We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,100 149,000 185M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Efficiency of Treatment Targeted
on Gut Microbiota in Inflammatory
Bowel Diseases: Current Strategies
and Perspectives

Damniela Cornelia Lazadr, Elena-Alina Moacd,
Madrioara Cornianu, Sovina Taban, Alexandra Faur

and Adrian Goldis

Abstract

Inflammatory bowel diseases (IBDs) represent a category of diseases characterized
by intestinal inflammation and include two main entities, ulcerative colitis and Crohn’s
disease, one of the representative clinical characteristics of which being chronic
diarrhea. The etiology of these diseases is multifactorial, combining genetic, immuno-
logical, and also environmental factors, along with gut dysbiosis. In recent years, we
encountered a higher incidence of IBD cases and of severe forms of disease. Therefore,
there is an urgent need to develop new and efficient treatments, including strategies
to improve the microbiome. In this chapter, we will discuss the current knowledge
about the impact of different therapies influencing gut microbiota, such as prebiotics,
probiotics, synbiotics, and other agents in IBD prevention, and also in the induction/
maintenance of IBD remission. The manuscript will focus also on potential areas for
research in the future using agents that modify intestinal microbiota and combined
strategies.

Keywords: chronic diarrhea, inflammatory bowel diseases, microbiota, prebiotics,
probiotics, synbiotics

1. Introduction

Inflammatory bowel diseases (IBDs) represent a category of diseases character-
ized by intestinal inflammation and include two main entities, ulcerative colitis and
Crohn’s disease, one of the representative clinical characteristics of which being
chronic diarrhea. The etiology of these diseases is multifactorial, combining genetic,
immunological, and also environmental factors, along with gut dysbiosis (Figure1).
In recent years, we encountered a higher incidence of IBD cases and of severe forms
of disease. Therefore, there is an urgent need to develop new and efficient treatments,
including strategies to improve the microbiome (Figure 2). In this chapter, we discuss
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the current knowledge about the impact of different therapies influencing gut micro-
biota, such as prebiotics, probiotics, synbiotics, and other agents in IBD prevention,
and also in the induction/maintenance of IBD remission. The manuscript focuses
also on potential areas for research in the future using agents that modify intestinal

microbiota and combined strategies.

2. Gut microbiota modulation therapies

These therapies include different types of medical approaches; the chapter
includes the most recent and relevant clinical data regarding the main strategies of
treatment.
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2.1 Nutritional therapies
2.1.1 Exclusive enteral nutrition (EEN)

This nutritional therapy has been recommended as first-line, steroid-sparing
treatment for pediatric CD since the 1990s and provides the entire calorie and
nutrient requirements using liquid formulations delivered either orally or through
nasogastric tube or gastrostomy, for a period of 6-8 weeks. It is associated with remis-
sion rates of 60-80%, and the efficacy is not correlated with the formula types or the
route of administration [1-6]. Most studies investigating the mechanism of action
of EEN focused on the changes in gut flora and microbial metabolites as a potential
mechanism, showing conflicting data. The first study on microbiota changes related
to EEN used 16S ribosomal DNA polymerase chain reaction and temperature gradi-
ent gel electrophoresis and discovered important modification of the band profile
associated with different bacterial species [7]. Later studies showed that although
children treated with EEN had higher rates of mucosal healing, they still have a
lower proportion of butyrate-producing bacteria in comparison with steroid-treated
patients. A recent research revealed differences in the fecal metabolome of respond-
ers vs. non-responders to EEN [8, 9]. There are few data on the impact of EEN on
the microbiota of adult CD patients; one study that investigated microbiota changes
in adult CD patients treated with EEN for 2 weeks prior to intestinal resection for
strictures found a significant decrease in alpha diversity and in the Enterobacteriaceae
family, but which did not modify the postoperative recurrence [10].

2.2 Prebiotics and dietary fiber

Prebiotics are defined by the International Scientific Association for Probiotics
and Prebiotics (ISAPP) as a “substrate that is selectively utilized by host microorgan-
isms conferring a health benefit” [11, 12].

The most commonly used fibers in patients with digestive diseases are non-
digestible soluble fibers that are fermented by the bacteria from the colon, leading
to an increase in the concentration of some healthful bacterial metabolites such as
short-chain fatty acids (SCFA). Soluble fiber, such as inulin, fructooligo- (FOS) and
galactooligo-saccharides (GOS), lactulose and derivatives of galactose and B-glucans,
proved to be efficient for the gut health, by both modulating gut microbiota and
by exerting anti-inflammatory properties. These fibers can be naturally found in a
huge number of products of plant origin and also added in different food products
for nutritional and health purposes [6]. They increase the volume of the intestinal
contents (by binding to water) and maintain the correct pH. Prebiotics increase
the number of beneficial bacteria from the gut microbiome (i.e., the Lactobacillus,
Bifidobacterium, and Bacteriodes families) and inhibit the pathogens [13, 14]. Also,
they have a beneficial influence on the metabolism of lipids (lowers serum choles-
terol level), glucose, and proteins, and increase the absorption of calcium, iron, and
magnesium [11].

In order to be categorized as a prebiotic, a product must meet several conditions [12]:

* It should stimulate the proliferation and activity of some beneficial strains of gut
bacteria

¢ It should create a favorable medium to some beneficial bacteria in the colon
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It should decrease the pH in the intestinal lumen

It should be resistant to the action of digestive enzymes and process of hydrolysis

It should not be absorbable in the upper digestive tract

It should not be destroyed during the food processing process
2.2.1 Clinical studies on prebiotics in IBD

Research data demonstrate that prebiotics determine the change of gut microbiota
spectrum and bacteria metabolites, but there are still few data published regarding
prebiotics in IBD.

Benjamin et al. [15] performed a randomized, double-blind, placebo-controlled
study, assessing the effect of FOS administration on active CD. The study was
performed on 54 patients with CD and 49 controls; patients with active CD were
randomized to receive FOS or placebo for a period of 4 weeks. Data showed a clinical
worsening of the CD patients receiving prebiotics.

The results of another study showed that oral lactulose had no beneficial effect
in active IBD (clinical, endoscopic, or histopathological activity), but it improves
significantly the QoL in UC patients [16]. The multicenter clinical trial of Kanauchi
et al. using germinated barley foodstuff (GBF) treatment in patients with mild-to-
moderate active UC for 24 weeks showed significant improvement of clinical activity
[17]. A research assessing the administration of inulin enriched with FOS in the same
type of patients for 2 weeks demonstrated a significant reduction in the value of stool
calprotectin [18].

Another study assessed the effect of GFB treatment for 12 months in inactive UC
patients, revealing a lower rate of relapse [19]. A randomized, placebo-controlled
study investigated the efficiency of ispaghula husk supplementation for 4 months
in patients presenting inactive UC. They found a significantly higher rate of clinical
improvement in the intervention group vs. placebo (69% vs. 24%) [20]. The study of
Fernandez-Benarez investigated the effect of Plantago ovata seeds on three different
groups of inactive UC (105 patients)—treated with mesalamine alone, Plantago ovata
seeds with mesalamine, and Plantago ovata seeds alone for a period of 12 months,
finding similar remission rates for all groups, but significant increase in stool butyrate
levels in the groups treated with Plantago ovate [21].

To date, results of prebiotic research in patients with IBD are conflicting. Although
the administration of prebiotic agents may be associated with some adverse digestive
side effects in active IBD, their administration in early childhood for a proper devel-
opment of gut microbiome and later prevention of IBD onset should be taken into
consideration.

2.3 Probiotics

The human intestine is colonized by 10-100 trillion commensal bacteria that are
involved in the digestion process, modulation of immune response, and other func-
tions. Nowadays, due to excessive use of antibiotics, stress conditions, and hygiene,
we encounter gut dysbiosis. Lactic-acid-producing bacteria (LAB) include the biggest
part of the microbiome, which produce lactic acid as a result to the anaerobic diges-
tion of saccharides. Lactobacillus spp. are the most important group of bacteria found
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in fermented food (e.g., pickles, soured milk, kefir) and are considered to be benefi-
cial for humans [22, 23].

Probiotics are live organisms that are beneficial for the gut by modulating the
immune response—increase the IgA production and enhance the host immune
system s defenses—and are able to compete with pathogens [24, 25]. Their favorable
actions on human gut are the following [26-29]:

* The production of components with antibacterial activity (e.g., lactic acid,
bacteriocins, hydroperoxides)

» Competitively block the binding sites on the epithelial cells and upregulate tight
junction molecules of the mucosal barrier

* The degradation of the receptors for toxins
* Change of intestinal pH
* Competition for essential nutrients

The beneficial effect of probiotics was known through antibiotic-based therapy
[30, 31] to decrease blood cholesterol level [32], the treatment of local infections
[33], and others. In case of IBD patients, there is an abnormal activation of the
immune system due to chronic intestinal inflammation. Prebiotics modulate the
immune system in the mucosa layer of the intestine, by stimulating the production
of antibodies, promoting phagocytosis and NK activity, determining T cell apopto-
sis, enhancing anti-inflammatory cytokines while reducing the pro-inflammatory
ones.

2.3.1 Clinical studies and meta-analysis with probiotics in IBD

The randomized double-blind study by Tamaki et al. [24] performed in patients
with mild/moderate UC demonstrated a reduction in clinical activity assessed by
Ulcerative Colitis Activity Score (UCDAI), though not reaching statistical signifi-
cance, in 28 patients treated with Bifidobacterium longum 536 vs. 28 patients in the
placebo group, after 8 weeks of follow-up. They observed a statistically significant
improvement in rectal bleeding and endoscopic activity assessed by Mayo scale.

A single-center, randomized, double-blind and placebo-controlled study [34]
in patients with UC in clinical remission compared a group of patients treated with
Bio-Three (Streptococcus faecalis T-110, Clostridium butyricum TO-A, and Bacillus
mesentericus TO-A), with a placebo group for a period of 1 year, demonstrated lower
relapsing rate in the study group, but statistically significance was reached only at
3 months of study. Yilmaz et al. [35] performed a prospective open-label random-
ized control, single-center study that assessed the administration of fermented milk
(400 ml of kefir daily) for 4 weeks. Their results showed a statistically significant
reduction of the inflammatory syndrome, improvement of hemoglobin level, and
results of good feeling score, in both CD and UC patients from the study group in
comparison with controls. The randomized, placebo-controlled trial of Shadnoush
etal. [36] on IBD patients remarked significantly higher amounts of Lactobacillus,
Bifidobacterium, and Bacteroides in patients treated with yogurt vs. control group
after 8 weeks.
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A study compared effect of the treatment with mesalazine and a probiotic blend
(Lactobacillus salivarius, Lactobacillus acidophilus, and Bifidobacterium bifidus
BGN4) vs. mesalazine alone for 24 month in patients with moderate-to-severe UC
demonstrated a statistically significant improvement in endoscopic activity and
clinical symptoms in the first group vs. the group with aminosalicylates treatment,
suggesting that the combined treatment could be a feasible alternative to steroid
treatment [37]. Another study [38] compared a group treated with mesalazine and
Bifico (containing Enterococcus faecalis, Bifidobacterium longum, and Lactobacillus
acidophilus) vs. a group treated with mesalazine alone. After 40 days of treatment, a
significant reduction in Enterobacteria, Enterococci, Saccharomyces, and Bacteroides
and increases in Bifidobacteria and Lactobacilli, and also lower levels of CRP, fecal
lactoferrin, alpha-1-antitrypsin and beta-2-microglobulin, IL-6, and higher level of
IL-4 in the study group were noticed. The study of Su et al. [39] randomized patients
with CD to two study groups, one treated with probiotics (Bifidobacterium and
Lactobacillus) combined with sulfasalazine and prednisone and the other one treated
with sulfasalazine alone, which were further compared with a healthy control group.
Authors noticed a significant reduction in the pro-inflammatory cytokines, better
therapeutic efficiency, and lower infection rate in the study group.

Bjarnason et al. [40] randomized 81 patients with UC and 61 with CD into
two groups, one using multistrain probiotic agent named Symprove that contains
Lactobacillus rhamnosus NCIMB 30174, Lactobacillus plantarum NCIMB 30173,
Lactobacillus acidophilus NCIMB 30175, and Enterococcus faecium NCIMB 30176
with a second group of placebo. They noticed a statistically significant improvement
in the level of fecal calprotectin in patients with UC treated with multistrain probiotic
agent, without significant differences in other parameters. The multi-center, random-
ized, placebo-controlled study of Fedorak et al. (2015) [41] on 120 patients with CD
who underwent ileocolonic surgical resection compared the study group treated with
VLS#3 (an agent that contains viable bacteria, including four strains of Lactobacillus
combined with three strains of Bifidobacterium and one strain of Streptococcus
salivarius subspecies thermophilus) vs. a placebo group. After 1 year of follow-up,
there were found lower rates of severe endoscopic recurrence and significant reduc-
tions in pro-inflammatory cytokine levels in the study group treated with VLS#3 vs.
control group.

One study evaluated the effect of administration of the Bifidobacterium breve
strain Yakult (BFM) found in fermented milk in patients with UC vs. placebo regard-
ing the relapse-free survival and incidence of relapse, but they found no significant
differences [42].

Asto et al. [43] performed a meta-analysis in which they evaluated 18 placebo-
controlled studies (1997-2018), including 1491 patients with UC who were treated
with prebiotics, probiotics, or synbiotics vs. placebo groups; although any signifi-
cant effect in maintaining remission was not demonstrated, it could be concluded
that probiotics are beneficial in achieving remission in the active phase of UC. The
results of the meta-analysis of Zhang et al. [44] comprising 38 studies demonstrated
that probiotics, prebiotics, and synbiotics are efficient in achieving and maintain-
ing remission, and their use determined a reduction in UC disease activity index.
Probiotics lead to an increase in the number of intestinal Bifidobacteria, and synbiot-
ics were more efficient in comparison with probiotics and prebiotics.

The meta-analysis of Jia et al. [45] included 10 studies (1999-2013), most of them
focusing on E. coli Nissle and VSL#3. The results demonstrated significant differences
between E. coli Nissle vs. mesalazine in the remission rate, risk of recurrence, and
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occurrence of complications; also, statistically significant higher rates of remission
and lower risk of recurrence were obtained with VLS#3 vs. control groups. Puvvada
etal. [46] analyzed three RCTs, which examined the effect of probiotics on the QoL
of patients with IBD (two of them with positive results). The authors concluded that
probiotics have beneficial effects of the QoL of IBD patients.

2.3.2 Side effects of probiotics

The meta-analysis of Dore et al. [47] on the incidence of side effects related to the
use of probiotics in IBD patients that included nine trials (826 patients) demonstrated
a higher percentage of side effects in the group of patients treated with probiotics;
this effect was remarked only in patients with UC, but not with CD. These studies
referred to more digestive side effects, abdominal pain occurring significantly more
often in patients using probiotics. Later (2020), the same group performed a retro-
spective cohort study on IBD patients, 100 taking probiotics (VSL#3, Lactobacillus
reuteri, and a mixture of S. thermophiles and L. acidophilus, B. breve and B. animalis
ssp. Lactis) and 100 controls, showing that the incidence of adverse effects (need for
systemic steroids, hospitalization, and surgery) was lower in patients taking probiot-
ics (more than 75% of the duration of IBD) and especially in UC patients [48].

Probiotics are commonly considered as safe agents, reducing the adverse effects
of the IBD, but we have to keep in mind that exceptionally, in immunosuppressed
patients, bacterial translocation and sepsis may develop.

2.3.3 Probiotic engineering in the treatment of IBD

The use of probiotics helps the transition from a pro-inflammatory to an anti-
inflammatory state at the gut level. Nowadays, the strains currently available as
probiotics are represented by the Bifidobacterium species, Enterococcus faecium,
Lactobacillus strains, Saccharomyces boulardii, Bacillus species, and Pediococcus,
which have been demonstrated to be associated with the beneficial health effects
[27, 49, 50]. Probiotic engineering determines the formation of bacterial strains with
more powerful properties to target the enteric pathogens and to specifically intervene
in IBD. These types of probiotics have the capacity to synthesize in situ a one or mul-
titude of desired therapeutic biomolecules able to act on gut inflammation and avoid
the side effects and complications associated with current treatment. This strategy
uses bacteria or yeasts genetically engineered with the genes for some therapeutic
agents that are acting as anti-inflammatory agents [22, 51].

One of the strategies used in probiotic engineering used a xylan-inducible system
in Bacteriodes ovatus, which was able to induce some important biomolecules for the
maintaining of gut integrity [52].

Many cytokines have been involved in IBD. Lactococcus lactis has been engineered
to produce anti-inflammatory cytokine IL-10 [53]. IL-10 treatment proved to be
promising in animal models of IBD and also in clinical trials using IBD patients [49].
Results of two trials performed by IBD Cooperative Study Group demonstrated an
improvement of the disease in 23.5% of patients receiving IL-10 vs. placebo [54-58].
IL-27 is known to play a crucial role in infectious diseases, autoimmunity, and cancer
in many organs and systems, including the digestive tract. In an animal model, treat-
ment with IL-27 was able to diminish experimental colitis. Moreover, in colitis mouse
models, engineered IL-27-producing L. lactis demonstrated to be more efficient than
both the IL-10-producing L. lactis and systemic administration of IL-27 [59-61].
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Interleukin 35 (IL-35) is an anti-inflammatory cytokine from the IL-12 fam-
ily and plays an important role in immune suppression. IL-35 plays a pivotal
role in the development and the function of both regulatory B (Bregs) and T
cells (Tregs). IL-35 functions as a new anti-inflammatory factor for IBD and
other immune diseases. Therapeutic potential of recombinant IL-35 protein was
assessed in DSS-induced colitis mouse model. Recombinant IL-35 protein could
slow down the pathologic process in mouse model. Trefoil factors (TFF) and anti
TNF-a nanobodies (single domain antibody fragments) represent other therapeu-
tic agents that have been constitutively expressed in L. lactis and tested in DSS-
induced colitis in mice [49]. The former have protective and reparative properties
on the intestinal epithelium. The peptides produced iz situ by L. lactis were
considerably more effective at healing colitis than the oral or rectal administration
of the purified TFF [49].

One recent study engineered E. coli Nissle 1917 to produce an extracellular matrix
including all three trefoil factors in order control inflammation. Tumor necrosis
factor (TNF) is a pro-inflammatory cytokine secreted in IBD, and antibodies for
this cytokine are used nowadays as a treatment for IBD, but associated with some
side effects and disadvantages. Oral administration of nanobody-secreting L. lactis
leads in local delivery of anti-mTNF nanobodies in the gut and was associated with a
significant reduction of inflammation in a mouse model of DSS-induced colitis. This
way of administration has been proved to prevent the systemic side effects of anti-
TNF through localized delivery [62].

2.3.4 Probiotic engineering in vaccinations

Traditional oral vaccinations may fail to resist in the harsh gastric environment
and, sometimes, they are unable to act on the most important immune structures that
induce immunity. Furthermore, there is the possibility of reversion to a virulent state
of the attenuated microbes [63]. On the other hand, engineered probiotics have the
following advantages:

* are able to deliver medication/vaccinations where these types of vaccinations are
effective in inducing intestinal immunity

* are more easier to store and are much cheaper than the conventional biologics [64]
* have increased survival potential under unfavorable environmental conditions
* can be manipulated to determine a tolerogenic immune response

* can be specifically targeted to some immune structures such as Peyer’s
patches [65].

But we have to take into considerations several disadvantages related to safety
concerns. Bioengineered probiotics represent microbes and are genetically modi-
fied organisms (GMO) [66]; therefore, they pose some challenge for the approval of
administration. Moreover, patients may be skeptic about their safety and their effects
on the environment. To prevent bacterial gene transfer and survival in the natural
medium, specific guidelines and containment strategies as well as specific engineer-
ing methods can be developed.
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2.4 Synbiotics

Synbiotics represents a combination of prebiotics and probiotics with synergistic
beneficial effect, but for now there are still few literature data on their effect on IBD
patients; more often, they contain Lactobacillus GG and/or Bifidobacteria combined
with FOS and/or inulin [67, 68]. In the double-blind trial of Steed et al. [69], patients
with active CD were randomized to receive 6 g per day of either a synbiotic (a combina-
tion of inulin and FOS) vs. placebo for 6 months. The results demonstrated significant
reduction in the clinical and histopathological activity of CD, an increased popula-
tion of Bifidobacteria species in the study group, and a decrease in TNF alpha after 3
months (but not 6 months). Another randomized, double-blind and placebo-controlled
study [70] evaluated the same symbiotic for a period of 1 month, revealing significant
improvement in the endoscopic and histopathological activity in the rectal biopsies and
reduction in serum CRP, TNF-a, and IL-1 « and mucosal human beta defensins 2, 3, 4.

The randomized, double-blind and placebo-controlled trial of Chermesh et al.

[71] investigated Synbiotic 2000 including four probiotics and four prebiotics admin-
istrated for 24 months found no significant differences between the study group and
placebo regarding clinical picture, laboratory data, and endoscopic activity. Fujimori
etal. [72] included 120 patients with UC (active and inactive) that were randomized
into three groups, first treated with probiotic (Bifidobacterium longum), the second
with prebiotic (Psyllium), and the third one with symbiotic (bifidobacterium longum
plus psyllium) for 4 weeks, observing a significant improvement in the QoL and
decrease in CRP level in the group treated with symbiotic vs. the other two groups.
Another study investigated 41 patients with mild-to-moderate UC, randomized into
two groups, one with standard treatment associated with symbiotic (Bifidobacterium
breve strain Yakult plus GOS) vs. the second group treated only with standard treat-
ment. After 1 year of treatment, authors noticed significant reduction in clinical and
endoscopic activity in study group vs. control [73].

2.5 Paraprobiotics

Paraprobiotics are represented by dead probiotic bacteria cells and cell constitu-
ents. The idea of treating with inactivated bacterial strains or fragments or even
bacterial metabolite products instead of probiotics is reasonable taking into consider-
ation the risk of administrating probiotics in sepsis, immunosuppressed subjects, and
premature babies [74, 75]. They are manufactured by cultivating selected strains of
bacteria and their subsequent inactivation [76, 77].

The advantages of paraprobiotic administration are the following [78-80]:

* the absence of risk of bacterial translocation

the absence of risk of transferring antibiotic resistance genes
* are easier to produce, transport, and store

* more precise therapeutic effects due to their administration in adequate amounts

possibility to be used even in preterm neonates” treatment

multidirectional way of action, the most important being immunomodulation
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Several highly efficient bacterial strains for the health have been selected to
be used as paraprobiotics: Bifidobacterium lactis Bb12, Bifidobacterium longum,
Lactobacillus gasseri OLL2716, Lactobacillus brevis SBC8803, and Lactobacillus
delbrueckii subsp. bulgaricus OLL1073R-1 and Saccharomyces cerevisiae. Moreover,
proteins and peptides, polysaccharides (glucans), and fragments of genetic material
in the form of AT DNA obtained from Lactobacillus spp. have similar effects [81].

At the moment, there are several in vitro studies demonstrating the beneficial
immunomodulatory effect of paraprobiotics in IBD patients. Also, some of the para-
probiotic proteins can improve the regeneration of the intestinal mucosa, and yeast
cell wall components may improve digestion.

In vitro studies demonstrated immunomodulatory, anti-inflammatory, antiprolif-
erative, and antioxidant effects of paraproteins, which seem to be able to prevent and
improve the clinical symptoms of IBD patients [82-84].

2.6 Postbiotics

The term postbiotics refers to metabolites and cell-free supernatants (CFS) and also
soluble factors such as metabolic bioproducts secreted by live microbes [80]. Metabiotics
refers to the structural constituents of probiotic bacteria and/or their metabolites and/
or specific signaling molecules that can improve physiological functions of the body and
regulatory or metabolic reactions related with gut microbiota [85, 86].

Postbiotics are found in fermented food (kefir, sauerkraut, yogurt, certain pickles,
etc.) and inside the human body. They are mainly represented by organic acids (i.e.,
short-chain fatty acids (SCFA)), tryptophan (Trp), and bacteriocins and present
direct benefits due to their action on the host cells and indirect benefits related to the
stimulation of proliferation of beneficial gut bacterial strains and inhibition of harm-
ful microbial strains. They may have different properties depending on their type; the
most important benefit is related to their anti-inflammatory and antioxidant effects.

2.6.1 SCFAs

They are produced by the intestinal fermentation of dietary fiber, non-starch poly-
saccharides (NSP), and resistant starch, mainly in the proximal part of the large bowel,
in relationship with the substrates and the microbiota. The most important SCFAs are
represented by acetic acid (AA), propionic acid (PA), and butyric acid (BA), and a
proper SCFA ratio helps the immune system. Also, they have the capacity to acidify the
environment, which is considered by some researchers to be beneficial by improving the
bioavailability of metals and by protecting against the pathogenic bacteria, but harmful
by others due to the supposed damage of the intestinal mucosal barrier [87-90].

2.6.1.1 Butyric acid (BA)

BA represents one of the most potent SCFAs, acting both in intestinal and
parenteral way [91].
The complex intestinal effects of BA are the following [92-95]:

° represents one of the primary energy sources for colonocytes

* hasa protective intestinal effect by enhancing the expression of mucin genes and
mucin production
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* stimulates the proliferation of normal enterocytes and inhibits the proliferation
of cancerous cells (“butyrate paradox”) secondary to the inhibition of histone
deacetylase (HDAC)

* decreases the expression of genes involved in the synthesis of the major pro-
inflammatory cytokines by inhibiting the activity of the NF-kB complex in the
immune cells

* presents an antioxidant effect by increasing the level of reduced glutathione

At the moment, there are inconclusive results of the clinical studies using either
rectal infusions or oral formulas with BA in patients with IBD.

The parenteral effect of BA, produced also though the inhibition of HDAC,
consists of [96-98]:

* stimulates hemoglobin synthesis and increases the number of reticulocytes,
therefore leading to amelioration of anemia in IBD patients

* determines the secretion of anti-inflammatory cytokine IL-10 and aldehyde
dehydrogenase by binding to a specific receptor expressed in adipocites and
immune cells

* enhances the detoxification process and the removal of electrophilic compounds
in association to the stimulation of Treg lymphocyte differentiation

2.6.1.2 Propionic acid (PA)

PA is found naturally in dairy products secondary to the natural fermentation by
Propionibacterium and also may be added as food preservative. PA produced in the
intestine by the fermentation process of different compounds determined by anaero-
bic flora comprises a much higher proportion compared with the amount delivered
with food [99]. The effects of PA reside in [11, 100]:

* antibacterial and antifungal effects—it inhibits the genes of pathogenic
bacteria and prevents gut colonization with pathogens from Sallmonela

family

* inhibition of local inflammation by diminishing COX2 enzymes and formation
of prostaglandins

* anti-inflammatory properties:
o inhibits lymphocyte proliferation
o activates the synthesis of anti-inflammatory resistin in adipose tissue
o inhibits TNF-a release by neutrophils and endothelial cells

o represents the most potent ligand of GPCR43, a receptor exposed to immunoc-
ites, proving a strong relationship with the immune system
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2.6.1.3 Acetic acid (AA)

There are discordant results concerning AA, some research suggesting stimulation
of the proliferation of neoplastic tissue, others inhibition of the neoplastic tissue dur-
ing hypoxia, and even onset of metabolic syndrome and obesity [101, 102].

2.6.1.4 Adjuvant treatment with SCFA in IBD

Vernia et al.(1995) [103] used enemas twice daily for a period of 6 weeks vs.
placebo group; they obtained statistically significant decreases in intestinal bleeding
and urgency, as well as an improved patient self-evaluation score compared with
placebo. The study of Liihrs et al. [104] compared the efficiency of a butyrate enema
versus a placebo, used twice daily for a period of 8 weeks. They showed that study
patients presented a significant reduction in the number of macrophages with NF-kB
expression and also a decreased number of neutrophils in crypt and epithelia and of
lymphocytes and plasma cells of the lamina propria, proved in bioptic specimens,
in correlation with the disease activity. Another study performed a randomized,
prospective evaluation of corticosteroid enemas and mesalazine enemas vs. SCFA
enemas in patients with distal UC (proctosigmoiditis), proving similar recovery rates
between these three groups [105].

The study of Hamer et al. [93] using rectal enemas with sodium butyrate vs.
saline for 20 days in patients presenting distal UC in clinical remission demon-
strated minor effects induced by butyrate on colonic inflammation and oxidative
stress. They proved the effect of BA on colonic glutathione levels. Another random-
ized trial [106] investigated sodium butyrate enemas for 2 weeks vs. placebo in
patients with distal UC non-responsive to conventional treatment. The authors
found a significant decrease in the number of stools, blood discharge, endoscopic
score of severity, and histologic score of inflammation in patients treated with SCFA
enemas. Scheppach et al. [107] compared enemas of combined SCFA, butyrate, or
saline placebo in patients with active distal UC twice daily for 8 weeks showing a
trend toward a beneficial effect of SCFA enemas. Some other studies were not able
to prove the efficiency of treatment with SCFA enemas [108, 109]. They were able
to show that only patients with colitis dating back less than 6 months responded
significantly more to SCFA vs. placebo. In conclusion, the results of most studies
using SFCA are inconsistent.

2.6.2 Tryptophan (Trp)

Tryptophan represents a fine regulator of inflammation involved in the adaptive
immunity, mucosal barrier, and intestinal homeostasis. Gut microbiota metabolizes
tryptophan, through this influencing serotonin and the immune system. Most
products of the bacterial metabolism of tryptophan represent ligands for the aryl
hydrocarbon receptor (AhR) that mediate the expression of genes responsible for the
metabolism of xenobiotics (i.e., dioxins, drugs) metabolized by the cytochrome P450.
Tryptophan metabolites such as AhR ligands are essential in the gut mucosal protec-
tion against inflammation and for maintaining intestinal homeostasis by helping
mucosal barrier integrity and acting on many immune cell types. The metabolism
of Trp generates some bioactive postbiotic derivatives, including indole acetate and
propionate indole. Host enzymes involved in Trp metabolism (IDO1 enzyme) have a
positive effect on clinical activity of IBD [110-114].
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In patients with IBD, it was suggested that pro-inflammatory cytokines initi-
ate the conversion of Trp to its metabolites. A very small amount of ingested Trp is
conversed to serotonin, which acts not only on the CNS but also on the digestive tract,
influencing gut vasodilation, motility, secretion, and absorption processes. Trp and
its metabolites represent potential therapeutic targets in IBD. In this regard, trials
using the administration of Lactobacillus, which produces AhR agonists, were able to
demonstrate a decrease of colonic inflammation in animal models [115, 116].

2.7 Antibiotics

Antibiotics may have an insecure effect on the gut microbiota homeostasis,
leading to an increase in Enterobacteriaceae and reduction in Clostridia, represent-
ing a possible pre-IBD state [117]. Moreover, IBD patients treated with antibiotics
have an increased risk of developing an overgrowth of pathogenic microbes (e.g.,
Clostridioides difficile), fungi (e.g., candida), and bacteriophages [118]. Antibiotics
have been widely used, in both pediatric and adult IBD especially in situations (pou-
chitis, perianal disease, abdominal abscesses), but even in luminal disease. Suggested
potential mechanisms for the role of antibiotics in IBD patients include [119, 120]:

* direct influence on the gut microbiota, stimulating anti-inflammatory flora (e.g.,
Bacteroides and Firmicutes), while reducing bacteria that are associated with
inflammation (Enterobacteriaceae—Escherichia coli, Fusobacterium)

* change metabolic enzymatic pathways determined by gut bacteria
e target pathobionts that are invading the mucosa in CD

In most of the cases, antibiotics are used empirically, without identification of a
specific microbial target. A case series [121] with very early-onset IBD patients refrac-
tory to other conventional treatments, mean age of 1.6 years, demonstrated that oral
administration of Vancomycin + Gentamycin can induce sustained remission.

The Cochrane systematic review of Townsend et al. [122] assessed the efficacy
and safety of antibiotic administration for induction/maintenance of remission in
CD. There were 13 RCTs included, comprising 1303 patients. Comparisons included
ciprofloxacin/rifaximin/metronidazole/clarithromycin/cotrimoxazole vs. placebo,
ciprofloxacin plus metronidazole vs. methylprednisolone, ciprofloxacin, metronida-
zole and budesonide vs. placebo with budesonide, ciprofloxacin vs. mesalazine, cipro-
floxacin plus adalimumab vs. placebo with adalimumab, ciprofloxacin plus infliximab
vs. placebo with infliximab, clarithromycin and antimycobacterial vs. placebo, and
metronidazole plus cotrimoxazole vs. placebo. All antibiotics were pooled as a class vs.
placebo, and antibiotics plus anti-TNF vs. placebo with anti-TNF. There was an uncer-
tain effect of individual antibiotics on CD patients due to imprecision. Considering
antibiotics as a class, 55% of the patients treated with antibiotic failed to achieve
remission at 6-10 weeks vs. 64% of placebo group; 41% of the patients with antibiotic
failed to achieve a clinical response at 10-14 weeks vs. 49% of placebo group (RR
0.77). The effect of antibiotics on relapse and on serious AE was unclear. They do not
seem to increase the risk of AEs. The most frequent adverse events included gastro-
intestinal distress, upper respiratory tract infection, abscess development, headache,
change in taste, and paresthesia. When antibiotics were combined with anti-TNF,
21% of patients on associated therapy failed to achieve a clinical response/remission
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at week 12 vs. 36% of placebo patients (RR 0.57, low certainty evidence); 77% of the
combined group had an AE compared with 83% with placebo (RR 0.93). In active CD,
evidence suggests a modest benefit provided by antibiotics that may not be clinically
significant. In this context, more research is needed to establish the efficacy and
safety of antibiotic treatment for maintenance of remission in CD patients.

In the future, due the development of microbiome evaluation techniques, by
assessing the specific gut microbiome from patient stool samples before treat-
ment, we will be able to select the right IBD candidates for antimicrobial treatment
[123] in order to target specific pathobionts or to favorable modulate microbiome/
metabolome.

2.8 Fecal microbiota transplantation (FMT) for the treatment of IBD

The study of Zhang et al. [124] investigating the role of FMT in an UC mouse
model induced by dextran sulfate sodium demonstrated that FMT intervention
decreased disease activity index levels and the histopathological changes, reduced the
expression of colonic cytokines and oxidative stress, restored the gut microbiota, and
increased the concentrations of gut SCFAs.

The systematic review of Imdad et al. (2018) [125] included four studies (277
participants), which assessed the efficiency of FMT for the treatment of UC, most
of the subjects presenting mild-moderate forms of disease; authors did not find any
eligible trials for the treatment of CD. Three of the studies administered FMT via the
rectal route and one study via the nasoduodenal route. Combined data suggest that
FMT increases the percentage of clinical remission by twofold in patients with UC
compared with control group, 37% (52/140) of FMT patients vs. 18% (24/137) of
control subjects achieving remission (RR 2.03). One of the studies reported that none
of the patients receiving FMT relapsed at 12 weeks vs. 20% of control (RR 0.28). It
was inconclusive whether there is a difference in serious adverse event (SAE) rates
between the FMT and control groups, including worsening of the disease needing
intravenous steroids/surgery, infections (e.g., Clostridium difficille, cytomegalovi-
rus), small bowel perforation, and pneumonia. Common adverse events included
digestive symptoms, upper respiratory tract infection, fever, headache, and dizziness.
At 8 weeks, 49% (68/140) of FMT patients vs. 28% (38/137) of controls achieved
clinical response (RR 1.70). Also, 30% (35/117) of FMT vs. 10% (11/112) of control
subjects (RR 2.96) achieved endoscopic remission.

The systematic review and meta-analysis of Fang et al. [126] investigated the
efficacy and safety and protocol of FMT for IBD, including a total of 596 pediatric
and adult patients, out of which 459 received FMT. Data showed that patients with
moderate-severe attacks of disease could develop significantly higher remission rates
with FMT vs. patients with mild-moderate attacks. Also, in case of UC patients, FMT
determined significantly higher clinical remission rates vs. placebo (28% vs. 9%,
P=0.0003). The authors conclude that FMT represents an efficient and safe therapy
for IBD patients (both pediatric and adult). In this meta-analysis, the type of donor
stool (fresh/frozen), route of delivery, and antibiotic pretreatment proved to have no
impact in patients with IBD. Due to these results, they considered FMT as a potential
rescue therapy, possibly even an initial therapy for IBD.

Sokol et al. [127] performed a randomized, single-blind and sham-controlled pilot
study of FMT in adults with colonic/ileocolonic CD who were enrolled while receiv-
ing oral corticosteroid in active disease. After achieving clinical remission, patients
were randomized to receive either FMT or sham transplantation, while receiving a
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second colonoscopy at week 6. The primary endpoint consisted of the implantation
of the donor microbiota at week 6 (Sorensen index > 0.6). In this study, eight patients
received FMT and nine patients sham transplantation. Data revealed that none of

the patients included reached the primary endpoint. Because a low similarity index
between donor and recipient gut microbiota in several patients was detected, authors
assume that a single FMT might not be sufficient to induce significant changes.
However, FMT demonstrated to be more efficient over sham transplantation in
decreasing Crohn’s Disease Endoscopic Index of Severity (CDEIS) and CRP level,
and a higher colonization by donor microbiota leads to the maintenance of remission.
These results must be confirmed in larger studies.

At this time, we can conclude that, although there were some clinical benefits seen
in UC patients treated with FMT, there is still some uncertainty regarding the rate of
serious adverse events related to FMT treatment in IBD patients. Moreover, further
studies are needed to evaluate the efficacy of FMT treatment for induction of remis-
sion in CD patients (Figure 3). Future research should define the optimal parameters
of FMT (delivery route, frequency, volume, type of preparation, type of donor, and
also the type of IBD and severity of the attack). Also, more data regarding long-term
maintenance of remission with FMT treatment in IBD patients are needed, along with
validation regarding long-term safety of FMT.

2.9 Phage therapy

Research studies assessed the association of the enteric virome and IBD, show-
ing alterations of the virome patients with IBD. One study showed an increased

- ¢ Capsule
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» Gastroscopy;
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» Transendoscopic enteral tube (TET).

Intestinal interventions:

» Colonoscopy;
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Anaerobic processing

C
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Figure 3.
Fecal microbiota transplantation vegimen.
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number of phages infecting some bacteria such as Clostridiales, Alteromonadales,
and Clostridium acetobutylicum, along with a higher number of viruses from the
Retroviridae family in IBD patients [128, 129]. A follow-up study identified a signifi-
cantly higher diversity from phages associated with a reduction in bacterial diversity
in subjects with IBD vs. controls. In a pediatric population with IBD, Caudovirales
were more significantly represented. [130]. Higher abundance and reduced diversity
of phages and a decreased number of phage-related functions in patients with UC
[131] were discovered; these aspects suggest the possibility of new treatments target-
ing the virome in this IBD subtype.

“Phage therapy” signifies the modulation of phageome, and by this, the bacteri-
ome of an individual suffering from a disease considered to stem from bacterial origin
(Figure 4). It includes several steps [132]:

* changing the genetic information of an existing phage for successful adsorption to
a specific bacterial strain

* preparation of one/more phage strains

* development of a dosing schedule

* administration of the preparation to the patient

In this regard, phages engineered to be usable for treatment should not be recog-
nized by the immune system of the host. Several studies revealed the ability of phages
to stimulate the production of antibodies, findings that could assign phages negative
effects on the gut environment. However, there are data showing that phages may also
have anti-inflammatory effects. For example, the modulation of NF-kB activity by
Staphylococcus aureus phage was discovered [133]. It is considered that the systemic
presence of phages could play a crucial role in diminishing the immune response and
the development of some auto inflammatory/inflammatory diseases including IBD.

A ; B Cc

()

< : a :
Virus O Host DNA + viral DNA @% Cellular debris
/ﬂTv

O Host DNA P Therapeutic agent
Y bound on its receptor

Figure 4.
Phage thevapy modulation. A—the phage attachments to the host; the incorporation of the genetic information
into the DNA of the host; B—the administration of the therapeutic agent; C—the degradation of the bacterium.
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Gorski et al. found that the phages can traverse the mucosa and enter the systemic
circulation, a phenomenon discovered even in healthy subject and associated with
immunomodulation [134]. Inflammation increases the intestinal permeability, and a

higher number of phages enter in the circulation.

In an IBD patient, it was considered important to be able to introduce a “phage
cocktail” into the colon that is not able to incorporate its genetic information into
bacteria. Therefore, phages may be engineered to lack the enzyme determining the
genome integration [135]. On the other hand, it may be more useful to control the
switch between lytic/lysogenic life cycles, as it might be more beneficial if the phage
stayed incorporated in the gut bacterial genome able to act in case of a dysbiotic

state [132].

2.9.1 Fecal microbiota transplantation as a tool for phage therapy

One of the first studies focusing on the composition of the virome after FMT
found the transfer of viral sequences from a healthy donor to pediatric UC patients.
Among the sequences, the members of Siphoviridae were transferred with greater
efficiency than other groups [136]. Of particular importance is also a study by
Broecker et al., who found the phage population of a recipient CDI patient after FMT
to be very similar to the donor in contrast to the composition of bacteria. [137].

The study of Ott and colleagues [138] demonstrated that the administration of
sterile donor fecal matter to patients with Clostridium difficile infection, showing the
cessation of symptoms. It is suggested that the effect of FMT can be at least partially
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determined by different parts of the bacterial cell and even non-viable bacterial vec-
tors and phages action.

2.9.2 Safety and efficiency of phage therapy

Galtier et al. [139] infected mice with an adherent-invasive E. coli strain known
to be implicated in IBD pathogenesis and administered phage preparation to murine
gut sections, living animals, and homogenates of ileal biopsies obtained from CD
patients, obtaining a decrease in the colony-forming units of the E. coli strain and a
reduction of the clinical picture of dextran sodium sulfate-induced colitis in mice.

Many research studies were not able to find any serious life-threatening adverse
effects related to phage treatment [140-142]. A phase I therapy of venous leg ulcers
in humans also demonstrated no safety concerns [143]. Another study using transfer
of whole viral communities via FMT between humans shows that none of the trans-
ferred viruses infected human cells [136]. These results highlight the safety of phage
therapy, without the development of any serious side effects.

An overview of the current microbial-targeted therapies as well as future treat-
ment approaches for patients with IBD is presented in Figure 5.

3. Conclusions: trends toward a personalized treatment in IBD

IBD patients comprise a genetically and clinically heterogeneous population,
with particular phenotypes of the disease, severity of the disease, and specific gut
microbiota, aspects that lead to different activation of the immune system, response
to treatment and disease evolution.

For these reasons, future efforts should be made toward initiation of a personal-
ized treatment in IBD, based on specific evaluation of the gut microbiota and of
the profile of the immune system in these patients. This attitude will allow a better
understanding of the pathogenesis of IBD and the implementation of specific tar-
geted treatments for the restoration of gut microbiome and correction of bacterial
metabolic functions, along with the restoration of the regulatory immune system.
In this context, we expect a safer and more efficient therapeutic approach for the
management of IBD patients, using novel therapeutic arsenal.
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