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Abstract

Clostridioides difficile (C. difficile) is a gram-positive, anaerobic spore-forming
bacterium and a major cause of antibiotic-associated diarrhea. Humans are
naturally resistant to C. difficile infection (CDI) owing to the protection provided
by healthy gut microbiota. When the gut microbiota is disturbed, C. difficile can
colonize, produce toxins, and manifest clinical symptoms, ranging from
asymptomatic diarrhea and colitis to death. Despite the steady-if not rising-
prevalence of CDI, it will certainly become more problematic in a world of
antibiotic overuse and the post-antibiotic era. C. difficile is naturally resistant to
most of the currently used antibiotics as it uses multiple resistance mechanisms.
Therefore, current CDI treatment regimens are extremely limited to only a few
antibiotics, which include vancomycin, fidaxomicin, and metronidazole.
Therefore, one of the main challenges experienced by the scientific community is
the development of alternative approaches to control and treat CDI. In this
Frontier article, we collectively summarize recent advances in alternative
treatment approaches for CDI. Over the past few years, several studies have
reported on natural product-derived compounds, drug repurposing, high-
throughput library screening, phage therapy, and fecal microbiota tran-
splantation. We also include an update on vaccine development, pre- and pro-
biotics for CDI, and toxin antidote approaches. These measures tackle CDI at
every stage of disease pathology via multiple mechanisms. We also discuss the
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gaps and concerns in these developments. The next epidemic of CDI is not a
matter of if but a matter of when. Therefore, being well-equipped with a collection
of alternative therapeutics is necessary and should be prioritized.

Key Words: Bacteriophage; Pharmaceutical; Clostridioides difficile; Alternative therapy;
Drug resistance; Fecal microbiota

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Clostridioides difficile is considered a threat to public health owing to
increases in treatment failure over the past few years. Current antibiotic treatment
options are highly limited. Therefore, alternative strategies are critical. Herein, we
review recent advances in alternative therapeutics, including the development of new
chemical entities, fecal microbiota transplantation, pre- and pro-biotic, antitoxin
antibodies, use of bacteriophages, and vaccines. We also highlight the concerns,
limitations, and directions for each of these developments.

Citation: Phanchana M, Harnvoravongchai P, Wongkuna S, Phetruen T, Phothichaisri W,
Panturat S, Pipatthana M, Charoensutthivarakul S, Chankhamhaengdecha S, Janvilisri T.
Frontiers in antibiotic alternatives for Clostridioides difficile infection. World J Gastroenterol
2021; 27(42): 7210-7232

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7210.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7210

INTRODUCTION

Clostridioides difficile (C. difficile) is a gram-positive, spore-forming, toxin-producing,
rod-shaped anaerobic bacterium. C. difficile infection (CDI) is a leading cause of
nosocomial infections in several countries. The source of C. difficile still remains
debatable. Studies have proposed that C. difficile was part of the human gut
commensal bacterial community, as the bacterium could often be isolated from
neonates[1,2]. The pathogenicity of C. difficile was believed to be attributed to its toxin-
production properties; however, recent developments have suggested that outgrowth
and colonization are also a pivotal feature of pathogenicity. Under normal conditions,
when the gut microbiota is in balance, in a stage called “eubiosis”, C. difficile can
neither multiply nor colonize the gut, thus preventing it from causing disease. On the
other hand, when the composition of the gut microbiota is altered from its normal
state, so-called “dysbiosis” occurs, which allows C. difficile to multiply and colonize[3,
4]. Once colonized, C. difficile can produce up to 3 toxins, i.e., toxin A (TcdA), toxin B
(TcdB), and binary toxin (CDT). The first two are prominent virulent factors, whilst the
latter is controversial[5-7]. The binary toxin is believed to enhance the toxicity and
pathogenicity of the primary toxins; however, only a few reports have shown that
PCR-negative, but CDT-positive, TcdA and TcdB can cause CDI[8,9]. Details of the
pathogenesis of C. difficile can be found in reviews elsewhere[5,7,10,11].

CDI is one of the most prominent causes of healthcare-associated infections (HAI).
In the United States and European countries, C. difficile has been ranked among the top
10 causes of HAI[12]. The challenges of CDI control and prevention are intrinsic drug
resistance and environmental resistant spore of C. difficile. To date, CDI treatment with
most antibiotics has generally resulted in failure. Use of certain antibiotics, such as
clindamycin, cephalosporins, quinolones, and penicillins reportedly increased the risk
of CDI[13]. Since these antibiotics are broad-spectrum and deplete other gut
microbiota that inhibit C. difficile multiplication[13], the use of such antibiotics
increases CDI risk. To the best of our knowledge, some classes of antibiotics do not
increase the risk of CDI, including tetracyclines and aminoglycosides[14]. The
antibiotics currently used to treat CDI are vancomycin and fidaxomicin, whereas
metronidazole is the antibiotic of choice only when the first two are not available[15].
Along with treatment, prevention is a good control strategy for CDI in most settings.
Multiple strategies are being implemented to reduce the rate of CDI, e.g., case
management, infrastructure, and antibiotic stewardship, in hospitals[16]. To make all
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these control measures meaningful, monitoring of C. difficile situations is necessary to
ensure that C. difficile does not develop resistance to current antibiotics, which would
threaten the control and treatment of CDI. There has been an increase in the number of
fatal cases of CDI in the past decade[17]. In most countries, a national surveillance
system for CDI is still lacking, resulting in under-represented cases of CDI.

Current antibiotic options seem to have reduced efficacy. Recent CDI treatment
guidelines have moved away from metronidazole because its efficacy has reduced
from 95% pre-2000 to 75% since[15]. A similar reduction has been observed for
vancomycin, from 98% to 85%[15]. The increases in recurrent episodes of CDI have
reflected the failure of current antibiotics to sustain positive treatment outcomes[18].
Therefore, there is a critical need to develop alternative treatment approaches for CDI
(Figure 1). In fact, several alternative approaches are under development, and some
are more advanced than others. The development of new antibiotics is the most active
research field. Fecal microbiota transplantation (FMT), including pre/probiotic
approaches, has also gained extensive research interest in the past few years, as
evidenced by several clinical trial registrations. Phage therapy, antitoxin antibody, and
vaccines are trying to catch up with others in the league. Notably, there is one
antitoxin antibody, bezlotoxumab, approved for preventing the recurrence of C.
difficile by the United States Food and Drug Administration (FDA), in 2016.

We explored the developments that are currently in the pipeline for alternative
therapies by examining data from the ClinicalTrials website. Several trials are invest-
igating current antibiotics for CDI but in various aspects, most commonly in
conjunction with FMT or pre/probiotic or antitoxin antibodies. Several molecular
entities, such as nitazoxanide, are under investigation. Based on this insight, we
extrapolated that the developing treatment options aim to treat/prevent recurrent CDI
rather than the initial episode of CDI. Interestingly, currently no trials have been
reported on bacteriophage therapy, despite this technology having been active since
the early 1990s[19], and its therapeutic application having been demonstrated in other
pathogenic bacteria[20]. This indicates that some complexities underline the
technology.

SMALL MOLECULES TAKE THE LEAD IN CDI TREATMENT DEVELO-
PMENT

In the realm of drug discovery and development, small molecules dominate the
pharmacy shelf, irrespective of the sources of the small molecules, e.g., natural
product-derived/inspired or (semi-)synthetics. According to the United States FDA
database, small molecules account for most approved drugs. Regarding the nature and
pathogenesis of C. difficile, the drugs used to treat CDI have a specific set of
requirements, although no target product profiles have been proposed. We believe
that the community consensus for the expected properties of the CDI drugs is that they
could effectively kill vegetative and spore stages with low systemic absorption (high
colonic concentration)[21,22]. Currently in clinical trials, several candidate compounds
are being investigated for the development of CDI drugs. Petrosillo ef al[23] have
published a comprehensive review on the development of small molecules for CDI
drugs.

Cadazolid is a synthetic oxazolidinone, a derivative of linezolid, which was
developed for CDI and also exhibited potency against other enterococci[24]. Cadazolid
exhibits good clearance of C. difficile with sub-mM MIC and limited effects on other
gut microorganisms[25]. Its mechanism of action is protein synthesis inhibition by
binding to peptidyl transferase center (PTC). Although cadazolid shares similar
mechanism to linezolid, cadazolid is active against linezolid-resistant C. difficile[24].
The results from phase 3 clinical trials of cadazolid demonstrated a comparable clinical
cure to vancomycin, good safety profile and well tolerated. However, it did not show
non-inferiority to vancomycin, which subsequently resulted in the discontinuation of
the development by the developer.

Nitazoxanide is an FDA-approved drug with an indication for treatments of crypto-
sporidiosis and giardiasis. At the millimolar range, this drug inhibited multiple gram-
negative and gram-positive anaerobic bacteria, e.g., Bacteroides spp., Prevotella spp., C.
difficile, C. perfringens and Mycobacterium tuberculosis[26]. The mechanism of action of
nitazoxanide has been suggested to involve the inhibition of pyruvate ferredoxin
oxidoreductase (PFOR) in anaerobic energy metabolism[27] and the disruption of
membrane potential in aerobic bacteria[28]. In addition, studies have shown that
nitazoxanide is effective against various RNA and DNA viruses including coronavirus
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[29] and SARS-CoV-2[30]. The result of an early phase-3 trial have suggested that the
effectiveness of nitazoxanide is comparable to that of vancomycin, although
noninferiority to vancomycin is inconclusive owing to small sample size and early
termination[31]. Hence, the mechanism of action of nitazoxanide compared with
current CDI treatments is anticipated from other ongoing trials because of the high
expectations for nitazoxanide in the treatment of recurrent CDI[32].

Ridinilazole (SMT19969) is an antibiotic developed specifically for CDI. It exhibits
good anticlostridial activity, with different magnitude, against multiple Clostridium
spp. and also C. difficile with minimal effect to other gut microbiome[33,34] and bile
acid profiles[35]. The mechanism of action of ridinilazole is believed to be unique from
that of other drugs. It does not interfere with cell division by inhibiting cell wall
synthesis; it does so by decreasing septum formation[36]. Ridinilazole has a low
systemic absorption and, therefore, has a high colonic concentration, making it a good
agent for CDI treatment[34]. The results obtained from a phase-2 clinical trial
demonstrated sustained clinical response with ridinilazole treatment, noninferiority
over vancomycin, and good tolerance[37]. These results altogether support further
development of ridinilazole for clinical use. Phase-3 clinical trials are ongoing.

Advancements in technology and compound libraries has helped considerably in
screening thousands of compounds, and has been made possible within a much
shorter time. In the past few decades, several FDA-approved drugs were initially
screened from large compound libraries through phenotypic screening[38]. A recent
analysis showed that more than 16 million compounds can be purchased from various
chemical suppliers[39]. This extends our opportunity to discover even more hits for
drug discovery and development.
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Apart from a rationally designed drug approach or large library screening, one
recent popular drug development approach is drug repurposing or repositioning. The
approach is regarded as a shortcut for a lengthy conventional drug development
pipeline, as safety and pharmacokinetic data are readily available, which allows the
compounds to proceed directly into clinical trials. Many works have demonstrated
approved drugs can be repurposed for C. difficile[40,41]. The screening of both random
compound libraries and approved drugs has become a very intriguing approach for
drug development in the past years. Several studies conducted using this approach
have been published[30,40,41]. However, if the route of administration is different
from the approved indication, preclinical stages are necessary to evaluate the safety
profile[42].

We examined the molecular similarity among the FDA-approved drugs from
screening campaigns mentioned in this paper[40,43]. Molecular clustering of these
drugs will help us predict a key biomolecular pathway or target the hits interact with
or act upon. Molecular analysis was performed using the KNIME Analytics Platform,
free and open-source software, aiming to solve large-data analysis problems[44].
KNIME offers an extensive toolset for data pre-processing and transformation as well
as visualization and it can be equipped with extensions and nodes that are suitable for
pharmaceutical research. We employed KNIME 4.1.2 equipped with various
extensions, including RDKit KNIME integration, KNIME Distance Matrix Extension,
and KNIME-CDK to create our workflow[45,46]. The workflow of the molecular
analysis of the hits is shown in Scheme 1 of the supplement file.

The results shown in Table 1 and Supplementary material revealed that those hits
can be categorized structurally into two large clusters and six smaller clusters based on
molecular clustering analysis (> 3 hits per cluster). The largest group of clusters
belongs to the B-lactam antibiotics (clusters 88-97, Supplementary material in SI) and
the second largest is the tetracycline and its derivatives (clusters 98-99, Supplementary
material in SI). Although these drugs are well-known antibiotics and are expected to
exert some biological activity against C. difficile, the clinical use of these materials
might not be of best interest since they are broad-spectrum antibiotics that could cause
concern in gut microbiota dysbiosis and may drive an undesired side-effect of
antibiotic resistance elsewhere in the body[47]. Other known antibiotics, such as
aminoglycosides (cluster 123) and benzalkoniums cationic surfactant (cluster 61)
which could be used topically as antiseptic were also identified.

Interestingly, metronidazole, one of the current treatments for C. difficile, and its
derivatives (cluster 42) also show up as one cluster. Further exploration in this
chemical moiety seems a way forward to avoid cross-resistance with current
antibiotics as the drugs within this class exert their biological activity through the
formation of nitroso radical. The mechanism that causes microbial DNA damage is not
related to a certain enzyme and, therefore, makes it more challenging for the bacteria
to develop resistance. Antifungal imidazoles were identified in another interesting
cluster (cluster 21). These drugs act as an inhibitor of lanosterol 14a-demethylase,
which catalyzes the formation of ergosterol, an important sterol found in eukaryotic
cell membranes[48]. Although the mechanism of this class of drugs in C. difficile is not
known, the result may prompt scientists to investigate the potential of these materials
further, since these azoles are not currently in use as antibiotics, and it could avoid
unwanted antibiotic cross-resistance with other current drugs[40,43]. Furthermore,
most of the drugs identified from the FDA-approved panels resulted in drugs with
anthelmintic (parasitic) indication[40]. It is possible that these parasites share a similar
anaerobic/microaerophilic environment, and to some extent anaerobic metabolism, to
that of C. difficile, thereby allowing those drugs to be active against C. difficile. It would
be very interesting to observe whether this hypothesis remains valid when more
screenings are performed. Although several drugs and lead compounds have been
identified in the literature, only a few have been put forward into the development
pipeline. This is largely due to the lack of academic and industrial partnerships. We
have seen what the scientific community has achieved, in an unprecedented time scale,
with the development of COVID-19 vaccines with the leading role of big pharma-
ceutical companies and their academic partners. This emphasizes the importance of
academic-industrial partnerships in drug and vaccine developments, as this field of
research is resource-intensive and requires considerable funding and workforce.
Nevertheless, non-profit organizations can play an important role in drug discovery
and development as well evidenced by the approval of anti-tubercular pretomanid,
which was led by the TB Alliance[49].
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Table 1 Representatives of anti-Clostridioides difficile chemical clusters from reported literature

Cluster No.

Compound class

21

42

61

88-97

98-99

123

Antifungal imidazoles
Metronidazole and its derivatives
Benzalkonium cationic surfactants
B-lactams

Tetracycline and its derivatives

Aminoglycosides

Jaishideng®

NATURAL PRODUCTS SERVE AS A GOOD SOURCE OF ANTI-
CLOSTRIDIAL ACTIVITIES

Humans have been using natural products as traditional medicine for treating several
illnesses for centuries. It has been estimated that approximately 500000 plant species
exist on the planet, but only 1% of them have been explored for bioactive compounds
[50]. A detailed analysis of FDA-approved drugs from 1931 to 2013 revealed that
natural products and their derivatives represented over 30% of new drugs[51]. Due to
the increasing prevalence of antibiotic resistance in several pathogenic bacteria, the
prescribed antibiotics may no longer be effective. Therefore, exploration of plant-
derived compounds could provide us a tremendous opportunity to discover novel
bioactive agents.

Several plant extracts and plant-derived compounds possess antibacterial activity
against C. difficile and their action has been investigated previously. Roshan et al[52]
reported the anti-C. difficile activities of natural products that are commercially
available as both processed and unprocessed products. Some processed products such
as aloe vera gel, peppermint oil, artichoke capsules, and garlic tablets demonstrated
antimicrobial activity against C. difficile with MICs of 16% (v/v), 8% (v/v), 75-150
mg/mL, and 37.5-75 mg/mL, respectively[52]. Regarding the unprocessed products,
allicin (derived from garlic) and cinnamon powder demonstrated antimicrobial
activity against C. difficile with MICs of 2.3-4.7 and 75 mg/mL, respectively. Zingerone
(derived from ginger) and menthol (derived from peppermint) inhibited C. difficile at
the same inhibition concentration of 9.4 mg/mL, whereas trans-cinnamaldehyde, an
active constituent found in cinnamon bark, exhibited strong inhibitory activity with an
MIC of 0.2 mg/mL[52]. §-3-Carene, a monoterpene derived from the root of Asarum
heterotropoides, exhibited anticlostridial activity with an MIC of 0.7 mg/mL with a less
potential of suppressing beneficial intestinal bacteria[53]. Moreover, an essential oil
extract that contains 16.5% of d-3-carene exhibited antimicrobial activity against C.
difficile at a concentration of 0.25% (v/v)[54]. Xanthohumol, derived from Humulus
lupulus L., exhibited anti-C. difficile activity with MICs of 0.032-0.107 mg/mL against
28 different C. difficile isolates[55]. Crude methanol extract of the bark of Mammen
africana demonstrated anti-C. difficile activity with an MIC of 2 ug/mL. The identified
active flavonic compound in M. africana, mammeisin or mammea A/AA, exhibited
strong inhibitory activity with an MIC of 0.25 pg/mL[56]. Curcumin (phenol), an
active agent derived from Curcuma longa, is reportedly active against 27 C. difficile
strains, with MICs ranging between 16 and 32 pg/mL. The inhibition was specific to C.
difficile as it did not affect beneficial gut microbiota[57]. Curcumin was also able to
reduce sporulation and toxin production in C. difficile[57].

Several studies have reported that the anticlostridial activity of crude plant extracts
contain unidentified active compounds. For instance, pomegranate extract was shown
to exhibit specific inhibitory activity against 23 tested isolates of C. difficile with MICs
of 12.5-25 pug/mL, but no inhibitory effect was observed on the tested normal
intestinal bacteria (MIC > 400 png/mL)[58]. Investigation of a commercial animal
supplement, BIOCITRO, a citrus fruit extract, revealed an inhibitory effect on C.
difficile with MICs of 16-32 pg/mL with a possible mode of action of disrupting
polysaccharides and carbohydrates of the cell wall[59]. In addition, methanolic extract
of the leaf and rhizomes of Aristolochia paucinervis Pomel demonstrated an inhibitory
effect on C. difficile, with concentrations ranging from 8 to 64 ng/mL[60].

Several compounds are known to kill C. difficile through changes in cell
permeability. The ability of membrane disruption was suggested for zingerone,
menthol, and trans-cinnamaldehyde[61]. Asiatic acid, an active triterpenoid derived
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from Centella asiatica, exhibited significant antimicrobial activity against C. difficile
strains isolated from different sources by disrupting the cytoplasmic membrane with
MICs of 10-20 pg/mL[62]. Lauric acid, an active component found in virgin coconut
oil, exhibited anticlostridial activity at a 250-pmol/L concentration through the
membrane disruption mechanism[63]. Cannabidiol, an active ingredient derived from
cannabis, could inhibit C. difficile at concentrations of 2-4 pg/mL, possibly by
disrupting the bacterial membrane[64]. Another study of cannabidiol in caco-2 cells
infected with C. difficile reported its potential to inhibit toxin A-induced cytotoxicity
[65]. Interestingly, data analysis of hospitalization from the Healthcare Cost and
Utilization Project in 2014 suggested that patients associated with cannabis usage had
potentially lower risk for CDI by 28%[66].

The dormant spores of C. difficile contribute to transmission and link with the
pathogenesis of CDI. C. difficile spores can persist in harsh conditions. They can then
translocate to the intestinal tract, germinate in response to specific bile salts, and
initiate infection. Most antibiotics are inactive against C. difficile spores because of the
spores’ intrinsic durability. In addition to vegetative cell activity, natural products are
active against several spore stages of C. difficile. Peppermint oil and trans-cinnamal-
dehyde have been shown to exhibit sporicidal activity, which reduces the number of
spores by up to 200 times when spores were exposed for 7 d[67]. Several compounds
such as allicin and carvacrol, essential oils found in oregano, and fresh onion bulb
extracts could inhibit spore outgrowth[67,68]. As C. difficile spores play an essential
role in CD], the inhibition of sporulation is an attractive strategy to reduce infection. A
study conducted by Roshan et al[67] showed that the subinhibitory concentration of
coconut oil, fresh onion bulb, and fresh ginger can reduce the number of spores
production by 90%. Another study conducted on Manuka honey or Leptospermum
honey also reported the inhibition of sporulation in C. difficile[69]. Baicalin, a flavonoid
derivative present in the root of Scutellaria baicalensis, could inhibit both sporulation
and outgrowth of C. difficile at a concentration of 1.6 mmol/L. It also reduced toxin
production by downregulating tcdA and tcdB gene expression[70]. Toxin A and toxin B
produced by C. difficile are cytotoxic and cause colitis. Leptospermum honey, fresh
onion bulb, and trans-cinnamaldehyde were able to reduce the cytotoxicity of C.
difficile toxins in Vero cells by 70% and toxin production by 40%[71].

In an in vivo mouse model, it was observed that berberine, a compound derived
from the genus Berberis, has the potential to prevent recurrent CDI and restore gut
community, either alone or in combination with vancomycin[72]. It is noteworthy that
successful therapy by endoscopic lavage with Manuka honey was reported in the
patient with vancomycin treatment failure[73].

ANTITOXIN ANTIBODIES WITH ANTIBIOTICS IMPROVE TREATMENT
SUSTAINABILITY

Toxin production has long been associated with CDI pathogenicity. Classical antibiotic
treatments effectively eliminate the pathogen, although they inevitably affect the
normal gut microbiota to some extent. Antitoxin antibody treatment aims to neutralize
the toxicity of the toxin, rather than interfere directly with the bacterium. Therefore, it
can reduce clinical severity, in conjunction with antibiotic treatment, and reduce
recurrent CDI. To date, the only FDA-approved antitoxin antibody for CDI treatment
is bezlotoxumab, a human monoclonal antibody against toxin B. A detailed study
demonstrated that bezlotoxumab binds to carbohydrate-binding pockets on toxin B,
which directly prevents the interaction between the toxin and host cells[74]. This
hypothesis was supported by a mutant antibody that does not bind to Fc receptors of
host immune cells, which provides similar toxin neutralization and protection effects
as wild-type antibody[75]. Its toxin A counterpart, actoxumab, did not demonstrate
improvement in clinical efficacy, and therefore it was discontinued during the phase 3
trial[76]. These results support the hypothesis that TcdB is a more prominent virulent
factor than other toxins and that the interplay between these toxins is a complex
process.

IM-01 is an experimental polyclonal antibody for inflammatory bowel disease,
including Crohn’s disease, and CDI. IM-01 is produced using a chicken egg technique
by immunizing hens with toxin A, toxin B, and C. difficile spores. Currently, detailed
information on this intervention is lacking, but its phase 2 clinical trial is being
recruited. The results from patent filing showed good antibody production, toxin
neutralization, reduction of spore burden, and inhibition of vegetative cell growth[77].
These results indicate that IM-01 is a promising development for CDI treatment;
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however, it is too early to state whether it would work effectively independently or in
combination with antibiotics.

Colostrum is a fluid produced by the mammary glands immediately after the birth
of a newborn. It has been demonstrated that cows persistently injected with antigens
will produce antibodies in the colostrum, which are collectively referred to as
hyperimmune bovine colostrum (HBC). A preclinical piglet model study showed that
HBC can reduce the severity of CDI[78]. A limitation of using colostrum is the scale of
production, which is limited to a few hours after birth. Therefore, some studies have
examined the use of milk or whey protein isolate (WPI) instead of colostrum for CDI
treatment. WPI exhibited superior and sustained treatment outcome compared with
vancomycin in a hamster model[79]. Considering its clinical use, we found only one
terminated phase 2 trial, which was completed, but there were no results, of the whey
protein concentrate MucoMilk.

Altogether, antitoxin antibodies in any form appear to be a significant candidate for
alternative treatment of CDI, since preclinical studies have demonstrated good
inhibition of vegetative cells and spores and neutralization effect of toxins in initial
and recurrent episodes of CDI. Nonetheless, it will take some time to observe this
group of treatments for clinical use, as production is more complicated and potentially
expensive.

FECAL MICROBIOTA TRANSPLANT IS A VERY ATTRACTIVE APPROACH
FOR CDI

Although antibiotic administration is the first-line treatment for CDI, severe outbreaks
and recurrent episodes remain excessive due to a significant increase in resistant
strains[80]. Treatment options for CDI, especially recurrent CDI, become limited, due
to which the development of alternative therapeutics is highly required. In particular,
CDI develops when the indigenous microbiota is dysbiotic, typically via exposure to
antibiotics, thereby allowing C. difficile to acquire nutrient niches in the gut and cause
disease[13,81]. Based on this concept, restoration of the healthy microbial community,
eubiosis, can help eliminate and prevent this growing problem. To date, researchers
have expressed interest in biotherapeutic strategies that confer curative effects on
recurrences. A burgeoning alternative treatment approach for recurrent CDI is FMT,
which refers to the administration of feces collected from a healthy individual to the
intestinal tract of a patient[82,83]. In general, FMT is applied to a patient with
refractory CDI who had failed standard antibiotic treatments in an initial episode of
CDI[84]. This approach emerged due to its unique feature, restoring the balance of the
gut microbiota, which is unlikely to be achieved by other approaches. FMT provides
multiple mechanisms of colonization resistance, such as competition for nutrients,
production of antimicrobial peptides, and production of short-chain fatty acids
(SCFAs) to inhibit vegetative growth and spore germination of C. difficile[85,86].

The first clinical trial of FMT, whose efficacy was significantly greater than the use
of antibiotics for recurrent CDI treatment, was performed by van Nood et al[87] and
published in 2013. Among the 16 patients, 13 with FMT recovered from CDI after the
first infusion and the symptoms of 2 patients resolved after a second infusion, whereas
only 3 of 13 patients resolved with vancomycin treatment alone. Other clinical studies
have demonstrated that FMT provides better benefits than standard antibiotics for
treating recurrent CDI by replenishing the balance of the gut microbiota. Currently,
clinical studies are ongoing with the recruitment of patients with relapsing CDI to
evaluate the safety and efficacy of FMT (Table 2). The upper and lower route of
administration has been used in delivering the transplant. Several methods, including
nasoduodenal, enema, upper endoscopy, colonoscopy, and oral capsules, are
commonly used for administering FMT, with diverse outcomes[88]. A study using
colonoscopy demonstrated the resolution of CDI in 18 of 20 patients treated with FMT
compared with 5 of 19 patients treated with vancomycin[89]. Conversely, FMT
administered by enema was found to have a low success rate in treating acute
episodes of recurrent CDI[90]. To simplify administration, oral capsules of fecal
filtrates have been developed and widely used. Patients with relapsing CDI had a
decent response to FMT administered by oral capsules, wherein the resolution rate of
recurrent CDI was similar to that observed with colonoscopy[91]. These findings
demonstrated no definite preference of the administration route for FMT.

Another factor questioned in FMT is the preparation of fecal material. Initially, fresh
stools from donors were used for infusion. As the process of collecting fresh stools is
difficult, frozen and lyophilized stools were then considered for transplant delivery.
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Table 2 Recent clinical trials examining potential fecal microbiota transplantation for treatment of Clostridioides difficile infection

Current . ClinicalTrials.gov :
Title o g First posted

phase Identifier

NA Fecal microbiota transplantation for C. difficile infection NCT01905709 July 23, 2013
Immune response to FMT for C. difficile NCT02797288 June 13, 2016
Outcomes and data collection for fecal microbiota transplantation for the treatment of NCT03562741 June 19, 2018
recurrent C. difficile
Fecal microbiota transplantation (FMT) for C. difficile (CEFTA) NCT03712722 October 1, 2018
Rescue fecal microbiota transplantation for national refractory intestinal infection NCT03895593 March 29, 2019
Safety and efficacy of fecal microbiota transplantation NCT04014413 July 10, 2019

1 Fecal transplant for pediatric patients who have recurrent C. difficile infection (FMT) NCT02134392 May 9, 2014

2 Stool transplants to treat refractory C. difficile NCT02127398 April 30, 2014
FMT versus antimicrobials for initial treatment of recurrent CDI NCT02255305 October 2, 2014
Fecal microbiota therapy for recurrent C. difficile infection NCT02686645 February 19,

2016
Phase II trial of fecal microbiota transplant (FMT) for VRE and CRE patients NCT03643887 August 23, 2018
Fecal microbiota transplantation (FMT) plus fidaxomicin for severe of fulminant C. difficile NCT03760484 November 30,
2018

Multicentre blinded comparison of lyophilized sterile fecal filtrate to lyophilized fecal NCT03806803 January 16,
microbiota transplant in recurrent C. difficile infection 2019
FMT and bezltoxumab compared to FMT and placebo for patients with IBD and CDI (ICON- NCT03829475 February 4,
2) 2019
PMT for severe-CDI NCT03970200 May 31, 2019
Penn microbiome therapy (PMT) for recurrent C. difficile infection NCT03973697 June 4, 2019

3 Fecal transplantation for primary C. difficile infection (COLONIZE) NCT03796650 January 8, 2019
Microbiota restoration therapy for recurrent C. difficile infection (PUNCH CD3-OLS) (CD3- NCT03931941 April 30, 2019
OLS)
Fecal microbiota transplantation for primary C. difficile diarrhea NCT02801656 June 16, 2016

FMT: Fecal microbiota transplantation; C. difficile: Clostridioides difficile; PMT: Penn microbiome therapy.

Jaishideng®

Several clinical trials claimed that frozen stool was comparable to fresh stool with no
loss of effectiveness[92,93]. In contrast, lyophilization reduced the efficacy of the
transplant material compared with fresh and frozen materials[94]. In particular, frozen
fecal material is becoming available for commercial purchase. In addition to its use for
treating multiple episodes of recurrent CDI, FMT has been proposed as a promising
treatment approach for severe and complicated CDI. Evidence obtained from clinical
trials has shown that FMT improved survival in severe cases, including immunocom-
promised patients[95,96].

Although FMT is a favorable therapeutic option for recurrent CDI, a major concern
is that there is no universal or industrial standard such as a defined bacterial formula;
moreover, there is no information on the mechanism associated with FMT-screening
methods for adverse transmission events and the period of treatment[97,98]. Such
limitations of FMT led to the discovery of beneficial microorganisms in fecal materials
that activate colonization resistance and the determination of their roles in inhibiting
C. difficile. Correspondingly, the refined stool-derived microbial suspension RBX2660
has been successfully used to treat relapsing CDI, and is currently under a phase 2b
study[99]; furthermore, SER-109 and SER-262, defined microbial preparations
containing spore-forming bacteria purified from human feces and formulated as a
capsule, are currently being investigated in a phase 3 and 1b trial[100,101]. These data
conclude that FMT continues to be a recommended therapy for recurrent CDI, and in
the meantime, a number of studies continue identifying essential bacteria species from
the feces of healthy donors to formulate standard microbial preparations approved by
the FDA.
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Another point of concern for FMT is the unintentional transfer of drug-resistant
bacteria, which could possibly lead to complicated infection and death. There have
been multiple bacteremia incidents in patients who received FMT[102], some of which
were severe and life-threatening. This indicates the need for a standardized protocol
for stool preparation, to minimize potential drug-resistant bacterial infection from
FMT, including, but not limited to, extended-spectrum beta-lactamase (EBSL)-
producing E. coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, etc.[103]. Recently, a
caution has been issued regarding the transmission of SARS-CoV-2 in FMT[104].

PROBIOTICS AND PROBIOTIC PROMOTE GUT BALANCING

Probiotics are live microorganisms that confer health benefits on the host when
administered in adequate amounts[105,106]. They can improve host immunity by
producing beneficial metabolites, such as SCFAs, as well as preventing enteric
infections via colonization resistance mechanisms, such as competition for nutrients,
inhibition of bile acid conversion, and production of antimicrobial peptides[107,108].
Numerous probiotic strains and probiotic mixtures have been evaluated to combat
CDI in in vitro studies; however, there are limitations due to the lack of evidence from
human clinical trials.

Lactobacillus rhamnosus GG and Saccharomyces boulardii, the most common probiotics,
have provided promising applications against CDI and have been widely investigated
in clinical trials. The efficacy of S. boulardii in CDI management was first examined by
McFarland et al[109], who reported a significant reduction in recurrence rates after the
administration of S. boulardii twice a day for 4 wk during and after antibiotic
treatment. Their study demonstrated a significant reduction in the CDI recurrence rate
in the S. boulardii treatment group compared with the placebo group. Moreover,
patients with relapsing CDI had a statistically significant response to S. boulardii
compared with placebo. The probiotic effect of L. rhamnosus GG in a clinical study was
first verified by Gorbach et al[110], in 1987. They successfully used the organism to
treat 5 patients with multiple recurrent CDI episodes. In addition to its beneficial
effects in treating refractory CDI, L. rhamnosus GG displayed a protective potential in
healthy individuals[111]. Further meta-analytical studies have been performed to
confirm the usefulness of S. boulardii and L. rhamnosus GG in the prevention of CDI
[112,113]. In addition to single-probiotic strains, probiotic mixtures have been
developed for quite some time. The probiotic mixture BioK+ containing L. acidophilus
CL1285, L. rhamnosus CL2, and L. casei LBC80R was able successfully to reduce the CDI
rate from 18.0 to 2.3 cases per 10000 patients. Furthermore, new mixtures have been
developed and are in the process of clinical trials[114]. The probiotic mixture of L. casei
DN-114 001, S. thermophilus, and L. bulgaricus was randomly administered to hospital
inpatients twice-daily during, and for 1 wk after, antibiotic treatment[115]. This
probiotic mixture showed a positive result, wherein no individual in the probiotic
group developed CDI compared with 9 of 53 individuals who contracted CDI in the
placebo group. Another study evaluated the efficacy of the probiotic mixture of L.
acidophilus and L. casei[116]. The probiotic doses were varied and administered within
1.5 d of initial antibiotic therapy and then continued for 5 d after the final antibiotic
dose. Both higher dose and lower dose probiotic groups showed significantly reduced
CDI incidence rates, at 1.2% and 9.4%, respectively, compared with 23.8% in the
placebo group. The most recent clinical trial of a multi-strain probiotic consisting of L.
acidophilus NCFM, ATCC700396, L. paracasei Lcp-37, ATCC SD5275, Bifidobacterium
lactis Bi-07, ATCC SC5220, and B. lactis B1-04, ATCC SD5219 has been conducted[117].
A phase 2 study evaluated the potential benefits of this probiotic mixture by adminis-
tration daily for 4 wk. The results revealed a shorter duration of diarrhea in patients
with an initial episode of mild-to-moderate CDI compared with the placebo group.
Based on the available evidence, probiotics are strongly advocated as an alternative for
preventing and treating CDI. However, the high heterogeneity in existing studies
indicates that the beneficial effects of probiotics are rather subjective[118]. Therefore,
discovering novel probiotics and understanding their functions and interactions have
been continuing to improve the probiotic effects in a clinical setting.

It is known that diet has a key influence on the composition and functions of the gut
microbiota[119]. Several types of fiber, particularly, galacto-oligosaccharides (GOS)
and fructo-oligosaccharides (FOS), have been found to increase the abundance of
common probiotic bacteria, such as Bifidobacterium and Lactobacillus species[120].
Hence, plant-based foods containing dietary fiber are generally accepted as favorable
for gut health. Certain fiber types, including FOS, GOS, and inulin, are considered to
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be prebiotics, which are defined as substrates that are selectively used by host microor-
ganisms conferring a health benefit[121]. The combination of probiotics and prebiotics
has been proposed as an alternative, known as synbiotics, to prevent and treat
refractory CDI. A recent study investigated the effects of a synbiotic, L. plantarum DSM
21379 and xylitol, on the germination of C. difficile spores[122]. In vitro experiments
demonstrated that the synbiotic completely inhibited the germination of C. difficile
spores. Moreover, the administration of this synbiotic for 5-6 d before ampicillin and
C. difficile challenge in mice reduced the CDI incidence from 44% to 22% mortality.
Another in vitro study examined the inhibitory capability of four different Bifidobac-
terium sp. strains combined with various prebiotics against C. difficile growth. Using
oligo-fructosaccharides as a carbon source, it was observed that B. longum and B. breve
rescued the survival of a cell line exposed to C. difficile cell-free supernatant. These
findings indicate that a probiotic strain requires a specific prebiotic substrate. To
produce more effective synbiotics to control CDI, it is necessary to determine the
optimal prebiotic for each probiotic.

BACTERIOPHAGE AND ITS PRODUCTS SPECIFICALLY ELIMINATE C.
DIFFICILE

As bacteria-infecting viruses, bacteriophages or phages have received attention for
potential use as an alternative treatment for several bacterial infections. The high
specificity to their bacterial hosts and the self-replicating mechanism of phages are
claimed to have advantages over other approaches. Although C. difficile phages have
been discovered and investigated since 1983[123], the use of phages for human
infection is restricted due to some limitations. The key bacteriophage studies of C.
difficile are summarized in Table 3.

C. difficile phages were first described for bacterial typing purposes[123]. Morpho-
logical analysis showed that most of them are either Myoviridae or Siphoviridae,
belonging to the order Caudovirales. They possess dsDNA as their genetic materials
[124,125]. Currently, all 26 complete genomes of C. difficile phages are characterized as
temperate; they can alternate their life cycles between lytic and lysogenic cycles[126,
127]. This is a major constraint, as most therapeutic phage applications require a
virulent phage, i.e., a phage with a strictly lytic life cycle. Therefore, current research
has been focusing on the use of temperate phage and phage-derived proteins to
combat CDI[128-131]. At the very beginning, phage therapy was performed as a
single-phage treatment to ensure its capacity. It has been demonstrated that phiCD27
significantly reduced the growth of C. difficile cells, as well as the production of toxin A
and toxin B in an in vitro batch fermentation and artificial gut model. Furthermore,
phiCD27 treatment did not affect commensal microbiota in both models, suggesting
high specificity on the bacterial target[132]. However, using only one phage has some
limitations due to narrow host range and lysogenic capacity. Therefore, a combination
of different phages or phage cocktails has become more intriguing[133-135].

A phage cocktail was successfully developed both in vitro and in vivo, as observed in
the study conducted by Nale et al[134]. Optimized cocktails of phiCDHM1 to
phiCDHMBS6 and phiCDHSI were tested against C. difficile ribotypes 076, 014/020, and
027 strains. The best combination included phiCDHM 1, 2, 4, and 6, which could
completely kill C. difficile without regrowth. The CDI hamster model showed a
significantly lower number of spores in the cecum and colon with the combination of
phiCDHM 1, 2, 5, and 6. The same phage mixture was used in the wax moth larva
Galleria mellonella. The efficiency of using phage combined with antibiotics, including
vancomycin and clindamycin, was evaluated. The results suggested that phage could
be used as a supplement to antibiotic treatment and prevent the onset of CDI.
Prophylaxis was the most effective therapy with 100% protection, and efficiency was
reduced when used as a remedial treatment. Moreover, the authors found that the
phage could penetrate and prevent biofilm formation in the C. difficile ribotype
014/020[136]. Phage treatment in an artificial gut model was further investigated using
these sets of phage combinations. A six-log reduction in C. difficile growth was
observed after 5 h in the prophylaxis group, and the vegetative cells were completely
removed within 24 h[136]. Furthermore, metagenomic analysis was conducted using
fecal samples of volunteers to observe the impact of phage therapy on the total gut
microbiome. Another in vitro study conducted on the human colonic cell line HT-29,
which is the CDI site, reported that phiCDHS1 preferentially adsorbed onto HT-29
cells, thereby promoting the interaction between the phage and bacterial cells[137]. It
has also been shown that either bacterial lysis by phage or the phage itself was
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Table 3 Key experiments in bacteriophage for Clostridioides difficile infection treatment

Phage Experiment Finding Ref.
phiCD140 A single dose of phage treatment for C. difficile infection in Surviving of phage treated hamster [135]
hamsters
phiCD27 Phage treatment of CDI in an in vitro batch fermentation and (1) Reduction of both vegetative cell and toxin A and toxin  [135]
human colon model B productions from C. difficile; and (2) No impact on others
gut microbes
phiCDHMI to (1) Investigation for an effective phage combination; and (2) (1) Discovery of phage-resistant colonies after a single [124]
phiCDHMS6, and Phage delivered orally in hamster model every 8 h after C. phage treatment; and (2) Reduction of C. difficile amount
phiCDHS1 difficile challenge and colonization using phage combination in vivo
phiCDHM], 2, 5, (1) Phage treatment before and after the biofilm formation; (2) (1) Reduction and prevention of the biofilm establishment  [130]
and 6 First time using Galleria mellonella (wax moth) model for C. in vitro; and (2) Disease prevention in the prophylaxis
difficile phage; and (3) Using phage in combination with group and increasing the wax moth survival rates
antibiotics (vancomycin)
phiCDHM], 2, 5, (1) Optimized temperate phage cocktail to treat in batch (1) C. difficile elimination after 24 h in prophylactic [127]
and 6 fermentation model; and (2) First metagenomic analysis of condition while maintain other microbiota components;
phage treatment on gut microbiome and (2) No significant impact on other bacterial groups in
human gut
phiCDHS1 Measurement of planktonic and adhered C. difficile cells and (1) Reduction of planktonic and adhered C. difficile; and (2)  [129]
free phage to human colon tumorigenic cell line HT-29 No cytotoxicity to human cells
phiCD24-2 (1) Using engineered phage delivered Type 1-B CRISPR (1) C. difficile eradication effectively in engineered phage [125]

system as antimicrobial agent in vitro and in vivo; and (2)
Mutation of phage lysogenic gene by the cI repressor and
integrase gene deletion

comparing with wild-type phage; and (2) Detection of
lysogen due to potentially functional complements from C.
difficile prophage

C. difficile: Clostridioides difficile.

nontoxic to the colonic cells.

Recently, phiCD24-2 has been engineered to contain a genome targeting CRISPR-
Cas3, which is commonly found in the genome of C. difficile[135]. The major character-
istics of the engineered phage or CRISPR-enhanced phage (crPhage) have been invest-
igated. There was no difference in phage morphology or host range compared with the
wild-type phage (wtPhage). The efficiency of phage treatment for C. difficile was
determined both in vitro and in vivo. crPhage demonstrated a higher efficiency to
reduce the growth of vegetative cells than wtPhage in both models. However, the
bacterial number rebounded by 24 h, suggesting lysogination into the host genome
rather than bacterial lysis. The mouse model exhibited a significant difference in the
number of C. difficile cells recovered from mouse feces between wtPhage and crPhage
treatments, indicating the superiority of crPhage treatment in vivo. The CRISPR
approach enhances phage efficiency during the lytic cycle as bacterial lysis can occur
via two independent mechanisms, including genome damage and phage lytic activity
via endolysin and holin expression. The challenge of engineered phages remains due
to lysogenic conversion. Therefore, the removal of cl repressor and integrase genes
was performed to generate lysogenic phage mutants[135]. Although lysogen from in
vitro culture was not detected, it was detectable in mouse feces. These findings
suggested the functional complement in the C. difficile genome for those removed
genes.

An alternative to using temperate phages for therapeutic purposes is to utilize their
products. Endolysin, a peptidoglycan hydrolase enzyme, is encoded by the phage
genome. Endolysin is required to disrupt the bacterial cell wall to release phage
progeny at the final step of viral infection. The endolysin CD27L is derived from the
phage CD27, which is the first phage endolysin characterized in C. difficile. The
specificity test demonstrated that CD27L was active against a panel of 30 C. difficile
strains, including a hypervirulent ribotype 027[125]. The N-terminal truncated CD27L,
CD27L,_,,, improved the lytic activity when tested against C. difficile. CD27L,_
exhibited a slightly broader lytic range than the full-length phage. It was also active
against Listeria spp. However, both CD27L and CD27L,_,,, did not harm the selected
gut commensal bacteria[130]. Another endolysin retrieved from C. difficile 630
prophage has been described. The lytic activity of full-length PlyCD, and that of a
truncated N-terminal containing the catalytic domain PlyCD,_,,, were evaluated.
Similar to CD27L, the truncated PlyCD, ,,, exhibited greater lytic activity than its full-
length counterpart and also displayed a broader activity range against C. difficile
strains than the full-length PlyCD. The bactericidal assay demonstrated that PlyCD,_,,,
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reduced more than 4-log growth of the C. difficile hypervirulent MLST2 strains 217B,
615H, and UK1 (027). This result highlighted the potency of PlyCD,,,, against the
crucial clinical strains. Interestingly, PlyCD,_,,, exhibited a synergistic effect with
vancomycin pretreatment. The combination treatment between vancomycin and
PlyCD,_,,,in vivo demonstrated significant inhibition of C. difficile growth (> 2-log).
Unfortunately, the in vivo study of PlyCD,_,, was unsuccessful due to inconsistent
results. Ex vivo experiments were conducted using infected mouse cecum and anus as
an infecting area. PlyCD,_,,, exhibited 2-log reduction of C. difficile cell growth,
indicating the activity of PlyCD,_,in the gastrointestinal environment[131]. The
mechanism by which truncated endolysins exhibit higher efficiency than the wild-type
counterpart remains to be explored.

Phage-derived proteins with high specificity to C. difficile strains could be developed
for targeted therapy. Diffiocin, a contractile R-type phage tail-like bacteriocin, was
originally derived from the C. difficile strain CD4 (Diffiocin-4). This protein exhibits a
higher efficiency when fused with the receptor-binding protein (RBP) of prophage
phi027 in the genome of strain R20291 (Av-CD291.1 and Av-CD291.2). Interestingly,
avidocin is stably active throughout the mouse gastrointestinal tract when supplied in
drinking water containing 4% sucrose and 1% sodium bicarbonate. The specificity of
avidocin-CDs was evaluated across C. difficile strains, based on which the relationship
between RBPs in avidocin-CDs construct and slpA allele was concluded[129]. Despite
the advances in the knowledge of bacteriophage biology, the use of phage for
therapeutic purposes remains much of a challenge. The first challenge is lysogenic
conversion, which results in ineffective treatment outcomes. Therefore, the remaining
challenge is to identify or engineer the phage to obtain a strictly lytic phage. The
subsequent concern is the battle between the host and the phage that occurs during
phage infection. Some bacteria naturally mutate and become resistant to phage
infection using different mechanisms, e.g., extracellular modification or intracellular
modification, as mentioned in a review elsewhere[138]. Still, there is room for lytic
phage hunters and phage modification, which are desperately needed. However, to
apply this technology effectively in clinical practice, further research is warranted to
overcome these limitations.

ILEOSTOMY AND COLONIC LAVAGE ARE RESERVED FOR FULMINANT
CDI

At the other end of the spectrum, one alternative treatment is the removal of part of
the gut, i.e., colectomy, ileostomy, loop ileostomy, and colonic lavage. This treatment
approach is largely reserved for severe and complicated (fulminant) CDI as it is the
most invasive treatment. Earlier, colectomy was opted, but it did not improve the
clinical outcome, resulting in some mortality[139]. Diverting loop ileostomy and
colonic lavage were developed at the Pittsburgh School of Medicine and therefore
referred to as the Pittsburgh protocol. This protocol exhibited benefits over conven-
tional colectomy and end ileostomy, which decreased the mortality rate and preserved
the colon[140]. We found 2 clinical trials that were terminated due to slow recruitment
of participants; hence, there is limited insight into how this method confers benefit to
patients with CDI. This indicates to some degree that the current treatment regimen is
sufficient to save patients’ lives without involving this invasive intervention.

VACCINES ARE THE HOPE FOR CDI CONTROL AND PREVENTION

Current treatment approaches for CDI concentrate primarily on antibiotics. Although
antibiotic administration commonly serves as the first-line therapy, prolonged
disruption of the normal microbiota can result in recurrent CDI, with incidences of up
to 45% after antibiotic therapy[141]. The incidence of healthcare-associated CDI has
reduced over time, although there have been recent reports on the growing number of
cases of community-associated CDI[142]. Therefore, there exists an urgent need to
control and prevent CDI transmission. To date, several preventive remedies for
recurrent CDI have been proposed, including antibiotics and FMT. Although their
efficacy has been proven, none are recommended by the Infectious Disease Society of
America (IDSA), and the protracted efficacy is still questionable. Therefore, vaccines
could be a valuable option to serve as long-term prophylaxis for CDI due to their
memory function.
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Several vaccine candidates have been developed and launched to animal and
clinical trials. Currently, a total of 21 clinical trials on C. difficile vaccines have been
reported, of which 3 were terminated. Most of the vaccine studies have been
developed based on 3 formulations, viz., toxoid, recombinant peptide, and surface-
associated antigen. In this section, we shall briefly describe each vaccine formulation
regarding its development and efficacy in preventing CDI.

Because toxin A and toxin B are key virulence determinants of CDI and associated
with the severity of colon damage, they become a remarkable target for vaccine
development. The alteration of toxin structure by chemical treatment, thereby
inactivating toxicity while preserving its immunogenicity — termed as toxoid —has
been developed for over 3 decades. Toxoid-based vaccine use in animal models has
demonstrated a satisfactory production level of serum antibody responses against both
toxins and a preventive efficacy against a lethal outcome of CDI[143]. The first clinical
trial on toxoid-based vaccine in healthy individuals was introduced 20 years ago. It
was observed that the majority of study subjects developed a massive level of specific
antibodies for both toxins. Although some adverse reactions were documented, the
vaccine was demonstrated to be safe and immunogenic in healthy adults[144]. This
information paves the way for further development of the next generation of
formulated vaccine candidates that are currently under investigation.

The use of a recombinant protein-based design is another approach for vaccine
development to avoid residual toxins, which are not completely inactivated by
chemical, and also maximizes the protective effect using only the toxin domain
responsible for immunogenicity. Furthermore, this genetic modification allows
uncomplicated manufacture of vaccine preparations compared with toxoid
production. Three functional domains of both toxins, including glucosyl-transferase
(GT) and cysteine protease (CP), central translocation (T), and C-terminal receptor-
binding domain (RBD), were tested for immunogenic validation. The first study
conducted by Lyerly et al[145] on the use of the RBD of toxin A reported partial
protection against CDI and death in a hamster model. The genetic modifications of
toxin A RBD were widely investigated by several research groups. These modific-
ations included the use of RBD subdomain, recombinant fusion with other
immunogenic proteins, and combination with a mucosal adjuvant[146]. These
constructions exhibited strong action by evoking a complete seroconversion for toxin
A and preventing fluid secretion and histological changes. Although seroconversion
against toxin A was found to be greater than that against toxin B, an optimal vaccine
needs to include both toxin A and toxin B fragments to achieve maximum protective
efficacy. Therefore, later developments focused on the combination of recombinant
peptides with/without immune adjuvants. The fusion peptide, containing fragments
of toxin A and toxin B, generates an immune response to both toxins. Complete
protection against toxin A was observed at all doses, whereas less immunogenicity
toward toxin B was noticed[147]. Co-administration of the combined recombinant
protein with the adjuvant also demonstrated satisfactory positive protection, hence
this vaccine formulation is currently in phase 1 clinical trial.

To overcome the limitations of previous vaccine candidates related to the
prevention of CDI, surface protein antigens have emerged as an alternative target for
vaccine development. Several studies have confirmed the induction of immune
response during infection against surface layer protein (SLP), including flagella
components, adhesin, fibronectin-binding protein, and cysteine protease[148,149].
However, none of the vaccinations provided significant protection in animal models.
Furthermore, glycans, the polysaccharide coat on the surface of the bacterium, serve as
another target for eliciting specific antibodies. It has been documented that all 3 glycan
structures, PSI, PSII and PSIII, conjugated with other immune inducers stimulated
specific antibodies, including IgA and IgG, in animal models[150,151]. It was also
shown that immune cells can recognize both native and synthesized glycans,
supporting the importance of this molecule to be developed as a vaccine and/or a
vaccine additive.

There have been several attempts to develop vaccines for CDI. Unfortunately, there
is still no approved vaccine to prevent initial and/or recurrent CDI. Nevertheless,
there are 2 potential vaccine candidates reaching the final stage of development[152-
154]. VLAB84, a chimeric protein containing truncated toxin A and toxin B, developed
by Valneva Austria GmbH, demonstrated good efficacy in a phase 1 trial[155,156]. It is
currently under phase 2 clinical trial (NCT02316470). This clinical phase is a
randomized placebo-controlled study of a total of 500 healthy subjects aged > 50 years.
The subjects were separated into 4 groups, which individually received different
vaccine doses, including VLA84 75 ng without alum, VLA84 200 pg with and without
alum, and phosphate-buffered saline as the placebo group. All subjects received 3
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doses of vaccination on days 0, 7, and 28. The immunogenicity and safety of VLA84
were evaluated after the last vaccination for up to 6 mo. Based on the primary
outcome, it was reported that seroconversion for IgG was > 4-fold increase for toxin A
and toxin B on day 56. However, efficacy and data analysis are yet to be reported.

Pfizer’s vaccine has been developed using genetically modified full-length toxin A
and toxin B, using a novel detoxification process that preserves the critical epitopes
responsible for immunogenicity for maximizing the production of neutralizing
antibodies[157,158]. This vaccine entered clinical trials in 2012 and received Fast Track
designation from the United States FDA in 2014. The phase 2 clinical trial was
completed on patients aged 50-85 years (NCT02117570). The vaccine induced robust
immune responses and exerted protective effects in preclinical models. The Pfizer
vaccine is currently undergoing phase 3 clinical trials with > 17000 subjects in 23
countries. Subjects aged = 50 years will receive 3-dose vaccinations at months 0, 1, and
6. Volunteers will be followed up for 3 years after the last vaccination. As the trial is
ongoing, the results of data analysis from this vaccine are expected in the near future.

Although several vaccines have been developed for decades, aiming to serve as a
prophylaxis for CDI, there are concerns and limitations for rapid, long-lasting, and
protective immunity. Further efforts are still required to identify optimal dose, dosing
schedule, and vaccine formulation, and also to determine potential application for
high-risk healthy populations and immunocompromised individuals. Regarding the
promising efficacy of a CDI vaccine, if approved, it will provide the primary
prevention and reduction of CDI cases worldwide.

CONCLUSION

CDI is a serious healthcare concern as most countries move towards aging societies
[159]; C. difficile can have maximum impact on this age group. CDI treatment is also
threatened by treatment failures, especially recurrent CDI. Therefore, an urgent need
exists to develop alternative treatment approaches. Small molecules and natural
products have been subjected to the most advanced progress compared with other
approaches, followed by an erupting trend of FMT. Both single and combinational
therapies appear to be the way forward, such as antibiotic/ FMT, antibiotic/antitoxin
antibody, and antibiotic/synbiotic. Vaccine development is highly anticipated as the
results are extremely promising and would provide a significant tool for CDI
prevention and control in community and healthcare settings. Bacteriophage therapy
has to overcome the grand challenge before it can be used in clinical practice. These
developments are the future of CDI treatment; they require a huge amount of effort
and capital; meanwhile, the management of antibiotic use, hygiene precautions and
education, and monitoring systems, must be implemented to reduce the incidence of
CDL
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Abstract

The diagnosis of coeliac disease (CD) in adult patients requires the simultaneous
assessment of clinical presentation, serology, and typical histological picture of
villous atrophy. However, several years ago, the European Society of Pediatric
Gastroenterology, Hepatology, and Nutrition guidelines approved new criteria
for the diagnosis in children: Biopsy could be avoided when anti-
transglutaminase antibody (TGA) values exceed the cut-off of x 10 upper limit of
normal (ULN) and anti-endomysium antibodies are positive, independently from
value. This “no biopsy” approach is a decisive need for pediatric population,
allowing to avoid stressful endoscopic procedures in children, if unnecessary.
This approach relies on the correlation existing in children between TGA levels
and assessment of mucosal atrophy according to Marsh’s classification. Several
lines of evidence have shown that patients with villous atrophy have markedly
elevated TGA levels. Therefore, we aim to perform a narrative review on the topic
in adults. Despite that some studies confirmed that the x 10 ULN threshold value
has a very good diagnostic performance, several lines of evidence in adults
suggest that TGA cut off should be different from that of pediatric population for
reaching a good correlation with histological picture. In conclusion, the hetero-
geneity of study reports as well as some conditions, which may hamper the
serological diagnosis of CD (such as seronegative CD and non-celiac villous
atrophy) and are much more common in adults than in children, could represent a
limitation for the “no biopsy” approach to CD diagnosis in patients outside the
pediatric age.

Key Words: Celiac disease; Villous atrophy; Serology; Biopsy; Anti-transglutaminase
antibody
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Core Tip: A “no biopsy” approach to celiac disease diagnosis, based only on anti-
transglutaminase antibody titer, is a well-established strategy in children and an
appealing matter of debate in adults. Indeed, the same strategy is recommended by
pediatric guidelines, since it allows to avoid about one third of upper endoscopy
procedures. In adults, literature on the topic is flourishing even if the topic is still
under-investigated, results are heterogeneous, and some conditions may be relevant
limiting factors.

Citation: Losurdo G, Di Leo M, Santamato E, Arena M, Rendina M, Luigiano C, lerardi E, Di
Leo A. Serologic diagnosis of celiac disecase: May it be suitable for adults? World J
Gastroenterol 2021; 27(42): 7233-7239

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7233.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7233

INTRODUCTION

Celiac disease (CD) is the most common immune-mediated enteropathy. It affects
subjects with a genetic predisposition based on the presence of a human leukocyte
antigen (HLA) DQ2/DQ8 haplotype and polymorphisms of several other inflam-
matory genes. The same genes are frequently involved in several other autoimmune
conditions, and this explains why a high rate of coeliac patients suffer from at least
another immune-mediated disease[1,2].

CD is the only autoimmune disease certainly triggered by an exogenous factor, i.e.,
the ingestion of gluten. Gluten is a complex of alcohol soluble proteins such as
gliadins, avenins, and secalins. These rich-in-proline and glutamine peptides are
difficultly hydrolyzed by humans for the absence of an enzyme called prolyl-
endopeptidase on the brush border of enterocytes[3]

The global prevalence of CD is about 1% [4]. However, considerable differences exist
among various countries. Additionally, it is more frequent in females (2:1-3:1), like
other autoimmune diseases. Diagnosis may occur in every moment of life. In the past,
CD was considered a disease of the childhood[4], but nowadays the trend is changing
because the 50% of new diagnoses occur in people over 50 years old. The most
important difference between pediatric and adult patients concerns symptoms at
onset: In children the intestinal signs are more frequent, while in adults the extra-
intestinal manifestations are more typical[5]

Clinical manifestations may include both intestinal and extra-intestinal symptom:s.
Intestinal manifestations are diarrhea, dyspepsia, bloating, and abdominal pain.
Extraintestinal findings are weight loss, iron deficiency anemia, microcytic or megalo-
blastic anemia, and osteopenia[6].

Malabsorption is the consequence of the mucosal injury caused by humoral and cell-
mediated autoimmunity. In fact, tissue transglutaminase 2 (TTG2), an intestinal
enzyme, makes gluten peptides toxic by reactions of transamidation and deamidation
[7] Plasma cells release IgA antibodies against both self-components of the mucosal
layer and deamidated gluten peptides. IgA molecules pass into the bloodstream as
antibodies against transglutaminase 2 (TGA), endomysium (EMA), and deamidated
gliadin peptides (DGPs) and their detection is useful for the diagnosis of CD[4,8].

On the other side, an immune response mediated by CD3+ T cells takes place. These
CD3+ T lymphocytes are called intraepithelial lymphocytes (IELs). IELs infiltrate the
mucosal layer, thus damaging enterocytes. In CD, IELs are usually more than 25/100
enterocytes and lose their normal pattern of distribution in the villous area, which is
called base-tip pattern and is characterized by a few number of IELs located at the base
of the villi. Conversely, in CD, IELs are abnormally distributed in the whole surface of
the villi[9]

The number of IELs is one of the two main histological criteria used for assessment
of mucosal damage according to Marsh classification; the other one is the reduction of
the villous-crypt ratio. In the normal duodenum, the villi are 3-fold longer than
Lieberkhun crypt depth; in CD, the flattening of villi causes an inversion of the normal
ratio from 3:1 to 1:1 until to 1:3.
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Table 1 Sensitivity and specificity of serologic tests

Antibody Sensitivity (range) Specificity (range)
IgA TGA 98% (78%-100%) 98% (90%-100%)
EMA 95% (86%-100%) 99% (97%-100%)
IgA DGP 88% (74%-100%) 95% (90%-99%)

IgG TGA 70% (45%-95%) 95% (94%-100%)
IgG DGP 80% (63%-95%) 98% (90%-99%)

DGP: Deamidated gliadin antibodies; EMA: Anti-endomysium antibodies; TGA: Anti-transglutaminase antibodies.

Jaishideng®

These histological findings are assessed on biopsy samples taken from the
duodenum. At least two samples from the bulb and four from the second part of the
duodenum should be taken in order to obtain an adequate sample[10,11]

DIAGNOSIS

Currently, a combination of clinical presentation, serology, and histology is required to
diagnose CD in adults.

A patient with suggestive intestinal or extraintestinal symptoms/signs should
undergo a serological analysis to assess the IgA levels: IgA-class TGA are the most
sensitive and specific antibodies for CD even if they do not allow to diagnose CD
alone. The IgA-class TGA test is performed by enzyme-linked immunosorbent assay. It
is reliable and inexpensive, and represents the most sensitive test for CD (98%), with a
very low percentage of false positive when the titer is more than 5-fold the upper limit
of normal value[12]. The hypothesis of CD should be confirmed by IgA-class EMA
positivity. Indeed, IgA-class EMA measurement is the most specific test (near to 100%)
but the test is immunofluorescence-based, so it is operator dependent for its difficult
interpretation[13].

In patients with an IgA deficiency (a frequent condition in celiac patients), IgG
levels should be assessed[3] A summary of diagnostic performance of serologic tests
in CD is reported in Table 1[14].

Antibodies against DPGs are not very useful in diagnosis, except if the patient is less
than 2 years old; they could be considered in the follow-up, because their variations
are very rapid after the starting of a gluten free diet (GFD)[15,16]

In adult population, endoscopy with duodenal biopsy samples is considered the
gold standard for CD diagnosis. Several endoscopic findings may suggest CD with a
high sensitivity and specificity. However, more than 33% of CD patients have a normal
endoscopic appearance, so biopsy samples should be collected in all patients with
suspected CD irrespectively of endoscopic appearance. During upper GI endoscopy, at
least 4-6 specimens should be collected, including samples from the duodenal bulb, in
order to increase the diagnostic yield[17]. In each pass of biopsy forceps, the
endoscopist should take only a single biopsy specimen[18]. However, at least 10% of
specimens may not have an acceptable quality, due to insufficient size or lack of
orientation and, sometimes, endoscopy should be repeated. Moreover, endoscopy is an
invasive procedure with risk of complications and expensive, and the sedation is often
required due to the duration of the procedure.

A level 3 in Marsh assessment corresponds to a complete villous atrophy and is
required to diagnose CD.

However, the European Society of Pediatric Gastroenterology, Hepatology, and
Nutrition (ESPGHAN) guidelines in these last years stated that a different diagnostic
algorithm could be used for children.

Then, guidelines stated that, if clinical features are present, TGA level overcomes
the threshold of 10 x UNL, and EMAs are positive, histology and genetics could not be
carried out. This conclusion relies on the strong association between TGA and Marsh's
grade of atrophy[19]

This approach, despite being not applicable to all children, has changed the clinical
practice since, at least in children, upper endoscopy is not easily performed. It has
been estimated that the cited cut-off may avoid endoscopy in 18% of celiac children,
with a sensitivity of 96.3 and specificity of 98.6%[20]. In another study, 29% of children
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could have avoided biopsy as per the 2020 ESPGHAN guidelines, and levels of TGA >
60 U/mL or DGP = 28 U/mL had a 100% specificity and 100% positive predictive
value (PPV) for CD. HLA typing and EMA did not improve the PPV in patients with a
TGA level 2 60 U/mL, but addition of DGP = 28 U/mL improved the diagnostic
sensitivity albeit maintaining the 100% specificity[21].

The promising data found in pediatric literature have, therefore, pushed researchers
to investigate whether a pure serologic approach could be used in adults with
suspicion of CD. Therefore, we aimed to perform a narrative review on the topic in
adults.

A NO-BIOPSY, SEROLOGY-BASED APPROACH IN ADULTS: CURRENT
EVIDENCE

Several studies supported the “no-biopsy strategy” in adult population. Sugai et al
[22], in a prospective study, evaluated the diagnostic accuracy of duodenal biopsy and
serology for CD diagnosis (TGA and DGP), in two cohorts of subjects with different
pre-test probabilities. In the high-risk group (161 enrolled patients), the prevalence of
CD was 39.1%, while in the low-risk group (518 enrolled patients), the CD prevalence
was 3.3%. Using assay combinations, it would be possible to confirm or rule out a
diagnosis of CD without biopsy in 92% of cases in both pre-test populations. Salmi et al
[23] compared histological examination to serum and intestinal celiac autoantibodies
in untreated CD. They corroborated a high sensitivity and specificity of autoantibodies
TGAs for detection of CD with villous atrophy. In 2008, Hill et al[24] found that an
IgA-class TGA level of x 10 ULN could be used as a diagnostic cut-off with a positive
predictive value of 100% for CD in adults. A similar cut-off of TGA antibody level (x
10) was suggested by Beltran et al[25] for CD diagnosis, with a 100% specificity.
However, the authors emphasized the necessity of local validation for the cut-off
value. The study of Penny et al[26] confirmed that an IgA-class TGA titer of x 10 ULN
had a 100% specificity as a cut-off value for detection of Marsh type 3 lesions.

Other cut-off values of TGA levels have also been suggested. In a retrospective
study, Holmes et al[27] enrolled 270 CD adults with IgA-TGA levels measured and
small bowel biopsy samples. The authors found that a cut-off greater than 45 U/mL (>
x 8 ULN + 2SDs) had a PPV of 100% for CD. The same value was suggested by Tortora
et al[28]. In their study, a cut-off value of TGA of 45 U/mL had a sensitivity of 70% and
specificity of 100% for predicting Marsh 2 2 lesions. Moreover, the authors found that
the best cut-off for predicting villous atrophy was 62.4 U/mL (sensitivity 69%,
specificity 100%). A lower cut-off value of TGA was found in the retrospective study of
Zanini et al[29]: They demonstrated a 100% specificity for duodenal atrophy with a
cut-off value of five times higher than the ULN. The application of this diagnostic
approach could avoid upper GI endoscopy in one out of three patients. In a
multicenter retrospective analysis enrolling both pediatric and adult patients who
underwent small-bowel biopsy for suspicion of CD and positivity for both TGA and
EMA, Alessio et al[30] demonstrated that a TGA level 2 x 7 ULN was able to diagnose
CD with a specificity and PPV close to 100%. On the other hand, Di Tola et al[31]
determined that the best TGA serum level/cut-off ratio was > 3.6 with a sensitivity of
76.8 % and PPV of 97.2 %. The use of threshold value for CD diagnosis could avoid
endoscopy with biopsy in 75% of the patients. The authors also found a strong
correlation between TGA serum levels/cut-off ratio and the degree of duodenal
lesions.

The combination of serology for IgA-TGA and IgA-EMA for CD diagnosis was
retrospectively evaluated by Wakim-Fleming et al[32]. In their cohort, a value of serum
IgA-class TGA greater than 118 U had only a 2% false-positive rate. While, if the value
of serum IgA TGA was between 21 and 118, the value of EMA at least 1:60 had a PPV
of 83% for CD. IgA-class TGA level less than 20 U, in combination with an EMA
dilution titer less than 1:10, had a negative predictive value of 92% for CD.

Oyaert et al[33] evaluated the use of IgA-class TGA value associated with IgG-DGP
antibody for CD diagnosis, in both pediatric and adult populations. Patients with
double positivity and high antibody levels (> 3 times and > 10 times ULN) had a high
probability of having CD (likelihood ratio > 649 for > 3 times ULN and o for > 10 times
ULN). However, the sensitivity was significantly higher for all test combinations in the
group aged younger than 16 years compared to the adult group.

The study by Efthymakis et al[34] found that the optimal cut-off anti-TGA value was
> x 16 ULN. In this study, 11 different assays were used for TGA titer determination.
Analyzing the two more prevalent, the authors found different optimal cut-off values
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(14.3 x ULN vs 3.7 x ULN), even after standardization (-0.14 vs -1.2).

SEROLOGY AND PERSISTENT ATROPHY IN FOLLOW-UP

Key endpoints in the follow-up of CD patients are the absence of symptoms and the
achievement of mucosal healing, i.e., regression of atrophy. After 6-12 mo of adhering
to a GFD, serology becomes negative in 80% of the patients and in 90% after 5 years.

Unfortunately, a normal TGA level at follow-up does not predict recovery of villous
atrophy. Really, the lack of declining values and/or persistently positive serology 1
year after starting a GFD strongly suggest gluten contamination. Indeed, a recent
meta-analysis demonstrated that IgA-class TGA and IgA-class EMA detected
persistent villous atrophy with a high specificity (83%) but low sensitivity (50%).

Of interest, this study emphasized a presumable different CD diagnostic tool
pattern between pediatric and adult ages. Indeed, the area under the curve for villous
atrophy prediction was higher for children than for adults (0.879 vs 0.781)[16]

CONCLUSION

Biopsy-free strategy is a promising approach for the diagnosis of CD in adult
population, with a sensitivity and specificity close to 100%. However, it should be
highlighted that in adults the diagnosis of CD may be more challenging than in
children, since villous atrophy and increased IELs might be related not only to CD, but
even to other pathologic conditions, including drug damage, infections, or functional
gastrointestinal disorders[35-41].

On the other hand, seronegative CD is a rare condition that may be found in adults.
It should be always kept into account when clinical symptoms are highly suggestive of
the disorder despite the absence of serological markers and, in this case, histological
examination is the mandatory diagnostic tool[42,43].

Moreover, the possibility of false positivity of TGA has been described, especially
after viral respiratory infections[44].

In conclusion, despite that the results show that biopsy-free strategy may be
promising in adults, some cautions should be taken into account before performing a
fully serologic diagnosis of CD. Indeed, the topic is still under-investigated, the results
of the studies are heterogeneous, and some conditions, such as seronegative CD or
intestinal damage due to causes other than gluten, may be relevant limiting factors.
Furthermore, since most of studies are retrospective, the real possibility of avoiding
endoscopic examination for diagnosing CD in adults is still a matter of debate and
requires further research. Therefore, further studies with a standardized approach are
still required to evaluate this strategy and determine the best cut-off.
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Abstract

Advances in machine learning, computer vision and artificial intelligence
methods, in combination with those in processing and cloud computing
capability, portend the advent of true decision support during interventions in
real-time and soon perhaps in automated surgical steps. Such capability, deployed
alongside technology intraoperatively, is termed digital surgery and can be
delivered without the need for high-end capital robotic investment. An area close
to clinical usefulness right now harnesses advances in near infrared endolap-
aroscopy and fluorescence guidance for tissue characterisation through the use of
biophysics-inspired algorithms. This represents a potential synergistic
methodology for the deep learning methods currently advancing in ophthal-
mology, radiology, and recently gastroenterology via colonoscopy. As databanks
of more general surgical videos are created, greater analytic insights can be
derived across the operative spectrum of gastroenterological disease and
operations (including instrumentation and operative step sequencing and
recognition, followed over time by surgeon and instrument performance
assessment) and linked to value-based outcomes. However, issues of legality,
ethics and even morality need consideration, as do the limiting effects of
monopolies, cartels and isolated data silos. Furthermore, the role of the surgeon,
surgical societies and healthcare institutions in this evolving field needs active
deliberation, as the default risks relegation to bystander or passive recipient. This
editorial provides insight into this accelerating field by illuminating the near-
future and next decade evolutionary steps towards widespread clinical
integration for patient and societal benefit.

Key Words: Digital surgery; Artificial intelligence; Gastrointestinal disease; Biophysics;
Deep learning; Fluorescence-guided surgery
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Core Tip: Here, we introduce the concept of digital surgery and why it is important for
everyone involved in the area of gastroenterological disease management. The current
state and near-future of the art in this area are discussed, including the use of artificial
intelligence methods to provide intraoperative real-time augmented decision making.
Moral, ethical and legal challenges pertinent to digital surgery are explored, including
the concerns relating to big data in health care and the transitioning role of industry in
surgical development, as well as the implications such profound and imminent changes
may have on the role of the clinician.
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INTRODUCTION

Since the mid-20" century, our analog electromechanical world has increasingly
transitioned to a digital and even automated one, leading to our current epoch being
named the “Digital Age” or “Information Age”. While many sectors have been rapid
converts to this new order (notably retail and finance), adoption in the healthcare
domain has been slower. In particular, in surgery, the focus has been on incremental
iterations of existing technologies (such as upgraded displays and tweaked surgical
instruments) over radical reformatting of existing methods. The reasons behind this
are multifactorial, including a natural and understandable professional conservatism
regarding clinical care, along with privacy concerns (patient and practitioner), ethical,
moral and liability uncertainties, as well as a potential reluctance on behalf of system
developers to involve themselves in intraprocedural decision making (preferring
instead to leave this responsibility firmly in the hands of the human operator, for now
at least). However, the evolution of surgical practice has plateaued.

Even the most sophisticated of new surgical machinery in general surgery, such as
present-day robotic platforms, depend fully on the practitioner for their value and
have led only to marginal benefit over the past 20 years. This is partly because of
inequity in access but mostly because the fundamental distinguishing characteristic of
best operative care relates to the intraoperative decision-making rather than dexterity
of the practitioner. The new great hope is that the digitalisation of surgery, including
the integration of artificial intelligence (Al) to the surgical workflow, will lead to better
outcomes broadly; although, how exactly this will happen remains the challenge.
Specifically, “digital surgery” exploits real-time analytics with technology during
operations, and this editorial provides perspectives of its impact now and in the near
future to all those looking after patients with digestive diseases.

Al DECISION-PROMPTING IN GASTROENTEROLOGY

This month’s landmark publication of the European Commission’s “Laying Down
Harmonised Rules on Artificial Intelligence” attempts to shape the future of Al’s
incorporation across society[1]. In this document, the enormity of the socioeconomic
potential of Al is stressed, and it emphasizes that the same elements that drive benefits
will bring about new risks of potential great consequence. Also this month, the first
commercial Al system for endoscopy, “GI Genius” by Medtronic (Dublin, Ireland), has
been approved for clinical use by the United States Food and Drug Administration
(FDA)[2]. This system and others like it (e.g., Olympus ENDO-AID) act as a “second
pair of eyes”, constantly watching the screen and alerting the user to any potential
anomaly by highlighting the detected area and leaving the human to decide on its
importance[3]. Unlike the endoscopist, the computer aid does not have a single point
of focus on the screen and so provides accurate full field of view observation at all
times, a digital safety net. While impressive results are reported regarding increased
polyp detection rates by this combination (14% absolute increase in adenoma detection
rate over standard endoscopy), intra-procedural polyp characterisation remains
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unsupported. Detailed descriptions of Al advances in endoscopic systems have been
covered elsewhere[4-6].

When assessing such applications, the FDA stratifies the risk associated with the Al
tool by the device’s intended use[7]. Technologies designed to treat and diagnose or to
drive clinical management receive higher risk ratings than those that aim to inform
clinical management. Furthermore, to date, the FDA has only approved AI or machine
learning systems that are “locked” prior to marketing. In locked systems, the
algorithms used must provide the same output each time the same input is provided (
i.e., these systems cannot “learn” or adapt as they accrue more data, which really
should be their hallmark). However, it is understandable that these early models
should function within the safety of a locked domain while the appropriate regulatory
and surveillance frameworks for unlocked Al are put in place. Such oversight would
need to ensure that the performance and effectiveness of an unlocked system in
clinical use was maintained as it evolved through learning over time. Furthermore,
locking helps to ensure that the functionality of a device can be understood by
clinicians and its abilities not overstated.

As more advanced systems come online, however, it is likely such “unlocked”
systems will become approved for use. Therefore, the endoscopic support systems
currently approved for use only represent a first pass at clinical entry, allowing
sequential iterations to evolve serially with increasing degrees of data recording,
analytics and self-learning, and therefore automatism.

AlIN SURGERY

While other areas of surgical practice, such as orthopedics, neurosurgery and maxillo-
facial surgery, have embraced surgical preplanning through computer-generated
models and intraoperative navigational aids, the incorporation of AI methods for
gastrointestinal surgery is only in its infancy[8-10]. The lack of fixed, easily identifiable
landmarks and the tendency for the operator to completely shift the anatomical field
intraoperatively (from the preoperatively recorded imagery) has proven difficult to
accommodate in the same way as is possible with interventions in osseous lattices.
Furthermore, the most valuable asset in the advancement of AI methods has been the
rapid ability to accumulate, store, annotate and distribute data streams. As a result, it
has been most applicable to nonsurgical uses, where enormous pre-existing archives of
categorised images exist (with data points in the millions), such as breast
mammography and retinal screening[11,12]. For similar impact in surgery, computer
methods need integration with surgical video, which is inherently more complex and,
for this reason, harder to extract meaningful datapoints from.

Indeed, the necessary technology is only now proving sufficiently capable for such
analysis to be envisaged, and the main rush right now relates to the accumulation of
videos for future exploitation. The major companies are, therefore, looking at placing
systems alongside their core imaging technology that allow uploading of material at
the operator’s discretion rather than automatically. This is because, with some
exceptions, the prevailing business model has been to sell imaging systems with the
imagery belonging fully to the purchaser. With the current realisation that such data
have real value on an aggregated basis, it is likely that the next full-service
subscription models will include data sharing as a contractual clause. Therefore, the
technical obstacles of video set-up, storage and distribution have already diminished
in this era of big data, leaving then annotation, curation and linking to metadata to be
addressed.

IMAGE-GUIDED SURGERY

Surgical video contains more information than still images do, which means greater
value but also complexity. Superimposition of more easily interpreted signals to these
videos greatly enables data extraction. One such method successfully used in this
manner utilizes near infrared imaging and indocyanine green, a fluorescent dye, to
disclose information regarding the perfusion status of tissues in surgical videos and,
hence, characterise their nature[13-15]. Indocyanine green binds to albumin within the
vasculature, and real-time tracking of fluorescence intensity as it circulates can be used
to create perfusion signatures of tissues. Alongside prediction of healing-nonhealing
risk, this technique has been successfully piloted for the interrogation and classi-
fication of neoplasia of the colorectum using computer vision and Al with high levels
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of accuracy intraoperatively based on biophysics-inspired principles (i.e., perfusion
within malignant tissue is fundamentally altered when compared to adjacent healthy
regions in the same field of view[16]) (Figure 1).

BEYOND FLUORESCENCE

Accurate computerised identification and labelling of structures at operation, through
fluorescence or otherwise, could soon lead to better, safer surgery. Automated
localisation with operator-prompting for important structures, such as the inferior
mesenteric artery, ureter or neurological bundles, during left-sided colonic surgery
would assist experienced surgeons in difficult cases or normalise for experience in
those at the beginning of their career or with low volume practices. Deep learning
models have even been demonstrated to accurately identify when the critical view of
safety has been demonstrated during laparoscopic cholecystectomies[17]. Once a tissue
can be accurately characterised, the next logical progression from on-screen display is
the integration of such data into smart instruments to guide operative steps. This may
be by way of haptic or auditory feedback or even automatic shutoff in the case of
destructive instruments, such as diathermy encountering structures that require
safeguarding (this already exists with some orthopaedic instrumentation).

More rudimentary systems of instrument tracking and operative step identification
are already available that allow retrospective auditing of performed operations and
instrument efficiency[18,19]. Parsing of operations into component steps linked with
metadata including operative costs and standard (e.g. hospital stay and complications
requiring intervention) as well as evolved patient metrics (e.g., patient-reported
outcome measures) could greatly facilitate our move toward value-based health care.
Early-stage iterations are now emerging, with automated operative phase identi-
fication in peroral endoscopic myotomy recently being described with the hope that
further technological refinement may facilitate intraoperative decision support[20].

SURGICAL VIDEO DATA BANKS AT SCALE

Collation of surgical outcomes and surgical performance, either by the individuals
wishing to gain insight into their own practice or as part of professional regulatory
oversight, still presents potential controversies. The centralised deposition of surgical
video followed by anonymised analysis of technique and outcomes, likely by other
specialty practitioners initially and followed by Al when permissible, would provide a
means for impartial appraisal and maintenance of standards (both of practitioners and
indeed surgical instruments). However, there are risks to use of the data to promote
commercial interests rather than the public good (this also applies to practitioners
and/or institutions); as such, great transparency is needed and trust-boards should be
considered. In addition, practitioners have privacy rights, as do patients, and the
special status of the doctor-patient relationship prevents exploitation of this privilege,
which is an important consideration alongside legality alone (e.g., respect of
frameworks such as General Data Protection Regulation). Furthermore, aggregation of
surgical video in siloed collections, however individually large, risks lack of proper
representation. Closed datasets also limit progress if others with relevant interest are
excluded (frustrating the principle of reusability as a findability, accessibility, interop-
erability, and reusability principle), which may precipitate monopolistic practices.

Al PITFALLS AND CONCERNS

The relatively delayed adoption of Al within surgery permits a glimpse into potential
pitfalls by observing the experience of other sectors. In October 2020, the United States
House Antitrust Subcommittee Report on Competition in the Digital Market noted
that, in many digital domains, few dominant corporations held singular control of
channels of mass distribution in a fashion that allowed them to maintain power and
absorb or remove competitors with ease[21]. This is a real concern, considering the
enormous financial incentives associated with success in healthcare provision.
Potential safeguards include an open/shared data repository (with appropriate
regulatory compliance) upon which clinicians, academics and companies could work,
as well as the standardisation of policies for the acquisition and storage of digital data,
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Figure 1 Digital surgery in action-real-time discrimination of tissue nature using fluorescence imaging and artificial intelligence. A:
Transanal imaging of a rectal lesion using a Pinpoint (Novadag, Mississauga, Canada; Stryker, Kalamazoo, M, United States) near infrared imaging system; B:
Following intravenous administration of indocyanine green (ICG) (0.25 mg/kg), fluorescence is observed within the lesion and surrounding tissue; C: In tandem with
the ICG administration, regions of interest within healthy and unhealthy tissue (regions 0-3) are chosen by the surgeon for real-time assessment. Image tracking is
performed using the visible light mode and light intensity readings extracted from the corresponding regions within the infrared spectrum video for each of these
regions over time; D: Intensity profiles are subsequently fitted to biophysics-inspired artificial intelligence models of fluid movement in tissue to predict tissue nature
with a binary outcome (healthy vs cancer) and a probability score (%).
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to ensure universal accessibility. Additionally, the history of Al is replete with “boom
and bust” cycles, and it is possible that its promised integration into surgery could
prove another false dawn, especially with regard to more complex unsupervised
machine learning and deep learning methods[22]. This may be a result of the
complexity required to fine tune these systems to achieve acceptable results for use in
humans. Controversies surrounding explainability (describing the settings used in the
machine), interpretability (the degree to which a human can understand the decision)
and bias within data training sets, as well as possible societal rejection of this form of
technology in healthcare (akin to the criticisms of Al-based facial recognition software
and recidivism predictors or any perception of data harvesting for surveillance
capitalism), are other concerns.

CONCLUSION

Nevertheless, the formative years of digital surgery have begun. As a consequence, the
landscape of surgical practice as it currently stands is likely to undergo rapid and most
probably frequent evolutions. Such changes will have far reaching implications on the
role of professional bodies, societies and institutions and, most fundamentally,
clinicians. Moore’s law cautions that the limits of such changes will be neither techno-
logical nor computational. The role of implementation of digital surgery remains, for
now, with the clinician in their duty as patient caregiver. Whether this role will, in
time, increasingly become one of the clinician as early enabler and later bystander or
clinician as co-developer and collaborator remains yet to be determined. For the latter,
co-ordinated, purposeful cross-collegiate action is needed urgently.
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Abstract

Bacteria are known to communicate with each other and regulate their activities
in social networks by secreting and sensing signaling molecules called autoin-
ducers, a process known as quorum sensing (QS). This is a growing area of
research in which we are expanding our understanding of how bacteria
collectively modify their behavior but are also involved in the crosstalk between
the host and gut microbiome. This is particularly relevant in the case of
pathologies associated with dysbiosis or disorders of the intestinal ecosystem.
This review will examine the different QS systems and the evidence for their
presence in the intestinal ecosystem. We will also provide clues on the role of QS
molecules that may exert, directly or indirectly through their bacterial gossip, an
influence on intestinal epithelial barrier function, intestinal inflammation, and
intestinal carcinogenesis. This review aims to provide evidence on the role of QS
molecules in gut physiology and the potential shared by this new player. Better
understanding the impact of intestinal bacterial social networks and ultimately
developing new therapeutic strategies to control intestinal disorders remains a
challenge that needs to be addressed in the future.

Key Words: Inflammatory bowel disease; Quorum sensing; Gut microbiota; Dysbiosis;
Inflammation; Intestinal barrier
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Core Tip: Host-microbiota interactions play a crucial role in the pathophysiology of
many intestinal diseases. While biological components have been repeatedly described,
a largely overlooked component is quorum sensing (QS), a density-dependent system
able to coordinate bacterial responses and interact with host cells constantly exposed to
bacteria. This review intends to describe the different QS systems to show evidence
that QS is part of the intestinal ecosystem and highlight its impact on intestinal
epithelial barrier function, inflammation, and intestinal carcinogenesis. From this
report, we open up a new area of intestinal physiology.

Citation: Coquant G, Aguanno D, Pham S, Grellier N, Thenet S, Carriére V, Grill JP, Seksik P.
Gossip in the gut: Quorum sensing, a new player in the host-microbiota interactions. World J
Gastroenterol 2021; 27(42): 7247-7270

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7247 .htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7247

INTRODUCTION

Gut microbiota mutually interacts with coevolved host epithelial and immune cells in
a beneficial reciprocal relationship[1]. The advent of multi-omics sequencing in the
past decade has allowed researchers to investigate the complexity of the intestinal
microbiota in various human disorders[2]. Many lines of evidence support a role for
alteration of gut microbiota (dysbiosis) in the development or perpetuation of inflam-
matory and metabolic disorders; recent data pointed out the consequences of dysbiosis
on host-microbiota interactions in this setting[3,4]. Currently, gut microbiota
metabolites recognized as the main drivers of the impact of gut microbiota on hosts are
short-chain fatty acids (SFCAs), branched-chain amino acids, trimethylamine N-oxide,
bile acids, tryptophan (Trp), and indole derivatives[3,5]. A largely overlooked
component is diffusible signaling molecules, which modulate the physiological
response in the three domains of life[6]. A particular class of these signaling
compounds is represented by bacterial quorum sensing (QS) molecules called autoin-
ducers (Als). QS is a density-dependent mechanism allowing bacterial populations to
coordinate gene expression and physiology by modulating, for example, metabolic
pathways, secretion of virulence factors, or biofilm formation in response to Als[7].
Drawing on its density-dependent nature, it can be hypothesized that the production
of bacterial signaling molecules is abundant in the highly densely populated
environment of the mammalian intestinal tract.

Moreover, since several eukaryotic systems from fungi to plants and animals are
known to recognize and respond to bacterial signaling compounds, it seems likely that
human intestinal cells constantly exposed to bacterial compounds might also have
developed response mechanisms to Als with consequences on intestinal physiology
[8]. The purpose of this current review is to provide clues to consider bacterial QS as a
new actor of host-microbiota interactions. We will start by presenting the bacterial QS
systems and evidence of QS in the gut. We will then provide an overview of the
impact of QS molecules on host cell functions within the gut. Finally, we will
investigate how modulation of the QS could be thought of as a therapeutic option,
determine the key challenges, and suggest directions for future QS research.

QS: GOSSIP IN A BACTERIAL WORLD

In the conventional view of prokaryotic existence, bacteria live as unicellular orga-
nisms, with responses to external stimuli limited to detecting chemical and physical
signals of environmental origin. This view of bacteriology is now recognized as overly
simplistic because bacteria communicate through small “hormone-like” organic
compounds. QS is a bacterial cell-cell communication process that involves the
production, detection, and response to extracellular signaling molecules called Als.
Als enable bacteria to perceive and respond to temporal and contiguous environments
and coordinate the behavior of colonies by altering gene expression. QS controls genes
that direct beneficial activities when performed by groups of bacteria acting in
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synchrony. Processes controlled by QS include bioluminescence, sporulation,
competence, antibiotic production, biofilm formation, and virulence factor secretion
(Figure 1TA). Similar to languages between humans, these signals vary between species.
Some bacterial species can interpret many different signals, while others respond to a
few. The first such system was described in 1979 in Vibrio fischeri[9], a symbiotic
species that provides marine eukaryotic hosts with light. Light emission depends on
transcription of the luciferase operon, which occurs when the cell population density is
sufficient to produce a threshold accumulation of a secreted Al, a specific N-acyl
Homoserine Lactone (AHL). It was only in 1994 that the term QS was first used to
introduce the idea of a minimal population (quorum) that was needed to trigger a
group behavior thanks to a signal[10]. The science of studying group behavior in
microorganisms has even been named "sociomicrobiology"[11].

Different ways of talking

Bacterial QS is highly complex and mediates communications thanks to the diversity
of its different systems. QS systems can be divided into systems specific to species and
mediating communication between Gram-positive bacteria, Gram-negative bacteria,
and interspecies systems (Table 1 and Figure 1).

QS in Gram-positive species is driven in most cases by 5-17 amino acid
oligopeptides (AIPs for AutoInducer Peptides), which are detected by membrane
receptors belonging to the histidine kinase family and are involved in virulence or
competence[12]. In addition, y-butyrolactones are produced and integrated by
Streptomyces sp. as signals controlling antibiotic production[13] or metabolism[14].

QS in Gram-negative bacteria relies on a high diversity of different systems, with
some bacteria, such as Pseudomonas aeruginosa (P. aeruginosa), possessing several QS
systems (Table 1). The expression of over 300 genes is regulated by QS. The most
common system is driven by Al-1 molecules belonging to the AHL family, which are
constituted by a homoserine lactone ring carrying a 4-18 carbon acyl chain. The lengths
and modifications of the acyl chain give each AHL its species specificity[15]. The first
described model is the Vibrio fischeri system, in which N-3-oxohexanoyl-homoserine
lactone (3-0x0-C6) is synthesized by LuxI synthase, passively diffuses out of the cell
and enters another bacterium in which it binds its receptor LuxR[16] (Figure 1B).
Above a threshold, the AHL-receptor complex binds a consensus DNA sequence, thus
triggering luciferase expression[17]. This model applies to all AHL systems (Table 1
and Figure 1B). The system involves a positive feedback loop, thus promoting QS
activation at the population scale (Figure 1B). To date, numerous homologous systems
(i.e., genes coding synthases and receptors) have been described in many Gram-
negative bacteria, including over 70 Proteobacteria species[18] (Table 1).

Other Gram-negative QS systems involve the AI-3 molecule, initially identified in
enterohemorrhagic Escherichia coli (E. coli) (EHEC) serotype O157:H7[19]. AI-3
regulates flagellar genes and pathogenicity[20,21] and is thought to be present in other
enteropathogens (Table 1). A recent study[22] uncovered the structure of Al-3 and its
natural analogs, including the prominent analog in mouse feces in vivo, which belongs
to the pyrazinone family. The authors showed that various gram-negative and Gram-
positive bacteria produce AI-3 analogs, thus redefining the specificity of AI-3
molecules.

Last, the third type of QS system has been identified in Gram-negative bacteria such
as EHEC or Vibrio species and Gram-positive bacteria such as Salmonella enterica[23,
24]. It relies on AI-2 molecules such as S-THMF-borate [for (25,45)-2-methyl-2,3,3"4-
tetrahydroxy-tetrahydrofurane-borate][25] and R-THMF [for (2R,4S)-2-methyl-2,3,3’,4-
tetrahydroxy-tetrahydro furane][26]. AI-2 has now been found in various bacterial
species in which it regulates many processes[27] and is proposed to mediate poly-
species communication (Figure 1C).

In addition, indole is produced from Trp by Gram-negative and Gram-positive
commensal and pathogenic bacteria displaying tryptophanase activity[28-31]. As the
source of Trp is supplied by the diet and cannot be synthesized endogenously, either
by bacteria or by the host, indole is a bacterial byproduct of Trp metabolism. However,
in recent years, some authors have considered indole to be a QS molecule, as it is
produced in a density-dependent manner and regulates several bacterial physiological
processes, such as the formation of spores or biofilms, virulence traits, bacterial
motility, and drug resistance[29,32,33].

The versatility of QS systems and their AI molecules highlights the complexity of
communication and thus emphasizes the key role QS could play in a diverse
ecosystem: the intestinal microbiota.
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Table 1 Examples of bacterial quorum sensing autoinducer and corresponding systems

Example of Bacterial QS-regulated
Al P! QS system g Ref.
producing bacteria processes
Gram + Al peptide Staphylococcus aureus agr Virulence Novick et al[155]
Listeria monocytogenes ~ agr Virulence Autret et al[156]
Clostridium perfringens  agr Virulence Ohtani et al[157]
Enterococcus faecalis FsR Virulence Sifri et al[158]
Bacillus subtilis com Competence Magnuson et al[159]
y-butyrolactone Streptomyces genus scb Antibiotics Takano ef al[13]
scg Metabolism Du et al[14]
Gram - Al-1 (acyl- Vibrio fischeri LuxI/LuxR Luminescence Engebrecht et al[16]
homoserine lactones)
Vibrio harveyi LuxLM/LuxN Luminescence Mok et al[160]
Virulence Waters and Bassler[161]
Pseudomonas aeruginosa  Lasl/LasR Virulence and biofilm Gambello and Iglewski[162], Gambello et
al[163], Winson et al[164], and Chapon-
Rhll/RhIR Hervé et al[165]
PQS Pseudomonas aeruginosa PqsABCD/PqsR QS regulation Pesci et al[166]
Pyocyanin Gallagher et al[167]
Iron homeostasis Bredenbruch et al[168] and Diggle et al
[169]
Virulence Gallagher et al[167] and Cao et al[170]
Biofilm Diggle et al[171]
1QS Pseudomonas aeruginosa  AmbBCDE/IqsR Response to stress Lee et al[172]
CAI Vibrio (cholerae) CqgsA/CqgsS Virulence Ng et al[173]
AL-3 EHEC O157:H7 Qse/QseBC Attachment-effacement Sperandio et al[19], Walters et al[21], and
Kim et al[22]
EPEC O26:H11 Qse/unknown Unknown Kim et al[22], and Kaper and Sperandio
[40]
AIEC LF82 Qse/unknown Unknown Kim et al[22]
Escherichia coli MG1655 Unknown Unknown Kim et al[22]
Escherichia coli Unknown Unknown Kim et al[22]
BW25113
Salmonella enterica Qse/unknown Unknown Kim et al[22], Kaper and Sperandio[40],
and Walters and Sperandio[174]
Shigella flexneri Qse/unknown Unknown Kim et al[22], Kaper and Sperandio[40],
and Walters and Sperandio[174]
Yersinia sp. Qse/unknown Unknown Kim et al[22], Kaper and Sperandio[40],
and Walters and Sperandio[174]
Gram + AI2 Vibrio harveyi LuxS/LuxPQ Bioluminescence, TSS, Surette et al[24], Mok et al[160], and
and - protease Schauder et al[175]
Vibrio cholerae LuxS/LuxPQ Virulence and Biofilm Schauder et al[175], Zhu et al[176], and
Hammer and Bassler[177]
Enterococcus faecalis LuxS/LuxPQ Unknown Surette et al[24], and Schauder et al[175]
EHEC LuxS/LsrB (?) Attachment-effacement Schauder et al[175], and Bansal et al[178]
Salmonella enterica LuxS/LsrB Pathogenicity and Miller et al[26], Schauder et al[175], and
invasion Choi et al[179]

AI: Autoinducer; AIEC: Adherent-invasive Escherichia coli; AIP: AutoInducer peptides; CAI: Cholera autoinducer-1; EHEC: Enterohemorrhagic Escherichia

coli; EPEC: Enteropathogenic Escherichia coli; IQS: Integrated quorum sensing; PQS: Pseudomonas quinolone signal; QS: Quorum sensing.
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The study of QS in the gut is still a relatively recent matter of interest, as QS is
generally addressed from the pathogenic bacterium P. aeruginosa point of view in the
lung ecosystem. However, many arguments suggest that QS is a new player in the gut
ecosystem.

AHLs in the gut: As part of the eavesdropping mechanism, some bacteria from the
human gut can sense AHLSs from other species (Figure 1A). Gram-negative bacilli such
as E. coli, Enterobacter, or Klebsiella express the receptor SdiA, which can sense AHL,
without producing such a signal[34]. The opportunistic pathogen P. aeruginosa, which
targets the digestive tract in severely immune-compromised patients[35,36], and the
more common enteropathogen Yersinia enterolitica are known to produce AHLs[37].
Analyses from sequencing databases have shown the presence of LuxI/LuxR
homologs in a few commensals: Hafnia alvei, Edwardsiella tarda, and Ralstonia sp. strain
5_7_47FAA[37]. However, the latter article did not demonstrate the presence of AHLs
but only homologs of the genes encoding the synthase complex and the receptor. A
cohort low sample size pediatric study (n = 4) demonstrated, thanks to bacterial
reporter systems, the presence of AHLs in the feces of patients without identifying
them[38]. Our team investigated the question of AHLs in the human gut in the context
of inflammatory bowel disease (IBD). With high-resolution mass spectrometry, we
identified approximately ten AHLs in the feces of healthy patients, IBD patients in
remission, and flare[39]. We also found a never-described AHL, 3-oxo-C12:2-HSL, that
was less represented in IBD patients, especially in flares, than in healthy subjects[39].

AI-2 in the gut: Al-2 presence in the gut has been reported by several articles[19,40,41]
but is mainly linked to pathogenic bacteria such as enterohemorrhagic E. coli[19]. As
Al-2 is considered a “universal language”, it is not surprising to find this Al in an
ecosystem as diverse as the gut microbiota.

Thompson et al[42] showed that most Firmicutes contain LuxS protein orthologs, an
important enzyme that allows AI-2 production. In contrast, its presence is less
represented in Bacteroidetes. Mutant E. coli engineered to regulate AI-2 levels in the
mouse gut counteract antibiotic-induced dysbiosis[42]. AI-2 produced by E. coli
benefits Firmicutes while restraining Bacteroidetes representation[42], suggesting an
important role of AI-2 in the gut ecosystem.

Other QS signals: Concerning other QS signals, there is less evidence of their implic-
ations in gut microbiota. A recent study showed a correlation between indole and
Clostridioides difficile (C. difficile) infection (CDI) with higher indole concentrations for
patients with CDI than for CDI-negative patients with diarrhea[43]. C. difficile induces
indole production through overexpression of the tryptophanase gene tnaA in entero-
toxigenic E. coli and other indole-producing anaerobes. This increased indole level has
been shown to be detrimental to some of the beneficial bacteria and favors C. difficile
colonization.

These mechanisms collectively suggest a complex bacteria-bacteria QS network in
the gut ecosystem. The key issue is now to decode every language to fully understand
its potential in host-microbiota interactions.

Gossip in the gut: Direct dialog with the host and indirect effects through bacterial

behavior

In an ecosystem as networked and complex as that in the gut, bacterial communication
has to be seen from a large perspective, with multiple bacterial populations
crosstalking to each other through eavesdropping or crosstalking between species
(Figure 1A). Therefore, the question of how QS affects the host can be addressed in
two ways (Figure 2).

QS modulates microorganism metabolism, which in turn can affect the host’s
physiology; one could consider this to be an indirect effect of QS molecules on the host
(Figure 2). Bacterial metabolism modifies beneficial byproducts such as SFCAs and
bile acids[42]. By modulating intestinal microbiota composition, QS can indirectly
influence gut physiology by promoting deleterious or beneficial bacteria (Figure 2).
Thompson et al[42] demonstrated that AI-2 modulates dysbiotic microbiota composi-
tion by enhancing Firmicutes growth. Several reports in vitro and in vivo describe how
enteropathogens can signal through QS to commensals and trigger the expression of
toxins, virulence factors, and biofilm formation[44-46]. In addition, AI-3 controls the
genes that enable enterohemorrhagic Escherichia coli to cause lesions by the attachment
and effacing process[19].

The question addressed in this review is how quorum-sensing molecules can
directly affect the host, independent of the producing bacteria (Figure 2).
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As discussed above, it remains largely unknown how the microbial communities
hosted in the gut lumen use QS communication systems. However, there is evidence
that at least several bacterial species commonly found in the gastrointestinal tract have
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the capacity to synthesize QS molecules[6,8,39].

Studies on the impact of QS molecules on the biology of intestinal host cells have
focused on key actors of barrier function and the immune response. Intestinal barrier
function includes the ability of epithelial cells to form: (1) A selective barrier whose
permeability is controlled by cell-cell junctions[47], (2) Synthesize a protective mucus
layer and antimicrobial peptides[48,49], and (3) Secrete cytokines and chemokines
allowing appropriate crosstalk with the underlying immune compartment. The
intestinal immune system is involved in tolerogenic or inflammatory responses to the
commensal microbiota or pathobionts/pathogens[50,51], and it represents the largest
immune organ in the body. Intestinal epithelial cells, intraepithelial lymphocytes, and
immune cells located in the lamina propria are involved in the modulation of
immunity and inflammation by microbiota[52].

The impact of QS molecules on barrier function and the immune response has been
mainly studied in the context of host-pathogen interactions, probably because most of
the data rely on AHLs produced by P. aeruginosa. However, evidence of the presence
of QS molecules in the healthy intestinal lumen has led to further study on their effects
on the host compartment, including barrier function, inflammatory process, and
carcinogenesis.

Effects of quorum-sensing molecules on intestinal epithelial barrier function

AHLs: 3-oxo0-C12-HSL produced by P. aeruginosa is probably the QS molecule whose
effects on the barrier function of epithelial cells have been the most studied during the
last two decades[53]. P. aeruginosa synthesizes various virulence factors, which act
synergistically with QS molecules to destabilize cell-cell junctions and promote
bacterial transmigration across epithelial and endothelial barriers[54].

3-0x0-C12-HSL induces an increase in paracellular permeability to ions and
macromolecules[55-60] (Table 2). This deleterious effect of 3-oxo-C12-HSL on barrier
function is accompanied by an alteration of tight junctions (TJs) (Figure 3). In the Caco-
2 intestinal epithelial cell line, 3-oxo-C12-HSL induced a decrease in the expression, as
well as mislocalization, of the TJ proteins occludin, tricellulin, ZO- 1, ZO-3, JAM-A,
and of the adherent junction proteins E-cadherin and B-catenin[55,58-61] (Table 2).
Loss of occludin/ZO-1 and tricellulin/ZO-1 interaction at the plasma membrane
suggested the dismantling of T] protein complexes[61]. In addition, hyperphos-
phorylation of occludin, ZO-1, ZO-3, JAM-A, E-cadherin, and B-catenin on tyrosine
residues (as well as serine and threonine for E-cadherin and ZO-1) was reported in the
presence of 3-oxo-C12-HSL, whereas the serine and threonine residues of occludin,
JAM-A and B-catenin were less phosphorylated[58,59].

Several signaling mechanisms, including p38 and p42/44 MAP kinases[59,60], Ca*
release[57,58], matrix metalloproteinases MMP-2 and MMP-3 via protease-activated
receptor (PAR) signaling[55] and oxidative stress[62], have been implicated in 3-oxo-
C12-HSL effects on junctional proteins and on the concomitant increase in
permeability (Table 2).

As discussed above, the most prominent AHL detected in the human intestinal
ecosystem is unsaturated 3-oxo-C12:2-HSL[39]. Despite a high structural homology
with the P. aeruginosa 3-oxo-C12-HSL, this intestinal AHL has recently been found to
have opposite properties regarding the barrier function (Table 2). In contrast to 3-oxo-
C12-HSL, 3-ox0-C12:2-HSL does not increase paracellular permeability in Caco-2/TC7
enterocytic cells[39,61]. Most importantly, 3-oxo-C12:2-HSL can limit T] disruption
induced by the proinflammatory cytokines interferon-gamma (IFN-y) and tumor
necrosis factor-a (TNF-a)[61] (Figure 3). In these conditions mimicking intestinal
inflammation encountered, for example, in IBD, 3-ox0-C12:2-HSL maintains the
interaction of the T] transmembrane proteins occludin and tricellulin with their main
cytoplasmic partner ZO-1. It limits cytokine-induced occludin and tricellulin ubiquit-
ination and the interaction of these T] proteins with the E3 ubiquitin ligase itch,
suggesting stabilization of T] complexes at the plasma membrane in inflammatory
conditions. Altogether, these results show that “commensal” intestinal 3-oxo-C12:2-
HSL mitigates the deleterious effects of the inflammatory environment on TJs, which
are key actors in epithelial barrier function[61].

Epithelial barrier disruption may combine TJ alteration and an unrestricted passage,
which occurs following epithelial damage, generated, for example, by cell apoptosis
upon exposure to harmful molecules such as high doses of proinflammatory cytokines
[63-65]. This TJ-independent breaking of the barrier allows translocation of large
particles such as large proteins, entire bacteria, and viruses, which a priori cannot cross
the epithelium through the paracellular route even in conditions where TJs are “open”
[66]. The 3-0x0-C12-HSL produced by P. aeruginosa exerts cytotoxic effects, particularly
through apoptosis induction, in numerous cell types, including the intestinal and
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Table 2 Effects of quorum sensing molecules on different parameters of the intestinal epithelial barrier function

QS molecule Effects Ref.

Effects on the intestinal epithelial migration
3-ox0-C12-HSL Increased migration at low concentrations (1.5-12 pmol/L) vs inhibition at 200 pmol/L  Karlsson et al[72]
Interaction with IQGAP1 and increase in Racl/Cdc42 (1.5-200 pmol/L) Karlsson et al[72]

Effects on the intestinal epithelial permeability and intercellular junctions

3-0x0-C12-HSL Increased permeability to ions and macromolecules (100-400 pmol/L) Eum et al[55], Vikstrom et al[58-60],
and Aguanno et al[61]
Activation of p38 and p42/44 and calcium signaling (100-200 pmol/L) Vikstrom et al[58-60]

Decreased expression levels of tight junction genes (100-400 pmol/L); Disassembly of ~ Eum et al[55], Vikstrom et al[58-60],
tight and adherens junctions (modification of their phosphorylation status and and Aguanno et al[61]
involvement of MMP-2 and -3)

Decreased levels of tight junction proteins occludin and tricellulin (100-400 pmol/L) Eum et al[55]

Decreased protein levels of extracellular matrix and tight junction proteins (400 Tao et al[62]
pmol/L)

3-0x0-C12:2-HSL No deleterious effects on permeabilityProtection of tight junction integrity and Landman et al[39] and Aguanno et al
maintenance of junctional complexes at the plasma membrane under pro- [61]

inflammatory conditions

3-ox0-C14-HSL Decreased protein levels of extracellular matrix and tight junction proteins (400 Tao et al[62]

pmol/L)
Indole and indole Decreased permeability to ions and increased expression of genes coding tight junction Bansal et al[76] and Shimada et al[77]
derivatives and cytoskeleton proteins

Decreased permeability to macromolecules Venkatesh et al[79]

Increased transcripts levels of genes coding tight junction proteins Shin et al[78]

Effects on the mucus layer components
3-ox0-C12-HSL Decreased MUC3 mRNA levels (30 pmol /L) Taguchi et al[70]

Decrease in Muc2 production in goblet cell-like cell line (100 pmol/L) vs increase in Tao et al[67]
colonic cell line (400 pmol /L)

Indole Increased expression of genes involved in the production of mucins Bansal et al[76]

Effects on intestinal epithelial cell viability

3-ox0-C12-HSL Mitochondrial dysfunction and induction of apoptosis in goblet cell-like cell line (100  Tao et al[67-69], and Taguchi et al[70]
pmol/L) and in colonic cell line (30-100 pmol/L)
Induction of apoptosis, mitochondrial dysfunction, oxidative stress and blocking of Tao et al[62]
cell cycle (400 pmol /L)
3-ox0-C14-HSL Induction of apoptosis, mitochondrial dysfunction, oxidative stress and blocking of Eum et al[55], Vikstrom et al[58-60],
cell cycle (400 pmol /L) Aguanno et al[61], and Tao et al[62]
CSF Reduction of oxidative stress-induced cell death and loss of the epithelial barrier Fujiya et al[74]

(involving HSP27 and p38/MAPK pathway)

CSF: Competence and sporulation factor; HSL: Homoserine lactones; HSP27: Heat shock protein 27; IQGAP1: IQ motif containing GTPase activating
protein 1; MAPK: Mitogen-activated protein kinase; MMP-2/-3: Matrix metalloproteinase-2/-3; MUC: Mucin; QS: Quorum sensing; Rac1/Cdc42: Ras-
related C3 botulinum toxin substrate 1/cell division control protein 42 homolog.

colonic epithelial cell lines LS174T[67-69], Caco-2[70], and CT26[62] (Table 2 and
Figure 3). Apoptosis triggered by 3-oxo-C12-HSL relies on oxidative stress and
caspase-dependent processes[62,69], whereas short-chain C4-HSL does not exert any
apoptotic effects[67]. Interestingly, the increase in paracellular permeability to
macromolecules induced by 3-oxo0-C12-HSL was dramatically exacerbated in Caco-
2/TC7 cells cultured in the presence of IFN-y and TNF-a or cocultured with THP-1
activated monocytic cells[61]. These synergistic effects on barrier disruption probably
rely on epithelial cell apoptosis, as they are abolished by a caspase inhibitor
(unpublished results). In contrast, intestinal AHL 3-ox0-C12:2-HSL neither exerts
cytotoxic effects nor synergizes with proinflammatory cytokines to disrupt the
epithelial barrier[61].
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Figure 3 Effects of quorum sensing molecules on intestinal barrier function (see Table 2) and on the immune response (see Table 3). The
Pseudomonas aeruginosa quorum sensing (QS) molecule 3-oxo-C12-HSL induces apoptosis in various cell types, including epithelial cells, promoting a breach in the
intestinal barrier. In addition, 3-oxo-C12-HSL disrupts tight junctions, thus leading to increased paracellular permeability, and affects mucin production. Conversely,
intestinal acyl-homoserine lactone 3-oxo-C12:2-HSL and the tryptophan metabolite indole protect tight junctions. Bacillus subtilis CSF, which binds to OCTN2, also
promotes intestinal barrier integrity by reducing cell death through activation of HSP27 signaling. While 3-oxo-C12-HSL stimulates chemoattraction and phagocytosis
in neutrophils and induces cell death, its pro- or anti-inflammatory effects on immune cells are more complex (see Table 3). Autoinducers (Al)-2 and Al-3 both exert
proinflammatory effects on macrophages by inducing the expression of the immune mediators TNSF9 and interleukin (IL)-8, respectively, whereas 3-ox0-C12:2-HSL
reduces IL-8 production by epithelial cells. It remains to be clarified how all these QS molecules could cross the intestinal barrier and/or reach immune cells in vivo in
a physiological context, as illustrated by dotted lines. Last, just as QS molecules can impact eukaryotic cells, the host can interfere with QS: the hormones
epinephrine/norepinephrine bind to the Al-3 receptor in EHEC; intestinal epithelial cells secrete an Al-2 mimic in addition to paraoxonase (PON) enzymes degrading
homoserine lactones. CSF: Competence and sporulation factor; Al: Autoinducer; PON: Paraoxonase; AhR: Aryl hydrocarbon receptor; IL: Interleukin.

Jaishideng®

Epithelial injury accompanying acute inflammatory conditions is followed by a re-
epithelialization phase, during which cell migration plays an important role[71].
Interestingly, 3-oxo-C12-HSL has been shown to dose-dependently modulate Caco-2
cell migration in a wound-healing assay and interact directly with the GTPase
activating protein IQGAP1, stressing a potential role of AHL in cytoskeletal reorgan-
ization[72] (Table 2).

Another key actor of the intestinal physical barrier is the mucus layer, which is
essential to maintain segregation between luminal microorganisms and the epithelium
[49]. 3-ox0-C12-HSL induces reduced expression and production of Mucin2 in LS174T
cells[67], as well as a decrease in the levels of MUC3 mRNA in the Caco-2 cell line
cultivated in an undifferentiated state[70] (Table 2 and Figure 3). Interestingly, differ-
entiated Caco-2 cells, which express higher levels of mucin 3, showed less sensitivity to
3-ox0-C12-HSL-induced apoptosis in the latter study, and the addition of mucin dose-
dependently protected cells from apoptosis induced by this AHL[70].

It must be specified that all these studies on barrier function were carried out with
high concentrations of AHLs (100-400 pmol/L) (Table 2), knowing that the concen-
tration of 3-oxo-C12-HSL has been estimated to reach 600 pmol/L in biofilms of P.
aeruginosa[73].

Gram-positive QS peptides: The effects of AIP (found in Gram-positive bacteria) on
intestinal barrier function are much less documented than those of Gram-negative QS
molecules. Whereas most of the studies on the effects of AIP on host inflammation
describe the indirect effects of Al through the modulation of bacterial metabolism, one
article reported the direct effects of AIP. Fujiya et al[74] reported that Bacillus subtilis
AIP, named competence and sporulation factor (CSF), induces HSP27 expression and
the p38/MAPK pathway and reduces cell death and the loss of the epithelial barrier

WJG | https://www.wjgnet.com 7255 November 14,2021 | Volume?27 | Issue42 |



Coquant G et al. Quorum sensing in host-microbiota interactions

Jaishideng®

induced by oxidative stress (Table 2 and Figure 3). Inducible HSPs are needed under
stress and help stabilize proteins to prevent denaturation[75]. B. subtilis is part of the
normal microbiota; it is also used as a commercial probiotic and is beneficial to the
host. Moreover, CSF seems to signal through a receptor named OCTN2 (organic
cation/ carnitine transporter 2), and polymorphisms of the gene encoding this receptor
are part of the susceptibility locus of Crohn’s disease[74].

Indole: Indole exerts a beneficial role on T] protein expression in several intestinal
epithelial cells[76-79] (Table 2). Oral administration of indole to germ-free mice, which
display very low indole fecal levels, increased the expression of T] and adherens
junction-associated proteins in the colonic epithelium and improved their resistance to
dextran sulfate sodium (DSS)-induced colitis[77]. Indole has been identified as an
endogenous agonist of aryl hydrocarbon receptor (AhR), which can compete for
receptor binding with well-known AhR ligands[80]; several studies have also stressed
the key role of the AhR pathway in indole derivative protective effects[81-83].
Accordingly, several studies have shown that AhR activation strengthens the epithelial
barrier by protecting TJs[82,84-87] (Figure 3) or by stimulating antimicrobial peptide
production via interleukin (IL)-22[88,89].

Effects of QS molecules on immune response

In addition to their effects on the intestinal barrier, QS molecules were analyzed on
different actors of the immune compartment of the intestine, which is involved in a
complex crosstalk with the epithelial compartment to maintain an appropriate
immune response toward the content of the intestinal lumen.

AHLs: Our group described that 3-ox0-C12:2-HSL, an AHL recently discovered in the
human gut[39], exerts anti-inflammatory effects on intestinal epithelial cells. During
inflammation, intestinal epithelial cells can secrete some cytokines, among which the
chemokine IL-8 promotes the recruitment of neutrophils in the mucosa and
participates in the acute-phase response[90,91]. In a study comparing the effect of 3-
0x0-C12:2-HSL to 3-ox0-C12-HSL produced by P. aeruginosa, our group demonstrated
in the human enterocytic Caco-2/TC7 cell line that 3-oxo0-C12:2-HSL, but not 3-oxo-
C12-HSL, attenuated the induction of IL-8 secretion induced by the proinflammatory
cytokine IL-1B[39,92] (Table 3 and Figure 3). This potential anti-inflammatory effect of
3-0x0-C12:2-HSL is consistent with the hypothesis of a beneficial role of this AHL in
gut ecosystems[39], as are its protective effects on TJ integrity. The impact of intestinal
3-0x0-C12:2-HSL on immune cells remains largely unknown.

The effects of 3-oxo-C12-HSL depend on the concentration and cell type studied[6,
93]. Telford et al[94] showed that 3-oxo-C12-HSL inhibits the production of TNF-o and
IL-12 [a cytokine involved in the T helper cell-1 type response (Thl-type response)] by
lipopolysaccharide-activated macrophages at high concentrations and stimulates the
production of antibodies, particularly immunoglobulin G1, which is an indicator of a
Th2-type response at lower concentrations (Table 3). Conversely, Smith et al[95]
showed that 3-ox0-C12-HSL activates and promotes the differentiation of naive T
lymphocytes toward a Thl-like phenotype, while Ritchie et al[96] observed that 3-oxo-
C12-HSL inhibits the differentiation of both Thl and Th2 T lymphocytes (Table 3).
Altogether, these results demonstrated that 3-oxo-C12-HSL is an immunomodulator of
the Th1/Th2 response. 3-oxo-C12-HSL and two other QS molecules from P. aeruginosa,
PQS (Pseudomonas quinolone signal), and HHQ (4-hydroxy-2-heptylquinoline),
suppress both innate and adaptive immune responses acting on lymphoid cells,
dendritic cells, and neutrophil monocytes/macrophages[22,97,98]. 3-oxo-C12-HSL and
PQS decreased the production of the cytokines IL-12 and IFN-y by activated dendritic
cells, which in turn decreased T-cell proliferation and activity[98-100] while promoting
the induction of regulatory T-cells[99] (Table 3). 3-ox0-C12-HSL provoked apoptosis of
macrophages, neutrophils, and T lymphocytes through activation of caspases and the
mitochondrial apoptosis pathway[101,102]. Several reports described inhibition of the
nuclear factor-kappa B (NF-xB) pathway by QS molecules from P. aeruginosa[93,103-
106] and/or the activation of signaling pathways such as p38 MAPK[105,107]
(Table 3). It has been recently demonstrated that only long-chain AHLs such as 3-oxo-
C12-HSL modulate the phenotype of dendritic cells and the type 2 immune response
through mechanisms involving retinoic acid signaling and the protein kinase AKT
[106].

The molecular mechanisms involved in the effects of QS molecules from P.
aeruginosa on immune cells are independent of the Toll-like receptor pathway[105],
which is a classical cell process involved in recognizing pathogen fragments. Some
reports have indicated that the perception of AHL by mammalian cells involves the
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Table 3 Effects of quorum sensing molecules on inflammation in different cell types

Cell type QS molecule Effects Ref.

Effects on innate immune cells

Macrophages 3-0x0-C12-HSL Anti-inflammatory effects on IL-12 and TNF-a Telford et al[94]
(0.1-100 pmol /L)
Increased TLR2 and TLR4 expression and Bao et al[180]
decreased TNF-a production (1-100 pmol/L)
Pro-apoptotic effects (12-50 pmol /L) Tateda et al[102]
Increased phagocytosis (100 pmol/L) Vikstrom et al[107]
NF-kB inhibition (4.7 pmol/L) Kravchenko et al[104]
Dose-dependent anti-inflammatory effects (1-50 Kravchenko et al[105]
pmol/L)
Involvement in p38/MAPK signaling (1-100 Kravchenko et al[105], Vikstrom et al[107],
pmol/L) Glucksam-Galnoy et al[181]
Activation of the Unfolded Protein Response Zhang et al[182]
(6.25-100 pmol /L)
Change in cell volume and shape (10-50 pmol/L)  Holm et al[183]

Indole derivatives Prevents the induction of pro-inflammatory Krishnan et al[184]
cytokines
AI-2 Induction of the expression of cytokines, Li et al[41]

chemokines and TNFSF9

Monocytes Al-3 and analogues Increase in IL-8 secretion Kim et al[22]

Dendritic cells 3-ox0-C12-HSL Pro-apoptotic effects (100 pmol/L) Boontham et al[185]
No effect on IL-10 secretion (5-30 pmol/L) Skindersoe et al[100]
Increased IL-10 production (5-100 pmol /L) Li et al[99]

Neutrophils 3-ox0-C12-HSL

Effects on adaptive immune cells

T cells 3-ox0-C12-HSL
Indole derivatives

B cells 3-ox0-C12-HSL

ILC Indole derivatives

Effects on epithelial cells

Pulmonary tract epithelial 3-0x0-C12-HSL

WJG | https://www.wjgnet.com
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Decreased IL-12 secretion (5-100 pmol/L)
Increased induction of Treg (5-100 pmol/L)

Chemoattraction (0.01-100 pmol/L)

Activation of MAPK signaling (12-50 pumol/L)
Increased phagocytosis (10 pmol/L)

Pro-apoptotic effects (12-50 pmol/L)

Inhibition of proliferation and activation (0.1-100
pmol/L)

Activation of naive T cells towards Th1 phenotype
(5 pmol /L)

Decreased secretion of IL-4 and IFN-y (5 pmol/L)

Induction of apoptosis via the mitochondria
pathway (100 pmol/L)

Induction of Treg (1-50 pmol/L)
Re-programming into tolerogenic T cells

Promotion of differentiation towards a regulatory
type 1 phenotype

Modulation of immunoglobulin production (0.1-
100 pmol/L)

Promotion of IL-22 production

Induction of IL-8 production and NF-B activation

7257
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Li et al[99] and Skindersoe et al[100]
Li et al[99]

Karlsson et al[186] and Zimmermann et al
[187]

Tateda et al[102] and Singh et al[188]
Wagner et al[189]

Tateda et al[102]

Telford et al[94], Boontham et al[185], Gupta
et al[190], and Hooi et al[191]
Smith et al[95]

Ritchie et al[96]

Jacobi et al[101]

Li et al[99]
Cervantes-Barragan et al[192]

Aoki et al[193]
Telford et al[94] and Ritchie et al[194]

Zelante et al[83]

Smith et al[195]
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cells (100 pmol/L)

Increased expression levels of pro-inflammatory  Jahoor et al[115]
cytokines

Intestinal epithelial cells 3-0x0-C12-HSL Mitigation (1-10 pmol/L) or aggravation (> 50 Peyrottes et al[92]
pmol/L) of IL-8 expression induction

3-ox0-C12:2-HSL Attenuation of the induction of IL-8 expression (5- Landman ef al[39]
50 pmol/L)

AI: Autoinducer; B cells: Lymphocytes B; HSL: Homoserine lactones; IFN-y: Interferon-y; IL: Interleukin; ILC: Innate lymphoid cells; MAPK: Mitogen-
activated protein kinase; NF-xB: Nuclear factor-kappa B; QS: Quorum sensing; T cells: Lymphocytes T; Th: T helper; TLR: Toll like receptors; TNF-o: Tumor
necrosis factor-a; Treg: Regulatory T cells.

bitter taste receptor T2R38[108-110], which is widely expressed in the human digestive
tract from the tongue to the colon[111]. Polymorphisms in the TAS2R38 gene may
increase susceptibility to infections and colorectal cancer (CRC)[112]. It has been
shown that these receptors use inflammatory pathways, which differ according to the
cell type and their localization[113]. 3-oxo-C12-HSL binds to the transcription factor
peroxisome proliferator-activated receptor y[114], which has been proposed as a
potential receptor for AHL and seems to be involved in AHL proinflammatory effects
[115]. Recently, Moura-Alves et al[116] showed that QS molecules produced by P.
aeruginosa modulated the activity of the transcription factor AhR, which plays an
important role in regulating innate and adaptive immunity[117,118].

Overall, it has been demonstrated that QS molecules from P. aeruginosa have an
immunosuppressive effect, allowing the pathogen to evade the immune system during
infection. It remains to be determined whether endogenous intestinal 3-oxo-C12:2-HSL
participates in controlling intestinal immunity in health and diseases and to decipher
the underlying mechanisms.

AI-2 and AI-3: AI-2 is produced by both Gram-negative and Gram-positive bacteria
and is mainly studied for its role in bacteria-bacteria communication and the virulence
of pathogenic strains[8]. However, little is known about the effect of AI-2 on immune
cells. In mice, AI-2 administration has no effect by itself on cytokine expression but
aggravates lung inflammation during P. aeruginosa infection by interfering with QS
molecules produced by this pathogen[119]. In cultured macrophages, Al-2 induces the
expression of several cytokines and chemokines as well as the expression of TNF
superfamily member 9 (TNFSF9), a protein involved in the immune response[41]
Figure 3).

( i?he A%—B system is mainly described in enterohemorrhagic E. coli and is therefore
linked to the development of intestinal epithelial lesions, suggesting its proinflam-
matory activity[120] (Table 3 and Figure 3). Indeed, AI-3 and its analogs increase IL-8
secretion by THP-1 monocytes[22]. Given that the AI-3 structure has only been
uncovered recently[22], the direct effect of this molecule on the host is poorly known
so far. In addition, since the AI-3 bacterial receptor can recognize host-synthesized
epinephrine/norepinephrine (Figure 3), one could suggest that adrenergic receptors
could recognize AI-3[19]. However, it has been shown that AI-3 and its analogs do not
activate or modulate adrenergic signaling[22].

Gram-positive AIP: The effects of Gram-positive AIP bacteria on inflammation are far
less documented than those of Gram-negative QS. Moreover, most of the studies on
the effects of AIP on host inflammation describe the indirect effects of Als through the
modulation of bacterial metabolism.

A study described that AIP could selectively cross intestinal epithelial cell Caco-2
cell monolayers[121]. Additionally, it has been reported that AIP can cross the highly
selective blood-brain barrier in vivo[122]. These processes seem to be peptide-specific:
Clostridium acetobutylicum AIP easily penetrates the blood-brain barrier, while Strepto-
coccus pneumonia’s AIP crosses it poorly[122]. This shows that small molecules such as
Als affect the host's physiology beyond the gastrointestinal tract. For instance, it has
been described that AIP has various effects on muscle inflammation as part of the gut-
muscle axis. De Spiegeleer et al[121] performed an extensive screening of 75 QS
molecules on muscle cells. They demonstrated both pro- and anti-inflammatory effects
of four peptides from the genera Staphylococcus, Streptococcus, Lactobacillus, and
Bacillus, and some of those peptides have been described in the gut.
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Indole: Several studies have reported that indole exerts anti-inflammatory effects in
the intestine and protects against pathogenic infection[123] (Table 3). AhR, an
important contributor to the maintenance of innate and adaptive immunity, drives
most of these effects, particularly in the intestinal mucosa[117,118,124].

Several reports have shown altered Trp metabolism in gut inflammation in humans
and mice [81,125-127]. A decrease in endogenous indole was observed in human feces
from subjects with celiac disease or IBD[127]. This was associated with a decrease in
AhR activity in the intestinal mucosa. In parallel, an increase in Trp levels in the same
samples suggested that the gut microbiota-dependent metabolism of Trp was altered
[127]. In mouse models of celiac disease and IBD, the implantation of indole-producing
bacteria increases AhR activity and protects them from gut inflammation[81].
Interestingly, Moura-Alves et al[116] showed that 3-oxo-C12-HSL and HHQ had an
inhibitory effect on AhR activity and could compete with well-known activators of
AhR. This observation raises the question of potential competition between several QS
molecules for AhR-dependent modulation of innate and adaptive immunity.

Effects of QS molecules on carcinogenesis

There is growing evidence that gut microbiota dysbiosis plays a major role in CRC
development[128]. Indeed, modifications of commensal gut microbiota in favor of
opportunist bacteria promote intestinal inflammation, which is well known as a driver
event in CRC onset[129,130]. Thus, the concept of the “bacterial driver-passenger
model” highlights the crosstalk between host immunity and colonic microbiota[131].
For example, some driver pathogens, such as Bacteroides fragilis, have been proposed to
promote a strong Th17 inflammatory response[132]. This proinflammatory microen-
vironment might favor colonization by opportunist pathogens such as Fusobacterium
spp. Accordingly, Fusobacteria-dominant biofilms were associated with human CRC
[133-135]. Altogether, these findings support that polymicrobial interactions and
intercellular communications might play an important role in CRC development[136].
Nevertheless, how bacteria communicate with themselves and with the host during
CRC remains poorly understood.

Recent findings provide new insights into the role of the QS molecule AI-2 in
intercellular communication during CRC. First, the AI-2 concentration is increased in
tumors compared to the surrounding normal tissue in human CRC[41]. These levels
also correlate with the progression of the disease according to the CRC TNM (tumor
node and metastasis) score[41]. Regarding the tumor immune microenvironment, the
AI-2 concentration positively correlates with TNFSF9 expression, which is mainly
expressed by tumor-associated macrophages, and negatively correlates with the
CD4/CDS8 ratio, suggesting that AI-2 associates with the antitumor response[41]. At
the molecular level, it was demonstrated that Al-2 induces in vitro M1 polarization of
U987-derived macrophages through the TNFSF9 signaling pathway[137]. These
findings reveal that AI-2 could be an important factor linked to the immune tumor
microenvironment and shed light on the role of the quorum-sensing system during
CRC development and progression. Interestingly, mammalian epithelial cells are able
to produce AI-2 analog molecules that mimic AI-2 effects (Figure 3), illustrating the
complexity of bacteria-host crosstalk[45]. Thus, a better characterization of QS
molecules involved in tumorigenesis might be an opportunity to improve our
knowledge of the mechanisms underlying CRC development.

The host strikes back to QS

Interkingdom signaling works in two ways, as host cells are able to counterattack the
QS system using several strategies.

As described above, as part of Al-3 signaling, host hormones such as epinephrine
and norepinephrine can be recognized by EHEC and lead to the expression of
virulence genes[19]. This AI-3/epinephrine/norepinephrine signaling is not restricted
to EHEC, and the receptor QseC is also expressed, for example, by the intestinal
pathogenic Salmonella enterica serovar Typhimurium[138] (Table 1). Recently, in silico
analysis suggested that another catecholamine neurotransmitter, dopamine, can bind
to QseC. However, no effect in vitro was measured[139]. This study of interkingdom
signaling through hormones has been named “microbial endocrinology”[140].

Interestingly, there is evidence that human epithelial cells can produce AI-2
mimicking molecules. The study was conducted on Caco-2 intestinal epithelial cells,
and the authors showed that an AI-2 mimic is produced not only when cells are in
contact with bacteria but also after T] disruption by calcium deprivation or DSS
treatment[45]. This emphasizes how much AI-2 is a universal language between
Gram-positive and Gram-negative bacteria and the host (Figure 3).
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Hosts have also developed defense tools against QS, leading to a mechanism named
quorum quenching. Mammals can synthesize enzymes named paraoxonases (PONs)
that hydrolyze the lactone ring of long-chain AHLs[141] (Figure 3). There are three
types of PONs (PON 1, PON2, PONB3) that are highly conserved across species, and
PONZ2 has greater activity on AHLs[142]. It has been demonstrated that PON2 is more
highly expressed in the human jejunum than in other parts of the intestine[143].
Interestingly, PON1 and PONB3 are expressed at lower levels in patients with Crohn’s
disease and ulcerative colitis than in healthy subjects[144]. A case-control study has
also shown that carriage of the PON1 R192 allele in Ashkenazi Jewish may confer
protection against the development of IBD. This allele was significantly less common
among IBD Ashkenazi patients, with a significant odds ratio of 0.61[145].

QS IN THE GUT: FUTURE DIRECTIONS FOR THIS NEW PLAYER

Using QS to modulate gut microbiota: Application in gut ecosystem disorders

Gut dysbiosis is an imbalance in the composition of microorganisms inside the
digestive tract, especially described with bacteria. This dysregulation has been shown
to be a preponderant risk factor in several digestive and extra digestive diseases[146-
149]. For example, in IBD and recurrent C. difficile infections, it is well known that the
over- and underrepresentation of certain phyla can lead to a pathologic state[150,151].
Modulating the gut microbiota may be the key to treating or even preventing such
diseases by restoring normobiosis. Fecal microbiota transplantation is now commonly
used in the setting of C. difficile infections[152,153]. However, the lack of standard-
ization and the safety and quality issues of this procedure call for the development of
new strategies.

Theoretically, AHLs remain good candidates in this approach using natural
molecules from QS to modulate microbiota composition and gut inflammation. As
seen above, AHL signaling may involve different pathways that contribute to
controlling intestinal inflammation, such as inhibition of NF-xB, modulation,
inhibition of MAPK activation, increase in regulatory T cell induction, decrease in
proinflammatory cytokines, and modulation of junctional complexes in the epithelial
barrier. Indeed, using QS molecules could play a role in both components (gut
microbiota and host responses) of gut ecosystem disorders observed in metabolic and
inflammatory diseases. AHL-based QS devices already exist as therapeutic applic-
ations for the dynamic control of Gram-negative bacterial populations, especially in
infectious diseases. Other QS molecules could be extended as potential clinical
therapies for diseases related to the gut microbiota that involve biofilm formation and
antibiotic resistance[154]. Research efforts must investigate the potential of this new
trial.

In addition to therapeutic applications, one could consider QS molecules as reliable
biomarkers for dysbiosis-related chronic diseases such as IBD or CRC. Indeed, it has
been shown that the presence of some AI-1 QS molecules in the gut ecosystem directly
correlates with bacterial group size[39]. AHLs could represent a biomarker of the
bacterial level population acting as a magnifying glass for dysbiosis. In addition, AI-2
concentration increased during adenomas to colorectal transition and CRC progression
[41]. This opens the perspective for using the QS system as a biomarker for the
prevention and follow-up of chronic diseases.

For the future

Knowing which commensal bacteria carry QS systems, their site of production, their
ability to be mobilized during dysbiosis, and their effect on the luminal or mucosal
microenvironment are as many unresolved questions. The scientific community,
together with gastroenterologists, needs to tackle these issues to pave the way for
translation into clinical use. Future directions also involve designing dedicated QS
derivatives targeting either the host cells or the bacterial compartment. Such QS
derivatives have already been reported to control the epithelial cell inflammation
pathway with a wider effect than natural 3-oxoC12:2 without bacterial-activating
properties[92]. Using QS molecules as an approach to tackle the gut microbiota
compartment has already been proven to be a successful strategy[42], thus leading to
interesting perspectives. Considering the QS system as a new player in the gut
ecosystem, it represents a control platform to shape the host's gut microbiota
population and/or major physiological pathways.
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CONCLUSION

In conclusion, the intestinal microbiota interacts mutually with epithelial and immune
cells of the coevolved host in a beneficial, reciprocal relationship. The QS signaling of
bacteria probably contributes substantially to establishing symbiotic interactions in
certain dynamics of interaction between the different kingdoms. A better
understanding of QS systems by researchers and gastroenterologists involved in
describing and managing ecological disorders of the intestinal ecosystem is a new
approach that opens up fascinating therapeutic opportunities.
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Abstract

Hepatitis D virus (HDV) is a defective liver-tropic virus that needs the helper
function of hepatitis B virus (HBV) to infect humans and replicate. HDV is
transmitted sexually or by a parenteral route, in co-infection with HBV or by
super-infection in HBV chronic carriers. HDV infection causes acute hepatitis that
may progress to a fulminant form (7%-14% by super-infection and 2%-3% by
HBV/HDV co-infection) or to chronic hepatitis (90% by HDV super-infection and
2%-5% by HBV/HDV co-infection), frequently and rapidly progressing to
cirrhosis or hepatocellular carcinoma (HCC). Peg-interferon alfa the only
recommended therapy, clears HDV in only 10%-20% of cases and, consequently,
new treatment strategies are being explored. HDV endemicity progressively
decreased over the 50 years from the identification of the virus, due to improved
population lifestyles and economic levels, to the use of HBV nuclei(t)side
analogues to suppress HBV replication and to the application of universal HBV
vaccination programs. Further changes are expected during the severe acute
respiratory syndrome coronavirus-2 pandemic, unfortunately towards increased
endemicity due to the focus of healthcare towards coronavirus disease 2019 and
the consequently lower possibility of screening and access to treatments, lower
care for patients with severe liver diseases and a reduced impulse to the HBV
vaccination policy.

Key Words: Hepatitis B virus/hepatitis delta virus; SARS-CoV-2; COVID-19; Hepatitis
delta virus infection; Hepatitis D; Hepatitis delta virus epidemiology
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Core Tip: There has been a tendency to a reduction in hepatitis D virus (HDV)
endemicity in most countries in recent decades, mostly due to an improvement in
population lifestyles and economic levels, to an extensive use of hepatitis B virus
(HBV) nuclei(t)side analogues to suppress HBV replication and to the application of
universal HBV vaccination programs. However, an increase in HDV endemicity is
expected during the severe acute respiratory syndrome coronavirus-2 pandemic since
healthcare is mostly diverted towards coronavirus disease 2019, with a reduced
attention to liver disease, screening, access to treatment, care for patients with severe
liver disease and the HBV vaccination policy.

Citation: Sagnelli C, Pisaturo M, Curatolo C, Codella AV, Coppola N, Sagnelli E. Hepatitis B
virus/hepatitis D virus epidemiology: Changes over time and possible future influence of the
SARS-CoV-2 pandemic. World J Gastroenterol 2021; 27(42): 7271-7284

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7271 .htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7271

INTRODUCTION

A new antigenic reactivity was identified in hepatocytic nuclei by immunofluor-
escence technique on paraffinized liver sections of hepatitis B surface antigen (HBsAg)
positive patients by Rizzetto et al[1] in the early 1970s in Turin, Italy, and called Delta.
The Authors understood that this new reactivity was different from that expressed by
the hepatitis B virus (HBV) core antigen (HBcAg) and hypothesized that it could be
part of a new virus; with a careful interlacing of antisera on cryostat-cut biopsy
sections, Delta reactivity was identified as a new antigen localized in the nucleus of the
hepatocytes and yielding a fluorescent staining similar but not equal to HBcAg[1]. In
Bethesda, United States, Rizzetto ef al[2] developed a radioimmunoassay for the delta
antigen-antibody system in serum and performed transmission studies in
chimpanzees demonstrating the existence of a new a liver tropic virus [hepatitis D
virus (HDV)][2]. Further studies mentioned below defined HDV as a defective virus
that needs a helper function of HBV to infect humans and replicate.

This virus consists of the HDV antigen (HDAg, small and large antigen) and a
circular single-strand RNA (HDV-RNA). It uses a human RNA polymerase II and a
rolling-cycle mechanism like that of plant viroid to replicate. Being a defective virus,
HDV needs the S-HBsAg, M-HBsAg and L-HBsAg proteins of HBV to produce its
envelope and propagate. Coated with the HBV envelope, HDV uses the pre-51 domain
of L-HBsAg to bind NCTP (sodium taurocholate co-transporting polypeptide) and
enter differentiated hepatocytes[3].

Eight genotypes of HDV have been identified at present, distributed differently in
the world: Type 1 is present worldwide and prevalent in western Europe and North
America, type 2 mainly in the Far East, Egypt and Iran, type 3 in the Amazon Basin,
type 4 in Japan and Taiwan, types 5 to 8 in Africa but now spreading also in Western
regions due to immigration flows[4]. In Western countries, HDV infection at present
occurs mostly in elderly adults with chronic HBV infection or in young immigrants
from endemic areas|[5].

HDV is parenterally and sexually transmitted in co-infection with HBV or by super-
infection in HBV chronic carriers. Both types of transmission cause acute hepatitis,
self-limited with a clearance of both viruses in 95% of subjects simultaneously infected,
while in the case of HDV super-infection in HBV chronic carriers the disease
progresses to chronicity in nearly 90% of cases[6].

Acute hepatitis delta is clinically indistinguishable from other types of acute viral
hepatitis and is usually mistaken for HBV acute hepatitis if the specific diagnostic tests
[search for HDV RNA and immunoglobulin M (IgM) to HDV-Ag] are not performed.
HDYV super-infection in HBsAg chronic carriers causes massive acute exacerbation
with a fulminant clinical course in 7%-14% of patients, two thirds of whom die of liver
failure. The outcome is less severe in subjects acquiring HBV and HDV in co-infection.
They may develop fulminant hepatitis in 2%-3% of cases and progression to chronicity
in1%-5%.
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Chronic HDV infection is the most severe and rapidly progressive form of chronic
hepatitis, leading to cirrhosis in 70% of patients within 5-10 years[7]. Furthermore, as
compared with HBV mono-infection, HBV/HDV co-infection increases the risk up to
three times of cirrhotic patients developing hepatocellular carcinomal[4,8,9].

Despite the importance of HDV infection, no treatment has been so far approved by
the Food and Drug Administration. However, treatment with pegylated interferon alfa
(Peg-IFN) is recommended by the major scientific societies for the study of the liver
because it may clear HDV infection in 10%-20% of patients and may reduce liver
fibrosis and the risk of hepatic decompensation and mortality. Because of its limited
efficacy, its significant side effects, and the prolonged time of administration (1-2
years) Peg-IFN was used also in combination with ribavirin and/or HBV nucleoside
analogues, but no improvement was obtained. Therefore, new treatment strategies are
now under study with the use of peginterferon lambda, bulevirtide (entry inhibitor
that targets NCTP), nucleic acid polymers (HBsAg secretion inhibitors), and lonafarnib
(virus assembly inhibitor)[10].

In end-stage liver disease, HCC and fulminant hepatitis, liver transplant is the only
therapeutic option. Comparing HBV mono-infected patients with the HBV/HDV co-
infected, the latter show a better outcome if reinfection is prevented by the continuous
administration nucleos(t)ide analogues and of hepatitis Bimmune globulins[11,12].

The epidemiology of HDV infection has changed a lot in nearly every country since
its first identification 55 years ago[13-20]. This is related to changes in population
lifestyle habits, variations in economic levels, extension of the use of HBV nucleos(t)ide
analogues to treat HBV chronic carriers and, most importantly, to the effectiveness of
universal vaccination campaigns against HBV infection in most countries. Further
changes are expected in this era of the coronavirus disease 2019 (COVID-19)
pandemic, which might involve, among others, a lower possibility of screening and
access to treatment and a reduced effectiveness of the vaccination policy against HBV
infection and of the management of patients with severe chronic hepatitis.

These epidemiological changes have great impact on the health quality of life of
human beings and are the subject of this review.

HBV/HDV EPIDEMIOLOGY BEFORE SEVERE ACUTE RESPIRATORY
SYNDROME CORONAVIRUS-2 PANDEMIC

The epidemiology of HDV infection has been mainly studied by assessing the
prevalence of subjects with HDV infection among HBV chronic carriers because acute
HDV hepatitis, either acquired in co-infection with HBV or by HDV super-infection in
HBV chronic carriers, easily identifiable during outbreaks, often remains undiagnosed
when it occurs in single subjects. In fact, the clinical presentation of HBV and HDV
acute hepatitis is similar, and only specific tests (anti-HDV IgM and quantitative HDV
RNA), infrequently performed in general practice, allow the differentiation between
these etiologies. These tests, however, do not provide accurate results in epidemi-
ological studies on chronic HDV infection, because their titers, elevated in acute phase
of the infection, decrease markedly in the chronic phase. In addition, HDV RNA is
typically determined home made only in some specialized laboratories and its quanti-
fication is not standardized. For these reasons, commercial standardized kits to detect
serum anti-HD IgG have been used in almost all epidemiological studies on HDV
chronic hepatitis.

HDV has spread all over the world, with a global disease burden around 62-72
million HBV/HDV co-infected subjects[13] and with an HDV seroprevalence among
HBYV carriers widely varying in different geographic areas[14,15].

EPIDEMIOLOGICAL INFORMATION OF HDV/HBV ACUTE HEPATITIS

Outbreaks of fulminant hepatitis have occurred in the Amazon Basin. in French
Guyana, in Yucpa Indians of Venezuela from 1934 to 1955, and in the Central African
Republic in 1997 as documented by the presence of Delta antigen in hepatocytic nuclei
of autoptic liver specimens; small but similar outbreaks have occurred from 1955 to
1985 in northern Colombia and designated as hepatitis of Santa Marta (de Sierra
Nevada)[16-24].

In patients with fulminant hepatitis, morphologic studies showed marked liver
steatosis with characteristic “morular hepatocytes”, cells with small droplets of fat and
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central pycnotic nuclei. Worthy of note, some similarities in the clinical presentation of
fulminant hepatitis Delta with that of yellow fever has led to the hypothesis that some
of the outbreaks occurring in the past in the Amazon basin and attributed to yellow
fever, may have been due to HBV/HDYV co-infection[25].

In the mid-1980s, several cases of severe acute liver failure were described in
Bangui, in the Central African Republic, associated with an HDV outbreak. At least
124 cases of fulminant hepatitis were observed among 154 jaundiced patients, 88% of
whom died[23]. The disease was associated with specific pathological lesions
(spongiocyte-associated hepatitis) involving lympho-plasmocytoid infiltrates, eosino-
philic necrosis and massive macro- or micro-vacuolar steatosis[23] resembling the
"morula-like" cells previously described in South American HDV outbreaks[24-26]. In
Italy, two collections of sera from patients with acute hepatitis B collected in Naples in
1972 and 1974 were retrospectively evaluated and for the first time the IgM antibody
to HDV (anti-HDV IgM) was detected in over 90% of cases. Most anti-HDV IgM-
positive patients were also anti-HBc IgM-positive, suggesting an outbreak of
HBV/HDV coinfection in Naples in those years[27].

THE INCIDENCE OF ACUTE HDV HEPATITIS IN HOSPITALIZED PATIENTS

Italy was estimated by a system of hospital surveillance in the period 1987-2010[28].
The incidence of primary HDV infection in the general population progressively
decreased from 3.2/100000 inhabitants in 1987 to 0.2/100000 in 2010. The decrease in
the incidence of HDV acute hepatitis and the parallel similar trend observed for HBV
acute hepatitis in the same study were most likely an effect of the mass vaccination,
which in 2010 had covered all Italian citizens aged from 0 to 31 years. In this period,
however, three peaks of HDV epidemic were registered, in 1990 and 1993 in the age
groups 14-25 and 25 or more and in 1997 only in the 15-24 age group, all due to the
spread of HDV infection among intravenous drug users[29]. Apart from intravenous
drug use (IVDU), other putative risk factors associated with the development of HDV
acute hepatitis were family contacts with a chronic HBsAg carrier, promiscuous sexual
activity, and cosmetic treatments with percutaneous exposure in 1992-1994, whereas
those identified from 2008 to 2010 were dental therapy, cosmetic treatment with
percutaneous exposure and promiscuous sexual activity.

Between December 2004 and January 2005, out of 110 patients with acute hepatitis
in 8 city hospitals of Mongolia, 1.8% had HDV etiology by co-infection with HBV and
27.3% by HDV super-infection[30]. Again, in Mongolia from January 2012 to
December 2014, 546 consecutive patients with acute hepatitis were observed, of whom
6% had HDV etiology by co-infection with HBV and 10.8% by HDV super-infection
[31].

In Spain, 398 patients with HDV infection were observed from 1983 to 2008, 182
with acute hepatitis, of whom 84 % by co-infection and 16% by super-infection, and 216
had chronic HDV infection[28]. The number of patients with acute hepatitis Delta
strongly decreased across this study, while the number of those with chronic Delta
infection showed a small decline. In addition, patients observed in the 1983-1995
period compared to those examined from 1996-2008 were significantly younger, born
in Spain, mainly intravenous drug users, and more frequently had acute hepatitis. In
this study, the percentage of immigrants (prevalently from Africa and Eastern Europe)
increased from 1% of the first period to 28% in the second.

EPIDEMIOLOGICAL INFORMATION OF HDV/HBV CHRONIC INFECTION

In 2018, the World Health Organization considered these geographic areas HBV/HDV
endemic regions: Central and West Africa, Central and Northern Asia, Vietnam,
Mongolia, Pakistan, Japan, Chinese Taipei, the Pacific Islands (Kiribati and Nauru), the
Middle East and Eastern Europe, Eastern Mediterranean regions, Turkey, the
Amazonian Basin, and Greenland[32].

To offer the readers an overview of the worldwide variability of the prevalence of
anti-HDV among HBV chronic carriers, we report data recorded at different times in
some countries: 10.6%-37.5% in India (1985-2005)[33,34], 3.5%-13.1% in China (1987-
1993)[35,36], 17.7% in Tunisia (1987-1994)[37], 8.3%-23.0% in Italy (1987 and 1997)[13,
38], 21.8%-65.5% in Thailand (1988)[39], 48%-5.7% in Iran (1991-2005)[40], 8%-10.9% in
Germany (1992-2006)[41], 16.6%-58.6% in Pakistan (1994 to 2001)[42], 8.6% in Saudi
Arabia (1996-1997)[43], 4.4%-15.3% in Taiwan (1997-2012)[13,44], 56.5% in Mongolia
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(2004)[13,44], 41.9% in Brazil (2005-2006)[45], 7%-45.5% in Turkey (2006-2009)[46], and
9.9% in Egypt (2013)[13,44] (Table 1).

A lower prevalence was reported for non-endemic areas, ranging from 6% in Japan
(1991)[47], 2% in Jordan (1978-1985)[48], 4.1%-4.8% in Australia (1997-2016)[49,50],
4.2% in Greece (1997)[51], and 2.6%-8.5% in England (2000-2006)[13,44]. Notably, in
the United States, the prevalence of HDV among HBV chronic carriers has been
reported to range from 2% in native citizens to 50% in some foreign populations[52-54]

Table 1).

( There) was a gradual reduction in the percentage of HBsAg-positive subjects and a
parallel decrease in the prevalence of cases with HBV/HDV chronic infection in
several countries in the last 3 decades, primarily due to the application of universal
vaccination programs. As an example, the prevalence of HDV infection in HBsAg-
positive chronic carriers was very high in some Mediterranean countries (Greece,
southern Spain, southern Italy) 5 decades ago[55], a prevalence that gradually
declined, like in Italy, where the prevalence of HDV infection in HBV chronic carriers
decreased from 24 % in 1990 to 8.5% in 2006[38].

About 35 million people are infected with human immunodeficiency virus (HIV) in
the world and among these the percentage of those with HBV/HDYV co-infection
varies from 1.4% to 19.7% in relation to the epidemiological diversity of these
infections in individual nations[56-60]. Considering the high number of subjects with
triple HBV, HDV and HIV infections, it is highly likely that some of them have
contracted severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection,
asymptomatic or symptomatic, although there are no data in the literature to the best
of our knowledge.

REASONS FOR REDUCED PREVALENCE RATE OF HDV/HBV CHRONIC
INFECTION

The impact of risk factors for acquiring HBV infection has changed over the past five
decades around the world. Vertical transmission is no longer a risk factor for the
transmission of HBV infection, due to the introduction of mass passive/active
immunization of newborn babies. Furthermore, the impact of risk factors for HBV
transmission through household contacts with HBsAg infected subjects has dropped
in Western countries with the application of universal HBV vaccination and the
reduction in family size. The epidemiological impact of other risk factors, such as the
use of improperly sterilized medical and surgical instruments, transfusion of contam-
inated blood and blood products, the use of glass syringes and for men shaving at a
barber’s shop have dramatically decreased worldwide. IVDU and sexual transmission
of HBV infection plays a major role in HBV transmission nowadays due to the
exchange between drug addicts of syringes or other objects used for the preparation of
drugs and to the infrequent or incorrect use of condoms in unsafe sexual activity. A
marginal role is still played by cosmetic treatment with percutaneous exposure
(piercing, tattooing, manicure, pedicure, and acupuncture) and dental treatment[61].

The current residual reservoir of HDV in Western countries comprises aging
patients with advanced liver disease, young immigrants with chronic hepatitis Delta
from areas where HDV infection remains endemic and drug users. The increase in the
spread of HDV has recently been observed in some countries of Western Europe
mostly regarding IV drug users and immigrants from Eastern Europe and Sub-
Saharan Africa[44,62]. The recently increased HDV prevalence observed in the United
Kingdom, France, and Germany reflects the increased prevalence in young immigrants
from regions at high HBV/HDYV prevalence. A high prevalence has been reported for
immigrants from Equatorial Guinea living in Spain (20.9% among 1220 HBV chronic
carriers).

Drug use remains a major risk factor, as seen by a study performed in Baltimore
(United States) showing 50% HBV/HDV co-infection in IV drug users[54].

In some other geographic areas, however, the prevalence of HDV infection in HBV
chronic carriers has remained high in the last two decades, such as in some eastern
countries of the Mediterranean basin, the Middle East, central and northern Asia,
western and central Africa, the Amazonian basin (Brazil, Peru, Venezuela, and
Colombia), some Pacific islands[63] and Vietnam[64]. In a recent study in the western
Brazilian Amazon region, 41.9% of HBV chronic carriers were found to be coinfected
with HDV, with a prevalence of over 60% among individuals aged 20-39 years[45],
suggesting the likelihood of sexual transmission. In a 2013 study from West Africa
(Mauritania), 30% of HBV chronic carriers had the anti-HDV antibody[65] and among
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Table 1 Worldwide variability of anti-hepatitis D virus in hepatitis B surface antigen chronic carriers

Country Anti-HDV in HBsAg chronic carriers, % (years of study) Ref.
India 10.6 (1985); 37.5 (2005) [33,34]
China 3.5 (1987); 13.1 (1993) [35,36]
Tunisia 17.7 (1987-1994) [37]
Italy 23.0 (1987); 8.3 (2006) [13,38]
Thailand' 8.3;11.1; 65.5 (1988) [39]
Iran 48.0 (1991); 5.7 (2005) [40]
Germany 8.0 (1992); 10.9 (2006) [41]
Pakistan 16.6 (1994); 58.6( 2001) [42]
Saudi Arabia 8.6 (1996-1997) [43]
Taiwan 4.4 (1997);15.3 (2012) [13,44]
Mongolia 56.5 (2004) [13,44]
Brazil 41.9 (2005-2006) [45]
Turkey 7 (2006); 45.5 (2009) [46]
Egypt 9.9 (2013) [13,44]
Japan 6.0 (1991) [47]
Jordan 2.0 (1978-1985) [48]
Australia 4.1 (1997); 4.8 (2016) [49,50]
Greece 4.2 (1997) [51]
England 2.6 (2000); 8.5(2006) [13,44]
United States 2.0 (1950); 50.0 (2016) [52-54]

165.5% in intravenous drug abusers, 11.1% in chronic active hepatitis, and 8.3% in cirrhosis patients.

HDV: Hepatitis D virus; HBsAg: Hepatitis B surface antigen.

these, 62.2% were HDV-RNA-positive[66-68]. A recent study from Iran showed that in
Zahedan, 17% of HBV chronic carriers were anti-HDV-positive[69]. A meta-analysis
showed that 14.8% of asymptomatic HBsAg-positive patients in the eastern Mediter-
ranean region were coinfected with HDV and that cirrhosis was common in these
patients[70]. A study from Vietnam showed an anti-HDV prevalence of 10.7% in HBV
chronic carriers[64], a prevalence much higher than expected based on previous
reports[71]. These studies confirm the continuing high prevalence of HDV infection in
the Amazonian basin, the Middle East, the eastern Mediterranean region, and western
Africa, and show an unexpectedly increased prevalence in Vietnam. Instead, a low
anti-HDV prevalence in HBV chronic carriers was reported from Egypt (4.7%)[72] and
India (4.8%)[73,74].

The reports on the epidemiology of HDV infection are numerous, but at the same
time are inadequate to have a complete overview of the spread of the Delta infection
around the world[75,76].

First, HDV acute infection is infrequently recognized outside the outbreaks and the
rate of chronic forms are likely to be underestimated for the unsatisfactory use of
laboratory tests to identify HDV infection in HBsAg chronic carriers. In a nationwide
study in the United States only 8.5% of the 25603 HBV patients investigated were ever
tested for HDV. Manesis et al[51] reported that only one third of Greek patients with
HBV chronic hepatitis have been tested for HDV infection[51]. Similarly, El Bouzidi et
al[77] reported that only 40% of British patients with HBV chronic infection have been
tested for anti-HDV[77]. In addition, most epidemiologic studies used anti-HDV to
identify the seroprevalence of HDV infection, whereas HDV RNA was performed in
some other studies to confirm the etiology and was used for epidemiological investig-
ations.

Second, studies from the same country have reported a discrepant prevalence,
probably due to significant geographic variations even within the same country. For
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example, a meta-analysis from Turkey reported an anti-HDV seroprevalence of 4.8%
in west Turkey, and 46.3% in south-east Turkey[78].

Finally, the time when the epidemiological survey was carried out is of considerable
importance, due to the frequent variations over time in the lifestyle habits of the
population of a geographic area and, even more, in the progress of anti-hepatitis B
vaccination in the same area. As an example, HDV seroprevalence in chronic HBV
carriers has largely declined in Italy over the last 50 years (from 23% in 1987, to 14% in
1992 and to 8.3% in 1997), indicating a substantial, progressive reduction in the
endemicity level, due to improved socioeconomic conditions and the associated
increase in the standards of hygiene, to a substantial reduction in family size, and,
most importantly, to the mass vaccination campaign against HBV started in 1991[79-
82]. More recent data, however, suggest that the prevalence of HDV in Italy has
remained stable at nearly 8%[83].

Overall, HDV infection is still a major burden for public healthcare management in
many countries. In recent times we have accumulated evidence that the prevalence of
HDV has remained stable or has increased in many endemic and non-endemic
geographic areas, due to an increase in migratory flows and to the persistent impact of
other relevant risk factors like IVDU, intra-family spread and unsafe sexual activity,
homosexual, and heterosexual[13,38,44,84,85]. Furthermore, outbreaks of HDV acute
hepatitis are still occurring[80]. In this regard, it is useful to recall the important role of
sex workers in the spread of HBV and HDV infections, as well as HIV and other
sexually transmitted diseases. The prevalence of HBsAg among migrant sex workers
in Chiangmai, Thailand, was 11.4%, but none of them showed anti-HDV antibodies
[86].

Of note, most of these sex workers were migrants from Myanmar, born before the
introduction of the universal HBV vaccination program in their native country. A
meta-analysis on five studies, 4 from China and one from Vietnam, showed that
Commercial sex workers have a greater risk to be anti-HDV positive than the external
comparator population from the same geographic areas, with a pooled OR of 18.7
(95%ClI: 6.70-51.17). In the same meta-analysis, a pooled OD ratio of 16.00 (95%ClI: 3.94-
64.92) indicates that MSM from Italy and Indonesia are at a greater risk to be anti-HDV
positive than the comparator population from the same geographic areas,
asymptomatic HBsAg carriers for Italy and normal subjects for Indonesia. No positive

case was observed in MSM from a Burkina Faso study analyzed in the same contest
[44].

SARS-COV-2 PANDEMICS: REDUCED OPPORTUNITY FOR SCREENING,
MANAGEMENT, AND TREATMENT

Much of the assistance not linked to the SARS-CoV-2 pandemic has been severely
compromised and/or downsized during this pandemic, a drastic reduction also
affecting liver diseases. In Italy, 26% of hepatology wards have been converted to
SARS-CoV-2 wards and another 33% have suffered a substantial reduction in the
availability of beds. Screening and day hospital activities for liver diseases have been
significantly reduced and the start of treatments for “new” HBV chronic hepatitis have
been postponed in 23% of the open liver units[87]. Overall, hepatology activities,
including the management of patients with compensated or decompensated liver
disease, liver transplantation or HCC have been significantly reduced and/or
suspended[34].

In April 2020, health centers in Burkina Faso, Gambia, and Tanzania, respectively,
recorded a 71%, 83% and 95% decline in the numbers of “new” patients attending liver
clinics, compared to the numbers recorded at the beginning of the same year, mainly
due to the patient’s fear of accessing health services[88].

A limitation or closure of health centers offering harm reduction services (such as
needle exchange and opioid replacement therapy) due to SARS-CoV-2 pandemic have
been reported from South Africa, with an increased risk in overdose and transmission
of blood-borne infections[89].

In other countries in Sub-Saharan Africa, essential diagnostic tests to manage
chronic hepatitis, rapid tests for HBsAg, alanine aminotransferase and hematological
tests, have always been available but there has been a serious shortage of nucleic acid
tests to detect HBV and HDV replications; therefore, people newly identified as
HBsAg carriers may have missed the opportunity to be evaluated for viral load,
connected to treatments, and finally treated[89]. For Sub-Saharan African countries,
there has also been a strong reduction in tenofovir supply[89], with an increased risk
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of an exacerbation of liver cell necrosis, the onset of drug resistance and transmission
of HBV infection.

In Japan, Singapore and the United States, the number of physical examinations for
HBYV chronic hepatitis decreased significantly in 2020, compared to 2019, especially for
more elderly subjects[90].

Numbers from England give clear information on the influence of the SARS-CoV-2
pandemic on screening for liver diseases, 2478 tests in 2019 and 1224 in 2020[91].

COVID-19 has also led to an increase in economic and public health disparities. The
pandemic has caused a global recession, driving millions of people below the poverty
line, not only in countries with low economic levels[92]. In the United States, 6.2
million people have lost their health insurance since the start of the pandemic, due to
job losses, leading to a greater risk of acquiring viral hepatitis as well as other
infectious diseases[93].

The World Hepatitis Alliance conducted a worldwide survey to assess the impact of
the SARS-CoV-2 pandemic on patients with viral hepatitis: Job loss during this
pandemic resulted in a strong impact on household monetary income in low- and
middle-income countries, with a frequent lack of access to drugs. Indigenous
communities in some developing countries were the most affected both by traffic
restrictions with the inability to reach healthcare centers and to the difficulties in
earning a living and paying for a physical examination[93,94].

In high-income countries, remote assistance through telemedicine and other virtual
platforms has been strongly encouraged to maintain continuity of care[95]. However,
in sub-Saharan Africa, many patients and healthcare providers do not have access to
telemedicine solutions[88].

There is also an increased risk of HBV vertical transmission during the SARS-CoV-2
pandemic, due to a higher frequency of home births without prophylactic measures
[92]. Childhood prophylaxis against HBV infection performed at birth is estimated to
have prevented 310 million new HBV infections between 1990 and 2020[96], including
14 million HBV/HDYV infections[44]. Preliminary data from the Institute for Health
Metrics and Evaluation indicate that global levels of vaccination coverage
progressively increased from 1990 to the beginning of 2020, but during 2020 it fell to
the levels of the 1990s[97]. The reduction in vaccination coverage may lead to a high
increase in the incidence of HBV infection in childhood, and to an increased risk of
acquiring HDV infection in subsequent years.

CONCEIVABLE DEVELOPMENTS IN HBV/HDV EPIDEMIOLOGY DUE TO
THE SARS COV-2 PANDEMIC

The SARS-CoV-2 pandemic has had a negative impact on the global health system and
on the development of assistance programs for other diseases. Considering that 290
million people live with chronic HBV, it is easy to calculate that the unidirectionality
of healthcare towards SARS-CoV-2 has strongly damaged the programs for screening,
management, and treatment of HBV and HDV associated diseases worldwide.

No epidemiological data on HBV/HDV coinfection during the SARS-CoV-2
pandemic is available at present and few data on HBV infection are reported in the
literature, although HBsAg positive subjects are at high risk of acquiring SARS-CoV-2
infection. Guan et al[98] reported a 2.1% HBsAg positivity in 1099 SARS-CoV-2
Chinese patients[98] while Chen et al[99] found a 4% HBsAg prevalence in 274 SARS-
CoV-2 Chinese patients[99]. Instead, the HBV prevalence was 0.1% in 5700 (8/5700)
SARS-CoV-2 patients in the United States[100].

Even in the absence of data on the epidemiology of HBV/HDV co-infection during
the SARS-CoV-2 pandemic, mostly due to the short period elapsed, it seems useful to
make some predictions based on the sudden great variation in lifestyle worldwide,
imposed by the spread of this life-threatening pandemic.

The multiplicity of factors, favoring or hindering the spread of HBV and HDV
infections, mostly created by the measures put in place by the Political or Healthcare
Authorities of different countries to hinder the spread of SARS-CoV-2, makes it
difficult to predict the epidemiological variations of these two infections in the coming
years. In fact, the restrictions in movement imposed in many countries may have
decreased HBV transmission due to the reduction, outside the family, of physical
contact between infected subjects and those exposed. These restrictions, however, have
induced a depression in large segments of the population, which has led to an increase
in alcohol consumption, drug use and unprotected sex. Another adverse effect of the
restrictions is the increased risk of child deliveries at home, which may involve the
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lack of screening for HBV infection for mothers and an inadequacy in the prophylaxis
of the newborn.

In addition, a significant part of the resources usually reserved for the different
fields of medicine have been devolved to the screening of SARS-CoV-2 infection and to
the assistance of COVID-19 patients. As a result, there has been a downsizing of care
for liver diseases: A lower number of hepatic wards and day hospitals, a lower
number of beds in hepatic wards still open, difficulty in managing patients with
serious liver diseases and the recipients of liver graft. In addition, screening for HBV
and HDV infections have been significantly reduced, and the start of treatment for
“new” patients frequently postponed. Another important role in the reduction of
healthcare facilities for liver patients was played by their fear of contracting SARS-
CoV-2 infection in healthcare structures and in centers giving assistance to drug
addicts. Moreover, many “new” cases of HDV infection may have gone undiagnosed,
since the determination of HBV DNA, HDV DNA and IgM to HD-Ag has undergone a
significant reduction in several countries for the considerable commitment of many
laboratories in the diagnosis of SARS-CoV-2 infection and for the fear of patients
attending them. Therefore, several HBsAg carriers and HBV/HDV patients may not
have been identified, and if identified may not have received appropriate treatment.

The sum of these contrasting effects exerted by the measures restricting mobility on
the spread of HBV and HDV infections makes it difficult to predict the extent and
modalities of their spread in coming years. However, we have no doubt in advancing
pessimistic forecasts, because in the continuing course of the SARS-CoV-2 pandemic,
foreseeable for about another 2 years, all the negative elements reported above will
remain, while the positive effects of movement restriction will gradually decrease,
because such restrictions, already not respected in many countries, will be even less so
in the future. We only trust in a more rapid and intense production of vaccines against
SARS-CoV-2 infection and in universal vaccination campaigns for a future return to
normality[101].

CONCLUSION

The impact of the SARS-CoV-2 pandemic on essential health services is of great
concern. In fact, it is feared that most improvements in public health achieved in recent
years could be wiped out, with negative repercussions on the provision of health
services to the public, with a consequent reduction in the prevention of infectious
diseases, diagnostic efficacy, and the application of therapeutic and rehabilitative
treatments, and overall, of healthcare promotion. The reduction of essential healthcare
services, due to the focus towards COVID-19, risks having serious negative effects on
the health of the most vulnerable populations, such as children, the elderly, patients
with chronic diseases, viral (HBV, HDV and hepatitis C virus hepatitis, HIV infection),
inflammatory, degenerative, oncological, cardiac, autoimmune, efc.

The COVID-19 pandemic has required the use of enormous healthcare resources
and, consequently, reduces the care of patients with other diseases, particularly those
who need continuous clinical monitoring to avoid clinical deterioration such as
patients with chronic HBV/HDV infection. For these patients, there has already been,
and will occur even more in the next few years, a lack of diagnosis for some, delayed
access to treatment or lack of continuity of antiviral therapy for others, and finally a
lack in the surveillance for the possible emergence of liver cirrhosis and HCC and the
need for liver transplantation. When the COVID-19 emergency draws to a close, there
will be a resumption of health activities for all diseases neglected during the
pandemic, including screening for HBV and HDV infection, and a false increase in the
prevalence of these infections will occur because of the effect of the recovery of cases
undiagnosed in 2020, 2021 and, for some countries with reduced vaccination activity
against COVID-19 even in some subsequent years.

We remind those in charge of treating patients with chronic hepatitis B and those
who have the related administrative responsibility that the interruption of drugs
suppressing HBV replication in patients with HBV chronic hepatitis frequently leads
to the exacerbation of liver cell necrosis, with a risk of death from acute liver failure.
Furthermore, patients with chronic HBV/HDYV infection are at risk of developing
cirrhosis, HCC, and serious decompensation of the disease, and therefore require close
clinical, biochemical and ultrasound monitoring, now made difficult by the COVID-19
emergency.

There is also the need for strategic adjustments to ensure specialist healthcare
services to identify, monitor and treat patients with chronic HBV infection and those
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with HBV/HDYV coinfection.
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Abstract

Due to concomitant changes in pro- and anti-coagulant mechanisms, patients with
liver dysfunction have a “rebalanced hemostasis”, which can easily be tipped
toward either a hypo- or a hypercoagulable phenotype. Clinicians are often faced
with the question whether patients with chronic liver disease undergoing invasive
procedures or surgery and those having active bleeding require correction of the
hemostasis abnormalities. Conventional coagulation screening tests, such as the
prothrombin time/international normalized ratio and the activated partial
thromboplastin time have been demonstrated to have numerous limitations in
these patients and do not predict the risk of bleeding prior to high-risk
procedures. The introduction of global coagulation assays, such as viscoelastic
testing (VET), has been an important step forward in the assessment of the overall
hemostasis profile. A growing body of evidence now suggests that the use of VET
might be of significant clinical utility to prevent unnecessary infusion of blood
products and to improve outcomes in numerous settings. The present review
discusses the advantages and caveats of both conventional and global coagulation
assays to assess the risk of bleeding in patients with chronic liver disease as well
as the current role of transfusion and hemostatic agents to prevent or manage
bleeding.

Key Words: Hemostasis; Bleeding risk; Conventional tests; Thrombin generation;
Viscoelastic tests; Hemostatic agents
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Core Tip: Patients with liver dysfunction have a “rebalanced hemostasis” which can
easily be tipped toward either a hypo- or a hypercoagulable phenotype. Clinicians are
often faced with the question whether patients with liver dysfunction undergoing
invasive procedures or surgery and those having active bleeding require correction of
hemostasis abnormalities. While conventional coagulation screening tests have
numerous limitations and do not predict the risk of bleeding prior to high-risk
procedures or during surgery, a growing body of evidence suggests that viscoelastic
testing might be of significant clinical utility in this setting. The present review
discusses the advantages and caveats of both conventional and global coagulation
assays in patients with chronic liver disease and the current role of hemostatic agents to
prevent and manage bleeding.

Citation: Nguyen G, Lejeune M, Crichi B, Frere C. Hemostasis testing in patients with liver
dysfunction: Advantages and caveats. World J Gastroenterol 2021; 27(42): 7285-7298

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7285 .htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7285

INTRODUCTION

The liver plays a crucial role in synthesizing numerous plasma proteins, including
most of the clotting factors except factor VIII and von Willebrand factor (VWEF)[1-3].
Liver cells also produce thrombopoietin (TPO), which is the primary regulator of
megakaryopoiesis, accounting for approximately 90% of the overall platelet
production[4]. Therefore, liver dysfunction results in decreased levels of circulating
pro- and anticoagulant factors, decreased levels of circulating pro- and antifibrinolytic
factors, and thrombocytopenia, which all worsen with disease severity. Alterations in
platelet number and function are, however, partially compensated by elevated levels
of VWF and decreased levels of ADAMTS13.

For many years, liver dysfunction has been considered as an acquired bleeding
disorder, and patients with acute or chronic liver disease thought to be naturally
“autoanticoagulated”. Nevertheless, recent advances in the understanding of changes
occurring in the hemostasis balance during liver dysfunction (summarized in Figure 1)
support a paradigm shift from “liver disease-associated coagulopathy” to “rebalanced
hemostasis”[1-3].

This overall “rebalanced hemostasis” is nevertheless fragile and can easily be tipped
toward either a hypo- or a hypercoagulable phenotype, leading to either bleeding or
thrombotic complications[5].

Clinicians are often faced with the question whether patients with liver dysfunction
undergoing invasive procedures or surgery and those having active bleeding require
correction of hemostasis abnormalities. While conventional coagulation tests do not
accurately predict the risk of bleeding, a growing body of evidence now supports a
role for viscoelastic testing (VET) to monitor hemostasis in this setting.

The present review will discuss: (1) the advantages and caveats of both conventional
and global coagulation assays to assess the risk of bleeding in patients with chronic
liver disease; and (2) the current role of transfusion and hemostatic agents to prevent
and manage bleeding in patients with liver dysfunction.

EVALUATION OF THE HEMOSTASIS PROFILE OF PATIENTS WITH LIVER
DYSFUNCTION

Platelet count

Thrombocytopenia, as defined by a platelet count <150 x 10°/L, is common in patients
with chronic liver disease (CLD), particularly in those with portal hypertension. Its
prevalence varies widely according to the underlying disease and its severity[6-8].
However, data regarding the association between thrombocytopenia and the risk of
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bleeding in patients with liver dysfunction are conflicting.

In the PRO-LIVER study, 280 patients with cirrhosis were followed up for a median
duration of 3 years. One hundred eighty-one (66%) patients had thrombocytopenia at
inclusion while 23 (8%) of them had severe thrombocytopenia (defined as a platelet
count < 50 x 10°/L). During the follow-up, bleeding occurred in 52 (18.6%) patients.
However, platelet count did not predict the onset of unprovoked bleeding[9].
Similarly, platelet count did not predict the risk of bleeding in a case series of cirrhotic
patients undergoing invasive procedure[10]. Conversely, severe thrombocytopenia
was associated with a high risk of periprocedural bleeding in patients with advanced
liver disease undergoing invasive procedure[l1]. Severe thrombocytopenia also
independently predicted the onset of major bleeding [odds ratio (OR) 6.476, 95%CI:
1.386-30.255, P < 0.05] in a prospective study of 1493 critically ill patients with cirrhosis
admitted to intensive care unit[12].

According to the 7* International Coagulation in Liver Disease Conference[13],
platelet count alone is not sufficient to assess the risk of bleeding in patients with CLD.
However, a platelet count < 50 x 10°/L may be associated with a high risk of bleeding.

Global platelet functional tests

Global platelet functional tests are of low clinical utility in patients with liver
dysfunction. Their use is limited by several factors including pre-analytical and
analytical constraints, lack of standardization and their time-consuming nature.
Moreover, none of them has been demonstrated to be clinically useful for stratifying
the risk of bleeding in patients with liver dysfunction. The platelet function analyzer
(PFA)-100® or PFA-200® closure time (CT) is the most widely used test to assess
primary hemostasis. It measures the CT of an aperture within a membrane coated with
either collagen/adenosine diphosphate or collagen/epinephrine under flow
conditions. Importantly, this test is highly influenced by platelet count, VWF level and
hematocrit, making the results challenging to interpret in many cases. Patients with
stable cirrhosis or those with end-stage liver disease have been reported to have
prolonged CT[14-16]. However, the prognostic value of CT in predicting bleeding
complications in patients with liver dysfunction has yet never been investigated. Other
functional platelet tests, such as light transmission aggregometry or whole blood
aggregometry, have been extensively reviewed elsewhere[17-19].
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The use of global platelet functional tests to assess the risk of bleeding in patients
with CLD is not recommended by current guidelines.

Conventional coagulation tests

Conventional coagulation tests, such as the prothrombin time (PT)/international
normalized ratio (INR) and the activated partial thromboplastin time (aPTT), are
commonly used for screening of inherited bleeding disorders and for monitoring of
anticoagulant therapy. However, they are of limited value in patients with liver
dysfunction since they predict neither the risk of bleeding complications nor the
efficacy of blood cell product transfusion or hemostatic agent infusion[1-3].

PT and aPTT are both performed on platelet-poor plasma by measuring the time for
fibrin clot formation after addition of phospholipids, calcium, and a trigger agent
(tissue factor for the extrinsic pathway and kaolin, celite or ellagic acid for the intrinsic
pathway). These tests only evaluate the time to the start of fibrin polymerization,
knowing that 90% to 95% of thrombin generation occurs after this step. Importantly,
they are insensitive to coagulation inhibitors (e.g., antithrombin, protein C and protein
S), which are also decreased in patients with liver dysfunction who have a
“rebalanced” hemostasis. Furthermore, they contain low amount of thrombomodulin
which is required to activate protein C. Finally, they do not provide any insight on clot
lysis.

PT and aPTT are influenced by the level of procoagulant factors [e.g. factors I
(fibrinogen), II, V, VII and X for the PT and factors I (fibrinogen), II, V, VIII, IX, X, XI
and XII for the aPTT]. With the exception of factor VIII, procoagulant factors are
heterogeneously decreased in patients with liver dysfunction. Therefore, PT and aPTT
are frequently prolonged in patients with acute or CLD. Nevertheless, thrombin
generation has been demonstrated to be preserved in patients with liver dysfunction
and prolonged PT/aPTT[20], due to a concomitant decrease in anticoagulant levels.

Although the INR is currently used as a prognostic factor when calculating the
model for end stage liver disease (MELD) score (which includes serum bilirubin, INR,
serum creatinine, dialysis, and serum sodium[21]), it is important to emphasize that it
was exclusively designed to monitor vitamin K antagonist therapy. Several studies
have shown that its use is not appropriate for patients with liver dysfunction since it
may vary for a single sample according to the reagent used[22,23]. A prospective study
of 29 consecutive patients listed for liver transplantation (LT) reported that the
between-laboratory variability in INR determination had a significant impact on the
calculated MELD score[24], further suggesting the need to establish a “modified INR”
specific for liver diseases[25].

According to the 7* International Coagulation in Liver Disease Conference[13], the
American Association for the study of liver diseases (AASLD)[26], and the American
Gastroenterology Association (AGA)[27], the PT/INR and the aPTT should not be
used for assessing the risk of bleeding or for guiding blood products transfusion in
patients with CLD.

Fibrinogen levels (Clauss assay) are determined by measuring the time for fibrin
clot formation in the presence of excess thrombin. The clotting time expressed in
seconds is converted to mg/dL by using a calibration curve prepared by serial dilution
of a reference plasma of known fibrinogen concentration. Fibrinogen levels may either
be normal, increased or decreased in patients with liver dysfunction[3]. Dysfibrino-
genemia has been observed in up to 76% of patients with cirrhosis, 78% of those with
chronic active liver disease and 86% of those with acute liver failure[28]. In a
prospective cohort study of 165 patients with cirrhosis, low fibrinogen levels were
associated with decreased survival in univariate analysis[29]. Fibrinogen levels < 60
mg/dL were a strong independent predictor for major bleeding (OR 11.129, 95%CI:
1.189-104.173, P < 0.05) in critically ill patients admitted to intensive care unit[12]. In a
series of 109 cirrhotic patients undergoing endoscopic variceal band ligation, patients
who bled had significant lower median fibrinogen levels compared to those who did
not bleed (146 mg vs 230 mg/dL, P = 0.009)[30]. A fibrinogen level cut-off of 179
mg/dL predicted bleeding with a sensitivity of 83.3% and a specificity of 73.0%[30].
Finally, in a retrospective study of 322 patients undergoing orthotopic LT, baseline
fibrinogen levels were found to predict excessive transfusion[31]. Additional studies
are warranted to determine the best fibrinogen level cut-off for predicting the risk of
bleeding.

Global coagulation assay

Compared to conventional coagulation tests, global coagulation assays such as
thrombin generation assays (TGA) or VET, which take into account the interactions
between procoagulants, anticoagulants, platelet function and the fibrinolytic system,
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are expected to better reflect the overall hemostasis profile, especially in patients with
liver dysfunction who have a “rebalanced” hemostasis.

Thrombin generation assays
TGAs have been developed in the 1950s. The most widely used method is the
calibrated automated thrombogram[32], which dynamically quantifies the total
amount of thrombin generated in platelet-poor plasma or in platelet-rich plasma after
initiating the coagulation by the addition of tissue factor, phospholipids and calcium.
Tripodi et al[20] reported that the profile of thrombin generation measured without
thrombomodulin was decreased in cirrhosis patients compared to healthy controls,
while it was normal in the presence of thrombomodulin (which is required for protein
C activation), demonstrating for the first time that patients with liver dysfunction have
a “rebalanced hemostasis”. Recent TGA studies (reviewed elsewhere by Lebreton et al
[33]) further reported that patients with liver dysfunction may have an hyperco-
agulable phenotype which seems to correlate with the disease severity[33]. Studies
assessing the ability of TGA in predicting bleeding or thrombotic complications in
patients with liver dysfunction are yet lacking. For now, there is still a need for
standardization and automation of TGA methods.

According to the 7* International Coagulation in Liver Disease Conference[13], the
use of TGA in patients with CLD should be restricted to clinical research studies.

Viscoelastic tests

VETs, which are performed in whole blood, evaluate the in vivo dynamics of clot
formation, clot stabilization and fibrinolysis. They are expected to provide a more
accurate assessment of the overall hemostasis profile, and therefore to better predict
the risk of bleeding and thrombosis. Nowadays, VETs are used as point-of-care testing
and provide faster results than standard coagulation tests, which constitute an
additional advantage.

Three methods are currently available, i.e., thromboelastography (TEG, Hemonetics
Corporation, Braintree, MA), thromboelastometry (ROTEM, TEM International
GmbH, Munich, Germany) and sonorheometry (Quantra QPlus System, HemoSonics,
LLC, Charlottesville, VA).

In patients with CLD, VET parameters correlate well with platelet count and
fibrinogen levels (except in patients with fibrinogen levels < 100 mg/dL) but not with
PT/INR and aPTT [34-42].

VETSs have been mainly studied in patients with end-stage liver disease undergoing
LT, but numerous studies have also been conducted in patients with less severe liver
disease, including those well compensated.

Viscoelastic tests in liver transplantation

Historically, the first orthotopic LT was performed by Starzl et al[43] in 1963. The
recipient was a 3-year-old boy with congenital biliary atresia. Interestingly,
coagulation was monitored by performing serial thromboelastograms[43]. Twenty
years later, Kang et al[44] first suggested that VET-guided transfusion could substan-
tially reduce blood products administration during LT. In their series of 66 patients
undergoing LT, VET-monitoring was associated with a significant reduction in the
administration of red blood cell units (17 + 12.9 units vs 26.7 + 23.8 units in the
historical cohort, P < 0.05), fresh frozen plasma (FFP) units (18.3 £ 12.5 units vs 26.7 £
24.1 units, P < 0.05) and total volume infused (20.2 + 11.2 L vs 31.4 £19.2 L, P < 0.05).
However, VET-guided transfusion led to a significant increase in the administration of
platelets (20.8 £ 12.8 units vs 14.1 £ 13.7 units, P < 0.05) and cryoprecipitate units (17.2
+ 8.5 units vs 10.2 £ 4.5 units; P < 0.05). Numerous non-randomized studies further
confirmed these findings[45-47].

Only two small randomized controlled trials (RCTs) compared VET-guided
transfusion to the standard of care (SOC) during LT (Table 1)[48,49]. Importantly, they
used different VET methodologies and various algorithms for VET-guided transfusion.
Wang et al[48] randomized 28 adult patients with cirrhosis undergoing LT in either a
TEG-guided transfusion arm or a SOC arm. Intraoperative administration of FFP was
significantly reduced in the TEG-guided transfusion arm (12.8 £ 7.0 units vs 21.5 £ 12.7
units in the SOC arm, P < 0.05), without significant difference in the administration of
other blood products between the two arms. In the TEG-guided transfusion arm, there
was a trend towards reduction in blood loss (4775 £ 4264 mL vs 6348 + 3704 mL in the
SOC arm, P = ns). More recently, Bonnet et al[49] randomized 82 adult patients with
cirrhosis undergoing orthotopic LT in either a ROTEM-guided transfusion arm or a
SOC arm. Median [interquartile range] intraoperative administration of blood
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Table 1 Randomized controlled trials assessing viscoelastic (tests) in patients with cirrhosis undergoing liver transplantation or

invasive procedures and for the management of active bleeding

Intervention in

Intervention in

Ref. VET Population n Exclusion criteria the VET arm  the SOC arm Blood product Bleeding
Liver transplantation
Wanget TEG Adult patients 28 patients  Unspecified FFP titrated to ~ FFP titrated to FFP use: 12.8 Trend towards
al[48], with cirrhosis (14 in each maintain R time  maintain PT and  units in the TEG ~ reduction in blood
2010 undergoing arm) <10 min; 6-8 APTT at less than  arm vs 21.5 units  loss in the TEG arm
liver pooled platelet  one and a half in the SOC arm ( (not statistically
transplantation units if MA <55  times control; P <0.05); RBC: significant)
mm; 5 pooled Platelets to no difference;
units of maintain a platelet Platelets use: no
cryoprecipitate  count > 50 x 10° difference;
if alpha angle<  /L; Cryoprecipitate
45 degrees Cryoprecipitate to  use: no
maintain difference
fibrinogen >1 g/L
Bonnetet ROTEM Adult patients 82 patients Pregnancy; 2 FFP units if 2 FFP units if PT < FFP use: 6 No difference in
al[49], with cirrhosis (41ineach congenital EXTEM CT < 40% at baseline or  patients in the revision surgery or
2019 undergoing arm) coagulopathy; 110s; 1 platelet  an hepatic phase ~ TEG arm vs 19 postoperative
orthotopic liver patients unit if EXTEM  or hemorrhage; PT patients in the hemorrhage at 24
transplantation participating in MCF <40mm  <30% at SOC arm (P = and 48 h
another study or A10 <35 mm  declamping or 0.002); RBC use:
and FIBTEM end of surgery no difference;
A10 or MCF >8 and no Platelets use: no
mm; Fibrinogen hemorrhage; 1 difference;
3 g if FIBTEM platelet unit if Cryoprecipitate
A10 <8 mm platelet count <50 use: 29 patients
x10°/L at in the TEG arm
baseline or an vs 12 patients in
hepatic phase or ~ the SOC arm (P <
hemorrhageor if ~ 0.001)
platelet count < 30
x10°/L at
declamping or
end of surgery
and no
hemorrhage;
Fibrinogen 3 g if
fibrinogen<1 g/L
Invasive procedure
De Pietri TEG Adult patients 60 patients Ongoing bleeding; ~ FFP 10 mL/kg if FFP10 mL/kg if 16.7% in the TEG 1 post procedure
et al[51], with cirrhosis (B0ineach current thrombotic R >40 min; INR >1.8; arm vs 100% in bleeding after large
2016 undergoing arm) events; antiplatelets Platelets if MA  Platelets if platelet the SOC arm (P < volume
invasive or anticoagulants <30 mm count <50 x 10°/L  0.0001) paracentesis in the
procedures with use; infection or SOC arm
an INR > 1.8 sepsis;
and/or platelet hemodialysis
count < 50 x 10°
/L
Vuyyuru TEG Adult patients 58 Cancer; FFPif R > 14 FFPif INR>18;  31% inthe TEG  No bleeding in any
et al[52], with cirrhosis patients(29 hemophilia; DIC; min; 6-8 pooled  6-8 pooled platelet arm vs 100% in group
2019 undergoing in each antiplatelets use; platelet units; if  units; if platelet the SOC arm (P <
invasive liver- arm) pregnancy; renal MA <30 mm count < 50 x 10°/L  0.001)
related failure; blood
procedures with products in the
INR > 1.8 previous 7 d
and/or <50 x
10°/L
Rochaet ROTEM Adult critically 57 patients ~Acute liver failure; ~FFP10 mL/kgif SOCarm:FFP10  Significantly No major bleeding
al[53], ill patients with (19 per vonWillebrand’s CT EXTEM >80 mL/kg if INR > lower in the in any group
2020 cirrhosis arm) disease; s; 1 apheresis 1.50raPTT >50s restrictive arm
undergoing anticoagulants use; platelets unitif 1 unit/kg of (15.8% vs 68.4%
CVC insertion patients A10 EXTEM < platelets if platelet in the ROTEM
participating in 40 mm and A10  count <50 x 10° arm; P < 0.006
another study FIBTEM 2 10 /L; 1 unit/kg of and vs 73.7%; P <
mm; 1 unit/kg  cryoprecipitate if ~ 0.002) in the SOC
of fibrinogen <150  arm. No
cryoprecipitate  mg/dL; difference
if A10 ESTEM <  Restrictive arm: between ROTEM
40 mmand A10 FFP10 mL/kgif  and SOC arms
EXTEM < 10 INR > 5; 1 unit/kg
mm of platelets if
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Active bleeding

Kumaret TEG
al[55],
2020

Routetal TEG
[56],2020

Adult patients
with advanced
liver cirrhosis
presenting with
nonvariceal
upper
gastrointestinal
bleeding with
INR > 1.8
and/or platelet
count < 50 x 10°

/L

Adult patients
with cirrhosis
presenting with
acute variceal
bleeding with
INR > 1.8
and/or
plateletcount <
50 x 10°/L
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platelet count < 25
x10°/L

96 patients  Variceal bleed; FFP 10 mL/kgif FFP10mL/kgif  Patients No difference in
(49 in the postvariceal R>10min; 6-8 INR >1.8;6-8 transfused with  failure to control
TEG arm, ligation; ulcer pooled platelet  pooled platelet all three blood bleeding or
47 in the bleed, previous or  units if MA <55 units if components: rebleeding on day
SOCarm) current thrombotic ~mm; 5 pooled plateletcount <50 26.5% in TEGwvs 5. No difference in

events; units of x10°/L5pooled  87.2% SOC (P<  mortality on day 5

anticoagulant cryoprecipitate  units of 0.001) and on day 42

therapy at the time  if a-angle < 45 cryoprecipitate if

of enrollment or degrees fibrinogen < 80

that had been mg/dL

discontinued less

than 7 d before

evaluation for the

study;

hemodialysis in the

previous 7 d;

pregnancy;

significant

cardiopulmonary

disease
60 patients Malignancy; FFP5mL/kgif FFPif INR>18;  13.3% TEG vs No difference in
(30in each hemophilia; DIC; R > 15 min; 3 Platelets if platelet 100% SOC (P <  control of bleeding
arm) antiplatelets use; pooled units of  count < 50 x 10°/L 0.001) or rebleeding on

pregnancy; blood  platelets if MA day 5 between the

products in the <30 mm two

previous 7 d; shock; groups.Rebleeding

sepsis; acute-on-
chronic liver

on day 42 less in
TEG (10%) than

failure, renal SOC (36.7% ; P =
failure, 0.012)
encephalopathy

A10: Amplitude at 10 min; ACLF: Acute-on-chronic liver failure; aPTT: activated partial thromboplastin time; CCT: Conventional coagulation test; CT:
Clotting time; CVC: Central venous catheter; DIC: Disseminated intravascular coagulation; INR: International normalized ratio; FFP: Fresh frozen plasma;
MA: Maximum amplitude; R: Reaction time; ROTEM: Rotational thromboelastometry; SOC: Standard of care; TEG: Thromboelastography; VET:

Viscoelastic test.
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products was significantly decreased in the ROTEM-guided transfusion arm [3 (2-4) vs
7 (4-10) units in the SOC arm, P = 0.005]. FFP was administered less frequently in the
ROTEM-guided transfusion arm (15% vs 46.3% in the SOC arm, P = 0.002). However,
fibrinogen concentrates were administered more frequently (72.5% vs 29.3% in the
SOC arm, P < 0.001). There was no difference in revision surgery or postoperative
bleeding at 24 and 48 h.

Overall, the body of evidence supporting the use of VET to guide transfusion
during LT remains poor. Nevertheless, VETs have been widely adopted in most large-
volume academic transplant centers, as reported in a recent survey[50].

Viscoelastic tests during invasive procedures
Three small RCTs assessed the benefit of VET-guided prophylactic transfusion during
invasive procedures (Table 1)[51-53]. De Pietri et al[51] randomized 60 adult cirrhosis
patients with an INR > 1.8 and/or a platelet count < 50 x 10°/L undergoing invasive
procedures in either a TEG-guided prophylaxis transfusion arm or a SOC arm. Nearly
half of patients (47%) underwent low-risk procedures such as paracentesis or
thoracentesis. FFP alone (0% vs 53.3%, P < 0.001), platelets alone (6.7% vs 33.3%, P =
0.021) and overall blood products (16.7% vs 100%, P < 0.0001) were administered less
frequently in the TEG-guided arm compared to the SOC arm. Post-procedure bleeding
occurred in only 1 patient in the SOC arm after large-volume paracentesis.

A second RCT[52] randomized 58 adult cirrhosis patients with an INR > 1.8 and/or
a platelet count < 50 x 10°/L undergoing high-risk invasive procedures (83% of liver
biopsy) in either a TEG-guided prophylaxis transfusion arm or a SOC arm.
Transfusions of any blood products (31% wvs 100%, P < 0.0001), and platelet
transfusions (6.9% vs 42.4%, P < 0.001) were administered less frequently in the TEG-
guided arm. There was no difference in the rate of patients who received FFP. No
procedure-related bleeding was observed.

Finally, Rocha et al[53] randomized 57 adult critically ill patients with cirrhosis
undergoing central venous catheterization in three arms, i.e., a restrictive strategy arm,
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a SOC arm, or a ROTEM-guided arm. The restrictive strategy decreased the rates of
any blood component administration compared to the SOC (OR 0.07, 95%CI: 0.01-0.45,
P =0.002) and to the ROTEM-guided strategy (OR 0.09, 95%CI: 0.01-0.56, P = 0.006).
There was no difference in bleeding, length of stay, mortality, and transfusionlIrelated
adverse events between the three arms.

Overall, the current evidence suggests that the use of VET-guided transfusion
during invasive procedures might significantly decrease the prophylactic infusion of
blood products. However, the benefit of VTE monitoring during low bleeding risk
procedures remains debated.

Viscoelastic tests in patients with liver dysfunction and active bleeding

In a prospective study of 20 cirrhotic patients with active variceal bleeding, serial TEGs
were performed daily for 7 d to assess the association between changes occurring in
TEG profile and early rebleeding[54]. Patients who presented early rebleeding had
longer median R (42 mm vs 24 mm, P < 0.001) and median K (48 mm vs 13 mm, P <
0.001) and smaller median alpha (12 vs 38, P < 0.001) on the day of rebleeding
compared with the mean of all daily results in patients who did not rebleed[54].

Two small RCTs evaluated the benefit of using VETs to monitor transfusion in
cirrhotic patients with active upper gastrointestinal bleeding (Table 1)[55,56]. The first
one randomized 96 adult patients with advanced liver cirrhosis, coagulopathy (as
defined by an INR > 1.8 and/or platelet count < 50 x 10°/L) and active non-variceal
upper gastrointestinal bleeding in either a TEG-guided transfusion arm or a SOC arm.
The volume of FFP infused per patient was significantly lower in the TEG-guided arm
(440 mL vs 800 mL in the SOC arm, P < 0.001). Moreover, the rate of patients who
received blood products was significantly lower in the TEG-guided arm (26.5% vs
87.2% in the SOC arm, P < 0.001). The rates of control of bleeding, rebleeding, and
mortality did not differ between the two arms[55]. The second RCT[56] randomized 60
adult patients with cirrhosis, coagulopathy (as defined by an INR > 1.8 and/or platelet
count <50 x 10°/L) and active variceal upper gastrointestinal bleeding in either a TEG-
guided transfusion arm or a SOC arm. A significant reduction in the rate of blood
product infusion was observed in the TEG-guided arm (13.3% vs 100% in the SOC arm,
P < 0.001). The rate of initial control of bleeding at the primary endoscopy and the rate
of rebleeding at 5 d did not differ between the two arms.

Overall, a growing body of evidence indicates that VETs may be useful to guide
transfusion, particularly in patients with active bleeding. Further studies to establish
standardized algorithms and cut-off values to guide transfusion are warranted.

Nevertheless, some limitations of VTE leading to underestimate the true hemostatic
potential should be acknowledged[57]. First, some VET parameters such as the
maximum amplitude are frequently hypocoagulable in patients with liver dysfunction.
This is mainly due to thrombocytopenia. However, it is important to notice that VETs
are insensitive to VWF levels which are increased in patients with liver dysfunction,
promoting platelet adhesion and partly compensating thrombocytopenia. Second,
VETs are insensitive to the protein C system which requires the transmembrane
protein thrombomodulin expressed on the luminal surface of endothelial cells to be
activated. Third, VETs do not capture clot quality. Finally, most VETs parameters are
obtained after the addition of an activator of the intrinsic pathway, which might not be
relevant to study the physiological initiation of coagulation.

According to the 7 International Coagulation in Liver Disease Conference[13], the
use of VETs in patients with CLD should be restricted to clinical research studies.

CURRENT ROLE OF HEMOSTATIC AGENTS IN PATIENTS WITH LIVER
DYSFUNCTION

Platelet transfusion and thrombopoietin agonists
Platelet transfusion is the standard of care to transiently increase platelet count in
patients undergoing invasive procedures or in those with active bleeding. A conven-
tional threshold of 50 x 10°/L, which is exclusively based on expert opinion, is
recommended by the AASLD[26]and the AGA[27]. However, in vitro studies have
suggested that platelet-dependent thrombin generation should be preserved in
patients with cirrhosis having a platelet count above 56 x 10°/L[58].

Due to platelet transfusion detrimental side effects, treatments stimulating
endogenous production of functional platelets are increasingly used in CLD patients
undergoing invasive procedures. Two second generation TPO receptor agonists
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(avatrombopag and lusutrombopag) were recently approved by the Food and Drug
Administration for the treatment of severe thrombocytopenia in this setting.

The ADAPT-1 and ADAPT-2 trials randomized a total of 435 CLD patients with
severe thrombocytopenia (platelet count < 50 x 10°/L) undergoing a diagnostic or
therapeutic invasive procedure to receive either avatrombopag (1 = 277) or placebo (n
= 158) daily for 5 d[59]. The primary endpoint was the rate of patients not requiring
platelet transfusions or rescue therapy for bleeding within 7 d following procedure. In
ADAPT-1, the rate of patients who met the primary endpoint was significantly higher
in patients receiving avatrombopag (66% in patients receiving 60 mg avatrombopag vs
23% in the placebo arm, and 88% in patients receiving 40 mg avatrombopag vs 38% in
the placebo arm). Similarly, in ADAPT-2, the rate of patients who met the primary
endpoint was significantly higher in patients receiving avatrombopag (69% in patients
receiving 60 mg avatrombopag vs 35% in the placebo arm, and 88% in patients
receiving 40 mg avatrombopag vs 33% in the placebo arm). There was no difference in
serious adverse events between the two arms.

The L-PLUS 1 trial randomized 96 CLD patients with severe thrombocytopenia
(platelet count < 50 x 10°/L) undergoing an invasive procedure to receive either
lusutrombopag (n = 48) or placebo (n = 48) daily for up to 7 d[60]. The primary efficacy
endpoint was the rate of patients not requiring platelet transfusion before the invasive
procedure. Seventy-nine percent of patients met the primary endpoint in the
lusutrombopag arm vs 12% in the placebo arm (P < 0.001). Lusutrombopag was well
tolerated. The L-PLUS 2 trial randomized 215 CLD patients with severe thrombocyt-
openia (platelet count < 50 x 10°/L) undergoing an invasive procedure to receive
either lusutrombopag (1 = 108) or placebo (n = 107) daily for up to 7 d[61]. The
procedure was scheduled 2 to 7 d after the last dose of lusutrombopag or placebo. The
primary efficacy endpoint was the rate of patients not requiring platelet transfusion
before the invasive procedure or rescue therapy for bleeding. Sixty-five percent of
patients met the primary endpoint in the lusutrombopag arm vs 29 % in the placebo
arm (P < 0.001). There was no difference in serious adverse events between the two
arms.

Importantly, TPO receptor agonists have a slow onset of action (5 d or more) and
are indicated only in stable CLD patients having severe thrombocytopenia t without
active bleeding who undergo planned elective procedures. Performing platelet count
on the day of the procedure is warranted.

FFP

FFP is commonly used to correct coagulation factor deficiencies in patients with active
bleeding when coagulation tests are abnormal. However, there is currently insufficient
evidence to support the prophylactic use of FFP in patients with CLD.

In an in vitro study of 58 patients with advanced cirrhosis (Child-Pugh B and C),
addition of normal pooled plasma to plasmas from cirrhotic patients shortened both
PT and aPTT (P < 0.0001), without significant change in endogenous thrombin
potential (ETP) in presence of thrombomodulin (P = ns)[62]. In line with these results,
a small sample study (n = 53) found that infusion of FFP increased the ETP by only
5.7%[63]. Two out of 53 (3.8%) patients had baseline ETP below normal values and
infusion of FFP corrected thrombin generation in only one out of two patients.

The only large multicenter, RCT aiming to assess the efficacy and safety of prophy-
lactic FFP infusion in CLD patients undergoing invasive procedures[64] was unfortu-
nately interrupted due to inadequate enrollment.

Potential detrimental side effects of FFP, such as transfusion-related acute lung
injury or volume expansion leading to portal hypertension exacerbation, should be
considered.

Based on available evidence, the AASLD[26] and the AGA[27] do not recommend
using prophylactic infusion of FFP in CLD patients undergoing invasive procedures or
surgery.

Fibrinogen

Cryoprecipitates or fibrinogen concentrates are generally preferred over FFP to correct
hypofibrinogenemia due to lower volume to infuse and best standardized fibrinogen
content. Cryoprecipitates contain fibrinogen, von Willebrand factor and factor VIII.
One unit of cryoprecipitate per 10 kg of body weight increases fibrinogen levels by
approximately 50 mg/dL. In a randomized, multicenter, double-blind, controlled trial
comparing preemptive fibrinogen administration to placebo during LT, preemptive
fibrinogen infusion did not reduce blood products transfusion (RR 0.80, 95%CI: 0.57-
1.13)[65]. In cirrhosis patients with active bleeding, maintaining fibrinogen levels
above 120 mg/dL is generally required.
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Recombinant activated factor VIl
The use of activated recombinant factor VII (rFVIIa) is restricted to patients presenting
massive bleeding.

Two RCTs aiming to assess the efficacy and safety of rFVIIa on upper
gastrointestinal or variceal bleeding in cirrhosis patients reported no difference
between the rFVIla and the placebo arms in the composite primary endpoint of failure
to control acute bleeding, rebleeding within the first 5 d, and death within the first 5 d
[66,67]. However, patients with variceal bleeding receiving rFVIla had a significantly
lower rate of 42-d mortality compared to those receiving placebo (15% vs 29%, OR
0.31, 95%ClI: 0.13-0.74)[67].

Consensus guidelines on the use of rFVIla as an adjuvant treatment for massive
bleeding do not recommend using rFVIla in patients with Child-Pugh A cirrhosis
(grade B evidence)[68]. Furthermore, they consider its benefit as uncertain in patients
with more advanced liver disease (grade C evidence)[68].

Prothrombin complex concentrates

Data on the benefit of prothrombin complex concentrates (PCC) in patients with
cirrhosis are limited to retrospective studies and case reports[69,70]. PCC infusion was
reported to significantly reduce INR in critically ill cirrhosis patients, with lower
amount of blood transfusion requirements compared to FFP. The ongoing double-
blind, multicenter, placebo-controlled randomized PROTON trial comparing infusion
of PCC vs placebo prior to surgery to reduce transfusion requirements in cirrhotic
patients undergoing LT is expected to provide more data on the benefit of PCC in the
near future[71].

Desmopressin

The 1-deamino-8-D-arginine vasopressin (DDAVP) is commonly used to prevent
blood loss in a variety of bleeding disorders. It has also been demonstrated to improve
platelet function in patients with severe renal failure. An early study reported that
intranasal DDAVP was effective and safe in cirrhotic patients undergoing dental
extraction and having thrombocytopenia < 50 x 10°/ L. However, later RCTs found no
benefit of DDAVP administration in controlling acute variceal bleeding[72] or in
preventing blood loss in CLD patients undergoing LT[73]. In line with these results,
DDAVP administration did not improve VWF-dependent platelet adhesion in patients
with cirrhosis in a flow-based model[74]. According to the AGA clinical practice
guidelines, the use of DDVP in CLD patients should be restricted to those with
concomitant end-stage renal disease[27].

Antifibrinolytic agents
Data regarding the benefits and risks of antifibrinolytic agents to prevent or manage
bleeding in patients with CLD are conflicting. A metanalysis pooled the results of
several RCTs assessing their efficacy and safety to prevent blood loss in patients
undergoing LT[75]. In the pooled analysis, aprotinin or tranexamic acid (TXA) reduced
red blood cell and FFP transfusion requirements compared with placebo, without
increasing the rates of hepatic artery and venous thromboembolism[75]. The recent
international, randomized, double-blind, placebo-controlled hemorrhage alleviation
with tranexamic acid-intestinal system (HALT-IT) trial randomized 12009 patients
with gastrointestinal bleeding to receive either TXA or matching placebo[76]. TXA did
not decrease death from gastrointestinal bleeding [risk ratio (RR) 0.99, 95%CI:
0.82-1.18] but it increased the risk of venous thromboembolism (RR 1.85; 95%CI: 1.15-
2.98)[76]. Conversely a recent pooled analysis of 11 RCT including the HALT-IT trial
found that TXA significantly decreased the risk of mortality compared to control (RR
0.75, 95%ClI: 0.57-0.96)[77].

Based on available evidence, the AGA suggests using antifibrinolytic agents for a
short duration to control periprocedural bleeding in case of hyperfibrinolysis[27].

CONCLUSION

In patients with liver dysfunction, hemostasis is rebalanced due to concomitant
changes in pro- and anti-coagulant mechanisms. In these patients, current conven-
tional coagulation screening tests, such as the PT/INR and the aPTT, have numerous
limitations and should not be used to predict the risk of bleeding prior to high-risk
procedures. The introduction of global coagulation tests has been an important step
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forward in the assessment of the overall hemostasis profile. There is nowadays a
growing body of evidence suggesting that they might be of significant clinical utility to
prevent unnecessary infusion of blood products and to improve outcomes in
numerous settings. Further studies are, however, required to develop standardized
algorithms and establish clinical practice guidelines for VET-guided transfusion in
patients with liver dysfunction.
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Abstract

Colonoscopy is a risk factor for colon ischemia. The colon is susceptible to
ischemia due to its minor blood flow compared to other abdominal organs; the
etiology of colon ischemia after colonoscopy is multifactorial. The causative
mechanisms include splanchnic circulation impairment, bowel preparation, drugs
used for sedation, bowel wall ischemia due to insufflation/barotrauma, and
introduction of the endoscope. Gastroenterologists must be aware of this
condition and its risk factors for risk minimization, early diagnosis, and proper
treatment.

Key Words: Endoscopy; Colon ischemia; Colonoscopy; Bowel preparation; Mesenteric
circulation; Ischemic colitis
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Core Tip: Colonic ischemia is the main form of vascular injury to the gastrointestinal
tract and is characterized by sudden onset of nausea and abdominal pain, followed by
bloody diarrhea. Among the different etiologies, colonoscopy has been proposed as a
risk factor for colon ischemia.
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INTRODUCTION

At the end of 2018, an elderly retired physician came to our attention because of
worsening post-prandial epigastric pain, hyporexia and weight loss. Complete blood
cell count showed moderate anemia (hemoglobin 10.2 g/dL). The patient had sought
medical attention in the emergency room of our hospital 1 mo prior for the same
symptoms. At that time, doctors mainly focused on premature atrial complexes and
hypokalemia, as the patient was suffering from hypertensive cardiopathy and had
undergone percutaneous transluminal coronary angioplasty. Comorbidities were mild
chronic renal failure, type-2 diabetes mellitus, and stable metastatic hormone-sensitive
prostate cancer.

Upon presentation to our unit, no remarkable physical findings were noted.
Medications included low-dose aspirin, beta-blockers, anti-hypertensive agents
(candesartan and amlodipine), simvastatin, glibenclamide, bicalutamide, and
omeprazole. We performed percutaneous abdominal ultrasound and esophago-
gastroduodenoscopy, which were unremarkable. As the patient was strongly
determined not to neglect any diagnostic possibility, consent to undergo colonoscopy
was given too. Being a fragile individual, we elected to administer the bowel
preparation in our in-hospital facility with a 2-liter same-day ascorbate-based
polyethylene glycol regimen. After the first laxative dose, the patient had syncope and
was brought to the emergency room. No notable findings emerged; serum sodium was
147 mmol/L (136-145) while potassium concentration was normal. The patient was
able to complete the preparation and was still determined to undergo a colonoscopy.
The exam went smoothly and failed to show any relevant findings. The patient was
discharged home in good condition and relieved as no malignancy was found.

However, 48 hours after the exam, disaster struck. The patient came back to the
hospital suffering from severe abdominal pain of sudden onset. Urgent computed
tomography showed complete thrombosis of the superior mesenteric artery, ileocolic
arteries, and common hepatic artery (Figure 1). Large bowel loops were over-
distended with a lack of parietal perfusion as per severe ischemic changes. Due to the
rapidly deteriorating conditions, the patient died 24 h later despite intensive care.

Colonic ischemia, also described as ischemic colitis if an inflammatory component is
present[1], is usually a benign condition that occurs when there is sudden and
temporary hypoperfusion of the large bowel wall[2]. Colonic ischemia can usually be
managed conservatively and must be differentiated from other causes of acute and
chronic ischemic injury, such as emboli and thrombosis[3], which often require urgent
intervention[4].

Ischemia occurs when blood supply is inadequate to fulfill the metabolic
requirements of tissues and can occur in every district of the body[5]. When there is a
decrease in blood flow, the affected tissues initially react with vasodilation. However,
if hypoperfusion persists, vasoconstriction may ensue[6].

The colon is susceptible to ischemia due to its minor blood flow compared to other
abdominal organs and to its decrease in perfusion when functionally inactive[7]. In the
colon, ischemic injury displays a wide spectrum of manifestations. Reversible ischemia
determines the rupture of the sub-epithelial microvasculature, which evolves in a
colitis phase when the mucosa ulcerates and subepithelial hemorrhage is reabsorbed
[8]. On the other hand, irreversible damage leads to necrosis of the bowel wall,
gangrene, strictures, and ultimately to fulminant colitis[9].

Colonic ischemia represents the predominant form of vascular injury to the
gastrointestinal tract with an estimated incidence ranging from 7.2 to 15.6 per 100000
population[10]. It is also one of the main causes of lower gastrointestinal bleeding[8].
Women seem affected more than men, especially among patients < 40 years of age
[10]. However, the incidence of colonic ischemia is probably underestimated because
many patients never seek medical attention due to its frequent presentation with mild
symptoms|[2].

Etiology

Colonic ischemia is multifactorial. Previous studies identified risk factors for colonic
ischemia such as cardiovascular, pulmonary, and renal comorbidities, history of
irritable bowel syndrome, and surgical interventions[10,11]. As far as drugs are
concerned, immunomodulators and constipation-inducing drugs have been associated
more frequently with colonic ischemia[12]. The use of vasopressors, alfa-adrenergic
agents, diuretics as well as cocaine has also been described as contributing factors[8].

Additionally, in most cases, no specific cause of colonic ischemia can be determined
[13].
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Figure 1 Abdominal computed tomography with intravenous contrast, sagittal scan showing thrombosis of the superior mesenteric
artery and the common hepatic artery (arrows).
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Colonoscopy has been proposed as a risk factor for colonic ischemia although only
few reports are available in this respect[14]. To our knowledge, no current epidemi-
ologic data exist about colonic ischemia after colonoscopy.

Splanchnic vascular anatomy

Visceral blood supply is strictly connected to the function of the gastrointestinal
organs. The celiac trunk, the superior mesenteric artery (SMA), and the inferior
mesenteric artery (IMA), all of which originate from the abdominal aorta (Figure 2)
[15], represent the main abdominal vessels.

The SMA and IMA sustain colon perfusion. The SMA is the largest abdominal
artery supplying the inferior part of the duodenum, the entire jejunum and ileum, the
proximal colon, and a portion of the pancreas[16]. The IMA feeds the distal colon
through three different branches and the rectum with its terminal branch, the superior
rectal artery[17].

These vessels are deeply interconnected through collateral branches to ensure
visceral perfusion also in case of deficiency of a single vessel[18]. Despite this network,
some segments of the colon can be more frequently affected by ischemia due to their
location between two different vascular supplies. These are known as “water-shed
areas”, the most important being the splenic flexure (Griffith’s point) and the sigmoid
colon (Sudeck’s point)[2].

COLONIC ISCHEMIA AFTER COLONOSCOPY

Colonoscopy is the gold standard for colorectal screening programs and the number of
colonoscopies is progressively increasing worldwide[19]. This exam allows direct
visualization of the colonic mucosa and allows resecting of pre-neoplastic lesions.
Colonoscopy is considered relatively safe being associated with a perforation rate of
about 4 in 10000 procedures, a major bleeding rate of 8 in 10000 procedures, and an
estimated overall mortality of 0.007-0.07%[20,21].

An extensive search of the literature showed 25 reports of colonoscopy-related
colonic ischemia[22]. The first report in 1990 described a young woman with a history
of systemic lupus erythematosus who developed abdominal pain and bloody diarrhea
after a diagnostic colonoscopy. Arteriography showed no abnormalities of mesenteric
vessels while sigmoidoscopy showed severe inflammation with biopsies suggestive for
necrotic areas, compatible with ischemic colitis. The authors suggested that the
impairment in small circulation due to the connective tissue disease combined with the
mechanical stress of the colonoscopy probably led to colonic ischemia[l4].
Subsequently, more cases of ischemic colitis were published[23]. More recent literature
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Figure 2 Splanchnic vascular anatomy, detail of colonic arteries (Case courtesy of Assoc Prof Craig Hacking, Radiopaedia.org, riD:

54523.
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reported one case of SMA thrombosis and one case of SMA embolism[24]. Other case
reports of colonic ischemia after colonoscopy described patients with cardiovascular
comorbidities[25] or without any known risk factor[26].

Based on the previous considerations, we propose five different mechanisms by
which colonoscopy-related colonic ischemia might arise.

Splanchnic circulation impairment

Colonic ischemia can develop in patients with bowel circulation impairment. Chronic
mesenteric ischemia is predominantly related to atherosclerotic disease, patients with
this condition usually being elderly and with a history of smoking[27]. A study
reported an 18% prevalence of asymptomatic stenoses of abdominal vessels in
individuals over 65 years[28]. Studies with magnetic resonance showed a significant
postprandial reduction of mesenteric flow in patients with vascular stenoses compared
to healthy subjects[29,30].

Moreover, conditions such as antiphospholipid syndrome, systemic lupus erythem-
atosus and diabetes can determine an endothelial dysfunction of the colonic
vasculature[8]. In these conditions, the involvement of the splanchnic vessels can
range from mesenteric thrombosis in the largest veins to mild ischemic injury in the
mesenteric microcirculation[23,31]. In all these cases, the colon suffers a condition of
chronic ischemia. Therefore, when subjected to gas insufflation and mechanical
compression during colonoscopy, the previously impaired blood flow can easily drop
to a critical level leading to ischemic injury[14].

Bowel preparation

Adequate bowel cleansing is fundamental to perform a high-quality colonoscopy.
Various combinations of volume, timing, and adjuvants have been validated for bowel
preparations[32].

The isotonic polyethylene glycol (PEG) bowel preparations are generally considered
safe as they minimize electrolyte and water loss[33]. Hypertonic bowel preparations
include PEG solutions combined with osmotically active molecules to reduce the
volume of total fluid, oral sulfate solutions, and magnesium picosulfate solutions. It is
generally assumed that hypertonic preparations have potential risks of inducing
serum electrolyte imbalance. Furthermore, as they bind with water molecules, PEG
monomers cause fluid retention that can increase intraluminal pressure[34]. This
effect, combined with an inadequate assumption of fluids during the preparation, can
thus lead to dehydration[35] and potentially precipitate an ischemic injury. We found
on the Federal Drug Administration Adverse Events Report System a study from
Bielefeldt et al[36] describing bowel preparations as the suspected causative agents of
60 cases of colonic ischemia. Adjunctive drugs such as bisacodyl and magnesium
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citrate are often administered with low volume preparations to improve colon
cleansing. Of note, case reports of ischemic colitis have been reported following the
intake of bisacodyl[32].

Drugs used for endoscopy
Sedation during colonoscopy aims to reduce discomfort and improve outcomes.
Narcotics such as meperidine and fentanyl, benzodiazepines (midazolam) and
propofol represent the most common drugs. Although considered safe, sedation has
been associated with cardiovascular and pulmonary adverse events such as
hypotension and hypoxemia with an overall frequency of 1.1 per 100 procedures[37].
Midazolam, alone or in combination with opioids, is frequently used in colonoscopy
as it has a rapid onset and a short duration of action. However, it can induce
cardiovascular effects such as vasodilation, depression of myocardial contractility, and
hypotension. In a recent study, Kim et al[38] demonstrated a reduction of heart rate,
systolic and diastolic blood pressure in patients undergoing colonoscopy with
midazolam compared to no sedation. Given that hypoperfusion plays a key role in the
multifactorial pathogenesis of colonic ischemia, the risk of anesthesia-related
cardiovascular depression deserves consideration. In a recent prospective study,
Wernli et al[39] found that the overall risk of complications associated with
colonoscopy increases in patients receiving anesthesia services. Moreover, propofol is
often used in combination with benzodiazepines and/or opioids with the combination
effects on cardiovascular and respiratory depression still being under investigation.

Bowel wall ischemia due to insufflation/barotrauma

Gas insufflation fills the colon up to the cecum, which is the highest point when the
patient is in the left lateral decubitus[40,41]. It is necessary to correctly inspect the
mucosa but it leads to an increase in luminal pressure and consequently in vascular
resistance. As a result, barotrauma should be considered the main cause of reduction
in parietal blood flow during colonoscopy.

When the pressure on the vessels reaches 30-60 mmHg, it causes a reduction in
parietal blood flow that can cause mucosal damage in about 20 min[26,42]. Light
source air pumps generate a maximal pressure of 375 mmHg, which is reduced by
30%-40% when measured at the tip of the endoscope because of air leakage[43]. In a
seminal study, Kozarek et al[44] showed that in human cadaver colon air pressures
leading to serosal tears, pneumatosis and transmural rupture ranged between 52 and
226 mmHg. Caecum rupture was observed with 81 mmHg of air pressure while
tearing of the sigma required pressure of 169 mmHg. In the same study, the authors
measured the intraluminal pressure during routine colonoscopies. Intraluminal
pressure ranged from 9 to 57 mmHg when the tip of the endoscope was free, while it
reached a maximum of 138 mmHg when the tip was impacted against the bowel wall.

Advancement of the scope

Scope manipulation can traumatize the vascular pedicles and lead to mesocolon injury
[45]. Anatomical conditions of the colon such as length, mobility, and redundancy can
affect procedures such as colonoscopy[46]. The ascending and the descending colon
are fixed and retroperitoneal, while the sigmoid and transverse colon are suspended in
a double layer of peritoneum, the mesentery or mesocolon[47]. Excessive traction and
torsion on the mesocolon can occur in the context of abdominal adhesions or during
pull-back maneuvers, slide-by advancement, alpha maneuver, and straightening of the
sigmoid loop[48]. The stress on the mesocolon can reduce blood flow, impair microcir-
culation and activate the inflammatory cascade, eventually leading to vascular
thrombosis. Cases of splenic trauma due to colonoscopy are also described in the
literature[49,50], suggesting caution with straightening maneuvers and manual
compression of the abdominal wall.

CLINICAL PRESENTATION

The symptoms of acute colonic ischemia after colonoscopy do not differ from those of
colonic ischemia per se. These include the sudden onset of abdominal pain associated
with nausea, vomiting, bloating, and passage of bright bloody diarrhea within 24 h,
which often evolve in melena[8]. Zizzo et al[22] found that abdominal pain and bloody
diarrhea were present in 95% of patients reported to have colonic ischemia after
colonoscopy. Moreover, it is assumed that a non-negligible number of cases may be
paucisymptomatic and thereby go undetected.
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Diagnosis

Given the scant literature focusing on the association between colonoscopy and colonic
ischemia, we rely on the general evidence of ischemic colitis per se. In a patient with
progressive abdominal pain and/or bloody diarrhea after colonoscopy, colonic
ischemia related to the procedure must be suspected along with other possible adverse
events (e.g., perforation, post-polypectomy syndrome)[51]. Laboratory tests such as
complete blood count, albumin, and acid-base status should be requested to help
predict the severity of ischemia.

Computed tomography with intravenous and oral contrast can show signs of
ischemia such as mesenteric fat stranding, bowel wall thickening, and abnormal wall
enhancement, regardless of the disease severity[52].

Colonoscopy is also the gold standard for the optical diagnosis of colonic ischemia
along with biopsies for histological confirmation. When signs of colonic ischemia are
found, the endoscopic procedure should be halted at the most distal part of the
affected segment[8]. In the existing reports of post-colonoscopy colonic ischemia, the
diagnosis was confirmed with a second colonoscopy with biopsies in 85% of the cases
[22]. Nevertheless, we believe that the indication to repeat colonoscopy must be
weighed against clinical and radiological presentation in order not to worsen existing
conditions.

Typical endoscopic signs of ischemia include patchy petechial hemorrhages,
erosions, and edematous mucosal inflammation (Figure 3)[26]. Zuckerman et al[53]
described a typical single linear ulcer running longitudinally along the anti-mesenteric
left colonic wall[54]. Notably, Cheema et al[55] described a dynamic in-vivo
appearance of bowel ischemia, where an intermittent blanching of the colonic mucosa
was observed.

Treatment

Treatment of colonic ischemia after colonoscopy should be based on general
knowledge of a disease that may vary from a mild to a severe and life-threatening
condition. In the available literature, the majority of patients suffered from transient
reversible ischemic colitis, which required just a conservative therapy[2]. In such cases,
therapeutic options included general supportive measures, intravenous hydration,
bowel rest, and correction of possible precipitating conditions including withdrawal of
putative causative medications[36]. On the other hand, emergent surgery was needed
in two cases of irreversible ischemia[22].

PREVENTION

Double-check colonoscopy indications and risk factors

Physicians must be aware of risk factors for colonic ischemia such as advanced age,
recent vascular surgery, atherosclerotic and vascular disease such as a peripheral
artery, cerebrovascular, coronary artery, and renovascular disease[8]. Additionally, a
careful drug history should be obtained with particular attention to constipation-
inducing agents[12]. A history of either coronary heart disease, peripheral obliterative
arteriopathy, or ischemic stroke could be suggestive for the presence of mesenteric
thrombosis while abdominal angina, as well as gastroparesis and gastric ulcers, could
be indirect signs of chronic ischemia[4]. Doppler ultrasound and/or computed
tomography angiography of the major abdominal arteries can be helpful when
suspicion arises. Antiplatelet and anticoagulant agents should be managed according
to the available clinical guidelines. As a result, whether to perform a colonoscopy in
high-risk cases must always be weighed in every case by accurately balancing
colonoscopy indications with the individual risk factors (Table 1).

Optimize bowel preparation

Bowel laxatives determine a large loss of fluids that can lead to volume depletion.
Therefore, physicians should assess the presence of cardiovascular and renal
comorbidities before recommending a specific bowel preparation, above all in elderly
and fragile patients.

Phosphate-based preparations should be avoided due to their adverse effects on
kidney function[32]. On the contrary, high volume PEG-based regimens account for a
higher safety profile due to their osmotically balanced formulation and reduced
sodium load[56]. However, the high volume accounts for poor tolerability in elderly
people. Alternatively, low-volume PEG-based regimens should be considered[56]. In
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Table 1 Summary of proposed pathogenetic factors for colonoscopy-related mesenteric ischemia and suggested interventions to

reduce the risk

Pathogenetic factor

Mechanism of action

Type of ischemia

Prevention

Splanchnic circulation
impairment

Bowel preparation
(hypertonic, isotonic,
laxative)

Sedation (midazolam,
opioids, propofol)

Air insufflation/barotrauma

Scope manipulation

Chronic mesenteric ischemia
(atherosclerosis, smoking habits), parietal
vessels inflammation (connective tissue
diseases, LES, antiphospholipid
syndrome)

Serum electrolyte imbalance, dehydration.
Potential additional risk if laxative were
used (i.e., bisacodyl)

Vasodilation, depression of myocardial
contractility and hypotension

Increased luminal pressure and
consequent vascular resistance

Mechanical stress on mesocolon, blood
flow reduction, microcirculatory damage,
and inflammatory cascade activation

Vascular thrombosis;
microcirculatory mild
ischemic injury

Multifactorial

Multifactorial

Non-occlusive
mesenteric ischemia

Vascular thrombosis

Careful evaluation of medical history. Specific and
indirect symptoms assessment. Antiplatelet agents
according to guidelines. Consider pre-colonoscopy
assessments (serum electrolyte, color-Doppler
ultrasound)

Give specific information. Consider high-volume
isotonic formulations; split-dose regimens; avoid
bisacodyl-containing preparations

Minimal sedation protocol (response to verbal
stimulation, patent airways, spontaneous
ventilation, and normal cardiovascular function) in
high-risk patients. Consider prophylactic fluid
infusion

Use carbon dioxide (CO,) insufflation. Consider
water-exchange colonoscopy technique

Procedure interruption in case of intense
discomfort or endoscopic findings of ischemia.
Consider pediatric or “ultra-slim” colonoscopes.
Reschedule or reconsider indication in case of
complex exams

Figure 3 Endoscopic signs of ischemia, showing moderate diffuse erythema (A), severe erythema with mucosal edema and erosions (B),
multiple ulcerations and inflammatory exudate (C), necrosis (D).

JBaishideng®

both cases, split regimens should always be advised with written and oral information
to achieve the best patients” adherence and optimize the results[32].

As all bowel preparations can determine electrolyte imbalance, baseline serum
testing should be obtained in patients with risk factors. Finally, to prevent dehydration
induced by osmotic diarrhea, patients should be instructed to drink enough
replacement water prior, during, and after colonoscopy[57]. Because of reports about
bisacodyl-associated colonic ischemia, this drug should be avoided in patients with
multiple risk factors[58].
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Check sedation protocol

Sedation in colonoscopy is generally safe. However, sedation-related adverse events
such as hypotension and hypoxemia could act as precipitating factors in individuals at
risk for colonic ischemia. Therefore, physicians should understand the pharma-
cokinetics, pharmacodynamics, and the potential adverse effects of each sedative agent
[59]. Patients should be evaluated before colonoscopy to assess their cardiopulmonary
risk to better gauge the sedation protocol.

Minimal sedation, defined as a normal response to verbal stimulation and ability to
maintain patent airways, spontaneous ventilation, and cardiovascular function[59]
should be preferred in patients at risk for colonic ischemia. Unsedated endoscopy
could also be considered in selected patients.

Monitoring during colonoscopy includes repeated assessment of blood pressure,
heart rate, and pulse oximetry. Oxygen should be routinely administered to reduce the
risk of hypoxemia.

Hypotension is considered a key factor for the development of colon hypoperfusion.
Tang et al[60] found that, in patients undergoing sedated colonoscopy with fentanyl
and midazolam, the presence of pre-procedural low blood pressure was a primary risk
factor for the development of hypotension during the procedure. Moreover, there was
no evidence to suspend antihypertensive drugs in the morning before colonoscopy to
prevent procedural hypotension. Even if prophylactic intravenous fluid infusion did
not prevent procedural hypotension in a study by Leslie et al[61], it could be
considered in patients with pre-existent low blood pressure.

Minimize air insufflation
Although air insufflation through endoscopic light source air pumps has been the
most common technique for luminal distension, it is now recognized that this method
can potentially damage the colon[43]. On the other hand, carbon dioxide (CO,) is
rapidly absorbed from the bowel and eliminated through the lungs. In an animal
study, Brandt et al[62] demonstrated that CO, insufflation minimized the reduction in
blood flow and intraluminal pressure compared to air insufflation during
colonoscopy. Moreover, it has been demonstrated that CO, insufflation is more
advantageous than air in terms of reduced procedural and post-procedural pain/®*
Other studies showed less residual gas with CO, insufflation at 1 h after colonoscopy
compared to air insufflation[65], and even suggested that CO, has a potential dilating
effect on colonic microvasculature when insufflated at low pressure[66].
Water-assisted colonoscopy may represent another way to minimize air insufflation
[40,67]. Moreover, as procedural pain is also reduced with this technique, the amount
of sedation can be minimized[68]. Therefore, CO, insufflation and water-assisted
colonoscopy should be adopted in patients with multiple risk factors for colonic
ischemia.

Minimize mechanical trauma

The sudden observation of a dry and pale mucosa during a colonoscopy could
represent a real-time sign of ischemia[55,69]. In these cases, interruption of the
procedure should be always considered. Special attention should be taken in patients
undergoing combined procedures such as same-session gastroscopy and colonoscopy.

Experienced endoscopists often rely on torqueing maneuvers to pass the sigmoid
tract, thus stretching the mesentery. Using left/right controls can reduce the
mechanical stress on the mesentery, as well as patient discomfort. Caution with
straightening maneuvers and manual compression of the abdominal wall is also
suggested[49]. Change of decubitus to right or supine position can be useful in
difficult segments[19].

Consider switching to pediatric or ultraslim endoscopes in difficult cases as thinner
instruments may allow negotiation of fixed angulations. Finally, if the patient still
manifests discomfort, consider rescheduling the procedure with a more experienced
operator and/or anesthesia care.

CONCLUSION

In our patient, the abdominal computed tomography performed after colonoscopy
showed thrombosis of the main abdominal arteries. We suppose that in this fragile
person, bowel preparation led to general dehydration and hypoperfusion.
Subsequently, colonoscopy-related procedural factors (sedation, advancement of the
scope, gas insufflation) could have precipitated a pre-existing state of chronic
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mesenteric ischemia, leading to thrombosis of the colonic vascular supply, and to the
fatal acute colonic injury.

In conclusion, colonoscopy-related colonic ischemia is a rare complication that

needs to be considered in the differential diagnosis of abdominal pain after
colonoscopy, particularly in elderly, fragile, and comorbid patients. Given the
increasing number of colonoscopies performed every year in an aging population with
multiple comorbidities, endoscopists must be aware of this dreaded adverse event and
should adopt all the possible preventive measures.
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Abstract

BACKGROUND

An increased amount of Fusobacterium nucleatum (F. nucleatum) is frequently
detected in the gastric cancer-associated microbiota of the Taiwanese population.
F. nucleatum is known to exert cytotoxic effects and play a role in the progression
of colorectal cancer, though the impact of F. nucleatum colonization on gastric
cancer cells and patient prognosis has not yet been examined.

AIM
To identify F. nucleatum-dependent molecular pathways in gastric cancer cells and
to determine the impact of F. nucleatum on survival in gastric cancer.

METHODS

Coculture of F. nucleatum with a gastric cancer cell line was performed, and
changes in gene expression were investigated. Genes with significant changes in
expression were identified by RNA sequencing. Pathway analysis was carried out
to determine deregulated cellular functions. A cohort of gastric cancer patients
undergoing gastrectomy was recruited, and nested polymerase chain reaction was
performed to detect the presence of F. nucleatum in resected cancer tissues.
Statistical analysis was performed to determine whether F. nucleatum colonization
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affects patient survival.

RESULTS

RNA sequencing and subsequent pathway analysis revealed a drastic interferon
response induced by a high colonization load. This response peaked within 24 h
and subsided after 72 h of incubation. In contrast, deregulation of actin and its
regulators was observed during prolonged incubation under a low colonization
load, likely altering the mobility of gastric cancer cells. According to the clinical
specimen analysis, approximately one-third of the gastric cancer patients were
positive for F. nucleatum, and statistical analysis indicated that the risk for colo-
nization increases in late-stage cancer patients. Survival analysis demonstrated
that F. nucleatum colonization was associated with poorer outcomes among
patients also positive for Helicobacter pylori (H. pylori).

CONCLUSION

F. nucleatum colonization leads to deregulation of actin dynamics and likely
changes cancer cell mobility. Cohort analysis demonstrated that F. nucleatum
colonization leads to poorer prognosis in H. pylori-positive patients with late-stage
gastric cancer. Hence, combined colonization of F. nucleatum and H. pylori is a
predictive biomarker for poorer survival in late-stage gastric cancer patients
treated with gastrectomy.

Key Words: Fusobacterium nucleatum; Helicobacter pylori; Gastric cancer; Survival,
Interferon; Mobility

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Fusobacterium nucleatum (F. nucleatum) is frequently enriched in the gastric
cancer-associated microbiota. Here, we showed that F. nucleatum solicits a rapid but
transient interferon response from gastric cancer cells. In addition, F. nucleatum leads
to deregulation of the genes functioning in regulation of actin filament dynamics, likely
changing cell mobility. In a patient cohort receiving gastrectomy, combined infection
of F. nucleatum and Helicobacter pylori infection incurs poorer survival, indicating
these two pathogens act synergistically to promote invasiveness of gastric cancer. Our
finding suggests that F. nucleatum is a biomarker as treatment outcome predicator.

Citation: Hsieh YY, Tung SY, Pan HY, Chang TS, Wei KL, Chen WM, Deng YF, Lu CK, Lai
YH, Wu CS, Li C. Fusobacterium nucleatum colonization is associated with decreased survival
of helicobacter pylori-positive gastric cancer patients. World J Gastroenterol 2021; 27(42):
7311-7323

URL: https://www.wjgnet.com/1007-9327/tull/v27/i42/7311.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7311

INTRODUCTION

Disruption of the normal gastrointestinal flora is often associated with pathogenic
conditions. In general, the extreme acidity and thick protective mucosa of the gastric
environment limit the complexity and abundance of the microbiota and prevent direct
gastric epithelium colonization by pathogenic microbes[1]. However, Helicobacter pylori
(H. pylori), which is well recognized as a risk factor for gastric cancer, is able to
penetrate the mucosa layer and establish long-term colonization[2]. Indeed, virulence
factors produced by this bacterium facilitate the transformation of gastric mucosal cells
and lead to a drastic increase in the risk of gastric cancer[2,3].

Although it is well established that H. pylori is more frequently found in gastric
cancer patients than in noncancer controls[4], recent microbiota profiling studies have
revealed that the abundance of H. pylori in the gastric microbiota is frequently
decreased in gastric cancer patients compared with that in noncancer patients[5,6].
Our hypothesis to account for the decrease in H. pylori abundance in gastric cancer is
microbial succession: Once colonization occurs, H. pylori creates a niche microenvir-
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onment on the gastric epithelium that facilitates the colonization of secondary settler
bacteria. Accordingly, the predominance of H. pylori in the microenvironment can be
replaced by other bacteria after a prolonged colonization period. It is possible that the
secondary gastric microbes also participate in promoting the development of gastric
cancer[7].

Advanced sequencing technology has enabled profiling of the microbiota without
the need to isolate pure cultures, and in a previous study employing this experimental
approach, we identified Fusobacterium nucleatum (F. nucleatum) as being enriched in the
gastric cancer-associated microbiota. An increased presence of F. nucleatum in the
colorectal cancer-associated microbiota has also been reported[8,9]. F. nucleatum
colonization correlates with high microsatellite instability, disruption of the mismatch
repair mechanism, and poor prognosis[10]. The genomic instability that is observed is
likely mediated by the metabolites produced by F. nucleatum. One such metabolite is
hydrogen sulfide, which has been shown to generate reactive oxygen species, induce
DNA damage, and cause single-nucleotide mutations[11]. Hence, it is possible that F.
nucleatum promotes oncogenesis by acting as a DNA-damaging agent. In fact, F.
nucleatum has been shown to promote the growth and metastasis of colorectal cancer
[12,13], and the level of F. nucleatum in the colorectal cancer-associated microbiota
correlates with poor patient prognosis[14,15]. Therefore, F. nucleatum may be used as a
prognostic biomarker for colorectal cancer.

Detection of Fusobacterium DNA using polymerase chain reaction (PCR) facilitates
screening of colorectal cancer by increasing the sensitivity of the standard fecal
immunochemical test[15]. Although the role of F. nucleatum in colorectal cancer has
been intensively studied, it remains unclear whether this bacterium exerts a similar
oncogenic effect on the gastric epithelium. In this study, a nested PCR-based method
was developed to detect the presence of F. nucleatum in resected gastric cancer tissue
specimens. Based on statistical analysis, we found that the risk of F. nucleatum
colonization is greatly increased in patients with late-stage gastric cancer. Moreover, F.
nucleatum colonization was associated with a poor prognosis in H. pylori-positive
patients. Our findings suggest that invasion of F. nucleatum into the gastric cancer-
associated microenvironment promotes gastric cancer aggressiveness and
subsequently leads to poorer prognosis.

MATERIALS AND METHODS

Coculturing of F. nucleatum with gastric cancer cells

F. nucleatum strain ATCC25586[16] was obtained from Bioresource Collection and
Research Center (Hsinchu, Taiwan). The bacteria were cultured on EG culture medium
containing 2.5 g Lab-Lemco powder, 10 g proticasepeptone, 5 g yeast extract, 4 g
glucose, 0.5 g starch, 0.2 g L-cystine, 0.5 g L-cysteine HCl, 4 g Na,HPO,, 15 g Bacto-
Agar, and 50 mL defibrinated horse blood per liter under anaerobic conditions using a
BD GasPak system (Thermo Fisher Scientific, Waltham, MA, United States). The
bacteria were scrapped from a plate and resuspended in Dulbecco's Modified Eagle’s
Medium. The number of cells per millimeter in the resuspended medium was
determined using light microscopy. The correlation between the observed cell number
and colony forming units was determined by reculturing the bacteria after serial
dilutions. The gastric cancer cell line 008L-C2 used in this study was originally isolated
from resected gastric cancer tissue. The cells were cultured in Dulbecco's Modified
Eagle’s Medium supplemented with 10% fetal bovine serum. F. nucleatum strain
ATCC25586 was cultured with 008L-C2 gastric cancer cells under anaerobic conditions
at 37 °C and 5% CO, and harvested when the coculture experiment was performed. In
coculture experiments, the initial multiplicity of infection (MOI) was 10 and 100. After
0, 24, and 72 hours of coculture with F. nucleatum, the cells were collected and washed
twice with phosphate-buffered saline. Total RNA was extracted from the washed cells
using TRIzol reagent (Thermo Fisher Scientific) according to the manufacturer’s
protocol, and RNA expression analysis was conducted using next-generation
sequencing.

RNA sequencing

The integrity and concentration of purified RNA samples were determined using
capillary electrophoresis with a TapeStation 2200 instrument (Agilent, Santa Clara,
CA, United States) and fluorometric analysis (Qubit fluorometer; Invitrogen, Waltham,
MA, United States). Libraries for RNA sequencing analysis were prepared using a
SureSelect strand-specific mRNA library preparation kit (Agilent); the manufacturer's
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protocol was closely followed. The libraries were pooled and sequenced using a
NextSeq 550 sequencer. Quality filtering, mapping, annotation, and calculation of gene
expression levels were performed using CLC Genomic Workbench v.12.0.3 (Qiagen,
Redwood City, CA, United States). The RNA level is expressed as transcripts per
million. The sequencing data were deposited in the Sequence Read Archive, National
Center for Biotechnology Information, United States. The BioProject ID is PRJNA-
630089. The BioSample accession numbers are SAMN14823957, SAMN14823958,
SAMN14823959, SAMN14823960, and SAMN14823961.

Gastric cancer specimens and DNA extraction

Resected cancer tissues from patients undergoing gastrectomy were obtained from
Chiayi Chang Gung Memorial Hospital Tissue Bank. The acquisition and use of
clinical specimens in this study were carried out in accordance with the Declaration of
Helsinki. This study was approved by the Institutional Review Board of Chiayi Chang
Gung Memorial Hospital (Institutional Review Board approval No. 201700169A3, No.
201700172A3, and No. 201700173A3). Frozen biopsies were briefly rinsed in phos-
phate-buffered saline to remove extra mucus. The rinsed specimens were immersed
overnight in RNAlater reagent (Thermo Fisher Scientific) and stored at -80 °C. The
biopsies were pulverized in TRI reagent (Thermo Fisher Scientific) and centrifuged to
remove undissolved debris. Total DNA, including both cellular and microbial DNA,
was extracted according to the manufacturer’s protocol, and the concentration of DNA
was determined by fluorometric quantification.

Detection of H. pylori and F. nucleatum

The tissue specimens were examined for the presence of H. pylori using a standard
rapid urease test. The presence of F. nucleatum in the specimens was determined by
nested PCR detection of the NusG gene. The forward and reverse primer sequences
used for the first-stage PCR were 5-TGTTAGAGGAAAGCCCAAGAAG and 5'-
CTTCTTCCATAGGAATAGGGTCAG, respectively. The initial amplification cycle
(denaturation) was as follows: 94 °C for 5 min; followed by 36 cycles at 94 °C for 30 s,
55 °C for 30 s, and 72 °C for 30 s and a final extension step at 72 °C for 5 min. The
product of the first-stage amplification was directly used in the second-stage PCR. The
forward and reverse primer sequences of the second-stage PCR were 5'-
GCTTGAAATGGAAGCTACAAGAG and 5-GGTCAGAACCAACTCCTACAAA,
respectively. The second-stage PCR amplification cycle parameter was identical to that
of the first-stage PCR. The sequence of the PCR product was determined by dideoxy-
nucleotide sequencing to confirm that the amplified product is the F. nucleatum NusG
target sequence. The PCR product was examined by nondenaturing 6% polyac-
rylamide gel electrophoresis and documented. Statistical analysis was carried out
using SAS/STAT statistical analysis software v. 9.4 (College Station, TX, United
States). Survival probability was calculated with Kaplan-Meier analysis.

RESULTS

In our previous metagenomic analysis, we discovered that F. nucleatum colonizes and
becomes enriched in the gastric cancer-associated microbiota[17]. Among the 11 cancer
biopsies collected in that study, four showed F. nucleatum colonization, suggesting that
F. nucleatum is a frequent cocolonizer among gastric cancer patients in the
southwestern region of Taiwan. Moreover, clinical data confirmed that F. nucleatum
colonization is frequently observed in gastric cancer patients. Nevertheless, the
pathogenic effects of F. nucleatum have not been investigated in gastric cancer cells.
Thus, to explore the role of F. nucleatum in gastric cancer, we examined gastric cancer
cell growth using an in vitro coculture system using the gastric cancer cell line 008L-C2,
derived from resected gastric cancer tissue. During the incubation period, an increase
in F. nucleatum abundance was observed under a microscope, though we did not
determine the precise doubling time of F. nucleatum.

RNA sequencing analysis revealed that the presence of F. nucleatum is associated
with dose- and time-dependent changes in the gene expression profile of cancer cells.
After 24 h of coculture with F. nucleatum at a low MOI, only a limited number of
marginally expressed genes (transcripts per million < 1) exhibited more than four-fold
changes (Figure 1). In contrast, the expression level of a specific set of genes was
strongly upregulated at a high MOI (100) (Figure 1). After 72 h of coculture, low-MOI
treatment led to a significantly higher number of genes with more than four-fold
increases in expression (Figure 1). However, the number of strongly upregulated genes
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Figure 1 Changes in the gene expression profile of 008L-C2 cancer cells cocultured with Fusobacterium nucleatum. Fusobacterium
nucleatum was added to the cell culture at multiplicity of infection (MOI) 10 and 100. After 24 h and 72 h of incubation, the cells were rinsed extensively to remove
unattached bacteria. RNA was collected and analyzed using RNA sequencing. The cells collected at time 0 were used as control. Sequencing reads were trimmed
and mapped to hg19 using CLC Genomic Workbench v.12.0.3. The colored dots (green for MOl = 10 and red for MOI = 100) are genes showing more than four-fold
change at the respective incubation time. Genes with transcripts per million < 1 in all datasets and less than a four-fold change are not shown.

in high MOI-treated cells decreased after longer incubation, and there was an
increased number of genes with more than four-fold decreased expression (Figure 1).
Our results indicate a rapid and strong cellular response to a large amount of F.
nucleatum. Additionally, F. nucleatum caused a prolonged change in gastric cancer cells.

Ontological analysis indicated that interferon and its response genes as well as
inflammatory cytokines are immediately activated by high MOI treatment with F.
nucleatum. The activated genes, including MX1, MX2, interferon induced protein
(IFI)35, IFIT1, IFIT2, IFIT3, IF144, IF144L, IFITM1, IFITM3, IFIH1, and IFI6[18], are well-
known interferon response genes. Furthermore, tripartite motif-containing 14[19,20],
interferon -stimulated gene 15[21], ubiquitin specific peptidase 18[22], 2'-5'-
oligoadenylate synthetase (OAS)1, OAS2, and OAS3[23,24] were found to be involved
in interferon-dependent antiviral activity (Figure 2A and B). In addition to interferon
response genes, simultaneous increases in interleukin (IL)6, IL8, IL32, C-X-C motif
ligand (CXCL)1, CXCL2, and CXCL6 expression were observed in the high-MOI-
treated cells after 24 h of exposure (Figure 2C). In contrast to the short-term activation
profile observed for interleukins and chemokines, C-C ligand 2 remained highly
expressed even after 72 h of exposure (Figure 2A). Not only genes involved in the
regulation of immunological functions but also those related to cell mobility and
adhesion were dysregulated by F. nucleatum colonization. For instance, epithelial-
stromal interaction 1[25,26] and intercellular adhesion molecule 1[27], both of which
are involved in cell-matrix interaction, were upregulated at 24 h and returned to basal
levels after 72 h of incubation (Figure 2B). Other cytoskeleton and cell adhesion genes
were activated in a distinct pattern, and actin alpha 2; actin, alpha cardiac muscle
precursor 1; actin gamma 2, smooth muscle; calponin 1, endothelin 1, and cell
migration inducing hyaluronan binding protein were continuously stimulated by F.
nucleatum (Figure 2C). Increased expression of these genes was time dependent but not
dose (MOI) dependent, indicating that chronic colonization with a small number of F.
nucleatum bacteria may lead to long-term strong effects on cytoskeletal dynamics and
cell mobility.
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Figure 2 Identification and ontological analysis of the RNA sequencing dataset. A: The expression dynamics of the interferon response, cytokines,
and chemokines genes are shown; B: The expression dynamic of the antiviral genes is shown; C: The expression dynamics of actin, its regulators, and genes
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Overall, our data show that coculturing gastric cancer cells with F. nucleatum results
in a short-term immune response and continuous dysregulation of actin-related
signaling in vitro. The change in actin cytoskeleton dynamics was associated with an
increase in cell mobility, thereby promoting the invasiveness and metastasis of gastric
cancer. Therefore, we investigated whether F. nucleatum colonization influences the
survival of gastric cancer patients after gastrectomy. Gastric cancer progression is
marked by tumor spread and distant metastasis, which are associated with increased
cancer cell mobility. To test our hypothesis, we examined resected gastric cancer
tissues from patients who underwent gastrectomy. The survival rate of these patients
was 67%, which is higher than the 37% survival rate reported by Cancer Registry
Annual Report, 2018, Taiwan. The clinical and pathological characteristics of the
patient cohort are presented in Table 1.

To determine the presence of F. nucleatum in the specimens, we employed a nested
PCR method with increased detection sensitivity and specificity. In a previous study
utilizing conventional PCR, F. nucleatum was found at relatively low frequencies in
gastric cancer specimens[28]. Our results obtained by metagenomic profiling indicated
that the F. nucleatum frequency is much higher. The discrepancy could account for the
higher frequency of F. nucleatum in the tested cohort, suggesting that the observed
phenomenon is specific for this region of Taiwan. Nonetheless, the previously
observed low frequency might be associated with methodological limitations resulting
in the detection of lower amounts of F. nucleatum. This is a likely scenario, considering
that resected cancer tissues may contain less surface mucosa. Nested PCR allowed for
higher F. nucleatum detection sensitivity.

The detection target in this study was the highly conserved NusG gene of F.
nucleatum[28,29]. The sizes of the first- and second-stage PCR products were expected
to be 175 bp and 124 bp, respectively. The PCR product was resolved by acrylamide
electrophoresis, and identity was confirmed by dideoxynucleotide sequencing. To
validate the nested PCR protocol, we tested DNA specimens from our previous study.
The method allowed us to identify the majority of F. nucleatum-positive specimens,
except for those with an exceptionally low bacterial load. The positive identification
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Table 1 The clinicopathalogical characteristics of the study cohort

Sex Age Stage TNM classification Tumor size H. pylori F. nucleatum
M 70 1A pT1aNO 12cm x 0.5cm Positive Positive
F 78 1A pT1bNO 7 cm X 5 cm Positive Negative
F 84 1A pT1aNOMx 2cm X 2 cm Positive Negative
M 73 1A pT1aNOMx 0.5cm x 0.3 cm Positive Negative
M 73 1A pT1aNO 1.5cm x 0.3 cm Positive Negative
M 78 1A pT1aNOMX 6 cm X 6 cm Negative Negative
M 64 1A pT1bNOMX 9.5cm x 1.5 cm Negative Negative
M 67 1A pT1bNO 25cm x 2cm Positive Negative
M 66 1A pT1bNO 0.8cm x 0.5 cm Positive Negative
M 65 1A pT1bNO 3cm x 2.7 cm Positive Negative
F 68 1B pT2NOMx 6 cm X 4 cm Negative Positive
M 73 1B pT2NOMx 1.5cm x 1.5 cm Positive Positive
M 60 1B pT2NO 45cm x 4cm Positive Positive
F 68 1B pT2NO 3cm x1.8cm Positive Negative
B 67 1B pT2NO 1.5cm x 1.0 cm Negative Negative
M 71 1B pT1IbNIMX 2cm x 1.8 cm Positive Negative
M 69 1B pT2NO 22cmx21cm Positive Negative
F 86 IIA pT3NOMx 5cm x 4.5 cm Positive Positive
F 87 A pT3NOMx 75cm x 7.0 cm Negative Positive
M 68 IIA pT3NO 4cm x3.5cm Positive Positive
M 58 A pT2N1 7 cm X 6 cm Positive Negative
M 50 IA pT2N1IMX 3.5cm x 3.5 cm Negative Negative
M 71 IA pT3NO Tcm x1cm Positive Negative
B 69 1IB pT3N1 1.2cm x 1.8 cm Positive Positive
M 61 1IB pT4aNO 2cm x 1.8 cm Positive Positive
M 74 1B pT2N2 45cm x 2.0 cm Positive Negative
M 64 1B pT4aNO 2.6 cm x 2.0 cm Positive Negative
M 75 1B pT2N2 42cm x4.0cm Negative Negative
M 76 IIA pT3N2MX 5cm x 4.5 cm Positive Positive
M 79 1IA pT3N2Mx 3.5cm x 3.5 cm Negative Negative
M 51 IIA pT4N1 8 cm X 6 cm Positive Negative
M 63 1IA pT3N2 32cm x22cm Negative Negative
M 87 1IIB pT3N3b 6.5cm x5 cm Positive Positive
F 64 1I1B pT3N3 7 cm x5 cm Positive Negative
F 65 11IB pT4aN2 12 cm x 10 cm Negative Negative
F 78 1I1B pT3N3b 3cm x2cm Positive Negative
M 59 1I1B pT4bN1Mx 8.5cm x 7.5 cm Positive Negative
M 58 1I1B pT3N3aMX 3cm x 3 cm Negative Negative
M 87 1I1B pT4aN2 3cm x 2 cm Positive Negative
M 83 1I1B pT4aN2 6 cm x5 cm Negative Negative
M 69 11IB pT4aN2 6 cm x5 cm Positive Negative
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pT3N3b 55cm x4 cm Positive Negative
pT4N3a 45cm x4 cm Positive Positive
pT4a N3b 2.0cm x 2.0 cm Positive Positive
pT4bN2Mx 4cmx4cm Positive Positive
pT4aN3b 8cm x 7.5 cm Positive Positive
pT4bN3a 6 cm X 5 cm Negative Negative
pT4aN3a 7cm % 2 cm Negative Negative
pT4aN3a 45cm x 2.5 cm Negative Negative
pT4bN3aMX 8 cm x 6 cm Positive Negative
pT4aN3a 2.0cm x 1.8 cm Positive Negative
pT4aN3a 4.8 cm x 4.5cm Positive Negative
pT4aN3aM1 45cm x 4.5 cm Positive Positive
pT4bN3aM1 6 cm X 3 cm Negative Positive
pT4N3M1 5cm x 4.5 cm Positive Positive
pT3N3bM1 12 cm x 10.5 cm Positive Positive
pT1bN1IM1 2.2.cm x 2.0 cm Positive Negative
pT4aN3bM1b 7 cm X 4 cm Positive Negative
pT4bN3bM1 3cm %3 cm Positive Negative
pT3N3aM1 9cm x 8 cm X 2.5 cm Negative Negative

M: Male; F: Female; TNM: Tumor, Node, Metastasis; H. pylori: Helicobacter pylori; F. nucleatum: Fusobacterium nucleatum.
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rate was 90%, with no false-positives. Thus, we used nested PCR to assess the presence
of F. nucleatum in the resected gastric cancer tissues used in this study (Figure 3A). The
results showed 19 of the 60 examined specimens to be positive for F. nucleatum. The
other 41 specimens were negative or showed only marginal PCR product levels, all of
which were defined as F. nucleatum negative. Accordingly, the proportion of F.
nucleatum-positive patients was approximately one-third of the cohort. The results are
consistent with our previous study examining upper endoscopic-collected gastric
biopsies.

The risk of F. nucleatum colonization was analyzed against clinical characteristics
and cancer stages (Figure 3B), indicating that older age (= 75) is not associated with the
risk of F. nucleatum colonization (P value = 0.636). Although H. pylori colonization
appears to be associated with a higher risk of F. nucleatum colonization, no statistical
significance was obtained (P value = 0.208). The risk of F. nucleatum colonization was
increased in late-stage gastric cancer patients, suggesting that the microenvironment
during cancer progression is more suitable for colonization and growth of F. nucleatum
(P value = 0.012). Interestingly, we found that the risk of F. nucleatum colonization was
significantly decreased in male patients (P value = 0.02), which may be associated with
the lifestyle or hormonal status of the patients and requires confirmation in larger
and/or independent gastric cancer patient cohorts.

We then analyzed the impact of F. nucleatum on the survival of gastric cancer
patients. Although results showed that F. nucleatum-positive patients had a lower
survival rate, this was not significant (Figure 4A). Stage I cancer patients with a nearly
100% 5-year survival rate were then excluded from the survival analysis, but
significance was still not reached while poorer survival outcomes were maintained
(Figure 4A). As noted above, patients who undergo gastrectomy have good treatment
outcomes, and it is likely that oncogenic factors, including pathogenic gastric
microbiota, are reduced after surgery. Despite the lack of statistical significance, our
analysis shows that F. nucleatum colonization may adversely impact treatment
outcome.

Approximately one-third of the patients in our cohort tested positive for H. pylori
colonization, and our previous study demonstrated that F. nucleatum is likely a
secondary settler of the gastric microbiota after H. pylori colonizes the gastric
epithelium. Consecutive or simultaneous colonization of H. pylori and F. nucleatum

November 14,2021 | Volume?27 | Issue42 |



Hsieh YY et al. Fusobacterium nucleatum and gastric cancer

A Resected gastric specimens
- 1st-stage product
- = L )
e = \2"d—stage product

B l

Sex Female (n = 17) Reference
Male (n = 43) 0.26 (0.085-0.81) H——#—— P=0.02

"

Age < 75 years (n = 48) Reference i

—— ;
> 75years (n=12) | 1.37(0.373 - 5.02) P=0.636

: n

H. pylori | Negative (n= 17) Reference ——
Positive (7 = 43) 2.27 (0.633-8.12) P=0.208

[

H———

Stage Stage I (n=17) Reference o

: -
Stage II (n = 11) 3.41 (0.851-13.70) = P=0.083
Stage I1I (n = 24) 2.43 (0.63-9.41) 051 ] 150 P=0.197
Stage IV (n = 8) 7.36 (1.549-35.01) P=0.012

Figure 3 Identification of Fusobacterium nucleatum in the resected gastric cancer tissues. A: Fusobacterium nucleatum (F. nucleatum) was
detected by amplification of the conserved NusG gene sequence using nested polymerase chain reaction method. The end point product was analyzed using 6%
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might have synergistic effects and promote cancer progression. To test this hypothesis,
we analyzed the impact of F. nucleatum on the survival of H. pylori-positive patients.
Our data demonstrate that patients positive for both H. pylori and F. nucleatum had a
poorer survival outcome than those who were positive for H. pylori alone (Figure 4B).
Similar results were observed when stage I cancer patients were excluded from the
analysis (Figure 4B). Therefore, the presence of F. nucleatum colonization negatively
impacts gastric cancer prognosis. Our analysis confirms that F. nucleatum colonization
is frequent in patients with advanced-stage gastric cancer, with an unfavorable effect
on patient survival.

DISCUSSION

F. nucleatum is an opportunistic pathogen mainly residing in the oral cavity[30].
Although it is likely that oral-resident microbes are regularly passed to the stomach
through dietary intake, they are unable to colonize the rest of the gastric microenvir-
onment under normal physiological conditions. However, H. pylori colonization and
the growth of carcinoma cells create a suitable microenvironment[31,32] and likely
allow F. nucleatum invasion. Our previous study, which utilized 16S metagenomic
analysis, showed that F. nucleatum can be present in the gastric cancer-associated
microbiota[17]. In the present study, we employed nested PCR to determine the
existence of F. nucleatum in resected gastric cancer tissues. The results confirmed our
previous finding, showing F. nucleatum colonization in approximately one-third of
gastric cancer patients in southwestern Taiwan. Whether F. nucleatum colonization is
common remains to be investigated.

Analysis of our in vitro coculture experiment indicated that F. nucleatum evokes two
distinct cellular responses. Based on dosage dependence and expression pattern, these
two responses are likely activated through independent signaling pathways. One is an
immediate response that peaked at 24 h to 48 h of incubation and declined to a near-
unstimulated level after 72 h. This immediate response was induced only by a high
amount of F. nucleatum and marked by activation of interferon response genes,
antiviral genes, cytokines, and chemokines. Other inflammation-inducing pathogens,
such as H. pylori, may collaborate with F. nucleatum to sustain expression of these
genes. The second response involved activation of actin and genes that regulate cell
mobility. High expression of these gene products has multiple effects in promoting
cancer progression, especially in increasing cell mobility and promoting distant

7319 November 14,2021 | Volume?27 | Issue42 |



Hsieh YY et al. Fusobacterium nucleatum and gastric cancer

A
1.25
c 1
k]
=
8 0.75
o
a
o 0.5
=
c
a3 025
0
B
1.25
c 1
9o
+
g 0.75
o
a
g 0.5
%
a 025
0

+ Fn— (n =41) + Fn— (n = 28)
Stage II+III+IV
All stages +Fn+ (0 = 19) 9 + Fnt (n = 15)
1.25
P =0.23 P=0.37
- 1
c
kel
£ 075
o
o
o
a 0.5
©
2
2 0.25
>3
(]

P S O T T [N MU I | 0 L1 v v b e e 1 |
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
t/mo t/mo
4 oviori + all st + Fn—(n = 27) + Fn— (7 = 17)

. pylori + all stage j
124 g + Fn+ (7 = 16) H. pylori + stage II+III+IV + Fn+ (7 = 13)
1.25
P =0.36 P =0.044
- 1
°
b=
g 0.75
o
R —a o 05
= .
=
e
3 025
P Y T O U NI SO MU | 0O Lt v v e

0 10 20 30 40 5060 70 80 90100110

t/mo

0 10 20 30 40 5060 70 80 90100110

t/mo

Figure 4 Analysis of Fusobacterium nucleatum colonization in gastric cancer patients. A: The study cohort was divided into Helicobacter pylori (H.
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metastasis[33-34]. Overall, our experiment demonstrates that colonization by F.
nucleatum activates specific signaling pathways and promotes aggressiveness in gastric
cancer cells.

After determining the prevalence of F. nucleatum colonization in gastric cancer
patients, we evaluated its clinical impact. All enrolled patients underwent
gastrectomy, in which the main cancerous lesions were completely removed.
Gastrectomy also results in extraction of cancer-associated microbiota, minimizing the
negative impact of pathogenic microbes. The average 5-year survival in our study
cohort was approximately 60%, indicating the effectiveness of treatment. Notably,
survival analysis showed that F. nucleatum colonization negatively impacts the
survival outcome of H. pylori-positive patients. It is possible that F. nucleatum sequen-
tially and/or synergistically cooperates with H. pylori to promote gastric cancer
progression. Our analysis indicates a complex interaction between multiple pathogens
and gastric cancer cells. Moreover, our data suggest that F. nucleatum colonization may
serve as a prognostic biomarker for H. pylori-positive patients.

Our experimental findings show that F. nucleatum colonization in the gastric
microbiota is a common event in gastric cancer patients. The risk of colonization
appears to increase toward the later stages of gastric cancer progression. Cocolon-
ization of F. nucleatum with H. pylori results in poorer survival than that observed for
patients with H. pylori colonization alone. As the majority of gastric microbiota
components are presumably removed during gastrectomy, preliminary exposure to F.
nucleatum may exert a long-term impact on the aggressiveness of cancer cells. Our
findings indicate that F. nucleatum may precondition and promote gastric cancer
progression.

CONCLUSION

In this study, we found that F. nucleatum is able to alter actin filament dynamics to
promote cell mobility. Additionally, the prevalence of F. nucleatum colonization in
gastric cancer tissues is much higher than previously thought. Importantly, cocolon-
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ization of F. nucleatum with H. pylori was found to lead to reduced survival in gastric
cancer patients. Our study suggests that F. nucleatum increases the aggressiveness of
gastric cancer and negatively impacts the prognosis of gastric cancer patients.

ARTICLE HIGHLIGHTS

Research background

Our previous research identified Fusobacterium nucleatum (F. nucleatum) as an
opportunistic pathogen frequently found in the gastric cancer-associated microbiota. F.
nucleatum has been demonstrated to promote carcinogenesis and metastasis of
colorectal cancer. However, the role of F. nucleatum in gastric cancer remains unclear.

Research motivation
It is our goal to determine the impact of F. nucleatum colonization to progression of
gastric cancer.

Research objectives
The objective of current study is to identify the impact of F. nucleatum to the cellular
function of gastric cancers and to the prognosis of gastric cancer patients.

Research methods

F. nucleatum-induced expression change of a patient-derived gastric cancer cell line
was profiled by RNA sequencing and ontological analysis. The presence of F.
nucleatum in patients' tumor tissue was determined by nested polymerase chain
reaction. Statistical analysis of F. nucleatum colonization status was performed to
determine the correlation with clinical characterization and patients' survival.

Research results

F. nucleatum induces a drastic but temporary interferon response and prolonged
deregulation of actin and its regulators from gastric cancer cells. A survey of clinical
specimens showed that approximately one-third of gastric cancer patients are positive
for F. nucleatum. Survival analysis showed that the combined colonization of Helico-
bacter pylori (H. pylori) and F. nucleatum leads to poorer survival of late-stage patients.

Research conclusions

The actin filament dynamic change caused by F. nucleatum colonization likely
promotes cell mobility and cancer metastasis. This observation is correlated with the
finding that F. nucleatum colonization leads to poor survival of H. pylori-positive late-
stage patients.

Research perspectives

F. nucleatum colonization leads to poorer survival of gastrectomy-received patients.
Our findings indicate the importance of tumor-associated microbiota to the
progression of gastric cancer.
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Abstract

BACKGROUND

Recent evidences have shown a relationship between prion protein (PrPc)
expression and pancreatic ductal adenocarcinoma (PDAC). Indeed, PrPc could be
one of the markers explaining the aggressiveness of this tumor. However, studies
investigating the specific compartmentalization of increased PrPc expression
within PDAC cells are lacking, as well as a correlation between ultrastructural
evidence, ultrastructural morphometry of PrPc protein and clinical data. These
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data, as well as the quantitative stoichiometry of this protein detected by
immuno-gold, provide a significant advancement in understanding the biology of
disease and the outcome of surgical resection.

AIM
To analyze quantitative stoichiometry and compartmentalization of PrPc in PDAC
cells and to correlate its presence with prognostic data

METHODS

Between June 2018 and December 2020, samples from pancreatic tissues of 45
patients treated with pancreatic resection for a preoperative suspicion of PDAC at
our Institution were collected. When the frozen section excluded a PDAC
diagnosis, or the nodules were too small for adequate sampling, patients were
ruled out from the present study. Western blotting was used to detect, quantify
and compare the expression of PrPc in PDAC and control tissues, such as those of
non-affected neighboring pancreatic tissue of the same patient. To quantify the
increase of PrPc and to detect the subcellular compartmentalization of PrPc within
PDAC cells, immuno-gold stoichiometry within specific cell compartments was
analyzed with electron microscopy. Finally, an analysis of quantitative PrPc
expression according to prognostic data, such as cancer stage, recurrence of the
disease at 12 mo after surgery and recurrence during adjuvant chemotherapy was
made.

RESULTS

The amount of PrPc within specimen from 38 out of 45 patients was determined
by semi-quantitative analysis by using Western blotting, which indicates that PrPc
increases almost three-fold in tumor pancreatic tissue compared with healthy
pancreatic regions [242.41 + 28.36 optical density (OD) vs 95 + 17.40 OD, P <
0.0001]. Quantitative morphometry carried out by using immuno-gold detection
at transmission electron microscopy confirms an increased PrPc expression in
PDAC ductal cells of all patients and allows to detect a specific compartmental-
ization of PrPc within tumor cells. In particular, the number of immuno-gold
particles of PrPc was significantly higher in PDAC cells respect to controls, when
considering the whole cell (19.8 £ 0.79 particles vs 9.44 + 0.45, P < 0.0001).
Remarkably, considering PDAC cells, the increase of PrPc was higher in the
nucleus than cytosol of tumor cells, which indicates a shift in PrPc compartment-
alization within tumor cells. In fact, the increase of immuno-gold within nuclear
compartment exceeds at large the augment of PrPc which was detected in the
cytosol (nucleus: 12.88 + 0.59 particles vs 5.12 + 0.32, P < 0.0001; cytosol: 7.74. =
0.44 particles vs 4.3 + 0.24, P < 0.0001).

RESULTS

In order to analyze the prognostic impact of PrPc, we found a correlation between
PrPc expression and cancer stage according to pathology results, with a
significantly higher expression of PrPc for advanced stages. Moreover, 24 patients
with a mean follow-up of 16.8 mo were considered. Immuno-blot analysis
revealed a significantly higher expression of PrPc in patients with disease
recurrence at 12 mo after radical surgery (360.71 £ 69.01 OD vs 170.23 + 23.06 OD,
P =0.023), also in the subgroup of patients treated with adjuvant CT (368.36
79.26 OD in the recurrence group vs 162.86 = 24.16 OD, P = 0.028), which indicates
a correlation with a higher chemo-resistance.

CONCLUSION

Expression of PrPc is significantly higher in PDAC cells compared with control,
with the protein mainly placed in the nucleus. Preliminary clinical data confirm
the correlation with a poorer prognosis.

Key Words: Pancreatic ductal adenocarcinoma; Prion protein; Western blotting; Electron
microscopy; Cellular compartmentalization; Neuroinvasion
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Core Tip: Pancreatic ductal adenocarcinoma (PDAC) is an extremely lethal cancer and
we are far away from understanding its biology. Recent in vitro evidence hypothesizes
some role of cellular prion protein (PrPc) in PDAC carcinogenesis. We found that this
protein is over-expressed in vivo within PDAC tissue of surgically resected patients,
here we quantify the stoichiometric increase and provide evidence for a shift towards a
nuclear compartmentalization. Such a protein amount is associated with poorer post-
surgical prognosis and neuro-invasion. Thus, PrPc might be a key in the puzzled
evidence of PDAC biology leading to better comprehend and cure such an aggressive
disorder.
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Furbetta N, Gianardi D, Funel N, Ricci C, Gaeta R, Pollina LE, Falcone A, Vivaldi C, Di
Candio G, Biagioni F, Busceti CL, Morelli L, Fornai F. Detailing the ultrastructure’s increase
of prion protein in pancreatic adenocarcinoma. World J Gastroenterol 2021; 27(42): 7324-7339
URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7324 .htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7324

INTRODUCTION

Pancreatic cancer is currently the fourth most frequent cause of death among cancers
with a prevalence, which is increasing, mostly in western countries, where it is
estimated to become the second prevalent cause of death from cancer by 2030[1]. The
overall median survival of patients with pancreatic ductal adenocarcinoma (PDAC) is
6 mo and the 5-year survival rate is less than 10%[2,3].

Surgical resection is still the only approach with a curative intent, but it is feasible
for less than 20% of patients at diagnosis, while 80% of cases are considered too
advanced for surgery, and this is based on regional infiltration or distant metastasis
[4]. Even in surgically eligible cases, the 5-years survival rate is extremely low, since
patients experience early local or distant relapse. The aggressiveness of the disease is
mainly related to the extensive local infiltration and to the early lymphatic and
hematogenous spread, which rely on the high propensity of these cells to produce
neuro-invasion.

In this scenario, an in-depth knowledge of the biology of the disease is fundamental.
The comprehension of the mechanisms involved in tumorigenesis is needed, in order
to discover early diagnostic tools, and novel therapeutic strategies to improve patients’
prognosis. When comparing PDAC with other tumors, the biology of the disease is
scarcely investigated, and it remains largely unknown.

Recent evidence demonstrates that cellular Prion Protein (PrPc) is overexpressed
either in vitro and in vivo in PDAC cells and that it interacts with several pathways,
enhancing cellular growth, tumoral proliferation and invasion[5-7].

Still, the occurrence of increased PrPc was described so far by using quite general
approaches, in the absence of subcellular localization of the protein and without a
quantitative, stoichiometric count of protein particles within cancer cells. Thus, we felt
it mandatory to provide a quantitative measurement of the increase in PrPc, by using
ultrastructural stoichiometry, which is more reliable in protein analytical detection
compared with immunohistochemistry. Again, understanding cell compartmental-
ization of PrPc, and whether this is shifted within PDAC cells is key to establish its
potential role in the biology of disease. This is expected to improve the knowledge
about the intrinsic role of PrPc in PDAC pathogenesis. So far, studies focusing on these
aspects based on an in vivo approach are lacking. Again, it is fundamental to
strengthen whether a higher expression of PrPc in PDAC cells does associate with
specific clinical phenotypes of PDAC. Therefore, the aim of this study is to quantify
the increase in PrPc and analyze the subcellular localization of PrPc in PDAC cells
from surgically resected patients. These findings are correlated with clinical data, in
order to dissect a potential role of PrPc as a biological marker to predict disease
severity.

7326 November 14,2021 | Volume?27 | Issue42 |


https://www.wjgnet.com/1007-9327/full/v27/i42/7324.htm
https://dx.doi.org/10.3748/wjg.v27.i42.7324

Jaishideng®

Bianchini M et al. PrPc as marker of PDAC aggressiveness

MATERIALS AND METHODS

Patients and specimens

Samples from tumors of patients surgically treated with pancreatic resections at our
Institution were collected between January 2018 and December 2020. Written informed
consent was obtained from patients to use their surgical specimens and clinical
pathological data for research purposes.

All patients had a preoperative suspicion of PDAC. Preoperative evaluation
included medical history, physical, laboratory and radiological examinations,
computed tomography (CT) and magnetic resonance imaging, often with magnetic
resonance cholangiopancreatography. In addition, abdominal ultrasound with and
without contrast, endoscopic ultrasonography (EUS), and fine-needle aspiration (FNA)
during EUS were also performed in selected patients. Preoperative data included age
and gender.

All the specimens were frozen intraoperatively and further sliced and scored for
histology. Tissue from pancreatic nodules other than adenocarcinomas were ruled out
from the present study.

Similarly, we could not proceed when tumor specimens were too small. When
PDAC diagnosis was confirmed, the pathologist took specimens from the pancreatic
tumor and from normal pancreatic tissue. From each specimen (either from controls or
tumor tissues) a part was fixed and kept in glutaraldehyde and paraformaldehyde for
electron microscopy analysis, while the other one was rapidly frozen and kept at -80°C
for storage until for western blotting analyses (SDS-PAGE immunoblotting) to be
carried out.

Histological data included: (1) Histological phenotype of the tumor; (2) Grade of
differentiation; (3) Tumor size; (4) Number of harvested lymph nodes; (5) Number of
metastatic lymph nodes; and (6) Occurrence of angio-invasion and peri-neural infilt-
ration.

Patients were staged according to the T and N definitions proposed for the AJCC 8*
edition[8]. Proposed T-stage definitions are the following: T1 < 2 cm maximal
diameter, T2 > 2 < 4 cm maximal diameter, T3 > 4 cm maximal diameter, T4 = locally
unresectable. Extra-pancreatic extension was not included in T-stage definitions. The
N-staging included the following: NO = node negative, N1 = 1-3 nodes positive for
metastatic disease, N2 > 4 nodes positive for metastatic disease.

Pathology, post-operative disease outcome and oncologic follow-up were
prospectively retrieved and organized in a specific database. For our clinical analysis
patients with at least 12 mo from surgical resection were considered. The degree of
PrPc expression in PDAC was reported and compared also on the basis of cancer stage
according to AJCC 8™ edition.

SDS-PAGE immunoblotting

Pancreatic tissue to be immunoblotted was homogenized in ice-cold lysis buffer
containing 50 mmol/L Tris-HCl (pH = 7.5), 150 mmol/L NaCl, 5 mmol/L EDTA, 1%
SDS, 0.1% IGEPAL (NP40) and Complete Protease Inhibitor Cocktail Tablet (leupeptin,
pepstatin, aprotinin) (Santa Cruz Biotechnology, Dallas, TX, United States). Then
tissue was sonicated, and homogenates were centrifuged at 5000 x g for 5 min. An
aliquot of supernatant was used to determine the protein concentration by a protein
assay kit (Sigma-Aldrich, St. Louis, MO).

Samples (25 pg) were separated on 4%-20% sodium dodecyl sulfate-polyacrylamide
gel. Following electrophoresis, proteins were transferred to a nitrocellulose membrane
(Biorad; Milano, Italy). The membrane was then immersed in blocking solution
containing PBS with 0.05% Tween-20 (PBS-T) and 5% not fat dried milk (Sigma) for 1 h
at room temperature. Then the membrane was incubated overnight at 4°C with
primary antibody anti-protein PrPc (1:2000, Abcam, Cambridge, United Kingdom)
diluted in PBS-T containing 2% BSA (Sigma). The blots were washed three times with
PBS-T and incubated for 1 h with goat anti-rabbit horseradish peroxidase-labelled
secondary antibody (1:2000; KPL, Maryland, United States) diluted in PBS-T
containing 2% not fat dried milk (Sigma).

The bands were visualized with enhanced chemiluminescence reagents (Immuno-
Star HRP Substrate; Bio-RadLaboratories) and image analysis was carried out by
ChemiDoc System (Bio-RadLaboratories). p-Actin was used as an internal standard for
semi-quantitative protein measurement, so-called “house-keeping protein”. Densito-
metric analysis was performed with Image] software and the unit of measure was the
optical density (OD). Western blotting of PDAC tissues were compared with control
tissues.
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Semi-thin sections

When preparing embedded pancreas tissue blocks for electron microscopy analysis,
firstly we carried out semi-thin sections in order to better focus on those areas of the
tissue where ductal and parenchymal area could be evidenced. Each semi-thin section
owning a thickness range of 3-6 pm was cut at ultra-microtome. After cutting, slices
were picked up with an iron loop 1 cm long and 2 mm thick. By using the loop, the
slice was moved into a drop of distilled water lying on a glass slide and it was then
placed on a hot plate at approximately 60°C to be dried. Then, 1 or 2 drops of a
toluidine blue staining solution were added on the semi-thin slice. When the edge of
the staining drop switched the color from blue to metallic gold, the slide was removed
quickly from hot plate to be rinsed with distilled water. Finally, these slides were
mounted by using the mounting medium DPX to be analyzed by a Nikon Eclipse 80i
light microscope, which was connected to the NIS Elements software for image
analysis (Nikon, Tokyo, Japan).

Electron microscopy

For electron microscopy small fragments of normal and tumoral pancreatic tissue were
fixed in 0.1% glutaraldehyde and 2 % paraformaldehyde in phosphate buffer pH = 7.4
for 90 min, creating a fixing solution minimally covering antigen epitope, while fairly
preserving tissue architecture.

After washing for 10 min in buffer, samples were post-fixed in 1% OsO4 buffered
solution for 1 h at 4°C. Then samples were dehydrated in a series of increasing ethanol
concentration (50%, 70%, 90% 95%, 100%) followed by propylene oxide for 20 min.
Afterward, samples were embedded in a mixture of Epon-Araldite and propylene
oxide (ratio of 1:1 overnight at room temperature) and finally they were embedded in
pure Epon-Araldite resin for 72 h at 60°C. Ultra-thin sections were stained with uranyl
acetate and lead citrate and examined with Jeol Jem 100SX transmission electron
microscope (TEM) (Jeol, Tokyo, Japan) at an acceleration voltage of 80 kV.

Post-embedding immunocytochemistry

Post-embedding procedure was carried out on ultrathin sections collected on nickel
grids. Grids were washed in PBS and incubated in a blocking solution containing 10%
goat serum and 0.2% saponin for 20 min, at room temperature, then they were
incubated with a primary antibody solution containing anti-rabbit Prion protein PrPc
(Abcam, diluted 1:50), with 0.2% saponin and 1% goat serum in a humidified chamber,
overnight, at 4°C. After washing in PBS, grids were incubated with secondary anti-
rabbit antibodies conjugated with gold particles (20 nm mean diameter, BB Interna-
tional Crumlin, United Kingdom) which were diluted 1:40 in PBS containing 0.2 %
saponin and 1% goat antiserum for 1 h, at room temperature. Slices used as methodo-
logical controls were incubated with secondary antibody only.

After washing in PBS, grids were incubated on droplet of 1% glutaraldehyde for 3
min; an additional extensive washing of grids with distilled water was carried out to
remove an excess of salt traces. Sections were stained with uranyl acetate and lead
citrate and examined at TEM.

From each experimental group (Controls and PDAC) 20 grids were observed each
one containing a mean of 5 cells: In particular we selected the region in which the
cellular ducts were present. In order to measure the distribution of the immuno-gold
particles, first we counted the total number of gold particles within each cell, then their
numbers in nucleus and in cytosol. TEM analysis was performed at a magnification of
6000-8000x which allowed the concomitant visualization of immuno-gold particles and
all cell organelles, using higher magnification when it was necessary to better visualize
the immuno-gold particles and lower magnification when an ensemble view of the
whole ultrastructure was requested for our analysis. The expression of PrPc was
revealed by counting the immuno-gold particles in whole cells, nucleus and cytosol
both in control and PDAC groups.

Statistical analysis

Continuous variables with normal distribution are expressed as the mean * SD of the
mean and they were compared by using Student’s ¢ test. A P value equal or lower than
0.05 was arbitrarily considered as not due to biological variability (H, hypothesis
rejected). The software used for such a statistical analysis was SPSS (Statistical
Production and Service Solution for Windows, SPSS Inc., Chicago, IL, United States),
version 23.
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RESULTS

Patients

Surgical specimens of 45 patients were collected. 7 of them were ruled out because of
the small dimension of the tumor that prevented an adequate sampling or because the
diagnosis of PDAC was excluded at frozen section.

The samples from 38 PDAC patients which were included in the analysis, 19 (50%)
were from male, while 19 (50%) from female. The mean age was 72.7 + 7.9 years (range
52-87). Histological exam confirmed the presence of PDAC in all these 38 cases. The
grading of the pancreatic tumor was “moderately differentiated” in 35/38 cases
(92.1%), “poorly differentiated” in 3/38 (7.9%). The mean tumor size was 3.2 + 1.1 cm
(range 1.5-6.5 cm). The mean harvested lymph nodes were 34.2 + 15 (range 14-79).
Metastatic lymph-nodes occurred in 30/38 cases (78.9%) with a number of metastatic
lymph-nodes of 4.5 + 4.9 (range 1-23). The presence of angio-invasion was reported in
5/38 cases (13%), while the presence of peri-neural infiltration was reported in 33/38
cases (86.8%). Three cancer stage groups were identified according to pTNM, stage I (n
=8, 21.1%), stage I (n = 14, 36.8%) and stage III (n = 16, 42.1%). These data are shown
in Table 1.

Expression of PrPc in pancreatic tissue at western blotting

PrPc was markedly expressed in tumor pancreatic tissues, while the expression in non-
cancer tissues was scarce, with a significant difference (242.41 + 28.36 OD vs 95 +17.40
OD, P <0.0001) (Figure 1).

Semi-thin sections

When observing representative semi-thin sections at different magnification (Figure 2)
the difference between control and PDAC pancreas was strikingly evident, mostly at
the level of ductal tissue. In detail, the pancreas from control at low magnification
possesses a quite homogeneous staining at toluidine blue, where ductal areas are
simply evident as empty roundish areas surrounded by cell staining as much as those
in the neighboring parenchyma (Figure 2A). This was further evidenced at higher
magnification showing a pale toluidine staining of ductal cells (Figure 2B). Conversely,
in the pancreas affected by PDAC, low magnification showed a highly non-
homogeneous tissue where ductal regions were markedly stained. Also, neighboring
areas possess a scattered toluidine staining (Figure 2C). At high magnification, the
ductal cells from PDAC are overwhelmed and they tend to occlude the ductal lumen
with multiple cell layers with an abnormal shape and abundant cell protrusions
(Figure 2D). This ductal tissue was the topographical reference to proceed with
electron microscopy analysis.

Electron microscopy

The ultrastructure of pancreatic healthy cells owns normal architecture with well-
preserved cell compartments and well-defined membranes. The zymogen granules
maintain their integrity, which suggests fair biochemical activity (Figure 3A).
Conversely, PDAC cells (Figure 3B) possess severe cell pathology, which is
concomitant with a marked derangement of vacuolar compartment and damaged
organelles.

Expression of PrPc immuno-gold particles within pancreatic tissue
Immuno-cytochemistry shows increased PrPc expression in PDAC cells of all patients.
In particular the number of immuno-gold particles was significantly higher in PDAC
cells compared with controls (Figure 4) either considering the whole cell (19.8 + 0.79
particles vs 9.44 + 0.45, P < 0.0001) (Figure 5A), or the nuclear compartment (12.88
0.59 particles vs 5.12 + 0.32, P < 0.0001) (Figure 5C) or the cytosol (7.74. + 0.44 particles
and 4.3 + 0.24, P < 0.0001, respectively) (Figure 5B).

Within PDAC cells, PrPc was more abundant in the nucleus compared with the
cytosol (12.88 + 0.59 particles vs 7.74. + 0.44, P < 0.0001) (Figure 5D). Conversely, in
normal cells no difference was noticeable for the placement of PrPc within nucleus and
cytosol (5.12 £ 0.32 particles and 4.3 + 0.24, P > 0.05, respectively).

Clinical data

When correlating within PDAC group the amount of PrPc expression with specific
cancer stages, a significantly higher expression of PrPc for advanced stages was
detected. In particular, PrPc expression at Western Blotting was 161.69 + 63.92 OD in
stage I, 173.25 + 76.5 OD in stage II and 346.86 + 55.26 OD in stage III (P = 0.0042).
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Table 1 Patients and postoperative data

Number of patients, n
Pancreatic ductal adenocarcinoma, 1 (%)
Mean tumor dimension, cm

Mean harvest lymph nodes, n

38
38 (100)
32 11 (15-6.5)

34.215 (14-79)

Mean metastatic lymph nodes, n 4549 (1-23)
Angioinvasion, 1 (%) 5 (13)
Perineural infiltration, 1 (%) 33 (86.8)
T status, 1 (%)

T1 2(8.7)
T2 14 (60.9)
T3 7 (30.4)
T status, 1 (%)

T1 3(7.9)
T2 24 (63.2)
T3 11 (28.9)
N status, 1 (%)

NO 7 (18.4)
N1 15 (39.5)
N2 16 (42.1)
Stage, n (%)

I 8(21.1)
I 14 (36.8)
11 16 (42.1)
Patients with available follow-up, n 24
Patients with disease recurrence at 12 months, 1 (%) 13 (54.1)
Patients treated with adjuvant CT, n (%) 21 (87.5)
Recurrence during CT, n (%) 11 (52.4)

CT: Chemotherapy.

JBaishideng®
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When considering clinical data retrieved from our follow-up, patients surgically
treated in the last 12 mo were ruled out from correlation with disease prognosis.
Overall, 27 patients were considered, of which 3 were ruled out for missing
information.

For the remaining 24 patients, the mean follow-up was 16.8 mo (range 5.6-34.4 mo).
Median overall survival and disease-free survival were 15.9 mo and 11.2 mo,
respectively. The 12-mo recurrence rate was 54.1% (n = 13). Comparing patients with
relapse at 1 year with those without evidence of the disease, the difference in PrPc
expression at immuno-blotting was statistically significant between the two groups
(360.71 + 69.01 OD vs 170.23 + 23.06 OD, P = 0.023) (Figure 6A).

Moreover, 21 patients out of 24 received adjuvant chemotherapy (CT). Of these,
10/21 (47.6%) were without evidence of disease relapse at 12 mo, while 11/21 (52.4%)
experienced a relapse of the disease. Detailing our analysis of PrPc expression
correlated with disease recurrence a significant higher PrPc expression was detected
for patients who experienced a relapse, despite the administration of adjuvant CT
compared with those receiving CT without evidence of disease at follow-up (368.36 +
79.26 OD vs 162.86 + 24.16 OD, respectively, P = 0.028) (Figure 6B).

November 14,2021 | Volume?27 | Issue42 |



PrPc > 28 kDa

B-actin > 42 kDa

Control 1

250

200

150

100

0D PrPc/B-actin (% vs control)

50

Bianchini M et al. PrPc as marker of PDAC aggressiveness

"—-—-——

PDAC1 Control 2 PDAC 2 Control 3 PDAC 3

242.41 + 28.36
b

95.00 £ 17.40

O Control
W PDAC

Figure 1 Immuno-blots for prion protein and the house keeping protein b-actin in control tissues and pancreatic ductal adenocarcinoma
tissues. °P < 0.0001. Comparisons between two groups were made by using Student t-test. Values are given as the mean * SD.
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DISCUSSION

Cellular prion protein is a cell surface glycoprotein, firstly discovered as the normal
isoform of the scrapie prion protein (PrP%), the infectious agent of Transmissible
Spongiform Encephalopathies. Despite the normal isoform is a highly conserved
glycoprotein present in all vertebrates, which indicates some intrinsic and
fundamental roles in cell homeostasis, studies about the physiology of PrPc have long
been overlooked.

Only recently some authors focused on the role of PrPc and many paths have been
opened[11]. PrPc was proposed to protect neurons against cell death and oxidative
stress[12], to control copper metabolism[13], to regulate cell cycle[14], synaptic
transmission[15], cell adhesion[16], and activation of the immuno-system[17]. It is
remarkable that PrPc plays a role in pluripotency and differentiation of embryonic
stem cells[18], cell proliferation and differentiation[19-24] and muscle cell regeneration
[25].

In detail, the discovery of a role of this protein in regulating the cell cycle led some
authors to focus on studying a relationship between PrPc and carcinogenesis. It is now
well established that PrPc may sustain cancer cell proliferation in various types of
cancers[26]: Gastric[27], colon cancer[28-30], as well as glioblastoma[31-33]. Overall,
the contribution of PrPc to cancer cell proliferation fully fits with a gain of its
physiological function in normal cells, where it controls the activation of several
effectors associated with cell growth[24,34]. A second field of investigation focuses on
the correlation between PrPc and chemo-resistance. High PrPc expression levels are
indeed associated with increased resistance to various types of agents in glioblastoma

35], gastric[27,36-38], breast[39-41], and colon cancer[29,42,43]. According to several
studies this effect could be related to the activation of several pathways that lead to
over expression of MDR1 (multidrug-resistance protein 1)[44]. For instance it was
recently found that PrPc confers doxorubicin resistance to breast cancer cells[45].

PrPc also promotes cancer cells invasion/migration. In fact, elevated PrPc levels
confer enhanced invasive properties to glioblastomal46], gastric[47], breast[40,48],
colon[49], lung[50] and melanoma[51] cell lines.

Finally, PrPc directly induces proliferation and confers resistance to apoptosis in
cancer stem cells[18], by dysregulating their interactions with surrounding
environment and thus causing cancer stem cells proliferation[52]. As with prolif-
eration, the contribution of PrPc to cancer stem cells self-renewal may be envisioned as
a diversion of its physiological role into normal stem cell maintenance[18].
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Figure 2 Semi-thin sections of control and pancreatic ductal adenocarcinoma pancreas. A: Pancreas from control tissue at low magnification
(magnification: 20 x, scale bar: 12.5 ym). The ductal areas are evident as empty roundish areas surrounded by cell staining as much as those in the neighboring
parenchyma; B: The normal pancreatic tissue characteristics are more evident at higher magnification, where there is a pale toluidine staining of ductal cells
(magnification: 40 x, scale bar: 6.25 pm); C: In pancreatic ductal adenocarcinoma (PDAC) tissue a highly non-homogeneous tissue is present and ductal regions are
markedly stained (magnification: 20 x, scale bar: 12.5 ym); D: PDAC tissue at higher magnification (magnification: 40 x, scale bar: 6.25 ym). The ductal cells are
overwhelmed and they tend to occlude the ductal lumen.

Figure 3 Ultrastructural organization. A: Pancreatic normal tissue. In pancreatic healthy tissue the cells surrounding ductal systems are well preserved. The
cellular organelles, nuclei and secretory zymogen granules have normal architecture (magnification: 2000 x, scale bar: 2 ym); B: Pancreatic normal tissue. The cells
surrounding duct have increasing loss of cellular architecture (magnification: 1000 x, scale bar: 4 um).

Collectively, the involvement of PrPc in various aspects of cancer progression may
be viewed as directly related to its physiological role in normal cells. Prion-mediated
changes may represent initiating events that promote the emergence of the hallmarks
of cancer, including self-sufficiency in growth signals, insensitivity to antigrowth
signals, tissue invasion and metastasis, limitless replicative potential and inhibition of
apoptosis[53]. Moreover, over-expression of PrPc has been found to be related to a
higher chemoresistance[54]. This is likely to have clinical implications: from a
therapeutic perspective, reducing PrPc expression may be beneficial, as it was
documented for glioblastoma[55] or colon cancer[56]. Besides, alternative
opportunities may ensue from a better knowledge of the signals upregulating PrPc
expression in cancer cells.
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Figure 4 Prion protein immunocytochemistry in controls and pancreatic ductal adenocarcinoma. A: Prion protein immunocytochemistry in
controls. Few particles of gold prion protein (PrPc) are evident (arrows) in the cytosol (magnification: 6000 x, scale bar: 800 nm); B: Few particles of gold PrPc are
evident (arrows) in the nucleus (magnification: 8000 x, scale bar: 500 nm); C: Prion protein immunocytochemistry in pancreatic ductal adenocarcinoma. The arrows
highlight some of the PrPc immuno-gold particles in the nucleus (magnification: 8000 x, scale bar: 500 nm); D: The arrows highlight some of the PrPc immuno-gold
particles in the cytosol (magnification: 7000 x, scale bar: 600 nm).
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In particular, looking to PDAC, a deeper comprehension of its role may add a
significant piece of evidence in the puzzle of this highly aggressive pathology, with a
potentially relevant clinical implication. The present study indicates a higher
expression of PrPc in PDAC tissues in vivo, and provides the first evidence of the
cellular localization of this protein. A higher amount of PrPc specifically within PDAC
cells is now confirmed in a wider pool of patients compared with our recent in vivo
study[7].

Moreover, the present study provides a stoichiometric measurement of the protein
is situ within PDAC cells and indicates a shift in its sub-cellular placement in PDAC.
Such a latter novelty was provided by ultrastructural morphometry, and immuno-gold
staining under transmission electron microscopy. For instance, such an approach
allowed to detect a misplacement of PrPc towards the nuclear compartment, which is
in line with its strong effects on cancer-related gene expression. In particular, in PDAC
cells the number of PrPc immuno-gold particles was two-fold higher compared with
controls, although such an increase is more relevant in the cell nucleus, where it rises
up to three-fold of the amount measured in controls. When comparing PrPc compart-
mentalization in PDAC cells and normal ductal pancreatic cells, the nuclear concen-
tration of PrPc is 1.65-fold higher compared with cytosol, while in the normal cells
there is no significant difference between nucleus and cytosol.

From one hand, this may be due to a marked ongoing over-expression of PrPc gene
(PRNP) in PDAC cells. In fact, the first hint of a link between PrPc and pancreatic
cancer dates back to the early 2000s, when PRNP was identified as one of the 30 genes
mostly expressed in pancreatic cancer cell lines when compared with normal cells[57].
On the other hand, such a preferential nuclear compartmentalization may disclose a
specific role of PrPc in the biology of PDAC. So far, the evidences from PDAC cell
cultures show that PrPc act as a cell surface glycoprotein to activate specific
intracellular pathways and signaling that bring to a proliferative effect[5]. However,
the detection of a peculiar and prominent concentration in the nucleus suggests an
involvement of PrPc in regulating directly gene expression, acting as a nucleo-
junctional interplay in order to modulate the transcriptional activity of different
pathways involved in carcinogenesis. In fact, PrPc could have a role in signaling
complexes that contribute to a regulation of proliferation and cell-to-cell adhesion.
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Figure 5 Prion protein immuno-gold particles count. A: Prion protein immuno-gold particles count in whole cells (controls vs pancreatic ductal
adenocarcinoma); B: Prion protein immuno-gold particles count in cytosol (controls vs pancreatic ductal adenocarcinoma); C and D: Prion protein immuno-gold
particles count in nuclear compartment. A significative difference in prion protein (PrPc) immunogold particles is observed between pancreatic ductal adenocarcinoma
(PDAC) and control tissues (C); Even when analyzing the location only in PDAC cells, the nuclear compartment has a significantly higher PrPc concentration (D). 2P <
0.0001. Comparisons between two groups were made by using Student t-test. Values are given as the mean + SD.
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Figure 6 Prion protein expression. Comparisons between two groups were made by using Student t-test. Values are given as the mean + SD. A: Prion protein
expression according to the presence of disease recurrence after surgery. The histogram compares the expression of prion protein with western blot in specimen
from patients surgically resected for pancreatic ductal adenocarcinoma with no evidence of disease at 12-mo follow-up (n = 11) with those from patients with disease
recurrence (n = 13). 2P = 0.023. B: Prion protein expression according to the presence of disease recurrence after surgery in patients treated with adjuvant
chemotherapy. The histogram compares the expression of prion protein with western blot in specimen from patients surgically resected for pancreatic ductal
adenocarcinoma with no evidence of disease at 12 mo and treated with adjuvant chemotherapy (CT) (n = 10) with those from patients treated with adjuvant CT with
disease recurrence (n = 11). 2P = 0.028.

Recently an association has been found in enterocytes between nuclear PrPc and Wnt
and Hippo pathways, which are modulated by cell contacts and are de-regulated at
high frequency in many human cancers. In this way, PrPc should be considered as an
actor in oncogenic processes through its role in the dynamics of cell-to-cell junctions
because its nuclear localization could lead to modulate transcriptional activity of Wnt
and Hippo effectors, some of the pathways clearly involved in carcinogenesis[58].
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The relevance of these findings in clinical setting is supported by the evidence of a
more aggressive behavior of PDAC depending on the amount of PrPc expression. As
already demonstrated in our previous study[7], the expression of PrPc correlates with
predicted patients” prognosis based on cancer stage according to pathology results.
These data are encouraging, since they are confirmed also in a wider group of patients.
Moreover, by further collecting early clinical data, we were able to validate such a
hypothesis. In fact, in the subgroup of patients with a relapse of the disease after a
surgical RO resection, the expression of PrPc was significantly higher compared with
those patients without evidence of relapse.

Moreover, these data indicate a relationship between PrPc and chemo-resistance,
since the relapse during adjuvant CT was significantly higher in patients according to
their expression of PrPc at western blot.

This is the first project that investigates the sub-cellular nuclear compartmental-
ization of increased PrPc expression with electron microscopy in vivo in patients with
PDAC treated with surgery. Our findings could open new research avenues: in fact,
being PrPc markedly expressed in the nuclear compartment, studies should
investigate whether this protein is involved in specific activation of some unknown
nuclear pathways that can lead to a higher cancer aggressiveness and de-differen-
tiation. Similarly, the correlation of PrPc expression with a chemo-resistant phenotype
could be used not only for prognostic purposes. For instance, patients may be
stratified for prognosis according to PrPc expression in the resected specimen. This
may involve also the development of novel therapeutic outcomes. In fact, specific
therapeutic agents designed to target PrPc metabolism should be able to reduce a
pathological cell growth and to revert chemo-resistance.

CONCLUSION

The study confirms our previous data, highlighting in vivo in patients PDAC tissue the
role of PrPc in PDAC aggressiveness. The evidence of a peculiar nuclear compartment-
alization of this protein in the cellular nuclei of PDAC cells is in line with in vitro data
from literature showing over-expression of PRNP gene in PDAC cells, and suggests
the presence of some, still unknown, molecular pathways triggered by PrPc in the
nuclear compartment. This extends the influence of PrPc beyond its role as cell-
membrane glycoprotein. Finally, PrPc expression seems to be associated with a greater
risk of relapse after radical surgery and in shifting the cancer towards a phenotype
with a higher chemo-resistance. These data provide a step forward in the compre-
hension of PDAC biology, confirming that PrPc is likely to represent a marker of
disease severity and a determinant of PDAC biology. Further studies are needed to
validate these results and to investigate the molecular mechanism of PrPc in PDAC
pathogenesis and its potential clinical application.

ARTICLE HIGHLIGHTS

Research background

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal human cancers,
but its molecular basis is still poorly understood. Among the several new targets for
the comprehension of its biology, cellular Prion protein (PrPc) deserves particular
mention, since it seems to be involved also in tumorigenesis.

Research motivation
Recent evidences have shown a relationship between PrPc expression and PDAC, with
a possible role of this protein in the molecular basis of PDAC aggressiveness itself.

Research objectives

The present study aimed to further analyze the occurrence of PrPc within PDAC
tissues, by investigating the specific compartmentalization of PrPc within PDAC cells,
which is a fundamental aspect in order to provide a significant advancement in
understanding the biology of disease. Moreover, we aimed to correlate the presence of
PrPc with clinical data in order to find an association with patients” prognosis.
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Research methods

Samples from pancreatic tissues of 45 patients treated with pancreatic resection PDAC
at a single institution were collected. Immune-gold stoichiometry within specific cell
compartments was analyzed with electron microscopy in order to elucidate the
subcellular compartmentalization of PrPc within PDAC cells. Western blotting was
used to detect, quantify and compare the expression of PrPc in PDAC and control
tissues, such as those of non-affected neighboring pancreatic tissue of the same patient.
Data from western blot analysis where also used to perform a correlation with
prognostic data from patients” follow-up.

Research results

Immune-electron microscopy highlighted an increased PrPc expression in PDAC
ductal cells of all patients and allowed to detect a peculiar compartmentalization of
PrPc within tumor cells, with a specific increase of PrPc in the nucleus. Furthermore,
semi-quantitative analysis by using Western blotting, showed that PrPc increased
almost three-fold in tumor pancreatic tissue compared with healthy pancreatic
regions, with a significantly higher expression of PrPc in patients with disease
recurrence at 12 mo after radical surgery, also in the subgroup of patients treated with
adjuvant CT, thus revealing a possible higher chemoresistance.

Research conclusions

Our study provides evidence for a correlation between PrPc expression in PDAC and a
worse biological behavior, with a higher recurrence rate and chemo-resistance.
Moreover, it provides for the first-time the evidence of a peculiar subcellular compart-
mentalization of PrPc itself within PDAC cells.

Research perspectives

PrPc could be a molecular marker associated to PDAC aggressiveness and ominous
prognosis. Its nuclear compartmentalization suggests the activation of specific, but still
unknown, molecular pathways involved in the biology of the disease and further
studies in this sense are necessary, since specific therapeutic agents designed to target
PrPc metabolism should be able to reduce a pathological cell growth and to revert
chemo-resistance.
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Abstract

BACKGROUND

Immunotherapy has revolutionized the clinical outcomes of intractable cancer
patients. Little is known about the intestinal nonpathogenic bacterial composition
of hepatocellular carcinoma (HCC) patients treated by immunotherapy.

AIM
To determine whether there is a correlation between gut bacterial composition
and prognosis in HCC patients.

METHODS

From September 2019 to March 2020, we prospectively collected fecal samples and
examined the gut microbiome of 8 advanced HCC patients treated with
nivolumab as a second- or third-line systemic treatment. Fecal samples were
collected before the start of immunotherapy. Fecal samples of patients with
progression during treatment were collected at the time of progression, and fecal
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samples of patients who showed good response to nivolumab were collected after
5-7 mo as follow-up. Metagenomic data from 16S ribosomal RNA sequencing
were analyzed using CLC Genomics Workbench. Microbiome data were analyzed
according to therapeutic response.

RESULTS

All 8 patients were male, of which 6 had underlying chronic hepatitis B. A higher
Shannon index was found in the responders than in the non-responders after
nivolumab therapy (P = 0.036). The unweighted beta diversity analysis also
showed that the overall bacterial community structure and phylogenetic diversity
were clearly distinguished according to therapeutic response. There was no
significant difference in the diversity or composition of the patient gut
microbiome according to the immunotherapy used. Several taxa specific to
therapeutic response were designated as follows: Dialister pneumosintes, Escherichia
coli, Lactobacillus reteri, Streptococcus mutans, Enterococcus faecium, Streptococcus
gordonii, Veillonella atypica, Granulicatella sp., and Trchuris trichiura for the non-
responders; Citrobacter freundii, Azospirillum sp. and Enterococcus durans for the
responders. Of note, a skewed Firmicutes/Bacteroidetes ratio and a low
Prevotella/Bacteroides ratio can serve as predictive markers of non-response,
whereas the presence of Akkermansia species predicts a good response.

CONCLUSION
The current presumptive study suggests a potential role for the gut microbiome as
a prognostic marker for the response to nivolumab in treatment of HCC patients.

Key Words: Microbiome; Nivolumab; Firmicutes/Bacteroidetes ratio; Prevotella/
Bacteroides ratio; Hepatocellular carcinoma; Prognosis

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Immune check point inhibitors are known to be an effective treatment option
for advanced hepatocellular carcinoma (HCC), not only for second-line, but also as a
first-line treatment. However, there are few predictive or prognostic markers for which
patient group will have a good treatment response to immunotherapy or systemic
therapy for HCC until now. Our study shows that non-responders to nivolumab in HCC
patients have dysbiotic fecal composition, whereas a high Prevotella/Bacteroides ratio
can predict a better response to nivolumab, highlighting a potential role for the gut
microbiome as a prognostic marker for the response to nivolumab therapy.

Citation: Chung MW, Kim MJ, Won EJ, Lee YJ, Yun YW, Cho SB, Joo YE, Hwang JE, Bae
WK, Chung 1J, Shin MG, Shin JH. Gut microbiome composition can predict the response to
nivolumab in advanced hepatocellular carcinoma patients. World J Gastroenterol 2021; 27(42):
7340-7349

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7340.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i142.7340

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most frequent primary malignancy of the liver,
and it is now the second leading cause of cancer death worldwide[1]. Curative HCC
treatment is only feasible in the early stages and involves local ablative procedures,
surgical resection, or liver transplantation. For patients not amenable to curative
therapy and in those with metastatic disease, other systemic treatments, such as
sorafenib, are available. Beyond the limits of standard therapies, immunotherapy has
been introduced for the oncological treatment of various solid malignancies.
Nivolumab, as the first programmed cell death protein-1 (PD-1) agent, has shown
great promise in treatment of various cancers, including melanoma and squamous cell
carcinoma of the head and neck[2,3]. Recently, it was approved as the second-line
agent for advanced HCC patients who have experienced sorafenib failure[4,5]. In line
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with this growing clinical relevance, stratification of patients receiving nivolumab
therapy is now required to predict the prognosis and tumor aggressiveness.

There is mounting evidence that the gut microbiota can influence and modulate
host immune responses; thus, microbiome profiling has been revealed as a predictor
for response to immunotherapy among different groups and in different countries[6-
8]. Moreover, some immunostimulatory bacterial species, including Akkermansia
muciniphila[6)], Bifidobacterium longum[7] and Bacteroidetes fragilis[8], were reported to
elicit systemic immune responses and to reprogram the tumor microenvironment in
mouse tumors treated with anti-cytotoxic T-lymphocyte-associated-4 and/or anti-PD-
1 antibodies. The human gut microbiota has been shown to be associated with clinical
responses to anti-PD-1/programmed death ligand 1 (PD-L1) immunotherapy in
melanoma, non-small cell lung cancer, and renal cell carcinoma. However, the
association between gut microbiota and response to nivolumab therapy is still not
clear.

This study aimed to elucidate the impact of the gut microbiota on the prediction of
prognosis in advanced HCC patients receiving nivolumab immunotherapy.

MATERIALS AND METHODS

Study design and patients

A total of 8 patients who received nivolumab (from September 2019 to August 2020) as
second- or third-line treatment after sorafenib failure were included in the study.
Tumor response was assessed using the Response Evaluation Criteria in Solid Tumors
version 1.1[9]. The study was approved by the Chonnam National University Hwasun
Hospital Institutional Review Board (CNUHH-2019-134). All patients signed a written
informed consent form based on the principles of the Declaration of Helsinki. Patients
were classified based on disease status (absence or progression at 12 mo after initiation
of nivolumab therapy) and overall response (complete response, partial response, or
stable disease for > 6 mo). Non-responders were those showing disease progression or
stable disease for < 6 mo as well as those who died.

Collection of fecal samples and microbiome analysis

Fecal samples were collected prospectively, according to International Human
Microbiome Standards guidelines (SOP_03_V1) at two time points — before the first
nivolumab injection (< 1 mo, T0) and at the 3-mo follow-up (T1). The samples were
immediately transferred on ice to our clinic and immediately stored at -80 °C until
sample processing. Fecal genomic DNA was extracted as previously described[6-8].
DNA was extracted using the Cica Geneus® DNA Prep Kit (Kanto Chemical, Tokyo,
Japan) following the manufacturer’s instructions. The fecal microbiome was assessed
by sequencing various regions (V3-V4) of the 16S ribosomal RNA bacterial gene at
months 0 and 2. Briefly, polymerase chain reaction amplification was performed using
16S universal primers targeting the V3-V4 region of the bacterial 165 ribosomal gene.
The joint pair length was set to encompass 467 base pair amplicons using the 2 x 300
paired-end MiSeq kit (Illumina, San Diego, CA, United States). For each sample, a
sequencing library was generated by adding sequencing adapters. Detection of the
sequencing fragments was performed using MiSeq technology by Macrogen (Seoul,
South Korea).

Metagenomic and network analysis

The targeted metagenomic sequences from the microbiota were analyzed using the
bioinformatics pipeline established by Vaiomer (Labége, France) using the FROGS
guidelines. Low-depth samples (less than 9000 sequences per sample) were removed
from the analysis. Sequences were trimmed and merged and then clustered into
operational taxonomic units (OTUs) using CLC Genomics Workbench v. 10.1.1 and
CLC Microbial Genomics Module v. 2.5 (Qiagen, Hilden, Germany). Taxonomic
assignment of these sequences was carried based on the National Center for Biotech-
nology Information taxonomy database, with an OTU cutoff of 3%. The most abundant
sequences were considered representative of each cluster and assigned to a taxonomy
level based CLC Microbial Genomics default values.

Alpha diversity metrics (richness and Shannon’s index) were calculated using the
phyloseq R package based on rarefied OTU counts[10]. The beta diversity index was
defined as the difference between the total number of species across the two groups
and the number of species common to both[11]. Exploratory analysis of beta-diversity
(between-sample diversity) was performed based on the Bray-Curtis measure of
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dissimilarity as a principal coordinate analysis.

For the hierarchical cluster analysis, Bray-Curtis metrics and complete linkage
clustering were implemented. At deeper taxonomic levels (from the phylum to genus
level), we performed linear discriminant analysis (LDA) effect size analysis based on
the non-parametric factorial Kruskal-Wallis sum rank test, to detect bacterial taxa with
significantly different abundance between responders and non-responders. Then, LDA
effect size was used to estimate the size effect of each differentially abundant taxon
based on the criteria of LDA > 3.0 and P < 0.05. Volcano plots showed the estimated
log 2-fold difference in OTU abundance between responders and non-responders.

Statistical analysis

Alpha diversity metrics were compared by Mann-Whitney tests; for comparisons
involving more than two groups, Bonferroni's correction was applied. The LDA was
performed, and the volcano plots generated, at http://huttenhower.sph.harvard.
edu/galaxy/. Two-tailed student’s t test and the x> test were used to test for
differences in the phenotypical characteristics of the microbiome using GraphPad
Prism software (GraphPad Software Inc., San Diego, CA, United States).

RESULTS

Patients and sample

A single-site correlative study design was used to investigate the effects of gut
microbiota on the efficacy of nivolumab in 8 adult HCC patients (Supplementary
Table 1). All 8 patients received nivolumab as second- or third-line treatment after
sorafenib failure. The median age was 62.5 (interquartile range: 58.0-66.25) years
overall, and was not significantly different between the groups. All patients were
male. Six patients (75%) were chronically infected with hepatitis B virus (HBV), and
four patients (50%) had alcohol-related liver disease. All patients were Barcelona
Clinic Liver Cancer stage C and stage IV by the modified Union for International
Cancer Control stage system. While all 3 patients of the non-responder group had
vascular invasion, only 1 patient (20%) had vascular invasion in the responder group.
Presence of biliary invasion was 66.7% (2/3) in the non-responder group and 20%
(1/5) in the responder group. The percentage of patients with an alpha-fetoprotein
score 2 400 ng/mL at baseline was 66.7% (2/3) and 40% (2/5), each. Most patients
(87.5%) were Child-Pugh class A, and only 1 patient in the good response group was
Child-Pugh class B. All patients received three or more prior therapies before
nivolumab.

Metagenome analysis

A total of 2027154 good-quality reads with a mean length of 301 base pairs were
generated. A higher Shannon index was found in the responders when compared to
the non-responders after nivolumab therapy (P = 0.036), reflecting a significantly
higher species richness in the former group (Figure 1A and B). In contrast, there was
no significant difference in alpha diversity within the same patients according to the
nivolumab therapy (Figure 1C). The unweighted beta diversity analysis also showed
that the overall bacterial community structure and phylogenetic diversity were similar
between TO and T1, but the responders and non-responders were clearly distinguished
(Figure 2).

To identify the bacterial taxa associated with a good prognosis, different taxono-
mical levels were compared using LDA, and 36 and 4 species were found to be differ-
entially abundant in the responders and non-responders, respectively (Figure 3). Of
the bacterial species, Ruminococcus gnavus was abundant in the non-responders, while
several bacterial taxa, including Clostridia, Prevotella 9, Rikenellaceae, Alistipes, the
Christensenellaceae R-7 group, Dialister, Muribaculaceae, Desulfovibrionales, Deltaproteo-
bacteria, the Eubacterium coprostanoligenes group, Acidaminococcaceae, the Lachnospiraceae
NK4A136 group, Roseburia, Mitsuokella, Ruminiclostridium 9, Marinifilaceae, Lachnos-
piraceae, and Ruminococcaceae groups other than Ruminococcus gnavus were highly
enriched in the responders. A volcano plot also showed several bacterial species
specifically associated with the prognosis of nivolumab therapy in the HCC patients.
Dialister pneumosintes, Escherichia coli, Lactobacillus reteri, Streptococcus mutans, Entero-
coccus faecium, Streptococcus gordonii, Veillonella atypica, Granulicatella sp., and Trchuris
trichiura were specific to the non-responders, while Citrobacter freundii, Azospirillum sp.,
and Enterococcus durans were specific to the responders.
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Figure 1 Alpha diversity indices (Shannon index) of hepatocellular carcinoma patients based on treatment and prognosis. A: The Shannon
index of the non-responders on admission (T0) was not significantly lower than that of the responders (P = 0.14); B: The Shannon index of the non-responders was
significantly lower than that of the responders after nivolumab therapy (T1); C: Nivolumab therapy did not alter the Shannon index. HCC: Hepatocellular carcinoma.
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Figure 2 Composition of the gut microbiome in hepatocellular carcinoma patients is associated with the response to nivolumab. A:
Heatmap showing the abundance of operational taxonomic units in responders (yellow) and non-responders (blue). The original comprehensive figure, including the
names of bacterial taxa, is presented as Supplemental Figure 1; B: Unweighted beta diversity analysis showed that the overall bacterial community structure and
phylogenetic diversity at TO (light yellow and light blue) and T1 (yellow and blue) were similar; distinct clusters were not observed for responders (yellow) and non-
responders (blue). Statistical values obtained by the PERMANOVA test are presented in Supplemental Table 2.

The gut microbiota composition in HCC patients was also described at the phylum
and genus levels (Figure 4). At the phylum level, a skewed Firmicutes/Bacteroidetes ratio
(< 0.5 or > 1.5) was more frequently found in the non-responders than in the
responders (66.7% vs 10%, P < 0.05). The mean ratio of Prevotella species to Bacteroides
species (P/B ratio) was significantly higher in the responders than in the non-
responders (22.99 vs 2.312, P = 0.024). In addition, the presence of Akkermansia species
was observed in two responders only, indicating that this could be a useful prognostic
marker of the response to nivolumab therapy in advanced HCC patients.

DISCUSSION

A number of clinical trials investigating the therapeutic potential of manipulation of
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Figure 3 Specific bacterial taxa are associated with the prognosis of nivolumab therapy in hepatocellular carcinoma patients according to
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differences in fecal taxa. Dot size is proportional to the abundance of the taxon. Letters correspond to the following taxa: (a) Marinifilaceae, (b) Muribaculaceae, (c)
Prevotella 9, (d) Alistipes, (€) Rikenellaceae, (f) the Lachnospiraceae NK4A136 group, (g) Roseburia, (h) the [Ruminococcusjgnavus group, (i) Ruminiclostridium 9, (j)
the Ruminococcaceae NK4A214 group, (k) Ruminococcaceae UCG-002, (I) Ruminococcaceae UCG-003, (m) Ruminococcaceae UCG-005, (n) Ruminococcaceae
UCG-010, (o) Ruminococcaceae UCG-014, (p) Ruminococcus 1, the (q) [Eubacteriumjcoprostanoligenes group, (r) Dialister, (s) Megamonas, (t) Mitsuokella, and (u)
Salmonella; B: LDA scores for the differentially abundant taxa in the fecal microbiome of responders (yellow) and non-responders (blue). The length denotes the effect
size for a taxon. P = 0.05 for the Kruskal-Wallis test; LDA score > 3; C: Volcano plot showing several bacterial taxa specifically related to the prognosis of nivolumab
therapy in hepatocellular carcinoma patients. LDA: Linear discriminant analysis.
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Figure 4 Potential prognostic markers of the response to nivolumab therapy in hepatocellular carcinoma patients. A and B: At the phylum
level, a skewed Firmicutes/Bacteroidetes ratio (< 0.5 or > 1.5) was more frequent in the non-responders than the responders (66.7% vs 10.0%, P = 0.018); C: At the
genus level, the ratio of Prevotella species to Bacteroides species (P/B ratio) was a prognostic marker of the response to nivolumab in hepatocellular carcinoma
patients. The responders showed a significantly higher mean P/B ratio than the non-responders (22.99 vs 2.312, P = 0.024). NS: Statistically non-specific.

the gut microbiota in non-HCC cancer patients has already begun[6-8,12]. Regarding
HCC, however, only two Chinese studies have been reported to date[13,14]. Reduced
alpha diversity was found in the non-responders in those studies, in line with our
data. In addition, we found that several bacterial taxa, such as Dialister pneumosintes,
Escherichia coli, Lactobacillus reteri, Streptococcus mutans, Enterococcus faecium, Strepto-
coccus gordonii, Veillonella atypica, Granulicatella sp., and Trchuris trichiura, were specific
to non-responders, while Citrobacter freundii, Azospirillum sp., and Enterococcus durans
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were specific to responders. The gut bacteria associated with the therapeutic response
did not overlap with those in previous studies[13,14]. This might be partly due to
differences in the techniques used to analyze samples, the reference databases, and
geographical or racial/ethnic differences. While this study has not proven the clinical
efficacy and benefit of our approach, it is feasible that it could reduce the therapeutic
failure rate of nivolumab. Furthermore, it is not clear whether the aforementioned
findings regarding the role of the gut microbiome in antitumor immune responses in
animal models and patients with other tumor types also apply to patients with HCC.

Beyond dysbiosis, we suggested additional potential prognostic markers of the
response to nivolumab therapy in HCC patients. We found that in all the responders,
the Firmicutes/Bacteroidetes ratio ranged from 0.54 to 1.44 (mean of 0.88), whereas 66.7%
of non-responders exhibited a highly skewed ratio (< 0.5 or > 1.5). Previous studies
have shown elevated Firmicutes/Bacteroidetes ratio in the gut microbiota to be
associated with obesity and older age[15], suggesting that it could be the result of
dysbiosis arising from adaptation of individual microbial communities to long-term
metabolic dysfunction[16]. Until recently, few studies have discussed the association
between the Firmicutes/Bacteroidetes ratio and gastrointestinal cancer. Yu et al[17]
reported that, in a rat model, precancerous lesions of gastric cancer had the highest
Firmicutes/Bacteroidetes ratio. A reduced Firmicutes/Bacteroidetes ratio was also found to
be related to the progression of liver diseases (liver cirrhosis and primary liver cancer)
[18]. Notably, our data strongly support the notion that a highly skewed Firmicutes/
Bacteroidetes ratio can be used to predict a lack of response to nivolumab therapy. This
could facilitate the selection of appropriate immunotherapies for advanced HCC
patients.

Furthermore, we found that a high P/B ratio was a better prognostic marker of the
response to nivolumab therapy outcome in HCC patients. Overall, we found that
responders had a significantly higher P/B ratio than non-responders. This observation
is partly supported by a recent study reporting an elevated P/B ratio in fecal samples
obtained from advanced-stage gastrointestinal cancer patients receiving anti-PD-
1/PD-L1 and an improved response to anti-PD-1/PD-L1 treatment[19]. In line with
previous studies, we also found that the presence of Akkermansia species can serve as a
good prognostic marker of the response to nivolumab therapy in advanced HCC
patients[5,13]. Although we did not analyze the gut microbiome of non-HCC patients,
but previous studies have shown that patients with HCC and underlying cirrhosis
typically present with profound dysbiosis. Thus, it is tempting to speculate that
underlying dysbiosis could contribute to immunotherapy failure in some patients and
that gut microbiome modulation may have even more profound effects in HCC than
other tumors.

In this study, all 5 responders and 1 of 3 non-responders were infected by HBV.
However, this may reflect the relatively higher proportion of HBV-related HCC in the
Korean population in general, rather than the positive impact of HBV infection on
nivolumab outcome. The association of HBV in nivolumab treatment response is not
clear yet. For further consideration, in the CheckMate 040 data, the efficacy and safety
of nivolumab treatment in sorafenib-experienced patients with advanced HCC were
comparable between the HBV-infected group and the non-infected group[5].

A major limitation of this study is the small size of its cohort, which did not provide
sufficient statistical power. This preliminary data should be interpreted with caution
and further studies enrolling larger numbers of subjects may, thus, reveal additional
microbial patterns. In addition, translation of a prognosis-associated microbial
signature may not be straightforward, and thus several inherent variabilities between
individuals within each cohort should be also considered as potential confounding
factors. Nevertheless, our data highlights the promising possibility that a feasible
approach may be to combine several microbial features for prediction of nivolumab
treatment.

CONCLUSION

The current study suggests that non-responders to nivolumab have dysbiotic fecal
composition. Moreover, a high P/B ratio predicted a better response to nivolumab in
HCC patients, albeit that cohort was relatively small. Further studies should help
define the role of these bacteria and their potential as novel biomarkers. New insights
into the pathophysiological relevance of intestinal dysbiosis in the prognosis of HCC
may lead to innovative therapeutic solutions, such as supplementation with probiotics,
to prevent primary resistance to therapy.
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ARTICLE HIGHLIGHTS

Research background
Systemic chemotherapy for hepatocellular carcinoma (HCC) has an important role,
and immunotherapy in HCC is challenging.

Research motivation
Predictive or prognostic markers for systemic treatment for HCC have not been
elucidated.

Research objectives
To investigate the correlation between gut microbiome and treatment response in
advanced HCC.

Research methods

Patients who were treated with nivolumab for HCC were identified from one tertiary
hospital in South Korea from September 2019 to August 2020. Metagenomic data from
16S ribosomal RNA sequencing were analyzed according to therapeutic response.

Research results

A higher Shannon index was found in the responders than in the non-responders after
nivolumab therapy (P = 0.036). The unweighted beta diversity analysis also showed
that the overall bacterial community structure and phylogenetic diversity were clearly
distinguished according to therapeutic response. A skewed Firmicutes/Bacteroidetes
ratio and a low Prevotella/Bacteroides ratio can serve as predictive markers of non-
response, whereas the presence of Akkermansia species predicts a good response.

Research conclusions
Gut microbiome has a potential role as a prognostic marker for the response to
nivolumab in the treatment of HCC patients.

Research perspectives

Microbiome study before and/or follow up of treatment with immunotherapy for
HCC patients could be a prognostic marker, and it can be a criterion for selecting
which systemic treatment should be used for each patient as part of precision
medicine.
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Abstract

BACKGROUND
Coronavirus disease 2019 (COVID-19) infection is known to cause abnormal
hepatic enzymes. The long term consequences of such elevations are uncertain.

AIM
To assessed the prevalence and prognostic value of initial liver enzymes in a large
cohort of COVID-19 patients.

METHODS

We reviewed electronic medical records of 10614 COVID-19 patients without
known chronic liver disease who were admitted to our health system from March
1, 2020, to April 30, 2020. We analyzed baseline demographics and liver
chemistries. The primary outcome was in-hospital mortality, and the secondary
outcome was a composite of in-hospital mortality or need for mechanical
ventilation.

RESULTS

Subjects with abnormal liver tests had increased risks of mortality and composite
outcome when compared to patients with normal measurements on unadjusted
analysis and after adjustment for demographic factors.
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CONCLUSION

In our diverse patient population, liver enzyme abnormalities are associated with
increased mortality and the need for mechanical ventilation in subjects without
chronic liver disease. Cholestasis patients are at the greatest risk for poor
outcomes.

Key Words: COVID-19; Liver enzymes; Outcomes; Predictors
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Core Tip: We believe that our paper is an important contribution to the literature for the
following reasons: (1) The cohort size is the largest to date; (2) We show the
importance of initial liver tests in predicting outcomes; (3) In this large cohort, the
finding of initial cholestatic pattern of injury being most predictive of poor outcome
has not yet been described; and (4) This is a cohort from a large urban health system in
the United States (New York) whose subject demographics reflect more the population
seen in the United States. The other publications listed below are more uniform
populations not representative of what our practitioners see in daily practice

Citation: Bernstein D, Roth N, Kim A, Epstein M, Hirschwerk D, Kvasnovsky CL, Satapathy
SK. Presentation, patterns and predictive value of baseline liver tests on outcomes in COVID-
19 patients without chronic liver disease. World J Gastroenterol 2021; 27(42): 7350-7361

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7350.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7350

INTRODUCTION

The outbreak of coronavirus disease 2019 (COVID-19) caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), first reported in Wuhan, Chinal[1],
was declared a global health emergency in January 2020 by the World Health
Organization (WHO)[2].

Liver enzymes have been reported to be elevated in 15%-76% of patients with
COVID-19 infection[3-14]. While most reported liver enzyme abnormalities have been
mild, severe acute hepatitis and severe cholestasis has been reported secondary to
COVID-19 infection[15,16]. The degree of enzyme elevation and patterns of liver
enzymes can indicate patients’ outcomes such as the need for mechanical ventilation
and in-hospital mortality[3,12-17] but are not well described in a large, multi-ethnic
cohort. Our study reports the results of our analysis of these factors in the largest
cohort to date of hospitalized adults with COVID-19 infection without chronic liver
disease.

MATERIALS AND METHODS

Study population and data collection

We obtained the medical records and compiled data from our electronic medical
record on all patients with documented COVID-19 infection who were admitted to 12
hospitals in New York City, Long Island, and Westchester County, New York, within
the Northwell Health system from the period of March 1, 2020, to April 30, 2020. A
confirmed case was defined as a positive reverse transcriptase polymerase chain
reaction for SARS-CoV-2 on a specimen obtained through nasopharyngeal swabbing,
including if an initial test result was negative but repeat testing was positive. We
collected the following demographic information: Age, sex, race, ethnicity, presence of
co-morbid conditions, and body mass index (BMI). Race and ethnicity data were
collected by self-report in pre-specified fixed categories. Baseline laboratory testing
was defined as the first measurement available within 24 h of presentation. For this
study, we excluded children under 18 years of age, patients missing a baseline value
for serum alanine aminotransferase (ALT), and patients with known chronic liver
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disease. Exclusion for chronic liver disease was based on initial identification of this
group of patients using ICD-10 codes and followed by manual chart review to confirm
a diagnosis of chronic liver disease.

This study was supported by the Northwell Health COVID-19 Research Consortium
and was approved by the Institutional Review Board for the Feinstein Institutes of
Medical Research at Northwell Health as minimal-risk research using data collected
for routine clinical practice, with the requirement for informed consent waived.

Statistical analysis

Liver enzymes, namely, serum levels of aspartate aminotransferase (AST), ALT,
alkaline phosphatase, and total bilirubin levels were stratified into 4 groups: (1) Within
normal limits; (2) Greater than the upper limit of normal (ULN) to less than or equal to
4 times the ULN; (3) Greater than 4 times the ULN to less than or equal to 10 times the
ULN; and (4) Greater than 10 times the ULN. As per the American Association for the
Study of Liver Diseases expert consensus recommendations, we defined the ULN for
ALT as 25 U/L for women and 35 U/L for men[18]. The ULNs of other liver
chemistries were defined using standard definitions and based on our health system
laboratory’s ULNSs, which were: 40 U/L for AST, 125 U/L for alkaline phosphatase,
and 1.2 mg/dL for total bilirubin. We classified patients who had more severe liver
enzyme abnormalities into three patterns of liver injury: Hepatocellular (defined as
ALT > 3 x ULN and alkaline phosphatase < 2 x ULN), cholestatic (defined as alkaline
phosphatase > 2 x ULN and ALT < 3 x ULN), or mixed (defined as ALT >3 x ULN
and alkaline phosphatase > 2 x ULN)[7].

The primary outcome of interest was in-hospital mortality. The secondary outcome
was a composite outcome of the need for mechanical ventilation or in-hospital
mortality.

We summarized each continuous variable using its median and interquartile range
(IQR). Categorical variables were summarized using counts and percentages.
Comparisons between groups were assessed using Wilcoxon rank sum tests, chi-
squared tests, and Fisher exact tests as appropriate. For survival analyses, we censored
patients as alive without the event of interest on their date of hospital discharge or at
28 d of follow-up, whichever was earlier. Due to the low numbers of patients with
elevations in alkaline phosphatase or bilirubin, we analyzed survival based on normal
vs elevated measurements rather than the previously defined four categories. We
analyzed survival using Kaplan-Meier survival curves using log-rank tests and
estimated hazard ratios (HRs) and 95% confidence intervals (Cls) using univariate and
multivariate Cox proportional hazards models. Multivariate models were adjusted for
age, sex, race, ethnicity, BMI (< 30 kg/m?vs = 30 kg/m?), and presence of co-morbid
conditions (hypertension, diabetes mellitus, coronary artery disease, chronic
obstructive pulmonary disease, heart failure, chronic kidney disease, end-stage renal
disease, and malignancy). We checked the proportional hazards assumption for each
variable included in our Cox regression models using graphical assessment of the
Kaplan-Meier survival curves and log[-log(survival)] vs log(time) graphs to look for
parallel curves and by ensuring that Schoenfeld residuals were independent of time.
Because the variables of age, sex, and race violated the proportional hazards
assumption, we included interaction terms with time for those variables in our
multivariate models. We used two-sided tests with alpha = 0.05. Statistical analyses
were performed using SAS version 9.4 (SAS Institute, Cary, NC).

RESULTS

There were 11265 patients with COVID-19 hospitalized from March 1, 2020, to April
30, 2020. After excluding 106 children who were under 18 years old, 300 patients
without baseline measurements of AST and ALT, and 245 patients with chronic liver
disease, our study population included 10614 patients. Median length of hospital stay
was 6 d (range: 0-58 d, IQR: 3-11 d). Baseline characteristics of the study population are
described in Table 1. The median age was 65 years (range: 18-107 years, IQR: 54-77
years). The majority of patients were male (59%), white (38%), and non-Hispanic
(21%). The most common comorbidities were hypertension (58%), obesity (39%), and
diabetes (36%).

More than half of patients had elevations in AST (59%) and ALT (54%) on
presentation, whereas alkaline phosphatase and bilirubin levels were elevated for only
13% and 5% of patients, respectively (Table 1). Most transaminase elevations were in
group 2. 0.8% had ALT > 10 x ULN. 76% had AST higher than ALT on presentation.
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Table 1 Baseline characteristics of the study population (n = 10614)

Demographics

Sex

Male 6243 (58.8%)
Female 4371 (41.2%)
Race

White 4037 (38.0%)
Black 2248 (21.2%)
Asian 914 (8.6%)
Other/multiracial 2942 (27.7%)
Unknown 473 (4.5%)
Ethnicity

Non-Hispanic or Latino or other/unknown 8338 (78.6%)
Hispanic or Latino 2276 (21.4%)
Age (yr) 65 (54-77)
Body mass index (kg/m?)" 28.3 (24.9-32.6)
<30 5120 (61.4%)
=30 3220 (38.6%)

Presence of co-morbid conditions

Hypertension 6204 (58.5%)
Diabetes mellitus 3764 (35.5%)
Coronary artery disease 1328 (12.5%)
Heart failure 832 (7.8%)
Malignancy 791 (7.5%)
Chronic obstructive pulmonary disease 608 (5.7 %)
Chronic kidney disease (stage I-IV) 391 (3.7%)
End-stage renal disease 434 (4.1%)

Liver chemistries (within 24 h)

AST (IU/L)" 46 (31-72)
Normal 4377 (41.3%)
>1to<4x ULN 5713 (53.8%)
>4+t0<10 x ULN 437 (4.1%)
>10 x ULN 85 (0.8%)
ALT (IU/L) 33 (21-56)
Normal 4883 (46.0%)
>1to<4x ULN 5159 (48.6%)
>4t0<10 x ULN 484 (4.6%)
>10 x ULN 88(0.8%)
Alkaline phosphatase (IU/L)’ 75 (59-98)
Normal 9242 (87.1%)
>1to<4 x ULN 1333 (12.6%)
>4 to<10 x ULN 35(0.3%)
>10 x ULN 2 (0.02%)
Bishideng® WIJG | https://www.wjgnet.com 7353 November 14,2021 | Volume27 | Issue42 |
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Bilirubin (mg/dL)"

Normal

>1to<4xULN

>4to<10 x ULN

>10 x ULN

0.5 (0.4-0.7)
10119 (95.4%)
486 (4.6%)

5 (0.05%)

3 (0.03%)

IMissing data for some patients: Body mass index (1 = 2274), alkaline phosphatase (1 = 2), aspartate aminotransferase (11 = 2), and bilirubin (1 = 1).

Data summarized as n (%) for categorical variables and median (interquartile range) for continuous variables. AST: Aspartate aminotransferase; ALT:

Alanine aminotransferase; ULN: Upper limit of normal.

Jaishideng®

1160 patients (10.95) had severe hepatic enzyme elevations. Of these, 936 (8.9%) had a
hepatocellular pattern, 133 (1.3%) a cholestatic pattern, and 91 (0.9%) a mixed pattern.
The prevalence of hepatic test elevations differed based on sex, ethnicity, race, and
presence of comorbidities (Table 2) Males were more likely to have elevations in AST
(64.8% ©vs 50.1%, P < 0.001) and bilirubin (5.9% vs 2.8%, P < 0.001) but less likely to
have elevations in alkaline phosphatase (12.0% vs 14.2%, P = 0.001) than females. There
was no difference in ALT levels between males and females (P = 0.34).

In Kaplan-Meier survival analyses, any elevated liver chemistry was associated with
increased mortality (Figure 1) or need for mechanical ventilation (Figure 2).

Having an elevated AST was associated with a higher risk of in-hospital mortality
(unadjusted HR 1.34, 95%ClI: 1.22-1.47, P < 0.001; adjusted HR 1.67, 95%ClI: 1.49-1.86, P
< 0.001) and in-hospital mortality or need for mechanical ventilation (unadjusted HR
1.34, 95%CI: 1.18-1.52, P < 0.001; adjusted HR 1.77, 95%CI: 1.51-2.08, P < 0.001).
Increasing severity of AST abnormalities was associated with incrementally poor
survival and need for mechanical ventilation (Table 3), and the trend remained
significant after adjustment for age, sex, race, ethnicity, and the presence of co-morbid
conditions. Compared to patients with normal AST, patients with AST > 10 x ULN
were three times as likely to have in-hospital mortality (adjusted HR 2.64, 95%CI: 1.73-
4.04, P < 0.001) and three times as likely to have in-hospital mortality or need for
mechanical ventilation (adjusted HR 3.38, 95%CI: 1.78-6.40, P < 0.001).

In unadjusted models, having an elevated ALT appeared to be associated with a
lower risk of in-hospital mortality (unadjusted HR 0.85, 95%ClI: 0.78-0.92, P < 0.001)
and the composite outcome (unadjusted HR 0.73, 95%CI: 0.65-0.83, P < 0.001).
However, after adjusting for the confounding factors of age, sex, race, ethnicity and the
presence of co-morbid conditions, an elevated ALT was associated with a 1.2 times
higher risk of in-hospital mortality (adjusted HR 1.21, 95%CI: 1.09-1.34, P < 0.001) and
the composite outcome (adjusted HR 1.21, 95%CI: 1.04-1.41, P = 0.02). Elevation in
alkaline phosphatase was associated with a similar modestly increased risk of in-
hospital mortality (adjusted HR 1.29, 95%CI: 1.12-1.48, P < 0.001) and in the composite
outcome (adjusted HR 1.39, 95%CI: 1.12-1.72, P = 0.003). The associations between
elevated bilirubin levels and outcomes became attenuated and lost significance after
adjustment for confounding factors (Table 3).

The pattern of liver enzyme abnormalities affected outcomes. Patients with initial
AST higher than ALT had a higher risk of in-patient mortality (adjusted HR 1.72,
95%CI: 1.46-2.02, P < 0.001) and the composite outcome of in-patient mortality or need
for mechanical ventilation (adjusted HR: 1.84, 95%CI: 1.41-2.40, P < 0.001), compared
to patients with AST less than or equal to ALT. Compared to patients with normal or
non-severe elevations in ALT and alkaline phosphatase (with ALT <3 x ULN and
alkaline phosphatase < 2 x ULN), patients with a severe cholestatic liver injury had a
higher risk of in-patient mortality (adjusted HR 1.57, 95%Cl: 1.07-2.28, P = 0.02) and
the composite outcome of in-patient mortality or need for mechanical ventilation
(adjusted HR 2.05, 95%ClI: 1.17-3.58, P = 0.01). A hepatocellular or mixed pattern of
liver injury was not associated with outcomes in adjusted models.

DISCUSSION

Our study shows that initial, abnormal liver enzymes are associated with poor
outcomes in patients with COVID-19 infection in a diverse, multi-ethnic patient
population. More than half of our patients upon presentation to the hospital had
abnormal levels of serum aminotransferases, and a small proportion had elevations of
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Table 2 Correlations between baseline liver chemistry elevations and demographic characteristics of the study population

Elevated ALP Pvalue Elevated AST Pvalue Elevated ALT P value E:::::j: P value

Sex 0.001 <0.001 0.34 <0.001
Female 619 (14.2%) 2191 (50.1%) 2336 (53.4%) 124 (2.8%)
Male 751 (12.0%) 4044 (64.8%) 3395 (54.4%) 370 (5.9%)
Race <0.001 <0.001 <0.001 0.51
Asian 134 (14.7%) 613 (67.1%) 533 (58.3%) 43 (4.7%)
Black 228 (10.1%) 1332 (59.3%) 1146 (51.0%) 117 (5.2%)
Other/multiracial 468 (15.9%) 1845 (62.7%) 1836 (62.4%) 139 (4.7%)
Unknown 74 (15.6%) 300 (63.4%) 304 (64.3%) 17 (3.6%)
White 466 (11.6%) 2145 (53.2%) 1912 (47.4%) 178 (4.4%)
Ethnicity <0.001 <0.001 <0.001 0.51
Hispanic or Latino 398 (17.5%) 1410 (62.0%) 1450 (63.7%) 97 (4.3%)
Non-Hispanic or Latino 864 (11.3%) 4384 (57.3%) 3852 (50.4%) 361 (4.7%)
Unknown or other 108 (15.7%) 441 (64.0%) 429 (62.3%) 36 (5.2%)
BMI (kg/m?2) <0.001 0.08 <0.001 <0.001
<30 730 (14.3%) 2996 (58.5%) 2694 (52.6%) 269 (5.3%)
230 336 (10.5%) 1946 (60.4%) 1885 (58.5%) 111 (3.5%)
Diabetes mellitus 0.03 <0.001 <0.001 <0.001
No 920 (13.4%) 1158 (60.7%) 3897 (56.9%) 356 (5.2%)
Yes 450 (12.0%) 2077 (55.2%) 1834 (48.7%) 138 (3.7%)
Hypertension <0.001 <0.001 <0.001 0.36
No 642 (14.6%) 2683 (60.9%) 2649 (60.1%) 215 (4.9%)
Yes 728 (11.7%) 3552 (57.3%) 3082 (49.7%) 279 (4.5%)
Coronary artery disease 0.69 0.006 <0.001 0.09
No 1194 (12.9%) 5501 (59.3%) 5184 (55.8%) 420 (4.5%)
Yes 176 (13.3%) 734 (55.3%) 547 (41.2%) 74 (5.6%)
Congestive heart failure <0.001 <0.001 <0.001 <0.001
No 1223 (12.5%) 5811 (59.4%) 5419 (55.4%) 432 (4.4%)
Yes 147 (17.7%) 424 (51.0%) 312 (37.5%) 62 (7.5%)
COPD 0.24 <0.001 <0.001 0.46
No 1301 (13.0%) 5939 (59.4%) 5504 (55.0%) 462 (4.6%)
Yes 69 (11.4%) 296 (48.7%) 227 (37.3%) 32 (5.3%)
CKD (stage I-IV) 0.82 0.001 <0.001 0.59
No 1321 (12.9%) 6036 (59.1%) 5582 (54.6%) 478 (4.7%)
Yes 49 (12.5%) 199 (50.9%) 149 (38.1%) 16 (4.1%)
End-stage renal disease <0.001 <0.001 <0.001 0.09
No 1265 (12.4%) 6044 (59.4%) 5621 (55.2%) 481 (4.7 %)
Yes 105 (24.2%) 191 (44.0%) 110 (25.4%) 13 (3.0%)
Malignancy 0.58 <0.001 <0.001 0.049
No 1273 (13.0%) 5827 (59.3%) 5380 (54.8%) 446 (45%)
Yes 97 (12.3%) 408 (51.7%) 351 (44.4%) 48 (6.1%)
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ALP: Alkaline phosphatase; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; BMI: Body mass index; CKD: Chronic kidney disease;

COPD: Chronic obstructive pulmonary disease.

Table 3 Associations between liver chemistries and outcomes

In-hospital mortality

In-hospital mortality or need for mechanical ventilation

Unadjusted Adjusted Unadjusted Adjusted
analysis-HR Pvalue analysis'-HR Pvalue analysis-HR Pvalue analysis'-HR Pvalue
(95%Cl) (95%Cl) (95%Cl) (95%Cl)
AST
Normal Ref. Ref. Ref. Ref.
>1to<4xULN 129 (1.17-1.42) <0.001  1.65(1.47-1.85) <0001  1.29 (1.13-1.46) <0001  1.73(1.47-2.04) <0.001
>4t0<10x ULN  1.66 (1.38-1.99) <0.001 1.69 (1.33-2.14) <0.001 1.67 (1.27-2.20) <0.001 2.09 (1.42-3.07) <0.001
>10 x ULN 3.50 (2.56-4.78) <0.001 2.64 (1.73-4.04) <0.001 3.89 (2.48-6.10) <0.001 3.38 (1.78-6.40) <0.001
ALT
Normal Ref. Ref. Ref. Ref.
>1to<4 x ULN 0.84 (0.77-0.91) <0.001 1.21 (1.09-1.34) <0.001 0.72 (0.63-0.81) <0.001 1.20 (1.02-1.40) 0.02
>4t0<10x ULN  0.88 (0.71-1.09) 0.24 1.22 (0.93-1.61) 0.15 0.79 (0.57-1.09) 0.15 1.40 (0.87-2.26) 0.16
>10 x ULN 1.71 (1.20-2.45) 0.003 1.34 (0.81-2.22) 0.26 1.42 (0.80-2.51) 0.23 1.36 (0.58-3.19) 048
Alkaline
phosphatase
Normal Ref. Ref. Ref. Ref.
Elevated 1.27 (1.14-1.43) <0.001 1.29 (1.12-1.48) <0.001 1.19 (1.01-1.42) 0.04 1.39 (1.12-1.72) 0.003
Bilirubin
Normal Ref. Ref. Ref. Ref.
Elevated 1.55 (1.32-1.82) <0.001 1.12 (0.92-1.37) 0.27 1.69 (1.34-2.13) <0.001 0.96 (0.71-1.30) 0.79
AST:ALT ratio
<1 Ref. Ref. Ref. Ref.
>1 2.08 (1.82-2.37) <0.001 1.72 (1.46-2.02) <0.001 2.61 (2.13-3.19) <0.001 1.84 (1.41-2.40) <0.001
Pattern of liver
injury”
Normal or non- Ref. Ref. Ref. Ref.
severe
Hepatocellular 0.93 (0.80-1.09) 0.39 0.90 (0.74-1.11) 0.33 0.84 (0.66-1.07) 0.15 1.18 (0.85-1.65) 0.33
Mixed 1.14 (0.74-1.75) 0.56 1.06 (0.65-1.73) 0.82 1.00 (0.52-1.93) 0.99 1.02 (0.44-2.37) 0.96
Cholestatic 1.17 (0.85-1.61) 0.33 1.57 (1.07-2.28) 0.02 1.25 (0.81-1.93) 0.31 2.05 (1.17-3.58) 0.01

1Adjusted for age (time-varying), sex (time-varying), race (time-varying), ethnicity, and comorbidities (obesity, hypertension, diabetes, coronary artery

disease, chronic kidney disease, end-stage renal disease, chronic obstructive pulmonary disease, heart failure, and cancer).

“Defined as: Normal or non-severe [alanine aminotransferase (ALT) < 3 x ULN and alkaline phosphatase < 2 x upper limit of normal (ULN)],
hepatocellular (ALT > 3 x ULN and alkaline phosphatase <2 x ULN), mixed (ALT > 3 x ULN and alkaline phosphatase > 2 x ULN), and cholestatic (ALT <
3 x ULN and alkaline phosphatase > 2 x ULN).
AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; CI: Confidence interval; HR: Hazard ratio; ULN: Upper limit of normal.
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bilirubin and alkaline phosphatase. The predominant pattern of liver injury was
hepatocellular. Of those who presented with abnormal transaminases, the
overwhelming majority presented with enzymes one-four times the ULN and had an
AST greater than ALT. Elevations in either ALT, AST, alkaline phosphatase or
bilirubin were associated with increased mortality or need for mechanical ventilation.
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Initial AST elevations appear to be the more significant predictor of mortality and
the need for mechanical ventilation than elevations in ALT, alkaline phosphatase and
total bilirubin with these risks increasing as AST elevations were more severe, even
when adjusted for baseline demographics and the presence of co-morbidities. The
mechanism behind this is unclear and still needs to be determined. One study noted
AST-dominant aminotransferase elevation is common in COVID-19, can mirror
disease severity, and appears to reflect true hepatic injury[12]. In this largest cohort of
patients reported so far, we have demonstrated that AST predominant hepatic injury is
common and associated with survival outcomes.

It has been postulated that abnormal liver enzymes in COVID-19 infection may be
related to a direct cytotoxicity from active viral replication of SARS-CoV-2 in the liver,
immune-mediated liver damage secondary to the systemic inflammatory response
syndrome, hypoxic changes induced by respiratory failure, vascular changes due to
COVID-19 induced thrombotic disease, endothelitis, right heart failure or drug
induced liver injury[6,7,19-21]. SARS-CoV-2 virions have been detected in portal vein
vessel lumens and endothelial cells by in situ hybridization[21]. SARS-CoV-2 enters
host cells through the cell receptor, angiotensin converting enzyme 2 (ACE2). Cells
with high ACE2 levels are associated with more severe COVID disease. ACE2 is highly
expressed in the lung, cholangiocytes and hepatic vessel endothelial cells with some
but less expression in hepatocytes. The high ACE2 expression in cholangiocytes may
explain the severe cholestatic disease seen in the subset of patients presenting with this
liver enzyme pattern[16,21]. Hypoxia is associated with increased expression of ACE2
receptors in hepatocytes and cholangiocytes[21]. While our study is unable to differ-
entiate between a direct viral effect or an immune-induced response, we show that
patients with COVID-19 infection have a high prevalence of abnormal liver chemistries
prior to the administration of any COVID-19 specific medications.
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Previous published smaller studies have reported that the pattern of liver injury,
either hepatocellular or mixed hepatocellular-cholestatic, appears to be more common
in people with severe COVID-19[6-8,14,22]. Based upon our strict definition of these
patterns, we found that the hepatocellular pattern of injury on presentation was the
most common type of injury noted and that this pattern was not associated with
outcomes in an adjusted model. While an initial presentation of severe cholestasis was
uncommon, it was associated with a higher risk of in-patient mortality or the need for
mechanical ventilation. This is an important finding and should alert caregivers of the
risk of decreased survival with this specific pattern of presentation.

Our study does have several limitations. All data was collected from the electronic
health record database, as the large size of the cohort precluded a manual review of all
cases. Baseline laboratory tests collected were defined as within 24 h of presentation to
the emergency department, but this definition does not take into account the length of
patient symptoms prior to presentation. Our study specifically evaluated initial
laboratory data prior to the initiation of any multimodal treatments such as patient
positioning, supplemental oxygen and medical therapies, both standard of care and
experimental as our sites had access to several clinical trials medications. While
initiation of therapies during hospital admission may have influenced overall
outcomes, it is beyond the scope of this paper to assess the effects of individual
therapies on outcomes. The absence of data on patients who remain hospitalized at the
final study date may have biased the survival outcomes of the study.

Our study specifically excluded patients with known chronic liver disease. This was
done through review of ICD-10 diagnostic codes followed by manual chart review as
needed for confirmation. Despite this methodology, it remains a possibility that our
cohort did include patients with undiagnosed non-alcoholic fatty liver disease, as the
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prevalence of obesity and diabetes in our population was 39% and 36%, respectively,
and both of these co-morbidities are associated with this condition. Diabetic patients in
our study had significantly lower prevalence of AST and ALT elevations than non-
diabetics. In contrast, compared to non-obese patients, obese patients had a higher
prevalence of ALT elevations but not the other measured liver chemistries. These
findings may make it unclear whether the presence of undiagnosed non-alcoholic fatty
liver disease affects the risk of liver injury, survival or the need for mechanical
ventilation in patients infected with COVID-19 and further study is warranted.

CONCLUSION

In this largest cohort of hospitalized COVID-19 patients reported so far, we have
shown an increased mortality and the need for mechanical ventilation is associated
with hepatic test elevations, and in particular those with cholestasis, these findings
should be taken into consideration during the initial evaluation of COVID-19 patients,
both in the in-patient and out-patient setting and patients with significantly elevated
liver enzymes should be prioritized for future treatments as these treatments become
available.

ARTICLE HIGHLIGHTS

Research background

Liver enzyme abnormalities are commonly seen in coronavirus disease 2019 (COVID-
19) infection. We assessed the prevalence and prognostic value of the initial liver
enzymes in patients admitted to hospital with COVID-10 infection.

Research motivation

At the time of the writing of this manuscript, our health system had data on 10614
individual patients admitted with COVID-10 infection. We wanted to assess the
prevalence of liver enzyme abnormalities in these patients and determine if any
particular enzyme pattern would predict prognosis.

Research objectives
Determine the prevalence of abnormal liver enzymes in patients admitted to the
hospital with COVID-19 infection. Determine the prognostic value of initial liver
enzymes on mortality and/or the need for mechanical ventilation. Determine if any
particular abnormal liver enzyme pattern was most predictive of poor outcome in
COVID-19 infection.

Research methods

Review of electronic medical records of 10614 patients admitted to the hospital with
COVID-19 infection.

Research results
Elevated liver enzymes are common upon initial hospital presentation of COVID-19
infection.

Research conclusions
Increased mortality and the need for mechanical ventilation is associated with elevated
hepatic enzymes in COVID-19 patients without chronic liver disease.

Research perspectives

This is an important study which highlights the importance of initial liver enzyme
patterns in predicting outcomes. Health care workers should be aware of these
findings to better triage COVID-19 patients.
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Abstract

BACKGROUND
Chronic liver disease, particularly cirrhosis, is associated with worse outcomes in
patients infected with coronavirus disease 2019 (COVID-19).

AIM
To assess outcomes of COVID-19 infection among patients with pre-existing
hepatitis C with or without liver cirrhosis.

METHODS
This multicenter, retrospective cohort study included all cases of confirmed co-
infection of severe acute respiratory syndrome coronavirus 2 and chronic hepatitis
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C with or without liver cirrhosis who were admitted to six hospitals (Al-Sahel
Hospital, Al-Matareya Hospital, Al-Ahrar Hospital, Ahmed Maher Teaching
Hospital, Al-Gomhoreya Hospital, and the National Hepatology and Tropical
Medicine Research Institute) affiliated with the General Organization for Teaching
Hospitals and Institutes in Egypt. Patients were recruited from May 1, 2020, to
July 31, 2020. Demographic, laboratory, imaging features, and outcomes were
collected. Multivariate regression analysis was performed to detect factors
affecting mortality.

RESULTS

This retrospective cohort study included 125 patients with chronic hepatitis C and
COVID-19 co-infection, of which 64 (51.20%) had liver cirrhosis and 40 (32.00%)
died. Fever, cough, dyspnea, and fatigue were the most frequent symptoms in
patients with liver cirrhosis. Cough, sore throat, fatigue, myalgia, and diarrhea
were significantly more common in patients with liver cirrhosis than in non-
cirrhotic patients. There was no difference between patients with and without
cirrhosis regarding comorbidities. Fifteen patients (23.40%) with liver cirrhosis
presented with hepatic encephalopathy. Patients with liver cirrhosis were more
likely than non-cirrhotic patients to have combined ground-glass opacities and
consolidations in CT chest scans: 28 (43.75%) vs 4 (6.55%), respectively (P value <
0.001). These patients also were more likely to have severe COVID-19 infection,
compared to patients without liver cirrhosis: 29 (45.31%) vs 11 (18.04%),
respectively (P value < 0.003). Mortality was higher in patients with liver
cirrhosis, compared to those with no cirrhosis: 33 (51.56%) vs 9 (14.75%),
respectively (P value < 0.001). All patients in Child-Pugh class A recovered and
were discharged. Cirrhotic mortality occurred among decompensated patients
only. A multivariate regression analysis revealed the following independent
factors affecting mortality: Male gender (OR 7.17, 95%CI: 2.19-23.51; P value =
0.001), diabetes mellitus (OR 4.03, 95%CI: 1.49-10.91; P value = 0.006), and liver
cirrhosis (OR 1.103, 95%CI: 1.037-1.282; P value < 0.0001). We found no
differences in liver function, COVID-19 disease severity, or outcomes between
patients who previously received direct-acting antiviral therapy (and achieved
sustained virological response) and patients who did not receive this therapy.

CONCLUSION

Patients with liver cirrhosis are susceptible to higher severity and mortality if
infected with COVID-19. Male gender, diabetes mellitus, and liver cirrhosis are
independent factors associated with increased mortality risk.

Key Words: COVID-19; Egypt; Outcome; Liver cirrhosis; Chronic hepatitis C

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Chronic liver disease, particularly cirrhosis, is associated with worse
outcomes in patients infected with coronavirus disease 2019 (COVID-19). This study
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performed in six Egyptian hospitals. We found that cirrhotic patients had higher rates
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among decompensated patients only. Male gender, diabetes mellitus, and liver cirrhosis
were independent factors associated with increased mortality risk in Egyptian patients
with COVID-19 and chronic hepatitis C.
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INTRODUCTION

On March 11, 2020, WHO declared severe acute respiratory syndrome coronavirus 2
(SARS-COV-2), also known as coronavirus disease 2019 (COVID-19), as the sixth
pandemic of the 21 century[1]. As of January 2021, the virus has caused more than 85
million confirmed infections and about 2 million deaths worldwide[2]. In Egypt, about
140000 confirmed infections and about 8000 deaths were recorded by the Egyptian
Ministry of Health and Population as of January 2021[3]. Lung lesions can cause major
damage in those infected with COVID-19, and liver injury also has been reported[4].
Studies conducted in Wuhan early in the epidemic outbreak found that up to 50% of
infected patients had abnormal liver enzymes. Zhang et al[5] showed that SARS-CoV-2
infection occurs in 2%-11% of patients with pre-existing liver conditions.

COVID-19’s adverse effects on the liver could be explained by both direct cytopathic
injury and indirect effects of the virus[4]. It is well-established that SARS-CoV-2 uses
angiotensin-converting enzyme receptors to gain entry into cells. These receptors are
much more abundant in cholangiocytes (59.70%) than in hepatocytes (2.60%)[6]. The
bile duct epithelium also plays an important role in regeneration after injury and
immune response. Thus, the indirect effects may be due to exposure to multiple
insults. For example, in severe cases admitted to intensive care, hemodynamic
instability can lead to hypoperfusion and ischemic liver injury. Pneumonitis-associated
hypoxia can lower mean arterial pressure, causing a synergistic effect contributing to
this ischemic insult[4]. Another contributing factor could be toxic effects of
medications (e.g., steroids, non-steroid anti-inflammatory drugs, antibiotics, antico-
agulants, antivirals), which are associated predominantly with hepatocellular rather
than cholestatic liver injury[6,7]. Finally, immune dysregulation can lead to systemic
inflammatory response syndrome, or cytokine storm, which is the release of inflam-
matory mediators (e.g., interleukins IL-6 and IL-1, TNF- «, and interferon) that can
cause and exacerbate liver injury[8].

Hepatitis C virus remains the most common etiology of overt and occult chronic
liver diseases, liver cirrhosis, and risk of hepatocellular carcinoma in Egypt[9]. Chronic
liver disease is associated with immune dysregulation and multiple system
involvement (e.g., cardiomyopathy, hepatopulmonary syndrome, and coagulopathy)
[9]. Patients in Child-Pugh classes B and C and those with higher MELD scores have
much higher mortality rates than patients in class A or with lower MELD scores[10].
Importantly, the cause of death in most of these patients is respiratory failure rather
than acute on top of chronic liver failure[10].

Transaminitis, which is abnormal levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), is the most frequent and direct cause of disease
severity in patients without cirrhosis[4]. Decompensation with worsening liver
symptoms (e.g., ascites, spontaneous bacterial peritonitis, hepatic encephalopathy, and
variceal hemorrhage) has been reported in patients with chronic liver disease and is
associated with a high risk of death. Interestingly, decompensation occurs without
respiratory symptoms[11]. This study aimed to demonstrate the impact of COVID-19
infection on patients with pre-existing hepatitis C with or without liver cirrhosis
during the first COVID-19 peak in Egypt.

MATERIALS AND METHODS

Study design and patient selection

This multicenter, retrospective cohort study included all cases of confirmed co-
infection of SARS-CoV-2 and chronic hepatitis C with or without liver cirrhosis who
were admitted to six hospitals (Al-Sahel Hospital, Al-Matareya Hospital, Al-Ahrar
Hospital, Ahmed Maher Teaching Hospital, Al-Gomhoreya Hospital, and the National
Hepatology and Tropical Medicine Research Institute) in the General Organization for
Teaching Hospitals and Institutes in Egypt. Patients were recruited from May 1, 2020,
to July 31, 2020. The diagnosis of COVID-19 was based on a positive RT-PCR from
nasopharyngeal swabs. Patients with negative RT-PCR results or those who did not
undergo the swab were excluded.

Ethics statement

The authors assert that all procedures contributing to this work complied with the
ethical standards of the relevant national and institutional committees on human
experimentation and with the Helsinki Declaration of 1975, as revised in 2008. All
procedures involving human subjects and patients were approved by the research
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125 patients with chronic hepatitis C and
COVID-19 infection

Patients with

liver cirrhosis
64 (51.2%)

Severe COVID-19 infection: 29
(45.31%) CT pattern: Combined
ground-glass opacities and
consolidations: 28 (43.75%)

|

Alive: 31 (48.44%) patients
Dead: 33 (51.56%) patients

Patients without
liver cirrhosis
61 (48.8%)

Severe COVID-19 infection: 11
(18.04%)CT pattern: Combined
ground-glass opacities and
consolidations: 4 (6.55%)

Alive: 52 (85.25%) patients
Dead: 9 (14.75%) patients

Figure 1 Flow chart of the study cohort.
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ethics committee of the General Organization for Teaching Hospitals and Institutes.
Written informed consent was obtained from all patients.

Methods

Baseline demographic data collected included age, gender, cigarette smoking status,
and comorbidities. Other information recorded included general respiratory and
gastrointestinal symptoms, chest CT scans, and laboratory results (complete blood
count, liver and renal function, coagulation, D-dimer, ferritin, and C-reactive protein).
We also included treatments administered to the patients and COVID-19 disease
classification and outcome. COVID-19 severity was categorized as mild, moderate, or
severe, according to the management protocol of the Egyptian Ministry of Health and
Population[12]. Mild cases were symptomatic with lymphopenia or leucopenia and no
radiological lung affection by pneumonia. Moderate cases were symptomatic with
radiological features of pneumonia with or without leucopenia and lymphopenia.
Severe and critical cases included any of the following: respiratory rate > 30 per
minute; SaO, < 92 in room air; PaO,/FiO, ratio < 300; chest radiology showing > 50%
lung affection or progressive lung affection within 24 to 48 h; or critically ill at SaO, <
92, respiratory rate > 30 per minute, or PaO,/FiO, ratio < 200 despite oxygen therapy.
Severe and critical cases were indicated for intensive care unit (ICU) admission.
Treatments were applied according to the protocol[12].

Statistical analysis

Data were analyzed using SPSS version 25 (SPSS Inc., Chicago, IL, United States).
Numerical data are expressed as mean and standard deviation or median and range,
as appropriate. Qualitative data are expressed as frequency and percentage. The Chi-
square test (Fisher’s exact test) was used to examine the relation between qualitative
variables. For quantitative data, Student’s t-test or the Mann-Whitney test (non-
parametric ¢-test) was used to compare groups, as appropriate. A P value < 0.05 was
considered significant. To study possible associations between selected variables
(gender, liver cirrhosis, and diabetes mellitus) and mortality, we fitted multiple logistic
regression models. The results are expressed as the odds ratio (OR) with 95%
confidence interval (CI).

RESULTS

This study included 125 patients infected with chronic hepatitis C virus and COVID-19
(Figure 1). Of those, 64 (51.2%) patients had liver cirrhosis: 25 (39.06%) were classified
as Child-Pugh class A, 22 (34.38%) as class B, and 17 (26.56%) as class C. Patient
residences included five Egyptian governorates: Cairo, Giza, Al-Behera, Al-Qalubya,
and Al-Menofeya. Over half (61.2%) were older than 60 years, and most (68.8%) were
men. Table 1 presents the baseline demographic features. Regarding COVID-19
symptoms, five (4.0%) patients were asymptomatic. The most common symptoms
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Table 1 Baseline demographic features of patients (n = 125 patients)

Item n (%)
Egyptian governorate
Cairo 78 (62.4)
Al-Menofeya 17 (13.6)
Giza 14 (11.2)
Al-Qalubya 9(7.2)
Al-Behera 7 (5.6)
Age (yr)
20 to 30 1(0.8)
30 to 40 6 (4.8)
40 to 50 10 (8.1)
50 to 60 31 (25.0)
60 to 70 35 (28.2)
70 to 80 35 (28.2)
80 to 90 6(4.8)
Gender
Male 86 (68.8)
Female 39 (31.2)
Cigarette smoking 10 (8.0)
History of contact with COVID-19 case 32 (25.6)
Diabetes mellitus 52 (41.6)
Hypertension 52 (41.6)
Direct-acting antiviral therapy treatment
Not previously treated 108 (86.4)
Sustained virological response 17 (13.6)
COrD 1(0.8)
Coronary artery disease 12 (9.6)
Acute kidney injury 1(0.8)
Chronic renal insufficiency 8 (6.4)
Heart failure 2 (1.6)
Bronchial asthma 1(0.8)
CT pattern 1(0.8)
Consolidations and ground-glass opacities 31 (24.8)
Ground-glass opacities 94 (75.2)
Lesion distribution on CT
Bilateral 122 (97.6)
Unilateral 3(24)
COVID-19 case severity
Moderate 86 (68.8)
Severe 39 (31.2)
Admission zone
ICU 24 (19.2)
WIJG | https://www.wjgnet.com 7366 November 14,2021 | Volume27 | Issue42 |
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6 (4.8)

95 (76.0)

COVID-19: Coronavirus disease 2019; COPD: Chronic obstructive pulmonary disease;
CT: Computed tomography; ICU: Intensive care unit.
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were dyspnea (80 patients, 64.0%), fever (78 patients, 62.4%), and cough (55 patients,
44.0%), and five (4.0%) had diarrhea. Table 2 summarizes the patient symptoms.
Table 3 summarizes the baseline laboratory results and treatment protocols among the
studied patients.

We compared the characteristics of patients with and without liver cirrhosis. Fever,
cough, dyspnea, and fatigue were the most frequent symptoms in patients with liver
cirrhosis. Cough, sore throat, fatigue, myalgia, and diarrhea were significantly more
common in patients with liver cirrhosis than non-cirrhotic patients. There was no
difference between patients with and without cirrhosis regarding comorbidities.
Fifteen (23.4%) patients with liver cirrhosis presented with hepatic encephalopathy

Table 4).

( Patielts with liver cirrhosis were more likely to show combined ground-glass
opacities and consolidations in their chest CT scans: 28 (43.75%) vs 4 (6.55%),
respectively (P value < 0.001). These patients also were more likely to present with
severe COVID-19 infection: 29 (45.31%) vs 11 (18.04%), respectively (P-value 0.003),
compared to patients without liver cirrhosis. Mortality was higher in patients with
liver cirrhosis: 33 (51.56%) vs 9 (14.75%), respectively (P value < 0.001) (Table 5). All
patients classified as Child-Pugh class A recovered and were discharged, whereas 18
(45%) mortalities occurred among patients considered class B and 15 (37.5%) among
those considered class C.

A multivariate logistic regression revealed that male patients were more likely than
female patients to die, after adjusting for liver cirrhosis and diabetes mellitus status
(OR 7.166, 95%CI: 2.185-23.506; P value 0.001). Mortality was four times more likely
among patients with diabetes mellitus, after adjusting for other factors in the model
(OR 4.029, 95%CI: 1.488-10.906; P value 0.006). Patients with liver cirrhosis also were
more likely to die (OR 1.103, 95%CI: 1.037-1.282; P value 0.0001), compared to those
without cirrhosis (Table 6).

Within our cohort, 17 (13.6%) patients received direct-acting antiviral therapy
(DAA) and achieved sustained virological response before acquiring COVID-19
infection. Among them, 10 (15.6%) patients had liver cirrhosis and seven (11.5%) did
not. Three (17.6%) DAA recipients had severe COVID-19 disease, and the rest had
moderate COVID-19 disease on admission. Regarding liver function, COVID-19
disease severity, and outcome, we found no difference between patients who
previously received DAA and those who did not (Table 7).

DISCUSSION

Little research has assessed outcomes of patients co-infected with chronic hepatitis C
virus and COVID-19, and existing studies include either a small number of patients or
report data from patients with chronic liver disease and multiple underlying etiologies
(viral and non-viral). This is the first Egyptian study reporting the outcome of SARS-
CoV-2 infection in patients with isolated chronic hepatitis C as the etiology of their
underlying chronic liver disease. We found a substantially increased incidence
(23.43%) of hepatic encephalopathy in our cirrhotic patients infected with COVID-19.
The 1-year cumulative incidence of hepatic encephalopathy in liver cirrhosis ranges
from 0% to 21%[13]. We also found that the severity of COVID-19 symptoms and
mortality rates were significantly higher in patients with liver cirrhosis. All patients
assigned to Child-Pugh class A recovered and were discharged, but mortalities
occurred among patients assigned to Child-Pugh class B or class C on admission. Male
gender, diabetes mellitus, and liver cirrhosis were independent factors affecting
mortality in our cohort.

In our study, fever (67.2%), cough (57.8%), dyspnea (56.3%), and fatigue (32.8%)
were the most frequent symptoms in patients with liver cirrhosis, followed by diarrhea
(7.8%). Among patients with cirrhosis, 6.3% were asymptomatic. lavarone et al[14]
studied 50 patients with liver cirrhosis with hepatitis C, hepatitis B, non-viral (e.g.,
alcoholic), or multiple etiologies and reported fever in 64%, fatigue in 60%, dyspnea in
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Table 2 Symptoms of the studied patients

Symptom n (%)
Dyspnea 80 (64.0)
Fever 78 (62.4)
Cough 55 (44.0)
Fatigue 26 (20.8)
Disturbed consciousness 22 (17.6)
Sore throat 15 (12.0)
Newly developed hepatic encephalopathy 15 (12.0)
Hepatocellular carcinoma 15 (12.0)
Myalgia 12 (9.6)
Current ascites 9(7.2)
History of hematemesis from esophageal varices 9(7.2)
Asymptomatic 5(4.0)
Diarrhea 5 (4.0)
Arthralgia 5(4.0)
Anorexia 4(3.2)
Nausea 3(24)
Vomiting 3(24)
Loss of taste 2 (1.6)
Hemoptysis 1(0.8)
Abdominal pain 1(0.8)
Loss of smell 1(0.8)
Jaundice 1(0.8)
Rhinorrhea 1(0.8)
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42%, and cough in 36%, followed by diarrhea in 10% and no symptoms in 12% of
patients. In our study, 15 (23.4%) patients with liver cirrhosis presented with hepatic
encephalopathy, compared with 11 (22%) of patients in lavarone et al[14]. For ALT
levels in our cohort, 58 (46.4%) were normal, 40 (32%) were elevated 1-2 times above
the upper limit of normal, 7 (5.6%) were elevated 2-3 times above the upper limit, 20
(16%) were three times above normal, and 1 patient was five times over the upper
limit. Iavarone et al[14] define ALT elevation at five times over the upper limit of
normal as hepatic flare.

Our results revealed higher mortality among male patients, compared to female
patients. Nasiri et al[15] similarly reported COVID-19-related mortality to be higher
among males, and cohorts from China, Italy, Denmark, and the United States
confirmed these findings[16-20]. Underlying sex-related mechanisms could include
chromosomal immunological response, lifestyle (alcohol, smoking, and obesity), and
comorbidities[19]. We also found that mortality was significantly higher in patients
with liver cirrhosis, particularly those with decompensated cirrhosis. Boettler et al[21]
reported that chronic viral hepatitis did not seem to raise the risk of a severe COVID-
19 in a study by Guan et al[22], which included patients in China with chronic hepatitis
B only. Shalimar et al[23] found no difference in mortality among patients with and
without cirrhosis, but their sample size was small. An Italian study by Mangia et al[24]
found that cirrhosis of metabolic origin, older age, leucopenia, and lymphopenia were
risk factors for mortality. They also suggested that the very low prevalence of SARS-
CoV-2 infection in patients with chronic hepatitis C infection could play a protective
role against SARS-CoV-2 infection.

A meta-analysis by Vancsa et al[25], which included mainly studies of chronic
hepatitis B in China, reported that liver failure and platelet count could predict in-
hospital mortality with high specificity and lactate dehydrogenase with moderate
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Table 3 Baseline laboratory results and treatments of the studied 125 patients

mean % SD/n (%)

Pulse rate 92 +17
Temperature 371
Respiratory rate 23£5
Oxygen saturation 93 +5
Hemoglobin (gm/dL) 12+£2
Platelet count (x 1000/cmm) 183 £ 107
Total leucocyte count (x 1000/cmm) 108
Neutrophil : Lymphocyte ratio 1+0

INR 1.16 £0.29
PTT 33.9+13.2
Serum creatinine (mg/dL) 1.39+1.43
Serum sodium (mEq/L) 137 +9
Serum potassium (mEq/L) 418 +0.77
Total bilirubin (mg/dL) 3+5
Direct bilirubin (mg/dL) 21+38
Serum albumin (g/dL) 32+0.7
Alanine Transaminase (U/L) 58 +53
Aspartate Transaminase (U/L) 92+123
Alkaline phosphatase (U/L) 262 +226
Serum ferritin (ng/mL) 667 + 483
D-dimer (mg/mL) 1560 + 2503
Fibrinogen (mg/dL) x 100 if presented in g/L 77
Azithromycin 72 (57.6)
Paracetamol 45 (36.0)
Supplementary vitamin C 85 (68.0)
Zinc 69 (55.2)
Colchicine 2 (1.6)
Lactoferrin 18 (14.4)
Other antibiotics 71 (56.8)
Steroids 38 (30.4)
Hydroxyl-chloroquine 29 (23.2)
Low-molecular weight heparin 56 (44.8)
Warfarin 3(24)

PTT: Partial thromboplastin time; INR: International normalized ratio.
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specificity. Singh et al[26] found that patients with cirrhosis had a higher relative risk
of mortality and a higher risk of hospitalization, compared to patients without liver
disease. Another study by Galiero et al[27] described outcomes in 35 patients with liver
cirrhosis, though they did not compare cirrhotic vs non-cirrhotic patients, they found
that male sex, chronic liver disease, and malignancies were independent factors of
poor prognosis in hospitalized patients with COVID-19. They also reported that
patients with advanced chronic liver disease had worse clinical conditions compared
to patients with no liver disease[27].
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Table 4 Baseline features and symptoms of patients with and without liver cirrhosis

Variable No liver cirrhosis61 Liver cirrhosis 64 P value
(48.8%) (51.2%)

Gender Male 42 (68.9%) 44 (68.8%) 0.57

Female 19 (31.1%) 20 (31.3%)
Age (yr) 20 to 30 0 (0.0%) 1(1.6%) 0.004

30 to 40 3 (4.9%) 3 (4.8%)

40 to 50 0(0.0%) 10 (15.9%)

50 to 60 19 (31.1%) 12 (19.0%)

60 to 70 14 (23.0%) 21 (33.3%)

70 to 80 21 (34.4%) 14 (22.2%)

80 to 90 4 (6.6%) 2(3.2%)
Cigarette smoking 2(3.2%) 8 (11.5%) 0.06
Diabetes mellitus 24 (39.3%) 28 (43.8%) 0.71
Hypertension 23 (37.7%) 29 (45.3%) 0.46
COrD 0(0.0%) 1(1.6%) 1
Coronary artery disease 5(8.2%) 7(10.9%) 0.76
Chronic renal insufficiency 4 (6.6%) 4(6.3%) 1
Heart failure 0 2 (3.1%) 0.49
Hepatocellular carcinoma 3 (4.9%) 12 (18.8%) 0.026
Esophageal varices 0 (0.0%) 9 (14.1%) 0.003
Asymptomatic 1(1.6%) 4 (6.3%) 0.36
Fever 35 (57.4%) 43 (67.2%) 0.27
Cough 18 (29.5% 37 (57.8%) 0.002
Dyspnea 44 (72.1%) 36 (56.3%) 0.09
Sore throat 2(3.3%) 13 (20.3%) 0.005
Hemoptysis 0(0.0%) 1(1.6%) 1
Fatigue 5(8.2%) 21 (32.8%) 0.001
Anorexia 1(1.6%) 3 (4.7%) 0.62
Diarrhea 0(0.0%) 5(7.8%) 0.05
Nausea 1(1.6%) 2(3.1%) 1
Vomiting 1(1.6%) 2 (3.1%) 1
Abdominal pain 1(1.6%) 0(0.0%) 0.48
Arthralgia 1(1.6%) 4 (6.3%) 0.36
Myalgia 1(1.6%) 11 (17.2%) 0.004
Loss of taste 0(0.0%) 2(3.1%) 0.49
Loss of smell 0(0.0%) 1(1.6%) 1
Disturbed consciousness 3 (4.9%) 19 (29.7%) 0.001
Hepatic encephalopathy 0 (0.0%) 15 (23.4%) 0.033
Direct-acting antiviral therapy with sustained virological response before 7 (11.5%) 10 (15.6%) 0.61

COVID-19 infection

COPD: Chronic obstructive pulmonary disease; COVID-19: Coronavirus disease 2019.

In a retrospective multicenter study from 16 hospitals in China that included 21
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Table 5 Comparison between patients with and without liver cirrhosis

No liver cirrhosis 61 (48.8%) Liver cirrhosis 64 (51.2%) P value

Hemoglobin (mg/dL) 12+2 12+2 0.85
Platelet count (x 1000/cmm) 193 +107 171 £107 0.36
TLC (x 1000/cmm) 12+10 9+5 0.31
Serum creatinine (mg/dL) 1.58 +1.89 1.21+£0.76 0.59
Total bilirubin (mg/dL) 3+4 BEL5) 0.79
Serum albumin (g/dL) 33107 31+0.6 0.36
Alanine transaminase (U/L) 67 + 67 50 +40 0.21
Aspartate transaminase (U/L) 60 + 37 101 +137 0.89
CT pattern Consolidations and ground-glass 4 (6.55%) 28 (43.75%) <0.001
opacities
Ground-glass opacities 57 (93.45%) 36 (56.25%)
Lesion distribution on CT Bilateral 58 (95.1%) 64 (100.0%) 0.11
Unilateral 3(4.9%) 0
COVID-19 severity Moderate 50 (81.96%) 35 (54.69%) 0.003
Severe 11 (18.04%) 29 (45.31%)
Azithromycin 33 (54.1%) 39 (60.9%) 047
Paracetamol 16 (26.2%) 29 (45.3%) 0.04
Supplementary vitamin C 37 (60.7%) 48 (75.0%) 0.12
Supplementary zinc 33 (54.1%) 36 (56.3%) 0.85
Lactoferrin 3 (4.9%) 15 (23.4%) 0.004
Other antibiotics 28 (45.9%) 43 (67.2%) 0.019
Anticoagulants LMWH 28 (45.9%) 28 (43.8%) 1
Warfarin 1(1.6%) 2 (3.1%) 1
Steroids 16 (26.2%) 22 (34.4%) 0.339
Alive (discharged) 52 (85.25%) 31 (48.44%) <0.001
Died at the hospital 9 (14.75%) 33 (51.56%)

TLC: Thin layer chromatography; CT: Computed tomography; COVID-19: Coronavirus disease 2019.

Table 6 Multivariate regression analysis of factors affecting mortality

. 95%ClI
B S.E. P value Odds ratio
Lower Upper
Male 1.969 0.606 0.001 7.166 2.185 23.506
Diabetes mellitus 1.393 0.508 0.006 4.029 1.488 10.906
Liver cirrhosis 2.274 0.515 0.0001 1.103 1.037 1.282
Constant -1.879 0.604 0.002 0.153

patients with COVID-19 and hepatitis B virus-related liver cirrhosis (Child-Pugh
classes A, B, and C in 16, 3, and 2 cases, respectively), mortalities occurred in patients
assigned to class A (3; 60.0%) and C (2; 40.0%)[10]. In another multinational cohort
study of 745 patients from 29 countries, Marjot et al[28] found that liver cirrhosis was
present in 386 patients: 171 (44%) in Child-Pugh class A, 124 (32%) in class B, and 91
(24%) in class C. Mortality rates significantly increased with worsening scores: 33
(19%) in class A, 44 (35%) in class B, and 46 (51%) in class C died. Age, Child-Pugh
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Table 7 Comparison between patients

with COVID-19 who received or did not receive previous direct-acting antiviral therapy

Did not receive previous DAA (n = 108) Received previous DAA (n = 17) P value

COVID-19 severity Moderate
Severe

Admission zone ICU
Intermediate care
Ward

Vital status Alive
Dead

Total bilirubin (mg/dL)

Direct bilirubin (mg/dL)

Serum albumin (g/dL)

Alanine transaminase (U/L)

Aspartate transaminase (U/L)

72 (66.7%) 14 (82.4%) 0.26
36 (33.3%) 3(17.6%)

22 (20.4%) 2 (11.8%) 0.52
6 (5.6%) 0(0.0%)

80 (74.1%) 15 (88.2%)

73 (67.6%) 12 (70.6%) 1

35 (32.4%) 5 (29.4%)

1.00 (1-20) 1.30 (1-6) 0.84
0.9 (0.2-15.6) 0.9 (0.1-2.7) 0.93
3.1 (1.7-5) 315 (2.4-3.8) 045
41,5 (13-324) 49 (18-175) 0.54
46.5 (10- 549) 53 (16-415) 0.42

DAA: Direct-acting antiviral; COVID-19: coronavirus disease 2019; ICU: Intensive care unit.
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class, and alcoholic liver disease were the independent factors affecting mortality in
their study, and hepatic encephalopathy occurred in 104 (27%) of their patients[28].
Another study from 13 Asian countries studied 43 patients with liver cirrhosis and
reported worsening liver disease and increased hepatic complications in patients with
COVID-19 infection (P value < 0.05); they found that a baseline Child-Pugh score > 9
was associated with higher mortality (area under the ROC 0.94, hazard ratio 19.2,
95%CI: 2.3-163.3; P value < 0.001). The independent factors affecting mortality in their
study were increased serum bilirubin and AST/ALT ratio[29].

The exact mechanism causing poor outcomes among patients with COVID-19 and
preexisting liver disease remains unknown; however, interactions between local liver
injury and systemic disturbances seem likely culprits, especially in patients with
cirrhosis. Patients with liver cirrhosis are theoretically more susceptible to poor
outcomes from COVID-19-related liver injury. Moreover, patients with advanced liver
disease exhibit immune deficiency and systemic inflammation, as reflected by
activated circulating immune cells and increased serum levels of pro-inflammatory
cytokines. These factors can predispose this population to cytokine storms[26].
Furthermore, some cirrhotic patients may have an underlying hepato-pulmonary
syndrome, portopulmonary hypertension, or hydrothorax, which can increase the risk
of respiratory failure, as indicated in a study by Oyelade et al[30].

Sun et al[31] suggested SARS-CoV-2-related direct cytotoxicity (i.e., severe inflam-
matory response leading to immune-mediated liver damage), hypoxic hepatitis due to
anoxia (particularly in patients with severe COVID-19), drugllinduced liver injury
(especially related to the use of antiviral agents such as lopinavir, ritonavir,
remdesivir, chloroquine, tocilizumab, umifenovir, and traditional Chinese prepar-
ations), and reactivation of pre-existing chronic liver disease as possible mechanisms
of hepatic injury. They also found that liver biopsy specimens from deceased patients
with severe COVID-19 showed moderate microvascular steatosis and mild lobular and
portal activity, indicating that liver injury could have been caused by either SARS-
CoV-2 infection or drug-induced liver injury[31].

A limitation to our study is its retrospective nature and the limited number of
patients. It remains unknown whether liver injuries and mortalities among patients
with chronic hepatitis C and COVID-19 co-infection are due to patients’ pre-existing
chronic conditions or the impact of SARS-CoV-2 infection. We found that patients with
decompensated hepatitis C-related cirrhosis were at higher risk of COVID-19-related
mortality. Hepatic encephalopathy could be the presentation of underlying SARS-
CoV-2 infection in patients with liver cirrhosis. The underlying etiology of chronic
liver disease also could impact COVID-19 disease course and outcome. Further studies
comparing outcomes and prognostic factors in patients with isolated underlying
etiologies of chronic liver disease are therefore encouraged, rather than combining
them into one group, which could obscure relevant risk factors for disease severity and
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outcomes.

CONCLUSION

In Egypt, among patients with chronic hepatitis C who also were infected with
COVID-19, those with cirrhosis had higher rates of pneumonia, severe COVID-19, and
mortality, though cirrhotic mortality occurred among decompensated patients only.
Male gender, diabetes mellitus, and liver cirrhosis were the independent factors
affecting mortality in these patients.

ARTICLE HIGHLIGHTS

Research background

Coronavirus disease 2019 (COVID-19) disease severity and outcomes are affected by
pre-existing chronic liver disease, particularly cirrhosis. Patients with decompensated
liver cirrhosis (Child-Pugh classes B and C) are severely affected, with higher mortality
rates than patients with compensated disease.

Research motivation

Comprehensive research on the outcome of COVID-19 in patients with isolated
etiology of pre-existing chronic liver disease is needed to understand the clinical
presentations and outcomes.

Research objectives

This study aimed to demonstrate the impact of COVID-19 factors affecting mortality
among patients with pre-existing hepatitis C with or without liver cirrhosis during the
first peak of the pandemic in Egypt.

Research methods

This multicenter retrospective cohort study included 125 patients with COVID-19 at
six quarantine hospitals in Egypt from May 1, 2020, to July 31, 2020. Clinical,
laboratory features, COVID-19 severity, and outcomes were recorded. A regression
analysis was performed to detect factors affecting mortality.

Research results

Fever, cough, dyspnea, and fatigue were the most frequent symptoms in patients with
liver cirrhosis. Cough, sore throat, fatigue, myalgia, and diarrhea were significantly
more common in patients with liver cirrhosis than in non-cirrhotic patients. Fifteen
(23.4%) patients with liver cirrhosis presented with hepatic encephalopathy. Patients
with liver cirrhosis were more likely to exhibit combined ground-glass opacities and
consolidations in their chest CT scans and more likely to present with severe COVID-
19 infection, compared to patients without liver cirrhosis. Mortality was higher among
patients with liver cirrhosis: 33 (51.56%) vs 9 (14.75%), respectively (P value < 0.001. All
patients in Child-Pugh class A recovered and were discharged, and mortalities
occurred among patients in Child-Pugh classes B and C. A multivariate logistic
regression revealed that male gender, diabetes mellitus, and liver cirrhosis were
independent factors affecting mortality. Regarding liver function, COVID-19 disease
severity, and outcomes, we found no difference between patients who previously
received direct acting antiviral therapy (and achieved sustained virological response)
and patients who did not receive such therapy.

Research conclusions

Patients with decompensated hepatitis C virus-related liver cirrhosis are at higher risk
of severe COVID-19 disease and mortality. Male gender, diabetes mellitus, and liver
cirrhosis are the independent factors affecting mortality.

Research perspectives

Male gender, diabetes mellitus, and liver cirrhosis significantly increased mortality in
patients with COVID-19 and isolated hepatitis C virus-related chronic liver disease.
Previous achievement of sustained virological response after direct acting antiviral
therapy for chronic hepatitis C does not impact COVID-19 disease severity, outcome,
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or the results of liver function tests.
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Abstract

BACKGROUND

Few studies have fully described endoscopic ultrasound (EUS) features of newly
diagnosed autoimmune pancreatitis (AIP) involving both typical findings and
chronic pancreatitis (CP) features. The typical EUS findings are prevalent in the
diffuse type AIP but may not be as common for the focal type, and the differences
between the diffuse and focal AIP need to be specified.

AIM

To demonstrate the EUS features of newly diagnosed AIP and the difference
between diffuse and focal AIP.

METHODS

This retrospective single center study included 285 patients of newly diagnosed
type 1 AIP following the international consensus diagnostic criteria, with the EUS
procedures accomplished before corticosteroid initiation. We explored the EUS
features and compared the typical AIP and CP features between the diffuse and
focal AIP cases. The Rosemont criteria were employed for CP features definition
and CP change level comparison.

RESULTS

For the typical AIP features, there were significantly more patients in the diffuse
group with bile duct wall thickening (158 of 214 cases, 73.4% vs 37 of 71 cases,
52.1%, P = 0.001) and peripancreatic hypoechoic margin (76 of 214 cases, 35.5% vs
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5 of 71 cases, 7.0%, P < 0.001). For the CP features, there were significantly more
patients in the focal group with main pancreatic duct dilation (30 of 214 cases,
14.0% vs 18 of 71 cases, 25.3%, P = 0.03). The cholangitis-like changes were more
prevalent in the focal cases with pancreatic head involvement. The CP change
level was relatively limited for newly diagnosed AIP cases in both groups.

CONCLUSION
This study demonstrated the difference in the typical AIP and CP features
between diffuse and focal AIP and indicated the limited CP change level in newly
diagnosed AIP.

Key Words: Endoscopic ultrasound; Autoimmune pancreatitis; Rosemont criteria; Chronic
pancreatitis

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The endoscopic ultrasound (EUS) features of newly diagnosed autoimmune
pancreatitis (AIP) involving both typical findings and chronic pancreatitis (CP)
features have rarely been described. The EUS typical features of AIP can help to differ-
entiate diffuse AIP from classic CP and differentiate focal AIP from pancreatic cancer.
This study demonstrated the EUS features of newly diagnosed AIP and the difference
in the typical AIP features and CP features between the diffuse and focal AIP cases on
the basis of the largest number of cases and indicated the relatively limited CP change
in newly diagnosed AIP cases.

Citation: Zhang SY, Feng YL, Zou L, Wu X, Guo T, Jiang QW, Wang Q, Lai YM, Tang SJ,
Yang AM. Endoscopic ultrasound features of autoimmune pancreatitis: The typical findings
and chronic pancreatitis changes. World J Gastroenterol 2021; 27(42): 7376-7386

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7376.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7376

INTRODUCTION

In 1995, Yoshida et al[1] first proposed the concept of autoimmune pancreatitis (AIP)
as a unique disease entity, which can be divided into two subtypes. Type 1 AIP, which
is the most common type in Asia, is the pancreatic manifestation of immunoglobulin
(Ig)G4-related disease and is often associated with extrapancreatic disorders,
especially IgG4-associated cholangitis[2].

AIP can be divided into diffuse type and focal type based on the image findings[3].
With endoscopic ultrasound (EUS) as an effective tool to find parenchymal and main
pancreatic ductal (MPD) changes, typical AIP features can be observed for diffuse type
AIP, such as diffuse enlargement of the whole pancreas with diffuse hypoechoic
parenchyma and hypoechoic peripancreatic margin[4-6]. But the typical EUS findings
for AIP may not be as common for the focal type and differences between the diffuse
and focal type need to be demonstrated.

As a special form of chronic pancreatitis (CP), almost all CP features could be
recognized in AIP cases during EUS examination[4-6]. After recurrent attack or
prolonged inflammatory injury from AIP, advanced CP features such as parenchymal
calcification/atrophy and MPD calculi will emerge from the diffuse enlarged
hypoechoic pancreas[7-9]. So, from newly diagnosed AIP to advanced CP, we need a
measure to describe the level of CP change.

Therefore, we conducted this single center retrospective study for a detailed
description of the EUS features of newly diagnosed AIP patients and demonstration of
the difference between diffuse and focal AIP, and we tried to compare the CP change
level in both groups via the Rosemont criteria based on all CP features.
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MATERIALS AND METHODS

Patients

Patients diagnosed with AIP undergoing EUS before the initiation of corticosteroid
treatment at the Peking Union Medical College Hospital from January 2012 to August
2018 were included in this retrospective study, and patients who had a history of
alcoholism or recent acute pancreatitis onset (within 3 mo) were excluded. All
diagnoses was made following the International Consensus Diagnostic Criteria (ICDC;
see Supplement Figure)[10]. The study was approved by the Ethics Committee of
Peking Union Medical College Hospital (approval number S-K1613).

EUS feature definitions

All EUS procedures were performed by experienced endoscopists (XW, DSW, TG,
QW]J; all with over 5 years EUS experience) with radial or linear echoendoscopes
(frequency 5-7.5 MHz; GF-UCT260 or GF-UE260, Olympus, Tokyo, Japan) and
ultrasound workstations (EM-2, Olympus, Tokyo, Japan, and Aloka ProSound F75,
Hitachi, Tokyo, Japan). EUS images and videos were stored as digital data, and the
image analysis was completed by SYZ and YLF in a blinded manner independently, in
which LZ selected all image videos for each case from the database, removed the
patient’s information and diagnosis and showed them to SYZ and YLF. If
disagreement existed between the two investigators, the third one (QW) would decide
the image interpreting results.

We defined the typical EUS features of AIP, including diffuse enlargement (the
pancreas is divided into three parts: head, body, and tail; cases with more than one
part of the pancreas enlarged were defined as “diffuse enlargement” and grouped as
the “diffuse type”), focal enlargement (cases with less than one part of the pancreas
enlarged were defined as “focal enlargement” and grouped as the “focal type”),
diffuse hypoechoic area (DHA), focal hypoechoic areas, bile duct wall thickening,
extrahepatic bile duct dilation, intrapancreatic bile stenosis, peripancreatic
lymphadenopathy, peripancreatic hypoechoic margins, lobular outer margins and
peripancreatic vessel involvement (Figure 1).

We used the Rosemont criteria to describe the CP features in AIP[11]. The
parenchymal changes included hyperechoic foci (HF), hyperechoic strand (HS),
lobularity with/without honeycombing, cystic lesions and calcifications (Figure 2).
The MPD changes included MPD stones, duct irregularity, dilation and hyperechoic
duct margins (Figure 2).

All definitions are interpreted in detail in Supplementary Table 1.

The Rosemont criteria application for CP change
We applied the Rosemont criteria to describe the level of CP change in newly
diagnosed AIP patients of both diffuse and focal types.

Statistical analysis

Descriptive analysis was used to describe the clinical and EUS features of AIP patients.
Categorical variables were presented as n (%), and continuous variables were
presented as the mean + SD or the median and the interquartile range, depending on
the distribution. The distribution of the continuous variables was checked using a
visual inspection of the histogram. Statistical analysis was accomplished with SPSS
23.0 (IBM, NY, United States). The differences in EUS features and clinical factors
between the diffuse and focal AIP cases were compared using Student’s ¢ test/ Mann-
Whitney U test (for continuous variables, depending on distribution) or ¥ test (for
categorical variables). Multivariate analysis using the binary logistic regression
including variables identified to be significant (P < 0.10) at univariate analysis. A two-
tailed P value of less than 0.05 was considered to be statistically significant.

RESULTS

Demographics and clinical characteristics

A total of 285 patients were included in this study, with 230 male patients (80.7%) and
a median age of 62 [interquartile range 54, 68] years. The mean follow-up duration was
26 [interquartile range 12, 51] mo. All patients were diagnosed with type 1 AIP
according to the ICDC criteria. The clinical data (including symptoms and laboratory
tests) are shown in Table 1. All items were comparable between the diffuse and focal
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Table 1 Comparison of patients’ demographics and clinical manifestations before corticosteroid treatment

All (n = 285) Diffuse type (n = 214) Focal type (n=171) P value

Sex 230 (80.7) 179 (83.6) 51 (71.8) 0.03
Age 62 (54, 68) 62 (55, 68) 59 (53, 68) 0.12
Follow-up time (mo) 26 (12, 51) 28 (13, 51) 21 (9, 51) 013
Symptoms

Abdominal pain 73 (26.0) 51 (23.8) 22 (31.0) 0.23

Jaundice 106 (37.2) 81 (37.8) 25 (35.2) 0.69
Number of involved organs' 1(1,2) 1(1,2) 1(1,2) 0.47
Laboratory tests

ALT (U/L) (9-50) 47 (18, 133) 64 (18, 184) 30 (15, 83) 0.01
TBil (pmol/L) (5.1-22.2) 20.6 (12.2, 55.6) 21.4 (12.9, 68.7) 14.5 (11.6, 45.2) 0.08

IgG (mg/dL) (700-1700) 1590 (1140, 2070) 1630 (1130, 2140) 1510 (1130, 1760) 0.37

IgG4 (mg/dL) (8-140) 558.0 (280.5, 1270.0) 605.5 (253.5, 1457.5) 458.0 (301.0, 1050.0) 0.26

CA19-9 (U/L) (0-34.0) 20.3 (7.9, 61.0) 23.4 (10.5, 74.1) 12.6 (6.7, 36.5) 0.01

Hnvolved organs included salivary gland, lacrimal gland, lung, kidney, liver, bile duct, retroperitoneal fibrosis and prostate gland.
Results presented as median (interquartile range) or n (%). ALT: Alanine transaminase; CA: Carbohydrate antigen; TBil: Total bilirubin; Ig:
Immunoglobulin.

group, except for alanine transaminase and carbohydrate antigen 19-9, which were
higher in the diffuse group.

EUS features and differences
The EUS features of all patients were shown, and the differences between the diffuse
and focal types of AIP were compared (Table 2).

There were 214 cases of diffuse type and 71 cases of focal type AIP; among focal
cases, more lesions were located in the pancreatic head (50 cases, 70.4%), while less in
the body (8 cases, 11.3%) and tail (13 cases, 18.3%).

For the typical AIP features, there were significantly more patients with DHA in the
diffuse group (197 of 214 cases, 92.1% wvs 16 of 71 cases, 22.5%, P < 0.001), while there
were significantly more patients with focal hypoechoic areas in the focal group (0 of
214 cases, 0% vs 59 of 71 cases, 83.1%, P < 0.001), which was consistent with the
original definitions. For cholangitis-like changes, there were significantly more
patients with bile duct wall thickening (158 of 214 cases, 73.4% vs 37 of 71 cases, 52.1%,
P =0.001) in the diffuse group. For peripancreatic changes, there were significantly
more patients with peripancreatic hypoechoic margins (76 of 214 cases, 35.5% vs 5 of
71 cases, 7.0%, P < 0.001) in the diffuse group.

In the focal group, the cholangitis-like changes (bile duct wall thickening, intrapan-
creatic bile duct stenosis and extrahepatic bile duct dilation) were more prevalent in
cases with pancreatic head involvement compared to those with body or tail
involvement (P < 0.001, P = 0.01 and P = 0.02, respectively) (Supplementary Table 2).

For the CP features, parenchymal changes were all comparable in the diffuse and
focal group. For MPD changes, there were significantly more patients with MPD
dilation in the focal group than in the diffuse group (30 of 214 cases, 14.0% vs 18 of 71
cases, 25.3%, P = 0.03).

In the logistic regression analysis for the diffuse AIP with the EUS findings, the
DHA [odds ratio (OR) = 11.23, 95% confidence index (CI): 3.07-41.03; P < 0.001], bile
duct wall thickening (OR = 4.44, 95%CI 2.49-7.93; P < 0.001) and peripancreatic
hypoechoic margin (OR = 4.34, 95%CI: 1.93-9.80; P < 0.001) were all predictors of the
diffuse AIP (Table 3).

The Rosemont criteria application for CP change

The Rosemont criteria were applied to describe the CP change level. Only a small
portion of patients was diagnosed as “suggestive of CP” (12.1% in the diffuse group vs
15.5% in the focal group), and patients with advanced CP change (“consistent with
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Table 2 Comparison of endoscopic ultrasound features between the diffuse and focal types of autoimmune pancreatitis patients

EUS findings All (n = 285) Diffuse type (n = 214) Focal type (n=71) Pvalue
Typical findings
DHA 213 (74.7) 197 (92.1) 16 (22.5) <0.001
FHA 59 (20.7) 0(0) 59 (83.1) <0.001

Bile duct changes

Bile duct wall thickening 195 (68.4) 158 (73.4) 37 (52.1) 0.001
Intrapancreatic bile duct stenosis 165 (57.9) 131 (61.2) 34 (47.9) 0.05
Extrahepatic bile duct dilation 122 (42.8) 97 (45.3) 25 (35.2) 0.14

Peripancreatic changes

Peripancreatic lymphadenopathy 89 (31.2) 72 (33.6) 17 (23.9) 0.13
Peripancreatic hypoechoic margin 81 (28.4) 76 (35.5) 5(7.0) <0.001
Lobular outer margin 40 (14.0) 34 (15.9) 6 (8.5) 0.12

Peripancreatic vessel involvement 21 (7.4) 16 (7.5) 5(7.0) 0.90

Chronic pancreatitis changes

Parenchymal changes

HF 271 (95.1) 202 (94.4) 69 (97.2) 0.53'
HS 174 (61.1) 131 (61.2) 43(60.6) 0.92
Cystic lesion 18 (6.3) 14 (6.5) 4 (5.6) 1.00"
Parenchymal calcification 3(1.1) 2(0.9) 1(1.4) 1.00'
Lobularity with honeycombing 26 (9.1) 19 (8.9) 7 (9.9) 0.80
Lobularity without honeycombing 48 (16.8) 36 (16.8) 12 (16.9) 0.99

Main pancreatic duct changes

MPD calculi 1(0.4) 0(0) 1(1.4) 0.56'
MPD dilation 48 (16.8) 30 (14.0) 18 (25.3) 0.03
Diffuse stenosis/irregularity 29 (10.2) 20 (9.3) 9(12.7) 0.42
Focal stenosis 11 (3.9) 6(2.8) 5(7.0) 0.15!
Hyperechoic duct margin 119 (41.8) 91 (42.5) 28 (39.4) 0.65

TFisher’s exact test.
Results presented as n (%). DHA: Diffuse hypoechoic area; EUS: Endoscopic ultrasound; FHA: Focal hypoechoic area; HF: Hyperechoic foci; HS:
Hyperechoic strand; MPD: Main pancreatic duct.

Table 3 The logistic regression for predictors of diffuse autoimmune pancreatitis

Effect Odds ratio (95%Cl) P value
DHA 11.23 (3.07, 41.03) <0.001
Bile duct wall thickening 4.44 (2.49,7.93) <0.001
Peripancreatic hypoechoic margin 4.34 (1.93, 9.80) <0.001

CI: Confidence index; DHA: Diffuse hypoechoic area.

CP”) were even more rare (0.9% vs 1.4%) (Table 4). The CP change level was similar for
newly diagnosed AIP cases in the diffuse and focal groups.
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Table 4 The Rosemont Criteria for description of chronic pancreatitis change in newly diagnosed autoimmune pancreatitis patients

Rosemont criteria Diffuse type (n = 14) Focal type (n=171) P value
Consistent with CP 2(0.9) 1(14) 0.45
Suggestive of CP 26 (12.1) 11 (15.5)

Indeterminate of CP 174 (81.3) 58 (81.7)

Normal 12 (5.6) 1(1.4)

Results presented as 7 (%). CP: Chronic pancreatitis.

Figure 1 The typical endoscopic ultrasound findings in autoimmune pancreatitis. The white arrows show the following: A: Diffuse hypoechoic area of
the pancreatic body; B: Focal hypoechoic area of the pancreatic body; C: Thickened wall of the common bile duct; D: Intrapancreatic bile duct stenosis; E:
Peripancreatic lymphadenopathy; F: Peripancreatic hypoechoic margin; G: Peripancreatic vessel involvement with stenosis of the splenic vein; H: Lobular outer
margin.

DISCUSSION

Type 1 AIP is a special form of CP that is pathologically characterized by an
abundance of lymphoplasmacytic infiltrates, fibrosis and obliterative phlebitis[2]. EUS
can detect abnormalities in the parenchyma and pancreatic duct that are possibly not
visible by other modalities. To date, this is the largest single center retrospective study
demonstrating EUS features in newly diagnosed type 1 AIP patients, which not only
describes the typical findings and the CP features of AIP but also figures out the
difference between the diffuse and focal type.

We demonstrated the typical EUS features in AIP, including diffuse or focal
hypoechoic area, bile duct changes due to IgG4-associated cholangitis and peripan-
creatic changes. In fact, the typical EUS findings (such as diffuse enlargement of the
pancreas, DHA, bile duct wall thickening or stenosis and peripancreatic hypoechoic
margin) were still prominent manifestations for AIP patients, which was consistent
with previous studies (Supplement Table 3). More patients in the diffuse group
showed typical features, especially for bile duct wall thickening and peripancreatic
hypoechoic margin due to the profound inflammatory change[6]. In the multivariate
regression analysis for the diffuse AIP, we demonstrated the predictors of the diffuse
AIP: the DHA, bile duct wall thickening and peripancreatic hypoechoic margin (all P <
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Figure 2 The pancreatic parenchymal and duct changes of chronic pancreatitis in autoimmune pancreatitis. The white arrows show the
following: A: Multiple hyperechoic foci; B: Hyperechoic strands in pancreatic head; C: Multiple lobularities with honeycombing; D: Cystic lesion connecting to the main
pancreatic duct (MPD); E: MPD stone with acoustic shadow; F: Diffuse irregularity change of the MPD; G: Focal stenosis and upstream dilation of the MPD; H:

Hyperechoic duct margin.

0.001), which are all typical EUS findings of AIP rather than CP features.

It is also notable that despite hypoechoic parenchyma in the enlarged part of the
focal type the rest of the parenchyma also showed hypoechogenicity and hyperechoic
foci/strands under EUS, which implied the dynamic change of the parenchyma
possibly caused by the spontaneous remission of AIP[12]. But we did not define these
cases as “diffuse type” to avoid confusion with the ICDC, which emphasizes the
diffuse or focal “enlargement” of the pancreas.

Bile duct changes often happen in AIP, as shown in this study. Bile duct wall
thickening (73.4% in the diffuse group, 66.0% in the focal cases with pancreatic head
involved and 19.0% in the focal cases without pancreatic head involved) resulting from
IgG4-associated cholangitis and intrapancreatic bile duct stenosis (61.2% in the diffuse
group, 58.0% in the focal cases with pancreatic head involved and 23.8% in the focal
cases without pancreatic head involved) that possibly caused by both bile duct wall
thickening and extrinsic pancreatic compression[13] are both more common in the
diffuse group (almost all cases have head involvement) and focal AIP cases with
pancreatic head involved.

The CP changes of AIP were also fully explored in this study. All parenchymal
changes were comparable in the diffuse and focal groups. In previous studies, Farrell
et al[4] showed that lobularity existed in 7.1% (1/14) of patients[7]. Hoki et al[5]
demonstrated that the occurrence of HF, HS, lobularity, cystic lesions and calcific-
ations were 32% (8/25), 56% (14/25), 8% (2/25), 16% (4/25) and 16% (4/25),
respectively. Okabe et al[6] found that HF existed in all patients (32/32), with a lower
incidence rate of HS and lobularity (81.3% and 53.1%, respectively). As for MPD
changes, there was no difference between the two groups except for MPD dilation,
which was more frequently seen in the focal group (14.0% vs 25.3%, P = 0.03) and
seemed to be more prevalent in the focal cases with pancreatic head involved (32.0% in
head involved cases vs 9.5% in non-head involved cases, P = 0.05). Previous studies
reported that MPD dilation was present in 12%-37% of AIP patients, which was often
located proximally to the AIP affected area where the MPD or surrounding
parenchyma was involved, while hyperechoic duct margins and diffuse
stenosis/irregularity were present in approximately 12% (3/25) and 40% (10/25) of
patients, respectively[8,9] (Supplementary Table 3). The reason for the different
incidence rate of parenchymal and MPD changes may be that AIP patients are possibly
at different clinical stages (early or advanced) in these studies[14]. After the recurrent
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attack or prolonged inflammatory damage, pancreatic duct stones or parenchymal
calcifications may be formed, which will make the shape of AIP more similar to
advanced CP[7-9].

The focal AIP accompanied by MPD dilation, sometimes also by peripancreatic
lymphadenopathy and vessel involvement, is difficult to differentiate from pancreatic
carcinoma. There are some EUS features, like bile duct wall thickening and peripan-
creatic hypoechoic margin that are relatively specific for focal AIP patients[5]. Several
noninvasive EUS methods have been developed for differential diagnosis but without
satisfactory sensitivity or specificity[15,16]. A prediction model with multiple EUS
features could help to differentiate focal AIP from pancreatic carcinoma[17]. The EUS-
guided fine-needle aspiration (EUS-FNA) procedure should be considered as the first
choice to diagnosis focal AIP or rule out malignancy[18-21]. The diagnostic accuracy of
EUS-FNA is between 45%-78%[22]. In this study, 92 initial “non-diagnostic” AIP cases
received EUS-FNA procedures, among whom 36 cases (39.1%) got level 1 and 2
histological evidence (Supplementary Figure). All cases receiving EUS-FNA got the
final diagnosis of “definite” AIP according to the ICDC.

To date, endoscopic retrograde pancreatography is included as part of the diagnosis
of AIP in the Japanese guideline and the ICDC[10,23]. Exploring quantitative and
qualitative parenchymal and ductal change, EUS is a reliable method to diagnose CP,
which is statistically comparable to the endoscopic retrograde pancreatography and
the Cambridge criteria (the gold standard in the past)[24-26]. So, we tried to describe
the CP change level of newly diagnosed AIP cases with the CP features in the
Rosemont criteria and found that only a small portion of patients was diagnosed as
“suggestive of CP” (12.1% in the diffuse group vs 15.5% in the focal group), and
patients with more advanced CP change (“consistent with CP”) were even more rare
(0.9% vs 1.4%). Therefore, the CP change is relatively limited for most newly
diagnosed AIP cases that were probably in the early stage of disease, while advanced
CP findings may happen in the long-term recurrent attacks[8,14]. EUS can detect the
early parenchymal fibrosis of CP (like HF and HS) in AIP cases, which changes
dynamically after corticosteroid therapy[6]. As the tool for accessing the fibrosis
degree of the pancreas, the EUS findings of CP may be used for predicting the
pancreatic atrophy and diabetes exacerbation, which needs further investigation[27].

This study had limitations. First, this was a single center retrospective study, and all
AIP patients included in this study were diagnosed with type 1 AIP. Therefore,
selection bias inevitably existed. Second, the EUS-FNA diagnosis accuracy in this
study was somehow lower than previously reported (about 39.1% for level 1 and 2
histological evidence), which might be because the fine needle biopsy needles were
used sparingly[22] (Supplementary Table 4). The long time period of the study (our
center did not have fine needle biopsy needles until 2015) might explain the reason
that we did use the fine needle biopsy needles (22G Procore and 20G Procore, COOK,
United States) except in a low proportion (12.0% in diffuse AIP patients and 29.9% in
focal AIP cases). However, the FNA needles still have the clinical significance of ruling
out malignancy in AIP patients[21]. Third, MPD dilation was defined as “> 3 mm in
the head, > 2 mm in the body, >1 mm in the tail” in the Rosemont criteria, but in the
elderly population of AIP patients, the normal range of MPD diameter might be larger
[28]. Therefore, we might have overestimated the incidence rate of MPD dilation.
Lastly, the “dilated side branches” of the pancreatic duct in the Rosemont criteria were
relatively difficult to evaluate without endoscopic retrograde pancreatography, so they
were not included in this study.

CONCLUSION

In conclusion, this study demonstrated the EUS features of newly diagnosed AIP and
the difference in the typical AIP features and CP features between diffuse and focal
AIP on the basis of the largest number of cases and indicated the relatively limited CP
change in newly diagnosed AIP cases via the Rosemont criteria.

ARTICLE HIGHLIGHTS

Research background
Few studies have fully described the endoscopic ultrasound (EUS) features of newly
diagnosed autoimmune pancreatitis (AIP) involving both typical findings and chronic
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pancreatitis (CP) features. The typical EUS findings are prevalent in diffuse AIP but
may not be as common for the focal type, and the differences between diffuse and
focal AIP need to be specified. The EUS typical features of AIP (especially the cholan-
giopathy-like features) can help to differentiate diffuse AIP from classic CP and differ-
entiate focal AIP from pancreatic cancer.

Research motivation

This is the largest single center retrospective study demonstrating EUS features in
newly diagnosed type 1 AIP patients that not only describes the typical findings and
the CP features of AIP but also figures out the difference between the diffuse and focal

types.

Research objectives

The authors conducted this single center retrospective study for a detailed description
of the EUS features of newly diagnosed AIP patients and demonstration of the
difference between diffuse and focal AIP, and we tried to compare the CP change level
in both groups via the Rosemont criteria based on all CP features.

Research methods

This retrospective single center study included 285 patients of newly diagnosed type 1
AIP following the international consensus diagnostic criteria, with the EUS procedures
accomplished before corticosteroid initiation. We explored the EUS features and
compared the typical AIP and CP features between the diffuse and focal AIP cases.
The Rosemont criteria were employed for CP features definition and CP change level
comparison.

Research results

For the typical AIP features, there were significantly more patients in the diffuse group
with bile duct wall thickening and peripancreatic hypoechoic margin. In the
multivariate regression analysis for diffuse AIP, we demonstrated the predictors of
diffuse AIP: the DHA, bile duct wall thickening and peripancreatic hypoechoic margin
(all P < 0.001), which are all typical EUS findings of AIP rather than CP features. For
the CP features, there were significantly more patients in the focal group with main
pancreatic duct dilation. The cholangitis-like changes were more prevalent in the focal
cases with pancreatic head involvement. The CP change level was relatively limited
for newly diagnosed AIP cases in the diffuse and focal groups.

Research conclusions

This study demonstrated the EUS features of newly diagnosed AIP and the difference
in the typical AIP features and CP features between the diffuse and focal AIP cases on
the basis of the largest number of cases. It indicated the relatively limited CP change in
newly diagnosed AIP cases via the Rosemont criteria.

Research perspectives

EUS can detect the early parenchymal fibrosis of CP in AIP cases, which changes
dynamically after corticosteroid therapy. As the tool for accessing the fibrosis degree
of the pancreas, the EUS findings of CP may be used for predicting pancreatic atrophy
and diabetes exacerbation, which needs further investigation.
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Abstract

BACKGROUND

Image-guided radiotherapy (IGRT) has significantly improved the precision in
which radiotherapy is delivered in cancer treatment. Typically, IGRT uses bony
landmarks and key anatomical structures to locate the tumor. Recent studies have
demonstrated the feasibility of peri-tumor fiducials in enabling even more
accurate delineation of target and normal tissue. The use of gold coils as fiducials
in gastrointestinal tumors has been extensively studied. However, placement
requires expertise and specialized endoscopic ultrasound equipment. This article
reports the long-term outcomes of using a standard gastroscopy to inject liquid
fiducials for the treatment of oesophageal and gastric tumors with IGRT.

AIM
To assess the long-term outcomes of liquid fiducial-guided IGRT in a cohort of
oesophageal and gastric cancer patients.
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METHODS

A retrospective cohort study of consecutive adults with Oesophagogastric cancers
referred for liquid fiducial placement before definitive/neo-adjuvant or palliative
IGRT between 2013 and 2021 at a tertiary hospital in Melbourne, Australia was
conducted. Up to four liquid fiducials were inserted per patient, each injection
consisting of 0.2-0.5mL of a 1:1 mixture of iodized oil (Lipiodol; Aspen
Pharmacare) and n-butyl 2-cyanoacrylate (Histoacryl®; B. Braun). A 23-gauge
injector (Cook Medical) was used for the injection. All procedures were performed
by or under the supervision of a gastroenterologist. Liquid fiducial-based IGRT
(LF-IGRT) consisted of computer-assisted direct matching of the fiducial region
on cone-beam computerised tomography at the time of radiotherapy. Patients
received standard-IGRT (S-IGRT) if fiducial visibility was insufficient, consisting
of bone match as a surrogate for tumor position. Radiotherapy was delivered to
54Gy in 30 fractions for curative patients and up to 45Gy in 15 fractions for
palliative treatments.

RESULTS

52 patients were referred for liquid fiducial placement within the study period. A
total of 51 patients underwent liquid fiducial implantation. Of these a total of 31
patients received radiotherapy. Among these, the median age was 77.4 years with
a range between 57.5 and 88.8, and 64.5% were male. Twenty-seven out of the 31
patients were able to have LF-IGRT while four had S-IGRT. There were no
complications after endoscopic implantation of liquid fiducials in our cohort. The
cohort overall survival (OS) post-radiotherapy was 19 mo (range 0 to 87 mo).
Whilst the progression-free survival (PFS) post-radiotherapy was 13 mo (range 0
to 74 mo). For those treated with curative intent, the median OS was 22.0 mo
(range 0 to 87 mo) with a PFS median of 14.0 mo (range 0 to 74 mo). Grade 3
complication rate post-radiotherapy was 29%.

CONCLUSION

LF-IGRT is feasible in 87.1% of patients undergoing liquid fiducial placement
through standard gastroscopy injection technique. Our cohort has an overall
survival of 19 mo and PFS of 13 mo. Further studies are warranted to determine
the long-term outcomes of liquid-fiducial based IGRT.

Key Words: Image-guided radiotherapy; Lipiodol; Gastroscopy; Gastric cancer; Oeso-
phageal cancer; Fiducial

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Based on a cohort of 31 patients who had undergone lipiodol fiducial
implantation through standard gastroscopy and received radiotherapy, fiducial-based
image-guided radiotherapy (IGRT) was possible in 87.1%. Our cohort had an overall
survival of 19 mo and progression-free survival of 13 mo. Further studies are
warranted to determine the long-term outcomes of liquid-fiducial based IGRT.

Citation: Be KH, Khor R, Lim Joon D, Starvaggi B, Chao M, Ng SP, Ng M, Zorron Cheng Tao
Pu L, Efthymiou M, Vaughan R, Chandran S. Long-term clinical outcomes of lipiodol marking
using standard gastroscopy for image-guided radiotherapy of upper gastrointestinal cancers.
World J Gastroenterol 2021; 27(42): 7387-7401

URL: https://www.wjgnet.com/1007-9327/full/v27/i42/7387.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7387

INTRODUCTION

In 2020, an estimated 1.69 million cases of oesophageal and gastric cancers were
diagnosed worldwide, equating to nearly one in every twelve new diagnoses of
cancer. Together esophageal and gastric cancers were responsible for approximately
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1.31 million cases of cancer-related mortality[1]. In Australia, the projected age-
standardised cancer-related death rates of oesophageal and gastric cancers were 7.8 in
2020, ranking in the top 5 cancer-related death[2]. As with all cancers, patients with
earlier-stage tumors display a better prognosis. Unfortunately, most gastrooeso-
phageal cancers are diagnosed at later stages, often warranting chemoradiotherapy
with or without surgery[3].

Radiotherapy is one of the main treatment modality in the neoadjuvant and
definitive treatment of oesophageal cancers[4-6]. Currently, its use in gastric cancer is
largely limited to the post-operatively setting, however more evidence in the
neoadjuvant setting is emerging with the near completion of a randomized control
trial[7,8]. As such, radiotherapy either as the primary therapy or as an adjunct
continues to have an important role in the treatment of patients with oesophageal and
gastric cancer[9,10].

A known limitation to the delivery of radiotherapy to patients with upper
gastrointestinal malignancies is that early tumors can be difficult to identify on
computerized tomography (CT) scans, impairing the delineation of the tumor for
radiotherapy treatment design. F-18 Fluorodeoxyglucose positron emission
tomography (FDG-PET) can assist in defining the metabolically active tumor volume,
but some studies indicate that up to 20% of oesophageal carcinomas are not FDG-PET
avid[11]. Furthermore, the mobility of the oesophagus and stomach particularly with
respiratory motion and its different physiological states such as fasting and fed states
need to be considered during radiotherapy[12,13]. Fiducial placements of markers
potentially allow a more accurate definition of the radiotherapy field. The use of
fiducial markers to help guide radiotherapy has been demonstrated as feasible in
many solid cancer treatments including the prostate, pancreas and hollow viscus of the
gastrointestinal tract[12,14,15]. Fiducial-based image-guided radiotherapy (F-IGRT) in
the treatment of prostate cancer has been demonstrated to have advantages of
optimising radiation dosage to the tumor, whilst minimising radiation exposure to
normal tissue[16,17]. Comparatively, the data for the gastrointestinal tract is less
robust. A recent meta-analysis, although showing high efficacy and safety of
endoscopic ultrasound (EUS)-guided fiducials for pancreatic cancer radiotherapy,
highlights that more information is needed regarding the impact of fiducials on long-
term clinical outcomes[18]. The insertion of fiducials within the gastrointestinal tract
using EUS guidance, although attaining high technical success rates, has substantial
limitations with its broad adoption in clinical practice. These include high costs, the
necessity of a highly trained endoscopist (who can perform EUS) and a cumbersome
solid fiducial loading method[19].

A new type of fiducial was introduced by our group to address these limitations of
solid fiducials implantation. lodized oil-based liquid fiducials are less expensive and
can be inserted by an endoscopist who perform gastroscopies. This was described for
the first time in our pilot study in 2016[20], in which we demonstrated that similar
results could be achieved compared to solid fiducials. Although the data from this
study has enabled conclusions on the safety and technical efficacy of the use of liquid
fiducials, long-term efficacy data focused on the patients that received LF-IGRT was
not available. Hence, this study presents data on long-term follow-up of patients with
gastroesophageal cancers who received F-IGRT based on liquid fiducials placed with
standard gastroscopy injection technique.

MATERIALS AND METHODS
Ethical approval

This is a retrospective cohort study of consecutive adults with oesophageal and gastric
cancers referred to the endoscopy unit at Austin Health, Melbourne, Australia for
liquid fiducial placement before IGRT between January 2013 and January 2021. A
database of all patients referred to the endoscopy unit for liquid fiducial placement
before IGRT was prospectively maintained. The study was approved after institutional
board review (Austin Research Ethics Committee: H2013/04975). Informed consent
was waived; patient confidentiality was maintained and protected.

Patient selection

Inclusion criteria were patients with: (1) A management plan discussed in a multi-
disciplinary team meeting for radiotherapy for oesophageal (squamous carcinoma or
adenocarcinoma) or gastric cancer; and (2) Referred to the endoscopy team for
placement of fiducial markers.
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Exclusion criteria were patients that did not have liquid fiducials inserted (e.g.,
deemed as unfit for endoscopic procedure); patients that did not have radiotherapy
after placement of fiducials (e.g., declining clinical status) and patients that had
surgery before radiotherapy after fiducial placement. In addition, patients who had
incomplete treatment and outcome data (e.g., due to loss of follow up) were excluded
from our analysis.

Clinical data collection

Patient clinical data including diagnosis, functional performance status as defined by
Eastern Cooperative Oncology Group (ECOG)[21], the American Joint Committee on
Cancer (AJCC) 8" edition staging[22], and treatment outcomes were retrospectively
collected from patient medical records, endoscopy, radiology, surgical and
histopathology reports. The national health database (©Australian Digital Health
Agency) was used to assess whether the patient was still alive.

Information for patients treated at other centers was requested from their treating
radiation oncologists. When information on the measured primary and secondary
outcomes was available, these patients were included in the analysis.

Progression-free survival (PFS) was assessed based on patient disposition at their
latest oncological follow-up appointment.

The endoscopic procedure

The endoscopic procedure aims to insert a total of four fiducials per patient (2
proximal and 2 distal edges of the tumor), each injection consisting of 0.2-0.5mL of a
1:1 mixture of iodized oil (Lipiodol; Aspen Pharmacare) and n-butyl 2-cyanoacrylate
(Histoacryl®; B. Braun). If a tumor was obstructing the passage of the gastroscope, only
fiducials on the proximal edge were placed. In addition, if a tumor was extending to
the level of the cricopharyngeal, it was not technically possible to insert fiducials at the
proximal edge and only distal edges were placed. A 23-gauge injector (Cook Medical®)
was used for these injections. All procedures were performed by or under the
supervision of a gastroenterologists. All procedures were done under sedation, which
was performed by an accredited anaesthetist. The endoscope used for all procedures
was a standard gastroscope [(GIF-H1180 and H190; Olympus®©), Melbourne, Victoria,
Australia], and did not require the aid of fluoroscopy. Patients were routinely
observed after the procedure for 1 h after which they were discharged if there were no
significant adverse events.

The injection technique

Three 2-mL syringes with a Luer Lock™ that can securely be locked onto the end of the
injector needle are required; two are filled with iodized oil and only one will contain
the iodised oil/n-butyl 2-cyanoacrylate mixture (1 mL: 1 mL).

Step 1: The 23-gauge injector is primed with the iodised oil only outside the patient.

Step 2: When the endoscopist is ready to inject, the injector is passed down the
accessory channel of the gastroscope and further primed with the iodized oil/n-butyl
2-cyanoacrylate mixture, ideally within the stomach.

Step 3: A total of four-point injections (0.2-0.5 mL each) are made into the edges of
the tumor. Two injections are placed proximally and another two placed distally into
the edges of the tumor, when possible.

Step 4: Once marking is completed, the injector should be flushed with the syringe
containing iodised oil only to prevent accidental gluing of the accessory channel, again
ideally within the stomach.

Step 5: The gastroscope is then withdrawn with the needle retracted but the injector
tip itself is slightly out of the distal tip of the gastroscope.

Step 6: Once the gastroscope is removed from the patient, the injector is cut at the
port end so that it can be pulled through from the distal tip.

Step 7: The gastroscope accessory channel is subsequently flushed with water.
Images and a video of these steps can be found in a previous publication[20].

Fiducial IGRT
Following insertion of liquid fiducial markers, the patient underwent CT simulation a
minimum of 24 h after insertion. The gross target volume (GTV) was defined using the
fiducial markers, endoscopic report and correlative imaging (e.g., diagnostic FDG-
PET/CT and CT).

For patients who received definitive treatment, a high dose clinical target volume
(CTV) included the GTV plus a 1 cm margin, clipped at anatomic boundaries. A low
dose CTV included the GTV plus a 3 cm margin in the cranio-caudal (C-C) axis and 1
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cm in other planes (clipped to anatomic boundaries), plus regional lymph nodes at the
discretion of the radiation oncologist. A 1 cm planning target volume (PTV) margin
was used. The high dose PTV was treated to 54Gy in 30 fractions, and the low dose
PTV was assigned 46Gy in 30 fractions. Treatments were planned using the Monaco
treatment planning system (Elekta, Stockholm).

For patients who had palliative treatments, the CTV was defined using a 1 cm
margin, clipped at anatomical boundaries, with a 1 em PTV margin. A range of
prescription doses were used depending on patient disposition, ranging from 30Gy in
10 fractions to 45Gy in 15 fractions.

Liquid fiducial-based IGRT (LF-IGRT) was performed when the implanted liquid
fiducials could be adequately visualized at the time of radiotherapy treatment on cone-
beam CT (CBCT). LF-IGRT was performed each fraction using the Elekta XVI software
(Elekta Synergy, XVI version 5, Elekta AB, Stockholm, Sweden) online image
verification software and an Elekta linear accelerator. A grey value match was
performed on an area including the fiducial markers. If liquid fiducials could not be
located on the CBCT scan, then patients were treated with S-IGRT. S-IGRT utilized a
grey value match on the vertebrae only.

PFS and complications post radiotherapy

Postprocedural follow-up was assessed through outpatient radiation oncology
appointments. Data on patients seen at our center were retrieved from electronic
medical records. Patients who had the fiducials implanted at our center but had their
follow-up elsewhere had their treating radiation oncologist contacted for information.
Data on PFS, late complications from fiducial placement and radiotherapy complic-
ations (as per the National Cancer Institute Common Terminology Criteria for
Adverse Events v4.0.[23]) were assessed.

Outcome Measures

Primary Outcome: The primary outcome was the overall survival (OS) and PFS of
patients who received IGRT after liquid fiducial placement for the treatment of a
gastroesophageal tumor. The OS and PFS were referenced to the time of radiotherapy
completion. Progression was defined as radiographic or histologic progression (e.g.,
from recurrence detected on gastroscopy), coded as either local or distant in location.

Secondary outcomes: Secondary outcomes included the technical success of liquid
fiducial guiding radiotherapy, adverse events rate and subgroup analyses based on
radiotherapy treatment (LF-IGRT and S-IGRT), treatment intent (curative and
palliative), tumor type (oesophageal and gastric) and oesophageal histology.

Key definitions: Technical success was defined as the successful delivery of LF-IGRT
after the placement of liquid fiducial(s) through standard gastroscopy technique.
Gastroesophageal junction cancers classified as Siewert types I and II were analyzed
as oesophageal cancers in accordance with the 8" edition of the AJCC staging
guidelines[22]. Gastroesophageal junction cancers classified as Siewert type III were
analyzed as gastric cancers.
Functional performance status was defined by the ECOG performance status[21].

Statistical analysis

Data are summarized as median and ranges for continuous data, and as frequency and
percentages for categorical data. For continuous data, comparisons were done using
the Mann-Whitney U test or Independent Samples Kruskal-Wallis test based on the
normality assumption. For categorical data, Fisher’s Exact test and Likelihood Ratio
Chi-Squared test were used as per high prevalence of expected cells with a count less
than 5. P value of < 0.05 was considered significant. Survival rates were estimated
using the Kaplan-Meier method. Statistical analyzes were performed with SPSS
statistical software (IBM Corp. 2020. IBM SPSS Statistics, Version 26.0. Armonk, NY)
and JMP v16.0 (SAS Institute Inc).

RESULTS

Population
A total of 52 patients were referred to the endoscopy unit for liquid fiducial placement
for IGRT over eight years between January 2013 and January 2021.
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52 referred for liquid
fiducial placement

1 did not receive liquid fiducial placement
due to technical difficulties

51 received liquid
fiducial placement

20 excluded in total

5 had incomplete primary and secondary outcome data
5 had surgery before radiotherapy

10 did not have radiotherapy as planned

31 underwent
radiotherapy +/-
chemotherapy

Figure 1 Study flowchart.
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1 patient did not have liquid fiducial placement after endoscopic assessment as the
tumor was obstructive and extended up to the level of the oropharynx and deemed
unsafe to proceed. The majority of patients (98.0%) were able to have at least one edge
marked with liquid fiducials, with a large proportion (77.4%) having both at distal and
proximal edges marked.

51 patients had liquid fiducials inserted during the study period. Of these, 20 were
excluded from our analysis. Five underwent radiotherapy at other centers and their
clinical data were not available for analysis. Five had surgery prior to radiotherapy
and ten did not have radiotherapy as anticipated. For instance, some patients were
treated on the TOPGEAR trial and were randomized to no adjuvant therapy[8].
Therefore, data on the use of endoscopically-placed liquid fiducials during
radiotherapy was available for 31 patients (Figure 1).

Our cohort of 31 patients had a median age of 77 years (range 57.5 to 88.8). The
majority (71.0%) had oesophageal cancers, with a significant subset (72.7%) of these
with squamous cell carcinoma (SCC). Only three patients in our cohort had gastroeso-
phageal junction cancer of which two were classified as Siewert type III. Most patients
(67.7%) had locally advanced disease without lymph node involvement or metastatic
disease. Most of the cohort had an ECOG score of 0 or 1.

Three (9.6%) of patients received neoadjuvant chemoradiotherapy prior to
oesophagectomy for oesophageal SCC. A large proportion (38.7%) of our cohort
received definitive chemoradiotherapy, whilst a further 25.8% received definitive
radiotherapy only. Detailed demographics and treatments are summarized in Table 1.

Technical success

Twenty-seven out of the 31 patients (87.1%) received LF-IGRT. Patients commenced
radiotherapy after a median period of 18 d (range 9 to 44) of fiducial placement. The
cohort median duration of radiotherapy was 30 d (range 14 to 47). Details on F-IGRT
and S-IGRT subgroups are shown in Table 2.

OS and PFS

On the close-out date of 24/06/2021, 54.8% of patients were alive. The cohort OS post-
radiotherapy was 19 mo (range 0 to 87 mo). Whilst the PFS post-radiotherapy was 13
mo (range 0 to 74 mo). For those treated with curative intent, the median OS was 22.0
mo (range 0 to 87 mo) with a PFS median of 14.0 mo (range 0 to 74). Nineteen patients
were alive at 5 years. The 5-year survival rate for oesophageal cancer was 42.5% and
for gastric cancer was 55.6% for this cohort. Kaplan-Meier curves for the overall cohort
OS and PFS, treatment intent and type of cancer and histology are described in Figures
2, 3 and 4 respectively. Details on OS, PFS and 5-year survival for each subgroup
analysis for the type of radiotherapy treatment (LF-IGRT and S-IGRT), treatment
intent (curative and palliative), tumor type (oesophageal and gastric) and oesophageal
histology are described in Table 3.
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Table 1 Patient demographics and treatment

Variables Median/n Range/%
Age 774 57.5-88.0
Male 20 64.5
Site of cancer Oesophageal 21 67.7
GOJ (Siewert 1/1I) 1 812
GOJ (Siewert III) 2 6.5
Gastric 7 22.6
Type of cancer Oesophageal SCC 16 51.6
Oesophageal adenocarcinoma 6 19.4
Gastric adenocarcinoma 9 29.0
Endoscopy data Patients with both proximal and distal fiducial placed 24 774
Patients with solely proximal or distal fiducials placed 7 22.6
ECOG 0 13 419
1 11 BE15)
2 7 226
Stages' LN negative without distant metastasis 21 67.7
LN positive without distant metastasis 6 19.4
Distant metastasis present 3 9.6
Radiotherapy Fiducial seen on CBCT 29 93.5
Fiducial-based IGRT 27 87.1
Treatment intent Neoadjuvant chemotherapy with oesophagectomy 3 9.7
Definitive chemoradiotherapy 12 38.7
Palliative chemoradiotherapy 3 9.7
Definitive radiotherapy 8 25.8
Palliative radiotherapy 5 16.1

IStaging as per AJCC 8 edition. T-stage was not available for all patients as endoscopic ultrasound is not routinely performed at our center.

SCC: Squamous cell carcinoma; ECOG: Eastern Cooperative Oncology Group; GOJ: Gastro-oesophageal junction; LN: Lymph Node; CBCT: Cone-beam

computerized tomography; IGRT: Image-guided radiotherapy.
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Of note, 12 patients had disease progression during the study period. Seven of these
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patients had local progression whilst five had distal disease progression.

Adverse events

No early or late adverse events occurred following the insertion of the fiducials as
assessed prior to discharge on the day of the procedure and on subsequent radiation
oncology follow-ups, respectively. Nine patients experienced grade three adverse
events which were odynographia, dysphagia, nausea, dehydration, febrile neutropenia
and lung infection during their treatment. No patient experienced grade four or five
adverse events. Adverse events from their treatment are summarized in Table 4.

DISCUSSION

In this study, we describe the OS and PFS of patients with gastroesophageal tumors
that underwent LF-IGRT with liquid fiducials inserted through standard gastroscopy
injection technique. This report is a follow-up to our initial study which first described
this technique[20]. We believe this to be the largest observational cohort study of its
kind, adding to the limited body of knowledge on the long-term outcomes of F-IGRT
for gastrooesophageal tumors using liquid fiducials.
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Table 2 Patient demographics and treatment details based on fiducial-based image-guided radiotherapy and standard image-guided

radiotherapy

F-IGRT S-IGRT
Variables
Median/n, range/% Median/n, range/%
Age 77.4, 57.5-88.0 77.3, 64.8-85.4
Male 19,704 1,25.0
Site of cancer Oesophageal 18, 62.1 3,75.0
GQOJ (Siewert I/1I) 0,0.0 1,25.0
GQOJ (Siewert III) 2,74 0,0.0
Gastric 7,259 0,0.0
Type of cancer Oesophageal SCC 13,48.1 3,75.0
Oesophageal adenocarcinoma 5,18.5 1,25.0
Gastric adenocarcinoma 9,333 0,0.0
Endoscopy data Patients with both proximal and distal fiducial placed 22, 81.5 2,50.0
Patients with solely proximal or distal fiducials 5,18.5 2,50.0
placed
ECOG 0 11,40.7 2,50.0
1 9,33.3 2,50.0
2 7,239 0,0.0
Stages1 LN negative without distant metastasis 18, 66.7 4,100.0
LN positive without distant metastasis 6,22.2 0,0.0
Distant metastasis present 3,11.1 0,0.0
Treatment details Time to treatment (d) 19.0, 9.0-44 14 .0,9.0-17.0
Curative intent 20,74.1 4,100.0
Palliative intent 7,25.9 0,0.0
Dose (Grays) 50, 25.2-55 47.7,41.4-54
Fraction 25,10-30 26.5,23-30
Duration (d) 30, 14-47 37,30-39
Chemotherapy 14,51.9 4,100.0

IStaging as per American Joint Committee on Cancer 8 edition. T-stage was not available for all patients as endoscopic ultrasound is not routinely
performed at our center.

F-IGRT: Fiducial-based image-guided radiotherapy; S-IGRT: Standard image-guided radiotherapy; SCC: Squamous cell carcinoma; ECOG: Eastern
Cooperative Oncology Group; GOJ: Gastro-oesophageal junction; LN: Lymph Node.

Our cohort consisted mainly of patients with locally advanced oesophageal cancer
with SCC. The majority (90.3%) of our cohort received chemoradiotherapy or
radiotherapy alone as palliative and definitive treatment. The median OS was 19.0 mo,
with the longest OS of 87 mo. Our results, albeit a small cohort, compare favorably to
what is available in the literature, the 5-year survival rates for oesophageal and gastric
cancers were 42.8% and 55.6%, respectively[24]. In the context of gastric cancer in an
inoperable population undergoing chemoradiotherapy, the reported median survival
was 25.0 mo[25]. We recognize that this is possibly due to judicious patient selection,
or the relatively small numbers of patients included compared with larger randomized
trials.

Also, we acknowledge that in Australia access to EUS for endoscopic staging is
variable, and at our center is not routinely performed. Thus, limiting our accurate
reporting of tumor staging as per AJCC 8" Edition. This further adds to our argument
that the use of EUS-guided solid fiducials for marking tumors has limitations of which
most can be mitigated with the use of liquid fiducials[19,20]. Additionally, the
technical aspects of the injection technique required for placement of liquid fiducials
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Table 3 Subgroup analysis of overall survival, progression-free survival and 5-year survival

0S (mo) PFS (mo)
Subgroups 5-yr survival (%)
Median/n, range/% Median/n, range/%
Treatment F-IGRT (1 = 27) 21.0, 0-87 12.0, 0-74 47.2
SIIGRT (1 = 4) 17.0, 3-49 18.0,2-32 0.0
Intent Curative (n = 23) 22.0, 0-87 14.0, 0-74 51.5
Palliative (1 = 8) 8.0,0-79 4,0-13 30.0
Location Oesophageal (1 = 22) 18, 0-87 13, 0-74 42.8
SCC (1 =16) 20, 1-87 14, 1-74 62.0
AC (n=6) 10, 0-54 7,0-19 0.0
Gastric (1=9) 25, 0-79 13, 0-53 55.6

F-IGRT: Fiducial-based image-guided radiotherapy; S-IGRT: Standard image-guided radiotherapy; SCC: Squamous cell carcinoma; AC: Adenocarcinoma;
OS: Overall survival; PFS: Progression-free survival.

Table 4 Complications

LF-IGRT only LF-IGRT with chemotherapy S-IGRT with chemotherapy Overall

Hospitalization 3 4 2 9
Fatigue (G1/G2/G3) 1/2/0 3/1/0 2/0/0 6/3/0
Odynophagia G1/G2/G3 3/1/1 2/4/1 0/4/0 5/9/2
Dysphagia (G1/G2/G3) 2/0/0 0/1/0 0/1/1 2/2/1
Oesophageal stricture (G1/G2/G3) 1/0/0 0/0/1 0/0/1 1/0/2
Nausea (G1/G2/G3) 0/2/1 - - 0/2/1
Diarrhoea (G1/G2/G3) - 1/0/0 - 1/0/0
Lung infection (G2, G3) - 0/1 - 0/1
Dermatitis (G1/G2/G3) - 1/0/0 - 1/0/0
Febrile neutropenia (G3) - 1 - 1
Dehydration (G1/G2/G3) 0/0/1 - - 0/0/1

G1: Grade 1 complication; G2: Grade 2 complication; G3: Grade 3 complication; LF-IGRT: Liquid fiducial-based image-guided radiotherapy; S-IGRT:
Standard image-guided radiotherapy.

is, in essence, an adaptation of a skillset that most gastroenterologists would already
have in the management of gastrooesophageal variceal bleeding[26]. As such, this
technique of liquid fiducials can be more easily adopted. Furthermore, our group has
previous described the potential cost-saving of liquid fiducials amounting to approx-
imately AU$1150 to AU$1750 per procedure when compared to EUS-guided guided
solid fiducials insertion[20]. Since the description of lipiodol as a fiducial for gastroeso-
phageal tumors, similar techniques have been described with similar technical success
and safety profiles[27].

The use of F-IGRT has many potential benefits over S-IGRT, including facilitating a
higher dose focused on the tumor with a lower dose delivered to cover the submucosal
spread, and more accurate treatment delivery (matching to the tumor rather than
surrounding bony structures)[17,28]. There are conflicting data regarding the efficacy
of increased radiation dose in treating oesophageal cancer[29,30]. While some
retrospective studies demonstrated a dose-response, recent randomized control trials
failed to find a difference in outcomes[31-33]. The effect of dose escalation in
optimizing cure rate may be more evident in those with early-stage SCC where the
tumor is radiosensitive and the rate of distant metastasis is low[34]. Higher doses can
be associated with increased normal tissue toxicity and hence focusing radiotherapy as
much as possible to the tumor area is essential. F-IGRT allows a higher dose to be
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assigned to the tumor while simultaneously allowing for more confident identification
of submucosal spread, and therefore facilitating lower doses to the adjacent
esophagus.

The improvement in the delivery of radiotherapy for patients having endoscopically
inserted liquid fiducials is illustrated in Figure 5.

In our cohort, 87.1% successfully underwent LF-IGRT after liquid fiducial
placement. In two of our patients, the liquid fiducials were not visible at the time of
radiation treatment planning. We hypothesis that this could be due to extravasation or
diffusion of the submucosal bleb after the procedure. For two patients, the liquid
fiducials were visible but were not sufficient for F-IGRT due to the fiducials not being
reliably seen. This highlights a difference compared to metallic fiducials, in that liquid
fiducials can have variable shapes and distribution. In addition, we consider our
definition of technical success to be more clinically relevant relative to previous
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definitions reported in the literature. This would account for our slightly lower success
rates. However, applying the same technical definition, our rates of successful
placement of liquid fiducials would be 98.1%, compared to 96.3%[18] and 98.0%[35].

Toxicity rates reported in the literature include grade 3 seen in 42% and grade 4 in
7%; mainly hematology, gastrointestinal and mouth ulceration[24]. Our lower
complication rate from F-IGRT may be related to advances in treatment or the use of
fiducials per se. Prospective randomized studies are needed to ascertain the utility of
LF-IGRT in reducing complications.

Despite these potential benefits, prospective randomized trials are required as
observational studies have failed to show differences in long-term outcomes such as
OS for oesophageal cancers using IGRT[36]. Nevertheless, F-IGRT has been deemed by
specialists as a promising IGRT modality for the future[37].

The limitations of our study are mainly the small numbers, the heterogeneity of the
cohort, the retrospective design and the lack of a direct comparison with S-IGRT.
Regarding the certainty of the delivered dose, one other study demonstrated that soft
tissue (diaphragm) or bone matching on CBCT resulted in a larger margin to cover the
tumor 95% of the time[38]. Direct soft tissue matching of locally advanced tumors
would be possible if visible on CBCT but would be not feasible if the tumor is too
small to be seen. Secondarily, although we present data on few patients, this is to date
the largest cohort of F-IGRT for gastroesophageal tumors utilizing the liquid fiducial
technique. The retrospective design and lack of a robust comparison between F- and S-
IGRT could not be addressed in the present study but is a promising subject for future
research. Furthermore, due to the small number of patients, a multivariate analysis
was not performed to address potential bias in this study.

CONCLUSION

F-IGRT was considered feasible in 87.1% of patients undergoing liquid fiducial
placement through standard gastroscopy injection technique. Our cohort had an OS of
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Figure 5 Endoscopically inserted liquid fiducials and liquid fiducial-based image-guided radiotherapy. A: An Fluorodeoxyglucose positron
emission tomography of a patient with oesophageal cancer which demonstrates no uptake within the lesion; B: Planning computerized tomography (CTs) showing the
fiducials without and with the high dose clinical target volume (CTV) (pink); C: Planning CTs showing the fiducials without and with the low dose CTV (yellow); D:
Cone-beam CT (CBCT) images that are not labelled; E: CBCT images that are labelled.
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19 mo and PFS of 13 mo. Further studies are warranted to determine the long-term
outcomes of liquid-fiducial based IGRT.

ARTICLE HIGHLIGHTS

Research background

Further studies are warranted to determine the long-term outcomes of liquid fiducial-
based image-guided radiotherapy (IGRT) in the treatment of oesophagogastric
cancers.

Research motivation

Based on a cohort of 31 patients who had undergone lipiodol fiducial implantation
through standard gastroscopy and received radiotherapy, fiducial-based IGRT was
possible in 87.1%. Our cohort had an overall survival (OS) of 19 mo and progression-
free survival (PFS) of 13 mo.

Research objectives

52 patients were referred for liquid fiducial placement within the study period. A total
of 51 patients underwent liquid fiducial implantation. Of these a total of 31 patients
received radiotherapy. Twenty-seven out of the 31 patients were able to have liquid
fiducial-based IGRT (LF-IGRT) while four had standard-IGRT (S-IGRT). There were no
complications after endoscopic implantation of liquid fiducials in our cohort. The
cohort OS post-radiotherapy was 19 mo (range 0 to 87 mo). Whilst the PFS post-
adiotherapy was 13 mo (range 0 to 74 mo).

Research methods

A retrospective cohort study of consecutive adults with oesophagogastric cancers
referred for liquid fiducial placement before definitive/neo-adjuvant or palliative
IGRT between 2013 and 2021 at a tertiary hospital in Melbourne, Australia was
conducted. Up to four liquid fiducials were inserted per patient, each injection
consisting of 0.2-0.5mL of a 1:1 mixture of iodized oil (Lipiodol; Aspen Pharmacare)
and n-butyl 2-cyanoacrylate (Histoacryl®; B. Braun). A 23-gauge injector (Cook
Medical) was used for the injection. All procedures were performed by or under the
supervision of a gastroenterologist. LF-IGRT consisted of computer-assisted direct
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matching of the fiducial region on cone-beam computerized tomography (CBCT) at
the time of radiotherapy. Patients received S-IGRT if fiducial visibility was insufficient,
consisting of bone match as a surrogate for tumor position. Radiotherapy was
delivered to 54Gy in 30 fractions for curative patients and up to 45Gy in 15 fractions
for palliative treatments.

Research results
To assess the long-term outcomes of liquid fiducial-guided IGRT in a cohort of
oesophageal and gastric cancer patients.

Research conclusions

We believe this to be the largest observational cohort study of its kind, adding to the
limited body of knowledge on the long-term outcomes of F-IGRT for gastrooeso-
phageal tumors using liquid fiducials.

Research perspectives

IGRT has significantly improved the precision in which radiotherapy is delivered in
cancer treatment. Typically, IGRT uses bony landmarks and key anatomical structures
to locate the tumor. Recent studies have demonstrated the feasibility of peri-tumor
fiducials in enabling even more accurate delineation of target and normal tissue. The
use of gold coils as fiducials in gastrointestinal tumors has been extensively studied.
However, placement requires expertise and specialized endoscopic ultrasound
equipment. This article reports the long-term outcomes of using a standard
gastroscopy to inject liquid fiducials for the treatment of oesophageal and gastric
tumors with IGRT.
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