides,  
and polyols (FODMAP) diet

This diet mainly excludes short-chain carbohydrates and limits consumption of 
honey, apples, watermelon, dates, lentils, and legumes. The drawback of low FODMAP 
diet is reduced intake of common prebiotics, such as inulin, fructo-oligosaccharides, 
and fructose. The low FODMAP diet is advisable in patients with quiescent IBD.

5.4 Semivegetarian diet

It is primarily a vegetarian dietary regimen which strongly limits meat and fish, 
without eliminating them. This diet consists of vegetables, fruits, cereals, eggs, 
yoghurt, and milk, and excludes processed and refined foods. It is advised as a main-
tenance treatment in patients with clinical remission.

5.5 Low fat/fiber limited exclusion (LOFFLEX) diet

This is a form of elemental diet which is used to find the potential trigger of CD 
by reintroducing specific nutrients. It can be customized accordingly by exclusion 
of nutrients that are commonly considered as triggers of CD, in a well-structured 
protocol.
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Overall, the abovementioned dietary regimens play an essential role in the treat-
ment of IBD, particularly CD. It is apparent that food components have the ability 
to modulate metabolic pathways, stimulate gene expression, and modify the micro-
biota composition. Liquid diet is the primary therapy in the management of CD as 
it reduces inflammation and promotes mucosal healing and helps in reducing the 
postoperative complications.

6. Therapeutic perspective

Ever since the understanding of natural history of CD became clearer, the 
 therapeutic goals have shifted from controlling symptoms to controlling the 
inflammation and promoting mucosal healing. The treatment strategies have 
become more personalized and individual-based, thereby leading to better clini-
cal outcomes. The significant role of gut microbiota in the pathogenesis of CD has 
influenced the development of novel therapeutic options that selectively target the 
gut microbiome (Table 3). These microbiota-targeted strategies aim at the diag-
nostic, prognostic, and therapeutic aspects of CD. These treatment strategies aim 
to replace, remove, reset, or redesign the gut microbiota for therapeutic benefits of 
patients with CD.

Decreased abundance Increased abundance

Firmicutes spp. Escherichia coli (EHEC O157)

Bifidobacterium Citrobacter rodentium

Candidatus arthromitis Bacteroides fragilis

Faecalibacterium prausnitzii Ruminococcus torques

Bacteroides thetaiotamicron Ruminococcus gnavas

Bacillus thuringenesis Desulfovibrio

Blautia faecis Actinomyces

Eubacterium rectale Veilonella

Roseburia intestinalis Intestinibacter

Clostridium lavalense Closridium hathewayi

Christensenellaceae Clostridium boltae

Coriobacteriaceae Coprococcus

Clostridium leptum Clostridium difficile

Virome:

Caudovirales

Synechococcus phage S CBS1

Retroviridae family viruses

Mycome:

Saccharomyces cerevisiae

Mycome:

Candida albicans

Candida tropicalis

Malassezia restricta

Table 3. 
Gut microbiota in Crohn’s disease.
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6.1 Potential biomarkers

Various noninvasive tests such as serum markers, fecal biomarkers, and radiologi-
cal imaging are available for the diagnosis and monitoring the progression of CD. 
However, most of these serum and fecal biomarkers are limited to active disease and 
are surrogate markers; thus, their response to therapy is highly variable. Evaluation 
of specific microbial biomarkers would help in precise diagnosis and patient 
stratification in CD. Studies have suggested increased Faecalibacterium nucleatum 
and decreased F. prausnitzii counts as a valuable marker for CD [51]. Recent data 
analysis has identified Gammaproteobacteria, Enterococcus, and Enterococcaceae as 
potential biomarkers of IBD. Bacterial genera Collinsella and Methanobrevibacter can 
be used for differentiation between UC and CD [80, 81]. F. prausnitzii and E. coli 
can be used to differentiate between ileal and colonic CD. Ileal CD is characterized 
by a lower abundance of F. prausnitzii with a relative higher abundance of E. coli as 
compared to colonic CD. It has also been noted that AIEC is more abundantly found 
in the inflamed ileal mucosa of the patients suffering with CD. Faecalibacterium and 
Papillibacter can be used as indicators of disease status [82, 83]. They may serve as 
microbial signatures to diagnose and differentiate between uncertain cases of ulcer-
ative colitis (UC), CD, and irritable bowel syndrome [84]. The microbial shifts may 
act as biomarkers to predict the outcome of the disease. However, due to high micro-
bial diversity, the predictive value of these biomarkers is considerably less. Thus, they 
are currently not recommended as a first-line assessment for the diagnosis of CD.

6.2 Live biotherapeutic products (LBP)

Probiotics are selected viable microorganisms that modulate the intestinal micro-
biota and exert a beneficial effect on the host by modulating the intestinal microbiota 
and alleviating intestinal dysbiosis [85]. Theoretically, probiotics produce metabolites 
that inhibit the growth of the pathobionts and promote the growth of commensal 
bacteria, thus restoring the normal gut microbiome. They also induce an anti-inflam-
matory effect and improve and restore gut barrier function [86]. Various bacterial 
strains have been tested in human clinical trials, including Bifidobacterium spp., E. 
coli Nissle 1917, Saccharomyces boulardii, and Lactobacillus spp. and found to have 
beneficial effect on gut health [87]. However, their efficacy in the management of 
Crohn’s disease has been controversial. Clinical trials have suggested a positive clinical 
effect of VSL#3, a probiotic containing four Lactobacilli (three Bifidobacterium spp. 
and Streptococcus salivarius subsp. thermophilus) in patients with active UC. However, 
it failed to prove its efficacy in patients with CD. These incongruences can in part be 
explained by the variety of probiotics used. It is imperative to note that the human 
gut-derived microbiota will have the best colonization and the most compatible 
therapeutic effect in patients with CD. Traditionally, the probiotics have been isolated 
from various dairy and nondairy products. These next-generation probiotics are 
derived from human feces or saliva and have a higher resistance to gastric enzymes 
and bile salts. In addition, they are also beneficial in patients with lactose intoler-
ance [88, 89]. However, the feces-derived probiotics are not easily accepted by the 
patients due to the general perception of it being unhygienic. Recently, the concept 
of “synbiotics” has surfaced, which means adding a prebiotic to the probiotic [90]. 
A prebiotic is a substance selectively utilized by the probiotic, such as insulin and 
fructo-oligosaccharides [85, 86], and its use significantly improves remission rates, 
clinical activity, and histological scores in active CD [91]. Postbiotics are metabolites 
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produced by live microbes and are essential in maintaining the gut homeostasis. They 
include organic acids such as short-chain fatty acids (SCFA), tryptophan, and some 
bacteriocins. They exert an anti-inflammatory and anti-oxidant effect in the human 
gut and inhibit the growth of pathobionts. Administration of SCFAs and tryptophan 
have shown remission of inflammation in animal models; however, its efficacy in 
humans is controversial and under trial [92].

6.3 Live bacterial consortia (gut 103 and 108)

Gut 103 and 108 are used to supplement deficient microbiota and correct dys-
biosis in patients with CD. Gut 103 consists of 17 bacterial strains, while Gut 108 is 
a purified version of Gut 103 and utilizes 11 human bacteria associated with the 17 
strains. These bacterial formulations have shown to decrease pathobionts, expand 
the resident flora, decrease mucosal inflammation, and re-establish gut homeostasis. 
Moreover, these formulations allow the bacteria to stay longer in the colon as com-
pared to other probiotics thereby increasing their efficacy [93].

6.4 Antibiotic therapy

Antibiotic therapy has shown benefits in some patient groups with active CD. 
They aim at controlling the pathogenic bacterial blooms, thereby reducing the gut 
microbial dysbiosis. This helps in reducing the gut mucosal inflammation, thereby 
decreasing the disease activity and inducing remission. Anti-mycobacterial drugs, 
fluoroquinolones, and rifaximin have shown positive results in active CD remission 
in certain population groups [94]. A small randomized controlled trial compared 
the effect of Ciprofoxacin and Mesalazine in patients with mild to moderate CD and 
observed complete remission with Ciprofloxacin [95]. Another randomized trial 
showed early benefits of antibiotics in 213 patients receiving either Clarithromycin, 
Rifabutin, or Clofazimine, with no significant difference in the relapse rates were 
noted in follow-up [96]. Antibiotic therapy is also used to prevent postoperative 
recurrence of CD and in treatment of complications of CD like perianal abscess and 
fistula. The current limitation of antibiotic therapy is the collateral damage to the 
healthy gut microbiome due to its nonspecific effect and development of antibiotic 
resistance. Further research is required to establish a definitive role of antibiotics in 
the management of CD.

6.5 Phage therapy

Phage therapy consists of using highly specific lytic bacteriophages to target 
strains within one bacterial species. This therapy is more advantageous than antibiotic 
therapy as it targets a specific strain of pathogenic bacteria with a limited impact on 
the normal gut microbiota [97]. Enteroinvasive E. coli (EIEC) are abundantly present 
in the ileum of patients with CD and have been linked to gut mucosal inflammation. 
Specific bacteriophages against EIEC have been isolated, and it has been observed that 
administration of “phage cocktail” (2 × 109 PFU/mL) could significantly reduce EIEC 
colonization [98]. A recent study on transgenic mice model of dextran sulfate sodium 
(DSS)-induced colitis showed that a single-day treatment with oral phage cocktail 
significantly reduced the colonization of EIEC and reduced intestinal symptoms 
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over a period of 2 weeks. Another crossover trial suggested that administration of 
phage cocktail over 28 days selectively reduced fecal EIEC without disrupting the 
commensal gut microbiota [99]. Federici et al. developed an orally administered lytic 
five-phage combination that targets the antibiotic resistant Klebsiella pneumoniae 
clade and demonstrated its feasibility in the management of IBD [100]. Although 
promising, the major concern of phage therapy is safety and the dosing schedule 
which remains as future challenges.

6.6 Bacterial vectors

The role of genetically engineered bacteria as a vector for therapeutic agents has 
been an area of interest. Lactococcus lactis is an innocuous vector as it is noninfective 
and noninvasive for the human body and hence has been widely studied. Oral for-
mulations of genetically engineered L. lactis secreting IL-10, AG011 are undergoing 
various clinical trials and have been reported to reduce adverse drug reactions [101]. 
Other substances recombined into L. lactis are murine TNF neutralizing antibodies 
and IL-1 antagonists, which have shown promising results [102, 103].

6.7 Fecal microbiota transplantation (FMT)

FMT aims to restore the gut microbiota in CD patients by transferring these from 
a healthy donor to the affected recipient. The prevailing concept is that FMT might 
correct the gut microbial dysbiosis and lead to restoration of normal gut microbiota 
[104]. FMT has shown high efficacy in patients with recurrent C. difficile infection 
and has raised a possibility of its benefit in other diseases associated with gut dys-
biosis like CD [105]. The inoculum can be given as fresh or frozen sample via various 
enteral routes. A recent systematic review published in 2021 concluded a 79% clinical 
response rate and a 62% clinical remission rate in CD patients. Moreover, it was noted 
that the rate of clinical remission was higher in patients treated with fresh stools as 
compared to frozen stools [48]. FMT is generally well tolerated and safe in CD with 
rare serious adverse effects. However, there is meager evidence on the long-term 
immunological effects of FMT. There are also certain limitations to this therapy such 
as heterogeneity in the technique, frequency of administration, and the ideal time 
to perform FMT. These factors affect the clinical outcome of treatment. Moreover, 
the multifactorial pathogenesis of CD and the dubious role of dysbiosis as a cause or 
consequence of the disease limit the effectiveness of this therapy. Thus, larger and 
well-designed studies and clinical trials are necessary to evaluate the effectiveness and 
optimal technique of FMT.

6.8 Role of F. prausnitzii

F. prausnitzii belongs to Clostridium cluster IV and is one of the main butyrate 
producers of the human gut. It exhibits anti-inflammatory properties by producing 
butyrate and inducing a tolerogenic cytokine profile. This includes decreased secre-
tion of IL-12 and IFN-ϒ and increased secretion of IL-10 [38]. F. prausnitzii along 
with E. coli (F-E index) can help differentiate CD from irritable bowel syndrome 
(IBS) and UC. The F-E index can also be used to distinguish between ileal and colonic 
CD. F. prausnitzii levels can be used as a biomarker to assess disease progression and 
clinical response [39]. High fecal F. prausnitzii counts are associated with a lower CD 
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activity. F. prausnitzii has shown promising results as a good microbial biomarker; 
however, larger well-designed studies are essential to achieve a consensus.

7. Future direction

Understanding dysbiosis and specific microbial pathways in the causation of CD 
has led to adaptation of more targeted treatment strategies. Microbiome-targeted 
therapies aim at diagnosis, treatment, stratification, and assessment of high-risk 
population groups.

Profiling the gut microbiota may provide essential information related to the 
pathogenesis and treatment efficacy in patients with CD. Microbiome multiomics 
provide information on the interaction of specific microbiota with its environment 
and may help in understanding the functional aspect of dysbiosis in CD. They help 
in identifying and isolating the microbiota. Various methods for isolation of the gut 
microbiome have emerged lately. Organoids in 2D culture and “Gut on chip” are novel 
techniques developed to isolate the gut microbes and monitor host-microbial interac-
tions [58]. Microbial multiomics, combined with precision medicine provides a more 
specific, “personalized” treatment to an individual and predicts a better treatment 
response and clinical outcome.

There is ongoing research on the safety and routes of administration of FMT. Oral 
FMT capsules have emerged as a novel noninvasive method for FMT. A recent meta-
analysis examining the safety and efficacy of oral FMT capsules concluded that this 
method is easy with an overall efficacy of 82.1% [106]. However, safety of FMT is a 
big concern, as the donor feces may contain unknown pathogenic microbiota. Due to 
these concerns, a Canadian group has mass cultivated probiotics from processed feces 
which has shown positive results in C. difficile colitis [106]. However, these probiotics 
are still under speculation and need further research to determine its safety.

8. Conclusion

There is compelling evidence demonstrating the association of gut microbial 
dysbiosis in the pathogenesis of CD; however, its causal relationship is still uncertain. 
Microbial dysbiosis has been observed in asymptomatic patients with genetic suscep-
tibility and patients with an inactive disease, suggesting that the microbial changes 
are present long before inflammation. This indicates the potential role of microbial 
dysbiosis in the causation of CD. Moreover, postoperative recurrence at neo-terminal 
ileum again suggests the causal role of dysbiosis in CD. The advent of bacteriotherapy 
has led to more targeted treatment strategies in patients with CD. However, the 
biggest challenge that still exists is the inconsistency and heterogeneity of data on the 
dysbiotic microbial composition that limits effective microbial therapies. In addition, 
their role in predicting the response to therapy is still unanswered. It is anticipated 
that better designed studies and advanced genetic sequencing technology will lead to 
a more defined role of gut microbiome in the pathogenesis and treatment of CD.
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