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ABSTRACT Liver transplantation (LT) is a life-saving strategy for patients with end-
stage liver disease, hepatocellular carcinoma, and acute liver failure. LT success can
be hampered by several short-term and long-term complications. Among them, bac-
terial infections, especially those due to multidrug-resistant germs, are particularly
frequent, with a prevalence between 19 and 33% in the first 100 days after trans-
plantation. In the last decades, a number of studies have highlighted how the gut
microbiota (GM) is involved in several essential functions to ensure intestinal homeo-
stasis, becoming one of the most important virtual metabolic organs. The GM works
through different axes with other organs, and the gut-liver axis is among the most
relevant and investigated ones. Any alteration or disruption of the GM is defined as
dysbiosis. Peculiar phenotypes of GM dysbiosis have been associated with several
liver conditions and complications, such as chronic hepatitis, fatty liver disease, cir-
rhosis, and hepatocellular carcinoma. Moreover, there is growing evidence of the
crucial role of the GM in shaping the immune response, both locally and systemi-
cally, against pathogens. This paves the way to the manipulation of the GM as a
therapeutic instrument to modulate infectious risk and outcome. In this minireview,
we provide an overview of the current understanding of the interplay between the
gut microbiota and the immune system in liver transplant recipients and the role of
the former in infections.

KEYWORDS Clostridium difficile infections, fecal microbiota transplantation, gut micro-
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THE SYSTEMIC INFLUENCE OF THE GUT MICROBIOTA, THE RELEVANCE OF LIVER
TRANSPLANTATION, AND THE ROLE OF INFECTIONS IN LIVER TRANSPLANTATION

Liver transplantation (LT) is the only curative treatment for patients with end-stage
liver disease (ESLD), acute liver failure (ALF), and hepatocellular carcinoma (HCC). LT

has revolutionized the prognosis of chronic and ALF, increasing survival rates from 10
to 20% (all causes combined) to 75 to 80% at 1 year and 70% at 5 years (1). In recent
years, an extension of indications for LT has been observed, as high as 7,614 procedures
performed in Europe in 2017 according to the European Liver Transplant Registry (2). One
of the most significant complications of LT is represented by infections, especially those
due to bacteria originating from the gastrointestinal (GI) tract, with major bacterial infec-
tion rates ranging from 36% to 69% in the posttransplant period (3–5). The importance of
the gut microbiota (GM) in liver disease has been highlighted lately, with several works dis-
secting the so-called gut-liver axis. Intestinal commensals and their product can reach the

Citation Ancona G, Alagna L, Lombardi A,
Palomba E, Castelli V, Renisi G, Dondossola D,
Iavarone M, Muscatello A, Gori A, Bandera A.
2021. The interplay between gut microbiota
and the immune system in liver transplant
recipients and its role in infections. Infect
Immun 89:e00376-21. https://doi.org/10.1128/
IAI.00376-21.

Editor Anthony R. Richardson, University of
Pittsburgh

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Andrea Gori,
andrea.gori@policlinico.mi.it.

Accepted manuscript posted online
30 August 2021

Published

November 2021 Volume 89 Issue 11 e00376-21 Infection and Immunity iai.asm.org 1

MINIREVIEW

15 October 2021

https://orcid.org/0000-0002-8506-5115
https://doi.org/10.1128/IAI.00376-21
https://doi.org/10.1128/IAI.00376-21
https://doi.org/10.1128/ASMCopyrightv2
https://iai.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00376-21&domain=pdf&date_stamp=2021-8-30


liver, where they modulate both innate and adaptive immunity, regulate liver inflammation,
and promote liver fibrosis, among others (6). Moreover, the prevalence of specific bacterial
populations has been associated with the development of bloodstream infections (BSI) in
the pre- and posttransplant period (7). LT significantly impacts the GM, with relevant changes
in its composition. LT seems able to partially improve the GM diversity and dysbiosis that
characterize patients with ESLD, even though residual dysbiosis remains (8–10). Interestingly,
dysbiosis after LT seems associated with colonization by multidrug-resistant bacteria, sug-
gesting that procedures aiming to modulate GM composition can have relevant clinical con-
sequences (11). In this review, we provide an overview of the GM in liver disease and its cor-
relation with disease severity. We analyzed the data currently available about GM changes
after LT and their impact on the immune system. Finally, we highlighted some manipulation
strategies of GM already in place and suggested some future directions for research and ther-
apeutic approaches involving GM in LT recipients.

GUTMICROBIOTA: FEATURES AND FUNCTION

The human microbial ecosystems comprise bacteria, archaea, eukaryotes, and viruses,
which colonize different body habitats, including the gut, the skin, the vagina, and the
respiratory tract. At the gut level, the total number of prokaryotes located in ecological
niches includes 14� 1013 to 14� 1014 bacteria, renamed the microbiota; the gut microbiota
contains 3� 106 genes, which is 100 times greater than the number of genes in the human
genome (3 � 104). For 1,000 bacterial species, with at least 160 species per individual, the
microbiota is renamed the microbiome; although the two terms are different, they are often
used interchangeably by the scientific community.

Principal human gut taxa are described in Fig. 1. The human microbiota is individual
specific and relatively stable during the adult period but with strong differences accord-
ing to age, from childhood (higher Clostridium spp. and Bifidobacteria spp.) to elderly
age (higher Firmicutes/Bacteroidetes ratio) (12). Moreover, other important factors could
influence the diversity of microbiota: both gender and sexual behaviors, body mass
index (BMI) (with different microbiota profiles in obese individuals), the kind of diet, the
geographic area, and, of course, the use of antibacterial agents or pre- or probiotics.
Other conditions that could also modify the composition of microbiota are the develop-
ment of different gastrointestinal disorders like intestinal inflammatory diseases, meta-
bolic diseases like diabetes, and autoimmune disorders like celiac disease (13).

The gut microbiota serves an essential role in maintaining intestinal homeostasis.
Indeed, the vast majority of these bacteria in the colon are strict anaerobes, which are
able to perform, essentially, saccharolytic fermentation of nondigestible substrates from
dietary fibers. Two of the most important metabolic patterns are gut microbiota related:
short-chain fatty acid (SCFA) production and bile acid metabolism, both essential for gut
health. Regarding the first aspect, the diet carbohydrates are fermented to SCFAs, i.e., ac-
etate (C2), propionate (C3), and butyrate (C4), in the colon. SCFAs are the major metabolic
products of anaerobic fermentation, with total concentrations of 50 to 200 mM in the co-
lon, that can bind specific immunologic receptors and, subsequently, be used as sources
of energy, as regulators of gene expression for epithelial integrity, and for immunologic
interactions. If acetate is a fermentation product for most gut bacteria, the other two
SCFAs, propionate and butyrate, are considered healthy SCFAs, with a different subset of
bacterial producers (13, 14). Priopionate is metabolized through two pathways involving
specific taxa (mainly Bacteroidetes, Negativicutes class of Firmicutes, and Lachnospiraceae).
Conversely, for the final metabolic step toward butyrate, species are distributed among
different taxa (Ruminococcaceae, Lachnospiraceae, and other Firmicutes families like
Erysipelotrichaceae and Clostridiaceae) (15).

The second significant function of the GM is linked to the secondary bile acid pro-
duction of lithocholic acid (LCA) and deoxycholic acid (DCA) through 7a-dehydroxyla-
tion of the primary bile acids chenodeoxycholic (CDCA) and cholic acid (CA), respec-
tively (16), performed by Clostridium taxa as well as the Eubacterium genus, playing a
key role in the enterohepatic circulation of bile acids: secondary bile acids produced by
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7a-dehydroxylation are passively absorbed in the large intestine and returned to the
liver. Furthermore, with regard to bile metabolism, the gut microbiota is involved in
bile salt hydrolases, an activity characterized by several gut microbiota taxa like the ge-
nus Bifidobacterium (from the phylum Actinobacteria), the genus Bacteroides (from the
phylum Bacteroidetes), and the genera Clostridium, Lactobacillus, and Listeria (from the
phylum Firmicutes): it was postulated that this function could play a “detoxification”
role. Through these peculiar functions, the gut microbiota plays a significant role both
in metabolic function (energy metabolism related to the bile acid metabolites) and

FIG 1 Gut microbiota taxa. Gut microbiota composition for the main 6 taxa (at phylum and class level for higher divisions; at family level for lower
divisions), which belong to the Bacteria kingdom (black circle); not represented are order, genus, and species taxa. Phyla are represented by big circles,
colored backgrounds, and white characters. Classes are presented by smaller circles, colored backgrounds, and black characters. Families are represented
by ellipsoid circles, no colored backgrounds, and black characters. Taxa from the phyla Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Verrucomicrobia, and Fusobacteria are represented in blue, red, yellow, brown, green, and turquoise, respectively. “Other phyla” (in sky blue) not
represented include Tenericutes, Lentisphaerae, Spirochetes, Synergistetes, and other minor phyla. Taxa from the kingdoms Archaebacteria and Eukaryotes are
not represented here.
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anti-infectious activity (antimicrobial effects related to bile acid metabolites, i.e., inhibi-
tion of Clostridioides difficile activity performed by secondary bile acids). These specific
features determine the concept of the gut-liver axis: an anatomical and functional
bidirectional relationship between the gut microbiota and the liver, essentially using
portal circulation (17). The alteration of this crucial balance is often associated with
both intestinal integrity alterations and gut microbial dysbiosis. It is important to note
that dysbiosis represents a change in the numbers of microbes (with an unbalance
among taxa) and/or a change in the diversity of the microbiota due to specific dis-
eases. Yet a clear definition of dysbiosis is difficult to provide, because there is dis-
agreement about the term “eubiosis” due to intraindividual differences among distinct
body sites and interindividual variations among healthy individuals (18, 19). In the pre-
next-generation-sequencing (pre-NGS) era, studies on fecal gut microbial differences
were based merely on culture-dependent methods and/or reduced power detection
technology through preselected quantitative PCR methods. After the introduction of
NGS technology, it was possible to analyze the gut microbial composition through all
taxa, from phylum to species, as well as to distinguish some variants among the same
species. These results can be analyzed through LEfSe analysis (linear discriminant anal-
ysis effect size, an algorithm which emphasizes the differences between two groups)
and/or a rough relative abundance comparison at each taxon level. Other appropriate
methodologies are related to two different ecological measurements: a- and b-diver-
sity. In humans, a-diversity indexes measure the level of diversity within individual
samples: its comparison represents a measure of richness and/or evenness of bacterial
taxa. Nevertheless, b-diversity measures the level of diversity (or dissimilarity) between
samples, using permutational multivariate analysis of variance (PERMANOVA) analysis.
In the end, other methodologies are linked to function studies, instead of composition
analyses, from a prediction algorithm (Picrust) to metagenomics and/or metabolomics
investigations (20–22).

GUTMICROBIOTA DYSBIOSIS AND CIRRHOSIS DISEASE

End-stage liver disease (ESLD) is a condition characterized by advanced liver dis-
ease, decompensated cirrhosis, and liver failure, associated with significant morbidity
and mortality. ESLD progressively develops under a continuous inflammatory condi-
tion that leads to fibrosis and alteration of liver architecture and function (23). The only
available cure is liver transplantation (LT), and the primary disease of LT recipients
changed over time. Cirrhosis due to viral infections (hepatitis C virus [HCV], HBV, and
HDV), alcoholic liver disease (ALD), and nonalcoholic fatty liver disease (NAFLD) is the
most important clinical setting leading to ESLD (24–27). As described by Belli et al. (28),
after the advent of direct-acting antivirals (DAA) in 2014, a dramatic decline was
observed in the number of liver transplants performed both in patients with decom-
pensated cirrhosis due to HCV and in those with hepatocellular carcinoma associated
with HCV, with a 60% and 40% reduction in the need for transplants, respectively. In
contrast, transplants for chronic HBV infection have remained stable (even if uncom-
mon) over time in Europe since the introduction of nucleoside analogues (28). The
decline in the number of LTs due to HCV infection in Europe and the United States has
been outweighed by nonviral causes, particularly non-alcoholic-steatohepatitis (NASH)
and ALD (28–30). NAFLD commonly develops in the liver of patients affected by meta-
bolic syndrome: it comprises different clinical manifestations, from simple steatosis to
NASH to a more advanced disease (31). Given the rise in obesity and metabolic syn-
drome in high-income countries, NASH is expected to become the leading indication
for LT globally (27, 32) and is now considered one of the growing causes of HCC
among patients listed for LT (33).

Each liver disease and stage seem to be characterized by specific gut microbiota
dysbiosis profiles; in this review, we will focus on gut microbiota phenotypes linked to
cirrhosis and their correlation with severity indexes.
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Indeed, cirrhosis represents the final step for LT and plays a crucial role in the
pathogenesis of complications, like hepatic encephalopathy (HE), infections, or acute
on chronic liver failure (ACLF) as well as spontaneous bacterial peritonitis (SBP) through
bacterial translocation and/or their products like lipopolysaccharide (LPS) from Gram-
negative bacteria. A considerable number of studies have described gut microbiota
alterations in cirrhosis patients compared with healthy controls (Table 1).

Chen et al. (34) described for the first time a distinct gut microbiota pattern, showing in
patients with cirrhosis a trend in reduction in a-diversity according to the Shannon index.
Interestingly, b-diversity analysis described a separation between cirrhotic patients and
controls, according to the unweighted UniFrac index. The relative abundance analyses
showed a different gut microbiota core characterized by an unbalance in both phylum
(i.e., a decrease in Bacteroidetes and an increase in Proteobacteria-Fusobacteria) and family
taxa (increases in Enterobacteriaceae, Veillonellaceae, and Streptococcaceae and decreases in
Lachnospiraceae family and Bacteroidaceae taxa). In parallel, Bajaj et al. in 2011 (35) observed
an increase in Enterobacteriaceae and Fusobacteriaceae families and also Alcaligenaceae,
Leuconostocaceae, and Lactobacillaceae, as well as a reduction in Ruminococcaceae,
Lachnospiraceae, and Clostridium incertae sedis XIV in the cirrhosis group (with and
without HE) in comparison to controls. These findings were consistent with the results of
Chen et al. although vaster in number of taxa involved. These significant differences
occurred across all taxa, from phylum level to genus level, suggesting that a deep gut
microbiota dysbiosis exists in the cirrhotic setting, irrespective of the underlying etiology
of liver disease. An exception could be ALD, where a limited influence on gut microbial
dysbiosis seems to be performed by this pathology through the involvement of Prevotellaceae
in some analyses (34) or the Veillonellaceae-rich and Bacteroidaceae-Porphyromonadaceae-poor
profile in others (36).

Interestingly, in another work, Kakiyama et al. in 2013 (37) observed a higher relative
abundance of Enterobacteriaceae and Veillonellaceae taxa and a lower relative abundance
of Ruminococcaceae, Lachnospiraceae, and Rikenellaceae taxa (more specifically, the genus
Blautia of the Lachnospiraceae family) in the cirrhotic group than in the controls; however,
these findings were even stronger in advanced cirrhosis according to the Child-Turcotte-
Pugh (CTP) score (i.e., classes B and C [see below]). Interestingly, in this work, a positive cor-
relation between Ruminococcaceae and the DCA/CA ratio as well as between Blautia (a 7a-
dehydroxylating bacterium) and the LCA/CDCA ratio has been found. From these data, we
could infer that a reduction in conversion of primary to secondary bile acids is associated
with an abundance of key gut taxa in decompensated cirrhosis. As a conclusion, from
these works we can argue that gut microbial dysbiosis during cirrhosis is unbalanced,
essentially characterized by a reduction in Firmicutes taxa involved in several metabolic
functions (Clostridium incertae sedis XIV, Lachnospiraceae, Ruminococcaceae) in association
with an increase in Proteobacteria (essentially Enterobacteriaceae) taxa, often rich in poten-
tial pathogens, irrespective of the etiology of cirrhosis, with a peculiar involvement of bile
acid metabolism. Other peculiar aspects have yet to be investigated to better understand
this complex scenario.

GUTMICROBIOTA DYSBIOSIS AND COMPLICATIONS OF CHRONIC LIVER DISEASE

Another important aspect worth mentioning consists of the link between GM variation
and the development of complications in cirrhotic patients. Since their early work, Bajaj et al.
(35) have shown how HE, a frequent complication of cirrhosis, is characterized by a GM altera-
tion similar, but not equal, to that in healthy controls. In this study, patients in the HE sub-
group had a higher prevalence of Veillonellaceae than the group of cirrhosis patients without
HE. In contrast, Enterobacteriaceae, Alcaligenaceae, Lactobacillaceae, and Streptococcaceae were
more highly represented in the GM of HE patients than in that of controls. Interestingly, a dif-
ferent dysbiosis profile was reported by Ahluwalia et al. (38), who described a higher expres-
sion of Aerococcaceae and a lower representation of Lachnospiraceae in the HE subgroup than
in the subgroup without HE.
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In line with the previous study, Bajaj et al. (39) did not report substantial differences in
fecal gut microbiota between the HE group of cirrhotic patients and the non-HE group of
cirrhotic patients, corroborating the idea that during cirrhosis, even in non-HE patients, the
gut alterations have begun. Consistent with this, in another work, Chen et al. in 2015 (40)
identified a similar pattern, with a reduction only in the Lachnospiraceae family in the HE
subgroup of patients compared to the non-HE patients, always from fecal samples.

Despite differences that could be related to the material investigated (16S DNA ver-
sus 16S RNA analyses), the etiologies (viral and ALD etiology but not the NAFLD
group), and the study site (mucosal versus fecal samples), Bajaj et al. at the end of
2013 (41) also showed how fecal gut microbiota remained unchanged during the fol-
low-up period in cirrhotic patients with no complications. In contrast, when a compli-
cation occurs, the gut microbiota could change, with an increase in dysbiosis, which is
also expressed by the cirrhosis/dysbiosis ratio (CDR) value, a ratio of “autochthonous”
to “no-autochthonous” taxa (Lachnospiraceae plus Ruminococcaceae plus Clostridiales
incertae sedis XIV/Enterobacteriaceae plus Bacteroidaceae), irrespective of the introduc-
tion of confounding factors like the start of lactulose therapy or the onset of antibacte-
rial agent treatment.

What occurs during the transition from a compensated cirrhosis setting (without
complications) to a decompensated cirrhosis setting (with or without complications)
remains unknown. In the same study (41), Bajaj et al. showed how fecal gut microbiota
differs between compensated and decompensated cirrhosis. For the first subgroup
(compensated cirrhosis), they confirmed a typical cirrhotic pattern with a Ruminococcaceae-,
Clostridiales incertae sedis XIV-, and Veillonellaceae-poor profile and a Porphyromonadaceae-,
Bacteroidaceae-, and Enterobacteriaceae-rich profile, while in the second subgroup (decom-
pensated cirrhosis), an increase in the families Enterobacteriaceae, Enterococcaceae, and
Staphylococcaceae associated with a decrease in the family Bacteroidaceae was observed,
suggesting that a specific role exists for these taxa in the progression to end-stage liver
disease.

Another significant complication of cirrhotic disease is the development of ACLF.
Chen et al. in 2015 (40), using Illumina technology, described deep gut microbiota
alterations during ACLF consisting of a decrease in Bacteroidaceae, Ruminococcaceae,
Porphyromonadaceae, and Lachnospiraceae taxa and an increase in Veillonellaceae,
Pasteurellaceae, Streptococcaceae, and Enterococcaceae in the ACLF group compared
to controls. In this setting, profound alterations in the GM were observed through
the a-diversity indexes for both richness and evenness, as well as a b-diversity separation
between the ACFL group and controls.

With regard to SBP, an interesting work by Santiago et al. (42) in 2016 confirmed a
reduced a-diversity (according to the Chao1 index) in the cirrhotic group compared to
controls and a b-diversity separation (according to the UniFrac indexes) between
patients with ascites and patients without ascites. However, they did not see significant
differences in intracirrhotic group analysis (patients with ascites versus patients with-
out ascites) in a- and b-diversity analyses, but they found a stronger significant differ-
ence in relative abundance analysis, with enrichment in Veillonella dispar and a reduc-
tion in Ruminococcaceae, Clostridiales, Peptostreptococcaceae, Roseburia faecis, and
Alistipes putredinis taxa. Moreover, a higher level of plasmatic LBP (LPS binding pro-
tein), a marker of microbial translocation, was detected in patients with cirrhosis com-
plicated by ascites, suggesting that a potential role of gut microbial dysbiosis also
exists in this setting of this complication.

SEVERAL KEY POINTSMUST BE CONSIDERED FOR THE ANALYSIS OF GUTMICROBIOTA
IN THIS FIELD

First, it is noteworthy to consider the concomitant treatment taken, in order to have
correct data analysis and comparison between studies. In fact, as previously described
for instances in which patients are administered omeprazole (Bajaj et al., 2014 [43]),
some differences in microbiota composition may be extremely accentuated.
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In addition, other differences in GM results also depend on the methodology used. In
fact, metagenomic analyses may have higher accuracy and resolution than 16S-related NGS
technology (44).

Lastly, some studies highlighted a difference between GM analyzed from intestinal mu-
cosal biopsy specimens and GM analyzed from feces (39, 44, 45). Indeed, lower Roseburia
abundance and higher Enterococcus, Veillonella,Megasphaera, and Burkholderia abundance
were found in mucosal samples than in fecal samples in both non-HE and HE groups (39).
Further analyses are needed to address these research questions.

GUTMICROBIAL DYSBIOSIS AND DISEASE SEVERITY INDEXES

Prognostic models are useful for estimating disease severity and survival prediction
and can serve as helpful medical decision-making tools for guiding patient care. Two
models, the Child-Turcotte-Pugh (CTP) classification and the model for end-stage liver
disease (MELD), are commonly used in classifying and caring for patients with chronic
liver disease (CLD). The CTP classification has been used to assess the risk of nonshunt
operations in patients with cirrhosis. It includes parameters like serum albumin, biliru-
bin, prothrombin time (international normalized ratio [INR]), and presence of ascites
and encephalopathy, with a score ranging from 5 to 15 in 3 classes: CTP class A (well-
compensated cirrhosis) with a score between 5 and 6, CTP class B (significant func-
tional deterioration) with a score between 7 and 9, and CTP class C (decompensated
cirrhosis) with a score between 10 and 15. These categories were generated to predict
mortality rate in patients with cirrhosis undergoing abdominal surgery, but in several
studies they showed a good correlation with survival in nonsurgical settings (46, 47).

MELD was originally developed to predict survival following elective placement of a
transjugular intrahepatic portosystemic shunt (TIPS) (48). The model was subsequently
validated as a predictor of survival in several cohorts of patients, including patients on
the waiting list for LT, hospitalized patients with liver decompensation, ambulatory
patients with noncholestatic liver disease, and patients with primary biliary cholangitis.
MELD incorporates three laboratory values: INR, serum creatinine, and serum bilirubin.

Implementation of MELD led to a reduction in the number of patients entering the
liver transplant waiting list due to its accuracy in prediction of short-term mortality in
the vast majority of wait-listed candidates (49).

Furthermore, it has been shown to be an accurate predictor of survival in several
settings, such as a predictor of long-term mortality in patients with compensated cir-
rhosis and in patients with chronic hepatitis B (with or without cirrhosis), as well as in
patients with liver complications (50, 51).

Both models, MELD and CTP classification, have been shown to directly correlate with
reduced microbial diversity (52); furthermore, a reduced Bifidobacterium/Enterococcus ratio
was significantly associated with an increased MELD score (Table 1). Regarding relative
abundance analyses, Alcaligenaceae and Porphyromonadaceae taxa (35) were positively
correlated with cognitive impairment in both cirrhotic patients and HE patients (35).
Furthermore, during cirrhosis (with and without HE), the MELD score positively correlated
with Enterobacteriaceae and negatively with Ruminococcaceae with a trend toward lower
Prevotellaceae abundance; in parallel, in cirrhosis patients without HE, the MELD score posi-
tively correlated with Veillonellaceae and Porphyromonadaceae and negatively correlated
with Ruminococcaceae, suggesting that the microbiota composition during cirrhosis is not
a simple epiphenomenon but a complex system that could play a significant role in the
scenario (35). Interestingly, in another work (41), the MELD score positively correlated with
Staphylococcaceae, Enterococcaceae, and Enterobacteriaceae and negatively correlated
with Clostridiales incertae sedis XIV, Lachnospiraceae, Ruminococcaceae, and Rikenellaceae.
With the exception of Ruminococcaceae, hospitalized and decompensated patients with a
higher median MELD score showed distinct gut microbiota core involvement, suggesting
that these taxa might play a role in the development of complications too. In the end, the
study of Chen et al. (40) showed that a higher MELD score and a higher abundance of the
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family Pasteurellaceae were significantly associated with a higher risk of death, both result-
ing as independent factors able to predict mortality by multivariate logistic regression.

In line with these data, the CTP score positively correlated with Streptococcaceae and was
negatively associated with Lachnospiraceaemembers (34). In conclusion, these results seem to
be consistent with MELD data and corroborate the theory that gut microbial dysbiosis is
strongly interconnected with clinical outcomes.

THE GUT-LIVER AXIS AND ITS IMPACT ON THE IMMUNE RESPONSE TO INFECTIONS
AFTER LT

Infections are a major cause of death in patients following LT, with a Canadian cohort
estimating that 19% of deaths occurring in a 5-year period after LT were due to infec-
tions. Predominant infections are intra-abdominal infections, primary bacteremia, and
pneumonia, with coagulase-negative staphylococci, Enterococcus spp., and Escherichia
coli being the most frequently identified microorganisms (11). Regarding fungi, LT recipi-
ents after invasive fungal infection (IFI) had the lowest survival rate in comparison with
recipients of other types of solid organ transplants, with Candida spp. the most fre-
quently identified microorganism (53). Higher MELD scores before LT, the type of biliary
anastomosis, presence of biliary complications, and pretransplant infections were identi-
fied as independently associated with a higher risk for infections after living-donor LT
(54). Other relevant factors are colonization by multidrug-resistant bacteria (MDRB) and
degree of immunosuppression after LT (55).

The liver is constantly exposed to bacterial products of gut microbiome origin
because of the direct anatomical connection via the portal venous circulation and the
biliary tree. Intestinal commensals and their products were repeatedly reported to
translocate from the intestinal lumen to the liver, where they may impact the immune
responses (6). An alteration of the immune response, defined as cirrhosis-associated
immune dysfunction syndrome (CAIDS), is a well described feature in patients with
CLD and leads to a decreased ability to clear cytokines, bacteria, and LPS from the cir-
culation. Monocyte spreading, chemotaxis, bacterial phagocytosis, and bacterial killing
are significantly reduced in cirrhotic patients compared with controls. Patients with
ACLF have reduced expression of the antigen-presenting HLA-DR molecules on mono-
cytes, which may result in decreased monocyte activation and cytokine secretion. In addi-
tion to reticuloendothelial system dysfunction, patients with cirrhosis have decreased neu-
trophil mobilization and phagocytic activity, a phenomenon that correlates with the
severity of liver disease (56). In both humans and mice, microbial translocation induces
type I interferon production in the liver, leading myeloid cells to produce interleukin-10
(IL-10), which consequently depresses, with negative feedback, their response to antigen
stimulation and leads to a loss of infection control and to infection-associated mortality
(57). Lymphocytes are also affected; indeed, in cirrhosis, peripheral CD271 memory B cells
exhibit increased sensitivity to Fas-induced apoptosis in an activation-dependent manner
to which bacterial LPS contributes, which is associated with a reduced frequency of circu-
lating memory B cells (58).

Currently, there is a paucity of data on how the gut-liver axis changes over the LT
pathway and its impact on the immune response to infections. Wu et al. (77) observed
high levels of plasma endotoxin and IL-6 among cirrhotic patients, and the values of
these molecules were correlated with peculiar phenotypes of the GM. In that study, LT
was able to partially restore these alterations detected in the GM and substantially
reduced both plasma endotoxin and IL-6 levels, which have been directly associated
with the development of infection in the posttransplant period (59). Therefore, it is
possible to speculate that the restoration of eubiosis after LT can also reduce the risk
of infections through the reduction of microbial translocation and consequent inflam-
mation (Fig. 2). Overall, despite being a promising field, only a few data concerning the
immune response modulation by the GM after LT are currently available, supporting
the need for further research in this area.
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HOW GUT MICROBIOTA CHANGES AFTER LT: EVIDENCE FROM THE LITERATURE
AND DYSBIOSIS AND ITS ASSOCIATIONWITH MULTIDRUG-RESISTANT BACTERIA

To date, scarce evidence from a few longitudinal studies is available on how the gut
microbiota changes after LT (Table 2). In a study enrolling 45 subjects, Bajaj et al. (9)
assessed the characteristics and changes in the intestinal microbiome in patients with
cirrhosis, before and after LT. GM diversity, analyzed using fecal samples, was found to
be lower in patients undergoing LT than in healthy controls and to increase signifi-
cantly within 6 months after LT. Interestingly, LT was also associated in 7 of 10 patients
with an improvement in cognitive function. These findings were associated with
changes in microbial composition, with a relative increase in Ruminococcaceae and
Lachnospiraceae and a decrease in Enterobacteriaceae after LT. Similar distributions of
taxa were also found in patients with improved cognitive function.

In a similar study, Kato et al. (7) analyzed the gut microbiota of 38 patients undergoing
LT. They showed an increase in the microbial diversity index after LT, with a statistically sig-
nificant increase after the first 7 days post-LT. Moreover, the authors associated a compro-
mised pre-LT hepatic function, assessed by MELD and CTP scores, with a microbial
population characterized by a prevalence of Enterobacteriaceae and Enterococcaceae
over Ruminococcaceae and Lachnospiraceae. Lower diversity after LT was also significantly
associated with postoperative complications such as acute graft rejection and bloodstream
infections.

Changes in gut microbiota diversity after LT were also confirmed by Sun et al. (10),
who showed a significant difference in microbial composition in the same patients
before and after LT, with the post-LT group demonstrating a profile similar to that of
healthy controls. Additionally, analysis of metabolic pathways revealed how LT modified

FIG 2 Model of gut microbiota dysbiosis changes after LT. The figure is a representation of the main alterations occurring after LT, inspired by a report by
Kato et al. (7). Top, relative abundance of taxa involved during liver disease. Bottom, an a-diversity index, represented by the SDI (Shannon diversity
index) trend between pre-LT and post-LT during a 56-day period of observation, with an initial reduction during the first 2 weeks, followed by a partial
subsequent recovery. OLTx, orthotopic liver transplantation.
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36 functional models (either by enriching or reducing their activity), suggesting that
more complex variation is present in the gut ecosystem caused by the procedure.

A large study on 177 patients undergoing LT (11) analyzed GM changes for a period
up to 1 year after LT. In addition to confirming previous data on the impact of (high)
MELD and CPS scores on (low) pre-LT diversity, the authors found certain gut microbial
profiles (decreased presence of the genus Bacteroides and the family Lachnospiraceae
and prevalence of the genus Enterococcus) to be associated with an increased risk of
post-LT colonization by multidrug-resistant bacteria (MDRB). A decreased pre-LT microbial
diversity was significantly linked to MDRB colonization (particularly with vancomycin-resist-
ant enterococci) and to post-LT complications, such as postoperative bleeding, bile leak, and
strictures. Of note, exposure to group 2 b-lactams (third-generation cephalosporins and
first-generation b-lactamase inhibitor combinations), glycopeptides, carbapenems, and fluo-
roquinolones was associated with a greater reduction in a-diversity and with the GM altera-
tion persisting even more than 2 weeks after the most recent antibiotic course.

The current knowledge on how the gut microbiota is shaped by LT and its potential
role in postoperative complications (namely, MDRB infections) is still limited, and the
need for further studies is of utmost importance. A better understanding of these
aspects can provide new tools for early recognition of patients at higher risk of devel-
oping infections, in addition to other clinically adopted models (60). Moreover, greater
expertise regarding the composition of a healthy gut microbiome and of the relation-
ships within the different microbial populations can guide a “tailor-made” modulation,
aimed at favoring specific protective taxa.

MANIPULATION OF GUT MICROBIOTA: STRATEGIES AGAINST MDR GRAM-NEGATIVE
BACTERIA AND CLOSTRIDIOIDES IN LT

Disruption of normal gut microbiota, known as dysbiosis, can impair host health
and cause loss of protection against potentially pathogenic bacterial colonization.

Interesting data are available in the literature about the therapeutic role of gut micro-
biota manipulation. The two main fields in which it has been studied are the treatment of
Clostridioides difficile infection (CDI) and multidrug-resistant bacterial colonization.

In patients with multiple recurrences of CDI, per the latest guidelines of the Infectious
Diseases Society of America (IDSA) and the Society for Healthcare Epidemiology of
America (SHEA) (61), fecal microbiota transplantation (FMT) is a recommended therapeu-
tic option when appropriate antibiotic treatments have failed.

CDI is a known complication following solid organ transplantation (SOT), with an
estimated risk up to 5 times higher than that of the general population (62), and is
linked to increased morbidity and mortality (63). Liver transplant recipients are among
the populations at higher risk, with a prevalence of CDI estimated at 9.1% (64). CDI
prevalence in SOT recipients is highest within the first 3 months after transplantation,
when patients are exposed to well-known risk factors such as the start of immunosup-
pressive therapy (generally at the highest dose), prolonged hospitalization, and antibi-
otic exposure. Moreover, SOT has also been established as a risk factor for CDI recur-
rence. Very few data have been gathered about FMT as a treatment for CDI in LT
recipients. Schneider et al. (65) reported successful FMT in a patient with therapy-re-
fractory CDI undergoing liver transplantation, with no safety issues and a good clinical
response at follow-up evaluations up to 8 weeks after the procedure.

A single-center retrospective study on FMT to treat CDI recurrences in a population
comprising SOT recipients described its usage in one patient undergoing kidney and
liver transplantation (66). No adverse events were reported, and clinical success was
achieved, as the patients remained symptom-free for 8 weeks post-FMT. Furthermore,
Bilal et al. (67) reported the case of a liver and kidney transplant recipient with a history
of recurrent CDI treated with FMT, with resolution of symptoms accomplished and no
further recurrences for the following 6 months of clinical follow-up.

A multicenter retrospective series including 75 adult and 5 pediatric patients treated with
FMT for recurrent, refractory, and severe CDI, including 19 SOT recipients, showed an overall
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cure rate of 89%. Of note, no disaggregated data were available to assess the impact of FMT
on SOT patients, and 15% of the subjects had a severe adverse event (SAE) within 12 weeks af-
ter FMT. There were no related infectious complications, but several procedure-related compli-
cations occurred, such as aspiration during sedation for FMT and superficial mucosal tear
caused by the colonoscopy performed to administer FMT (68).

In a larger multicenter retrospective study enrolling 94 SOT patients treated with
FMT for recurrent, severe, or fulminant CDI (69), the cure rate at 1 month after the first FMT
was 63.8%, while the overall cure rate was 91.3% when additional FMTs and CDI antibiotic
treatments were included. Predictors of failure of a single FMT included inpatient status,
severe and fulminant CDI, presence of pseudomembranous colitis, and use of non-CDI anti-
biotics at the time of FMT. Additionally, the study confirmed the good safety profile of FMT
in SOT patients, with both nonserious and serious adverse events occurring at rates compa-
rable to those reported in the immunocompetent population (70), and no infectious compli-
cations, including bacteremia, related to the fecal transplant material.

A meta-analysis of 44 studies investigated the efficacy of treating CDI and the safety
of FMT in 303 immunocompromised patients (71): the pooled success rate was esti-
mated at 88% and 93% with single and multiple FMTs, respectively, and rates of seri-
ous adverse events similar to those of immunocompetent patients were reported.

Even if this evidence is encouraging, further studies are needed to assess the effi-
cacy and safety of FMT in cases of CDI recurrences, given its potential therapeutic use-
fulness in fragile patients, such as SOT recipients, that are exposed to multiple risk fac-
tors for CDI (i.e., antibiotic exposure, surgical procedures, prolonged hospitalization).

Few data have been gathered on the use of FMT for MDR Gram-negative bacteria
(MDRGNB) decolonization in SOT patients (mostly derived from kidney transplant recipients),
with no evidence for LT patients.

The only randomized clinical trial available on the matter enrolled immunocompe-
tent patients and investigated the effectiveness of a sequential approach of 5 days of
colistin plus neomycin, followed by FMT, in eradicating carbapenemase-producing
Enterobacterales colonization, with no significant decrease found at 6 to 8 weeks in
comparison to untreated controls (72).

A recent systematic review (73) comprising 21 studies and 151 patients receiving
FMT to prevent MDR bacterial colonization showed eradication rates between 37.5%
and 87.5%, with no significant adverse effects reported.

Evidence regarding SOT recipients can be found in a prospective study by Singh et al.
(74) assessing the efficacy of FMT in fighting intestinal colonization by extended-spectrum
beta-lactamase (ESBL)-producing Enterobacterales. In this report, 5 out of 15 patients en-
rolled (33%) were renal transplant recipients using immunosuppressive drugs. Whereas
the overall eradication rate was 40% (6 out of 15 patients), the efficacy was reduced by
half when only the immunocompromised patient cohort was considered, with 1 out of 5
participants achieving decolonization (20%); the remaining 4 maintained gut colonization,
despite two FMTs. Of note, no serious adverse event was reported.

Further studies are necessary to assess the efficacy and safety of exogenous gut
modulation in immunocompromised patients such as SOT recipients. The current body
of evidence suggests that there are two main issues regarding possible adverse events
associated with FMT. First, as reported by DeFilipp et al. (75) in 2019, thorough screen-
ing of fecal matter donors is crucial to minimize the risk of infections directly related to
the procedure. Second, it is important to emphasize procedural caution, especially
with patients at high risk of aspiration: two cases of death have been reported due to
pneumonia and aspiration related to colonoscopy (68, 76).

CONCLUSIONS AND FUTURE DIRECTIONS: THE MANIPULATION OF GUT MICROBIOTA
BEFORE LT?

LT is the only curative treatment for patients with ESLD. Even if in recent years an
improvement in LT results has been obtained with satisfactory long-term survival, a rel-
evant issue in terms of lives and costs is still represented by infections occurring in the
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posttransplant period. During the last decades, the gut-liver axis has been one of the
most captivating metabolic organs discovered, and significant evidence has high-
lighted its multiple influxes also at the systemic level. At the hepatic level, intestinal
commensals and their products can reach the liver, where they modulate both innate
and adaptive immunity, regulate liver inflammation, and promote liver fibrosis,
through a direct anatomical connection via the porta venous circulation and the biliary
tree. These effects could be reversed by LT, although without a complete “restitutio ad
integrum.” Intriguingly, a high risk of infection due to MDRB persists even after liver
transplantation, the mechanism of which remains unknown. The immunosuppressive
therapies and the wide-spectrum antibiotics administered in the peri-LT period are
probably some of the detrimental factors affecting the above-mentioned events; how-
ever, they cannot explain why some MDRB-related infections develop after liver trans-
plantation. The manipulation of the GM with therapeutic strategies like FMT seems a
viable tool to impact the infectious risk in LT recipients. Modulating the gut microbiota
might be a solution for both the prevention and treatment of CDI and diseases related
to MDRB harbored in the gastrointestinal tract. More studied are needed to confirm
the safety and applicability of these strategies on a wide scale.

In conclusion, the GM in LT recipients has a crucial role in both the evolution of liver
disease before transplantation and the metabolic and infectious profile after transplan-
tation. Promising strategies regarding GM manipulation with significant therapeutic
consequences are already available and need to be validated before being imple-
mented in clinical routines.
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