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Abstract

The intestinal lumen harbors a diverse consortium of microorganisms that
participate in reciprocal crosstalk with intestinal immune cells and with epithelial
and endothelial cells, forming a multi-layered barrier that enables the efficient
absorption of nutrients without an excessive influx of pathogens. Despite being a
lung-centered disease, severe coronavirus disease 2019 (COVID-19) affects
multiple systems, including the gastrointestinal tract and the pertinent gut barrier
function. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can
inflict either direct cytopathic injury to intestinal epithelial and endothelial cells or
indirect immune-mediated damage. Alternatively, SARS-CoV-2 undermines the
structural integrity of the barrier by modifying the expression of tight junction
proteins. In addition, SARS-CoV-2 induces profound alterations to the intestinal
microflora at phylogenetic and metabolomic levels (dysbiosis) that are
accompanied by disruption of local immune responses. The ensuing dysregu-
lation of the gut-lung axis impairs the ability of the respiratory immune system to
elicit robust and timely responses to restrict viral infection. The intestinal
vasculature is vulnerable to SARS-CoV-2-induced endothelial injury, which
simultaneously triggers the activation of the innate immune and coagulation
systems, a condition referred to as “immunothrombosis” that drives severe
thrombotic complications. Finally, increased intestinal permeability allows an
aberrant dissemination of bacteria, fungi, and endotoxin into the systemic
circulation and contributes, to a certain degree, to the over-exuberant immune
responses and hyper-inflammation that dictate the severe form of COVID-19. In
this review, we aim to elucidate SARS-CoV-2-mediated effects on gut barrier
homeostasis and their implications on the progression of the disease.

Key Words: COVID-19; SARS-CoV-2; Intestinal barrier; Dysbiosis; Immunothrombosis;
Gut-lung axis
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Core Tip: Severe coronavirus disease 2019 (COVID-19) is associated with a multi-layered disruption of
gut barrier integrity. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) inflicts direct
cytopathic or indirect immune-mediated injury to intestinal epithelial and endothelial cells and enhances
paracellular permeability by downregulating tight junction proteins. SARS-CoV-2 induces profound gut
microbiome alterations accompanied by dysregulation of mucosal immune responses. Gut dysbiosis
attenuates, through the gut-lung axis, the ability of the respiratory immune system to elicit vigorous
responses to contain SARS-CoV-2. Additionally, intestinal barrier dysfunction promotes endothelial
activation and predisposes to detrimental COVID-19-related thrombotic complications. Finally, bacterial
translocation and endotoxemia contribute to over-exuberant immune responses and hyper-inflammation in
severe COVID-19.
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INTRODUCTION

The emergence of the novel, pathogenic, and highly transmissible severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), causing coronavirus disease 2019 (COVID-19), triggered an unprecedented
public health crisis with profound socioeconomic sequelae. In most cases, COVID-19 is associated with
mild-to-moderate symptoms that mainly involve the respiratory tract. However, in a subset of patients,
COVID-19 may progress into a more severe disease plagued with complications such as pneumonia,
acute respiratory distress syndrome (ARDS), coagulopathy, myocarditis, hepatic injury, renal
dysfunction, sepsis, multiple organ failure, or even death[1]. These detrimental effects are considered to
be driven by aberrant activation of the host’s immune system in response to viral invasion and prolif-
eration into the pulmonary parenchymal?2]. In particular, the virus-laden pneumonocytes secrete
excessive amounts of pro-inflammatory mediators and chemoattractant molecules, such as interleukins
(IL-1p, IL-6, IL-7, IL-8, IL-12), tumor necrosis factor alpha (TNF-a), interferons (IFN-y, IFN-]A),
macrophage inflammatory protein-1 alpha (MIP-1a), monocyte chemoattractant protein-1 (MCP-1), and
granulocyte colony stimulating factor. Subsequently, the recruitment and activation of innate and
adaptive immune cells into the lungs further aggravate tissue injury and inflammation[2]. In parallel,
the systemic dissemination of this “cytokine storm” precipitates overactivation of the immune system
beyond the sites of infection and elicits hyperinflammatory responses that impair the function of several
organs including the heart, kidneys, liver, nervous system, and gastrointestinal (GI) tract[3].

The GI system harbors an enormous interface that directly communicates with the external
environment of the body and fulfills multifaceted functions. The GI mucosa serves as a semi-permeable
membrane, allowing the efficient absorption of water, electrolytes, and nutrients while, in parallel,
preventing the influx of xenobiotics, intraluminal microbiota, microbial components, or other inflam-
matory stimuli into the organism[4]. This subtle balance is maintained thanks to intestinal barrier
function, which, apart from providing a physical barrier, regulates complex immune system responses
and mediates the intricate crosstalk with the gut microbiome[5]. The integrity of the intestinal barrier
can be compromised in many acute or chronic pathological conditions, leading to increased bacterial
translocation and excessive penetration of pro-inflammatory signals. This dysfunction is associated with
infectious complications and the establishment of a systemic pro-inflammatory status that can
exacerbate or accelerate the pathophysiological processes of the underlying disease[6].

In this review, we summarize the deleterious effects of SARS-CoV-2 infection on gut barrier
homeostasis. Subsequently, we discuss the mechanisms that explain how intestinal barrier dysfunction
might drive severe COVID-19 or induce detrimental complications.

Gl INVOLVEMENT AND THE MECHANISMS OF INTESTINAL INFECTION IN COVID-19

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA virus with a genome of approx-
imately 30000 nucleotides that encodes 29 proteins, including 4 structural proteins: spike (S), nucleo-
capsid (N), membrane (M), and envelope (E) proteins. The S protein consists of the S1 subunit, which
interacts with angiotensin-converting enzyme 2 (ACE2), and the S2 subunit which promotes membrane
fusion[7,8]. The principal route of transmission of SARS-CoV-2 is via respiratory droplets or aerosols
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from person-to-person, and its main target is type II alveolar epithelial cells (AEC2s). The entry of
SARS-CoV-2 is primarily mediated by the attachment of the S glycoprotein with ACE2 on the cellular
surface, a process facilitated by proteolytic cleavage at the S1/S2 boundary by host proteins.
Transmembrane protease serine 2 (TMPRSS2) is a significant host protease that mediates the cleavage of
S2 protein, leading to conformational changes that precipitate viral entry through membrane fusion[7,
8]. Intriguingly, ACE2 and TMPRSS2 are widely co-expressed on the membrane of intestinal epithelial
cells (IECs) at a level comparable or even higher to that of the AEC2s, rendering the GI tract a potential
target for SARS-CoV-2 infection[9].

Multiple studies have demonstrated that the development of GI-related symptoms is a common
extrapulmonary manifestation, affecting up to one-fifth of patients with COVID-19[10-12]. According to
a meta-analysis of 108 studies comprising 17776 COVID-19 patients, the pooled prevalence estimates of
GI symptoms were: 21% for loss of appetite, 13% for diarrhea, 8% for nausea or vomiting, and 4% for
abdominal pain, while derangement of liver function tests was observed in 24% of the participants[10].
Whether the occurrence of GI symptoms is associated with COVID-19 severity or outcomes has been a
field of debate. Most meta-analyses support that GI-symptoms and predominantly abdominal pain tend
to appear at higher rates among patients with severe disease[10,13-15]; however, these symptoms are
not always predictive of mortality or intensive care unit (ICU) admission[16-18]. Importantly, viral RNA
can be detected in the stool of about half of COVID-19 patients and, especially, in those with GI-related
symptoms[19,20]. Viral rectal shedding appears to persist long after RNA clearance in respiratory
samples (mean duration: 21.8 d vs 14.7 d)[20], while RNA concentration in the stool may be as high as
107 copies/ g, exceeding even that in pharyngeal swabs in some cases[21]. The combination of this partic-
ularly high RNA load in the stool and the long-lasting viral presence in fecal samples strongly suggests
that SARS-CoV-2 invades and proliferates in the intestinal tract. Indeed, COVID-19 elicits acute inflam-
matory responses in the gut, as documented by increased fecal calprotectin levels[22]. Accordingly,
Livanos et al[18] provided direct evidence of direct infection of IECs by SARS-CoV-2 in vivo, using
immunofluorescence staining and electron microscopy. Viral subgenomic mRNA (sgmRNA) is
transcribed in infected cells, but is not encapsulated into virions, which means that sgmRNA is
vulnerable to enzymatic degradation by intestinal ribonucleases. Therefore, the detection of sgmRNA in
the stool of COVID-19 patients also indicates that the virus can actively and specifically replicate in the
gut[21].

Although the data above corroborate the concept of SARS-CoV-2 tropism for the GI system, the
routes and mechanisms of infection remain less clarified. At least theoretically, the feasibility of the
fecal-oral route of transmission is supported by prolonged viral excretion in the feces. Nevertheless,
although SARS-CoV-2 retains viability in stool for 1-2 d at room temperature, this is accompanied by a
profound 5-log loss of its infectivity[23]. In addition, ingested SARS-CoV-2 needs to overcome the harsh
gastric acidity, resist the detergent effects of bile acids in the duodenum, and avoid degradation by
digestive enzymes to preserve its infectivity and spread into the intestinal epithelia[24]. The uninter-
rupted function of these host defense mechanisms hinders the fecal-oral transmission of enveloped
viruses, such as SARS-CoV-2[25]. Besides, several lines of evidence support that intestinal infection by
SARS-CoV-2 could occur via the bloodstream[19,26]. The virus replicating in pulmonary alveolar
epithelial cells or in ciliary cells of the nasal cavity is capable of breaching the basement membrane and
causing viremia[27]. The GI tract comprises an extended network of capillaries harboring vascular
epithelial cells, which are potential targets of circulating SARS-CoV-2. Thereafter, the proliferating virus
is released from the infected cells into the gut, where it can infect neighboring enterocytes or reenter the
circulation to generate new cycles of infection[27,28].

THE INTESTINAL BARRIER FUNCTION IN HEALTH

The gut barrier function is equipped with three major lines of defense that conjointly serve its complex
purpose[5]. First, the mechanical barrier consists of tightly linked columnal IECs, the overlying mucus
layer, and the capillary endothelial cells of the submucosa[29]. Tight junctions (TJs) and adherens
junctions (AJs) are transmembrane multiprotein complexes that confer structural stability to the
mechanical barrier and engender the establishment of cell polarity. TJs connect the most apical of the
lateral surfaces of the adjacent epithelial or endothelial cells (kissing points) and form channels that
regulate the selective diffusion of ions and salutes through the paracellular space. AJs are more basal
than TJs and contribute to the establishment and maintenance of cell-cell adhesion[30,31]. The mucus
layer comprises a hydrated network of polymers, predominantly highly glycosylated mucin proteins, as
well as several immune regulators, such as antimicrobial proteins (AMPs) and secretory immuno-
globulin A molecules. The mucus lubricates the luminal contents and serves as a physical barrier against
digestive enzymes, proliferating microorganisms, microbial components and byproducts, food-
associated toxins, or other inflammatory stimuli[32]. In addition, it nurtures a thriving biofilm of
microorganisms, the gut microbiome, which typifies the second mechanism of protection, the biological
barrier[29,32]. Luminal microbiota are indispensable for the fermentation of indigestible carbohydrates,
a process that provides the gut with short-chain fatty acids (SCFAs), mainly consisting of acetate,
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propionate, and butyrate. Apart from being an important source of energy for host cells, SCFAs exhibit
significant anti-inflammatory and anti-tumor effects and participate in various host signaling pathways,
contributing to intestinal barrier integrity and metabolic homeostasis The commensal bacteria regulate
choline bioavailability, promote the enterohepatic circulation of bile acids, and synthesize vitamin K and
group B vitamins. In parallel, normal intestinal flora restrains the overgrowth of harmful microor-
ganisms, a phenomenon referred to as colonization resistance, through nutrient antagonism[33].
Moreover, the microbiome-derived pathogen-associated molecular patterns (PAMPs) are recognized by
pattern recognition receptors (PRRs) expressed by intestinal immune cells, indicating a relentless
reciprocal dialogue between the microbiota and the intestinal immune system[6]. This leads to the third
line of defense, that is, the immune barrier, which encompasses the gut-associated lymphoid tissue
(GALT), effector and regulatory T cells (Tregs), immunoglobulin A (IgA)-secreting B (plasma) cells,
innate lymphoid cells (ILCs), as well as macrophages and dendritic cells (DCs) of the lamina propria[5].
The cells of innate immunity carry an armamentarium of PRRs such as toll-like receptors (TLRs),
nucleotide oligomerization domain-like receptors (NLRs), and retinoic acid-inducible gene-like
receptors (RLRs) that recognize molecular pathogen-associated molecular patterns (PAMPs) or
damaged-associated MPs (DAMPs) and orchestrate the well-tuned responses of the adaptive arm of the
immune system.

The continuous crosstalk of the immune cells with the gut microbiome sustains the delicate balance
between tolerance to beneficial bacteria and immunosurveillance against pathogenic species[6].
Commensal-derived signals and metabolites are recognized by myeloid cells in the lamina propria and
orchestrate innate and adaptive immune responses[34]. Under homeostatic conditions, innate immune
cells, such as macrophages and DCs, obtain a regulatory phenotype that promotes the secretion of anti-
inflammatory molecules, i.e., IL-10 and TGF-. The production of IL-22 by type 3 ILCs supports tissue
homeostasis and epithelial barrier integrity[35]. Properly-regulated antigen presenting cells (APCs)
remain in the GALT or migrate to the mesenteric lymph nodes, where priming of naive CD4+ T cells
occurs, and stimulate Treg cell activity that plays a central role in the suppression of intestinal inflam-
mation. In this immunomodulatory milieu, B cell activation and effective class-switching generate large
numbers of IgA-secreting plasma cells that serve multiple functions, including protection against
infection and maintenance of gut microbiome homeostasis[35].

THE INTESTINAL BARRIER FUNCTION IN COVID-19

SARS-CoV-2 disrupts the intestinal mechanical barrier

SARS-CoV-2 can invade and propagate in IECs by using the vastly expressed ACE2 and TMPRSS2
receptors on those cells[18,36]. In a mouse model, ACE2 was found to be a key inducer of intestinal stem
cell proliferation and differentiation under pathologic conditions, while ACE2 deficiency was associated
with a significant reduction of mucin-2 expression[37]. Accordingly, ACE2 knockout mice exhibited gut
barrier dysfunction with subsequent leakage of bacterial components into the circulation[38]. Therefore,
it could be hypothesized that interference of SARS-CoV-2 with ACE2 signaling could destabilize the
mechanical barrier by interrupting the renewal of epithelial cells or by compromising mucus
composition. Mucins create a protective matrix covering the epithelium and inhibit viral invasion,
presumably via steric hindrance[39]. Even though evident macroscopic alterations were usually
negligible, infection of the human small bowel by SARS-CoV-2 was associated with villi blunting and an
aberrant accumulation of activated intraepithelial CD8+ T cells in the epithelium[36]. Cell trafficking
could be driven by direct infection of IECs or could be the result of systemic immune activation due to
COVID-19. In any case, the recruitment of intraepithelial CD8+ T cells enhanced the apoptotic process of
IECs, as demonstrated by an upsurge in cleaved caspase-3+ apoptotic epithelial cells. This event was
accompanied by a regenerative response of the epithelium marked by an increase in Ki67+ proliferating
epithelial cells that extended beyond their typical localization in the crypts and occupied the villus
compartment[36]. Evidently, SARS-CoV-2 can inflict a deleterious impact on the mechanical barrier
through dysregulation of the balance between cell apoptosis and proliferation.

The function and integrity of epithelia and endothelia greatly depend on TJs, reflecting a putative
mechanism of intestinal barrier injury in COVID-19 patients. The fundamental transmembrane proteins
that frame TJs include the family of claudins (central regulators of paracellular permeability
encompassing 26 members in humans), the junctional adhesion molecules, and the three junctional
MARVEL domain proteins, i.e., occludin, tricellulin, and MARVEL domain-containing protein 3. The
most prominent intracellular junctional plaque components are zonula occludens (ZO) proteins (ZO1,
702, and Z0O3), cingulin, and protein associated with LIN7 1 (PALS1)[40]. These proteins function as
adaptor proteins or cytoskeletal linkers and participate in multiple extracellular and intracellular
signaling pathways. Indeed, impairment of TJs occurs early in the course of COVID-19 and might
represent the first hit in a multistage model of the disease[41]. SARS-CoV-2 infection decreases the
expression of TJ proteins, such as occludin, claudin 5, and ZO-1 in vivo, and undermines the coherence
of TJs between neighboring endothelial cells of the brain. As a result, TJs are haphazardly distributed,
irregular, or gapped throughout the vascular endothelial layer, leading to derangement of the function
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of the blood-brain barrier[42]. Cryo-electron microscopy and in silico modeling analyses have shown
that SARS-CoV-2 uses its envelope (E) protein to interact with the TJ-associated PALS1 protein[43,44].
According to in vitro models of lung injury, the interplay between SARS E protein and PALS1 interrupts
intracellular trafficking of E-cadherin, delays the formation of TJs and AJs, and affects epithelial polarity
[45]. In a proof-of-concept study, Guo et al[46] developed a biomimetic human gut-on-chip model that
reconstructs basic elements of the gut barrier, as it consists of IECs, endothelial, and mucin-producing
cells under normal fluid flow and closely reproduces the pathophysiological processes of intestinal
SARS-CoV-2 infection. Interestingly, IECs exhibit particularly high susceptibility to SARS-CoV-2
infection. Viral inoculation induces the dispersal of the physiological distribution of mucus-secreting
cells and a profound reduction of both E-cadherin expression in the epithelium and VE-cadherin in the
endothelium, which delineate serious impairment of AJs in the corresponding structures. As a
consequence, widespread destruction of the villus-like complexes along with severe morphological
remodeling of the vascular endothelium was observed[46]. IL-6 is a prominent mediator of inflam-
mation and a reliable biomarker of disease severity in SARS-CoV-2 infection that was found to increase,
in a sustained manner, endothelial permeability in a mouse model[47,48]. Administration of IL-6
induced vascular leakage and disruption of junctional localization of VE-cadherin and ZO-1 via Janus
kinase-mediated signal transducer and activator of transcription 3 phosphorylation and de novo protein
synthesis[48].

Serum levels of endotoxin and ZO-1 were significantly increased in patients with COVID-19-related
pneumonia on admission compared to healthy controls. Importantly, endotoxemia is positively
correlated with certain markers of inflammation, such as C-reactive protein (CRP) and ferritin[49].
Endotoxins are complex lipopolysaccharides (LPS), integral parts of the membrane of gram-negative
bacteria, and potent drivers of inflammation. Indeed, endotoxemia can occur as a result of gram-
negative bacteremia; however, endotoxemia is most commonly caused by a compromised gut barrier
[50]. ZO-1 is a peripheral membrane scaffolding protein and a basic constituent of TJs that fulfills
versatile functions including establishment of cell-cell adhesion, modulation of the paracellular barrier,
regulation of cell migration and angiogenesis, and induction of mucosal repair processes[51,52].
Previous studies have confirmed that serum ZO-1 represents a reliable biomarker of disrupted
paracellular permeability, as it inversely correlates with intestinal ZO-1 expression in diverse pathologic
conditions[53,54]. These results are consistent with another study, in which severe SARS-CoV-2
infection presented key features of gut barrier dysfunction in tandem with increased intestinal
permeability. Specifically, patients with severe COVID-19 presented with endotoxemia and higher
serum levels of zonulin, occludin, and regenerating family member 3 alpha, indicating severe
impairment of the intestinal epithelial barrier[55].

SARS-CoV-2-induced gut microbiome dysbiosis

In the course of evolution, hosts and their microbial ecosystems have mutually developed, forging an
intimate relationship of interdependence. Dysbiosis refers to alterations in the composition, quantity, or
distribution of the gut microbiome. This condition is characterized by a predominance of pathogenic
species and has been linked to the pathophysiology of numerous intestinal and extraintestinal disorders
[56]. There is a growing body of data suggesting that COVID-19 is associated with drastic alterations of
the normal intestinal flora, even when removing the confounding effect of antibiotics (Figure 1)[57-59].
In addition, SARS-CoV-2-induced dysbiosis appears to persist long after the resolution of symptoms
and might be a predisposing factor for long-term complications in COVID-19 patients[57,58,60].

The mechanisms underlying COVID-19-related dysbiosis have not yet been fully elucidated. The
interactions between SARS-CoV-2 and the ACE2 receptor can influence the composition of gut
microbiota by interfering with the secretion of AMPs. The activity of the amino acid transporter B’°AT1,
which mediates the intestinal uptake of tryptophan, depends on ACE2 signaling[61]. Tryptophan
regulates AMP production through the mammalian target of rapamycin pathway[62]. Therefore,
tryptophan depletion due to ACE2 blockade can interrupt AMP production, and thus, perturb the
intraluminal microbial community. Commensal bacteria, in turn, contribute to mucosal homeostasis by
regulating ACE2 expression in the gut[63]. The release of pro-inflammatory cytokines, particularly TNF-
a, during respiratory infections has a powerful anorexigenic effect via hypothalamic action. The ensuing
reduction in caloric intake and dietary fibers disturbs the composition of the gut microbiota and the
production of their metabolites. In animal models of respiratory syncytial virus (RSV) and influenza
infection, the neutralization of anorexigenic cytokines prevented weight loss and mitigated gut
microbiome alterations[64]. Alternatively, SARS-CoV-2 infection can cause dysbiosis through an
imbalance of systemic or intestinal IFNs[65]. In this regard, in an influenza mouse model, the
microbiome was amenable to significant changes via an IFN-type I-dependent mechanism[66]. Hypoxia
is a serious feature of severe COVID-19 and hypoxic stress could be an important instigator of dysbiosis
by dysregulation of hypoxia-inducible factor signaling[67]. Finally, local epithelial injury, which results
in leaky gut and DAMP secretion, might disrupt the immune control of microbial homeostasis and
could further aggravate the dysbiotic state[68].

In their recently published meta-analysis, Farsi et al[69] offered a thorough synthesis of the gut
microbiota changes in COVID-19 patients. At the phylum level, dysbiosis is typified by a decrease in the
Firmicutes to Bacteroidetes ratio. More specifically, COVID-19 is associated with a decrease in important

WIV | https://www.wjgnet.com 72 March 25,2023 | Volume12 | Issue2 |



Tsounis EP et al. Gut barrier dysfunction and severe COVID-19

Intestinal lumen

~
A. Biological barrier ' s Imbalance of IFN responses; SARS-CoV-2-induced
Reduction of microbial diversity; : S 0L, Systematic inflammation; ssmlp dlysbiosis
Overgrowth of pathogenic bacteria; ' ’,'_(” £ -;: Downregulation of AMPs;
retumaton of tumine evdotoin @ | SARSCov2 " Hyporia; % &
. Reduced caloric intake @D é} ’
: | SCFAs # O
i | AMPs — L LPS 4
B1. Mechanical (epithelial) (7 Mucus I
- ' 0 o\ - . .
b_arrler_ _ ! e B'AT1 }m “I1iv ACE-2 Epithelium
Direct Injury to ACE2-expressing IECs; | 4 I b4 b | X
Downregulation of TJs and AJs; 1 \ Al | aa
Activation of apoptosis/proliferation; < ' - e [ L TRP 1 ‘ ;.| ! . U".‘b
Disruption of the mucus layer . [ 4 N | mTOR [. fﬁ; . | @ . @
: ® O PN SAK S TN -
\E A ——— Apoptosis Lileer oy Lamina propria
C. Immune barrier (" T N to IECs
Recruitment and activation of monocytes/| | z
macrophages; P tolDCs - % % —
Loss of tolerogenic DCs and depletion of | N RA, IL-10 A
Tregs; - 1 ’ | Arginase r & Leaky gut
) , " . L] AT +
D|srup_)ted Peyer's patch _m|croanatomy, : — M2 |/Plasma T M1 {Effector  1/Activated i
Recruitment of gut-homing T cells and T} } lfﬁeaF macrophages | cells macrophages T cells neﬁ?bp%ﬁ'ils 1 endothelial
cell activation; . - ol e phag 5 X permeability
Interruption of B-cell metabolism and E ‘ ‘ ‘ ‘ ; ’
IgA class switching . ‘ - £ e e
. [ \( ) ) S i
: ~0 : L N g °® < 1 : Bacterial
: o e 4 @ 1 Degranulation| translocation
- | Anti-inflammatory | sIgA 1Pro-inflammatory mediators o
E mediators (IL-10, TGF-B) (TNF-a, IFN-y, IL-1B, IL-6, IL-12) -
B2. Mechanical (vascular) N~ . . 5 ki _ endotoxemia
Direct in t Trafficking of gut
barrier (: —— homing T cell i
Direct injury to ACE2-expressing :‘ endothelium 9 Endothelium :
endothelial cells;

",

At

—— b
. _ Activation ﬁCE'Z #
Downregulation of Tls and Als; £ PLTs - @ L-6-mediated Systematic cytokine release % ‘é}
Fragmentation of endothelial glycocalyx; g ‘mv" )"dysruption of Als hyper-inflammatory responses

Activation of coagulation ;
DOI: 10.5501/wjv.v12.i2.68 Copyright ©The Author(s) 2023.

Figure 1 Schematic representation of intestinal barrier dysfunction in severe acute respiratory syndrome coronavirus 2 infection. Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is associated with a multifaceted dysfunction of the gut barrier as it exerts detrimental effects on all
of its major levels of defense. A: Systemic inflammation, an imbalance of interferon (IFN) responses, hypoxia or low blood flow, and reduced caloric intake, due to
coronavirus disease 2019-associated cachexia, contribute to intestinal microbiome alterations. Gut dysbiosis is characterized by an overgrowth of opportunistic
pathogens, which are a source of harmful substances, e.g., endotoxin, peptidoglycan, B-glucan, as well as a depletion of commensal microorganisms, which
synthesize beneficial metabolites such as short-chain fatty acids; B: SARS-CoV-2 induces either direct cytopathic injury to angiotensin-converting enzyme 2 (ACE2)-
expressing intestinal epithelial cells (IECs) and endothelial cells, or indirect immune-mediated damage, or both. Moreover, the secretion of mucin glycoproteins, the
fundamental element of the mucus layer, is severely impaired. In addition, the virus undermines the expression of tight junction and adherens junction proteins,
leading to increased paracellular permeability and structural destabilization of the epithelium and endothelium. Viral interference with ACE2 signaling attenuates the
activity of the amino acid transporter BOAT1, which is necessary for intestinal absorption of tryptophan (TRP). As a result, TRP depletion downregulates the
mammalian target of rapamycin pathway, which promotes the expression of antimicrobial peptides. The overwhelming intraepithelial CD8+ lymphocytes trigger the
apoptosis of IECs, which is followed by reactive regeneration. In parallel, disease-activated and apoptotic endothelial cells are potent drivers of neutrophil/monocyte
recruitment, platelet aggregation, and coagulation activation; C: Commensal-derived metabolites modulate innate immune responses by inducing tolerogenic dendritic
cells and M2-polarized macrophages. SARS-CoV-2-induced dysbiosis eliminates these immunoregulatory effects, inhibits T regulatory (Treg) cell activity, and
suppresses the secretion of anti-inflammatory cytokines such as interleukin 10 (IL-10) and transforming growth factor beta. The release of damage-associated
molecular patterns from injured cells and the influx of pathogen-associated molecular patterns, as a result of leaky gut, orchestrate the recruitment and activation of
innate immune cells that secrete pro-inflammatory mediators (IFN-y, tumor necrosis factor alpha, IL-1B, IL-6, IL-12). Subsequently, this pro-inflammatory
microenvironment precipitates the derangement of adaptive immune responses, as demonstrated by increased trafficking of gut-homing T cells and effector T cell
predominance. Furthermore, interruption of B-cell metabolism, plasma cell differentiation, and immunoglobulin A (IgA) class switching impede the effective secretion
of protective dimeric IgA. This multi-layered disruption of intestinal barrier integrity allows the dissemination of intraluminal bacteria and endotoxin into the mesenteric
lymphatic vessel or/and into the systemic circulation (created with biorender.com). IEL: Intraepithelial lymphocyte; LPS: Lipopolysaccharides; MUC2: Mucin 2; NETSs:
Neutrophil extracellular traps; PLTs: Platelets; RA: Retinoic acid; ROS: Reactive oxygen species; sIgA: Secretory immunoglobulin A; SCFAs: Short-chain fatty acids.

butyrate-producing bacteria, including Faecalibacterium and Roseburia[69-71]. The genus Roseburia
contributes to mucosal integrity and colonic motility and exerts significant anti-inflammatory effects by
modulating IL-10 production[72]. Similarly, Faecalibacterium prausnitzii is a valuable gut symbiont with
recognized anti-inflammatory effects in IBD patients via inhibition of the nuclear factor kappa B
pathway[73]. The gut microbiome of COVID-19 patients is also depleted of several other beneficial
genera such as Alistipes, Eubacterium, and Bifidobacterium[69]. The genus Eubacterium consists of a
phylogenetically diverse group of SCFA-producing bacteria that contribute to bile acid metabolism and
exhibit compelling associations with intestinal health[74]. Bifidobacterium strains prompt Treg responses,
induce tolerogenic DC phenotypes, and demonstrate vigorous antimicrobial and antiviral activity[75].
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Of note, their ability to suppress gut dysbiosis and promote mucosal homeostasis has paved the way for
researchers to investigate the therapeutic efficacy of Bifidobacterium-based probiotic preparations in
several diseases, including irritable bowel syndrome, inflammatory bowel disease (IBD), or COVID-19
[76-78]. On the other hand, the COVID-19-derived gut microbiome is relatively enriched in
opportunistic pathogens such as Streptococcus, Bacteroides, Rothia, Veillonella, Actinomyces, and Eggerthella
[69,70]. Although the genus Ruminococcus is generally underrepresented, certain species such as Rumino-
coccus gnavus and Ruminococcus torques are significantly more abundant in COVID-19 patients. This is
not surprising considering that Ruminococcus gnavus and Ruminococcus torques are harmful bacteria that
degrade mucin glycans to harvest energy, secrete pro-inflammatory mediators, and are involved in IBD
pathogenesis[79,80].

The degree of microbiome alterations correlates well with COVID-19 severity, and identification of
early patterns of dysbiosis could lead to a microbiome-based stratification of patients according to their
risk of progressing to severe COVID-19[81]. Indeed, the commensal genera Faecalibacterium and
Roseburia are depleted in the gut microbiome of patients with critical disease[57,82]. The baseline
abundance of Clostridium ramosum and Clostridium hathewayi is also associated with COVID-19 severity
and could represent risk factors for portal vein thrombosis[69,82]. The genus Enterococcus is overrep-
resented in COVID-19 patients who necessitate ICU admission or developed bloodstream infections,
whereas, surprisingly, the gut microbiome of other critically ill non-COVID-19 patients is devoid of this
bacterium[83]. The reduction of the Firmicutes/Bacteroidetes ratio is indicative of severe disease, which is
mainly attributed to the depletion of fiber-utilizing bacteria, namely Faecalibacterium prausnitzii,
Phocaeicola plebeius, and Prevotella[84]. These findings are consistent with an interesting study exploring
the role of gut microbiota as predictors of disease severity[81]. A lower Firmicutes/Bacteroidetes ratio, a
higher prevalence of Proteobacteria, and an exhaustion of commensal butyrate-producing microor-
ganisms are more evident in severely ill patients, while a lower bacterial diversity, defined by the
Shannon diversity index, is identified as a prognostic biomarker of disease severity[81]. In agreement
with this, the fecal microbiome of patients requiring mechanical ventilation has demonstrated low
bacterial richness as assessed by Shannon or Chaol indices[81,85,86]. Implementation of a multiomics
approach to decipher the dysregulation of metabolic and microbial signatures during COVID-19 could
provide a basis for the development of novel microbiome-targeted therapeutics[87].

SARS-CoV-2 deranging mucosal immune system responses

The mucosal immune system is the largest immunologically aware organ in the body, committed to
maintaining the equilibrium between active protection against pathogens and immune-tolerance to
commensal microorganisms, dietary substances, and self-antigens. The gut-derived metabolites
orchestrate immune cell responses and differentiation and impart a critical role in mucosal homeostasis
[56,88]. In particular, the transcriptional “education” of innate immune cells is strongly influenced by
intestinal microbiota metabolites[56]. Butyrate, for example, induces M2-like polarization of
macrophages, which shapes an immunomodulatory milieu by increasing the expression of arginase 1
and suppressing TNF-o, IL-6, IL-12b, and nitric oxide synthase 2[89]. As regards adaptive immunity,
butyrate enhances transcription of the forkhead box P3 gene in naive T cells through inhibition of
histone deacetylases, and thereby, expands Treg cell populations[90]. The capsular polysaccharide A,
which originates from the prominent human symbiont fragilis, promotes the proliferation of Treg cells
in the lamina propria and shapes a pro-inflammatory microenvironment rich in IL-10[91]. Vitamin A or
RA, produced by the gut commensal Bifidobacterium infantis, enhances the expression of aldehyde
dehydrogenase 1 family member A2 encoding retinal dehydrogenase 2 in resident DCs of the mucosa.
Subsequently, gut-modulated DCs secrete high levels of RA that drive naive T cell differentiation into
Treg cells[92]. Treg cell generation in the intestinal mucosa is also triggered by p-glucan polysaccharides
deriving from the cell surface of Bifidobacterium bifidum[93]. In addition, B cell metabolism and differen-
tiation in mucosal and systemic tissues are regulated by gut-derived SCFAs, emphasizing the
significance of symbionts in effective antibody production[94]. Apparently, the depletion of SCFA-
producing microorganisms or other beneficial species as well as gut metabolome modifications might
have a detrimental impact on mucosal immunity in the course of COVID-19.

Defensins are prominent members of the AMP family with multifaceted immunomodulatory
functions and broad antimicrobial and antiviral activity. Defensins provide protection against SARS-
CoV-2 infection not only by maintaining gut microbiome homeostasis but also by inhibiting viral fusion
via interference with ACE2 receptors[95,96]. Dysregulation in the expression of various defensin genes
was evident following infection with COVID-19[97]. IFNs are multipotent cytokines of innate immunity
with crucial role in the containment of viral infections. The proliferation of SARS-CoV-2 in human gut
cells is effectively inhibited by type I (IFN-a, IFN-B) and type III IFNs (IFN-As); however, type III IFNs
elicit a more profound and long-lasting antiviral effect[98,99]. In order to escape immune surveillance,
SARS-CoV-2 has developed strategies to proliferate stealthily into cells without eliciting strong IFN
responses[65]. Alternatively, SARS-CoV-2 can interfere with IFN-y (type II IFN) signaling to boost its
infectively in the gut. In human colonic organoids, IFN-y drives cellular differentiation towards ACE2-
expessing epithelial cells, which are highly susceptible to SARS-CoV-2 infection[100]. Moreover, IFN-y
acts synergistically with TNF-a to instigate inflammatory cell death and tissue damage[101].
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Elevated levels of plasma markers of inflammation and immune activation are hallmarks of severe
COVID-19. Similarly, the expression of genes encoding pro-inflammatory mediators, including TNF-a,
IL-6, chemokine (C-C motif) ligand 5 (CCL5), chemokine (C-X-C motif) ligand 1 (CXCL1), CXCL10,
CXCL11, and CSF-3 were upregulated in digestive tissues in both in vitro and in vivo models of SARS-
CoV-2 infection[46,102]. Compared to uninfected individuals, patients with COVID-19 have increased
fecal levels of pro-inflammatory cytokines such as IL-8 and IL-18, whereas IL-23 is higher in patients
with severe disease[103,104]. Strikingly, analysis of human ileal biopsies has demonstrated that several
pro-inflammatory genes including IFNG, CXCL8, CXCL2, and IL1B are downregulated. This pro-inflam-
matory response is associated with milder symptoms and improved outcomes, revealing an
immunomodulatory function of the GI in controlling SARS-CoV-2 infection[18]. Nevertheless,
molecular events in severe COVID-19, due to increased bacterial translocation and systemic immune
activation, might eliminate the immunoregulatory functions of the GI. Indeed, post-mortem evaluation
of COVID-19 patients’ intestinal tissues revealed the overexpression of TNF-a and IL-10, which exerts
antithetical effects[105]. The presence of IL-10 in the gut and lung may have immunosuppressive effects
by inhibiting the expression of the human leukocyte antigen DR isotype (HLA-DR) on APCs[105].
Depletion of HLA-DR expression on monocytes is a major characteristic of immune dysregulation in
COVID-19 patients who develop severe respiratory failure[106].

Essentially, changes in the expression of cytokines and downstream dysregulation of their signaling
networks mirror alterations in the composition of immune cell populations of the lamina propria.
Imaging mass cytometric analysis showed that the intestinal tract of deceased patients with COVID-19
accommodated higher numbers of CD11b+ macrophages, CD11c+ DCs, natural killer T cells, and B cells
compared to healthy controls[105]. Another study, which evaluated post-mortem tissues of COVID-19
patients, demonstrated severe disorganization of ileal Peyer's patches with loss of B cell/T cell zonation
and depletion of the germinal center. In addition, impaired interactions between B and T cells, an
enhanced number of follicular macrophages, the reduction of CD27+ memory B cells, and downregu-
lation of CD74 expression on B cells were reported[107]. Livanos et al[18] in their study, which supports
an anti-inflammatory function of the GI in SARS-CoV-2 infection, showed that the lamina propria of
COVID-19 patients was depleted of conventional DCs and plasmacytoid DCs, whereas effector CD4+
and CD8+ T cells as well as tissue resident memory T cells were increased. Lehmann et al[36]. revealed
that the activation and proliferation of antigen-experienced intraepithelial CD8+ T cells into the
intestinal mucosa was associated with epithelial barrier dysfunction in COVID-19 patients, while
monocytes and macrophages of the duodenal mucosa expressed markers indicative of their recent
recruitment from the circulation. In agreement, levels of CCL25, a gut homing marker, were increased in
the sera of COVID-19 patients, suggesting that intestinal inflammation might result from CCL5/CCR9-
mediated trafficking of gut-specific T cells into the mucosa[108,109]. Humoral immune responses are
vital for counterattacking viral invasion through the production of neutralizing antibodies. Secretory
dimeric IgA is the predominant mucosal antibody and an integral component of the immunological
barrier[6]. IgA antibody overproduction dominates the early pre-specific humoral response to SARS-
CoV-2 infection, while virus-specific IgA antibodies display more robust neutralizing capacity
compared to their monomeric IgG counterparts[110]. Interestingly, the levels of mucosal SARS-CoV-2-
specific IgA are inversely correlated with age[111]. Therefore, it can be inferred that the inability of B
cells to mount an effective IgA response contributes to excessive viral propagation in the course of
severe COVID-19[112].

THE GUT-LUNG AXIS IN COVID-19

As mentioned above, homeostasis of the gut microbiome can be immensely affected in the course of
respiratory tract infections such as COVID-19. Conversely, intestinal microbiota plays an important role
in fine-tuning the systemic immune system and eliciting efficient antiviral responses to address lung
infections[113-115]. Gut bacterial components and metabolites can enter portal circulation or mesenteric
lymphatics, which drain to the cisterna chyli first, then to the thoracic duct, and finally to the left
subclavian vein. Intriguingly, the pulmonary vascular bed is the first to interact with the mesenteric
lymph, implicating the importance of gut-derived signals in shaping lung immune responses in health
as well as in driving ARDS in critically ill patients[116]. Under normal conditions, commensal-
associated stimuli provide an indispensable for optimal antiviral activity, tonic activation of the host’s
innate immunity through their impact on alveolar macrophages, resident DCs, and lung epithelial cells
(Figure 2)[117]. In contrast, germ-free mice are unable to evoke strong innate and adaptive immune
responses and, thus, experience feeble control of viral infections and unfavorable outcomes[117,118].
Although the intestinal and respiratory tracts are anatomically distinct compartments, their mucosal
immune cells and microbial communities configure a bidirectional “gut-lung” axis cross-talk that is
highly pertinent to COVID-19 pathogenesis.

The mechanisms through which intestinal flora reinforces lung resilience against viral invasion have
only recently begun to be unraveled with the assistance of murine models. The gut microbiota orches-
trates the steady-state IFN signature in lung stromal cells, which protects against early influenza virus
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Figure 2 Overview of the sequelae of gut barrier dysfunction in severe coronavirus disease 2019: dysregulation of lung immune
responses and establishment of a prothrombotic state. A: Although the intestinal and respiratory tracts are anatomically distinct compartments, their
mucosal immune cells and microbial ecosystems participate in a bidirectional immunological crosstalk (gut-lung axis). An intact intestinal barrier is pivotal in
maintaining lung microbiome homeostasis and fine-tuning the respiratory immune system to elicit potent antiviral responses in the case of infection. Commensal
bacteria provide tonic stimulation (through the production of pattern-recognition receptor-ligands, desaminotyrosine, short-chain fatty acids, etc.) of the epithelial,
stromal, and innate immune cells of the lungs and modulate the steady-state interferon-signature, which is essential for suppressing the early phase of viral
proliferation. In addition, gut-derived signals and metabolites orchestrate the effective priming of adaptive immune responses by inducing the differentiation of virus-
specific CD4+ and CD8+ T cells and antibody-secreting plasma cells, which are responsible for viral control and clearance in the later stages of infection. In
coronavirus disease 2019 (COVID-19), gut barrier dysfunction and depletion of symbiotic microorganisms eliminate the aforementioned immunomodulatory effects
and compromise the ability of the respiratory immune system to effectively contain severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection; B: The
gut vascular bed has a massive endothelial surface that is susceptible to SARS-CoV-2 infection. SARS-CoV-2 can inflict direct injury to angiotensin-converting
enzyme 2 (ACE2)-expressing endothelial cells; interruption of ACE2 signaling can dysregulate both the renin-angiotensin and kinin-kallikrein systems, leading to
vascular leakage. The activated or apoptotic endothelial cells release phosphatidylserine-rich endothelial microparticles and secrete large amounts of tissue factor,
Vllla, von Willebrand factor, and other procoagulant cofactors. Circulating platelets accumulate at sites of vascular injury, adhere to each other, and become
activated, leading to further secretion of prothrombotic substances. Overexpression of adhesion molecules, such as P-selectin, facilitates the recruitment and
activation of monocytes and other leukocytes, including neutrophil extracellular trap (NET)-producing neutrophils. COVID-19-associated immunothrombosis refers to
this concurrent aberrant activation of the innate inmune and coagulation systems, which predisposes to serious thrombotic complications. This vicious cycle can be
further exacerbated by gut barrier dysfunction. Low-grade endotoxemia, due to increased intestinal permeability, enhances the activation of endothelial cells and
platelets by inducing lipopolysaccharide (LPS)/toll-like receptor 2 (TLR2) and LPS/TRL4 downstream signaling pathways. In parallel, LPS is a potent driver of NET
formation. Several other bacterial lipoproteins, such as peptidoglycan-associated lipoprotein (Pal) or Pam®Cys, aggravate vascular leakage and precipitate thrombus
formation through TLR2 activation. Moreover, translocation of fungal components, such as -glucan, could directly stimulate leukocytes and promote inflammation by
binding to the Dectin-1 receptor and activating the nuclear factor-kB pathway. Finally, gut dysbiosis is associated with trimethylamine N-oxide overproduction, which is
a recognized risk factor for clotting events as it enhances platelet hyperresponsiveness, endothelial dysfunction, and NLR family pyrin domain containing 3
inflammasome activation (created with biorender.com). Angll: Angiotensin II; DCs: Dendritic cells; ECs: Endothelial cells; NK cells: Natural killer cells; NO: Nitric
oxide; PLT: Platelet; DAT: Desaminotyrosine; SCFAs: Short-chain fatty acids; PRRs: Pattern recognition receptors.

proliferation by driving the expression of IFN-a/p receptor[113]. In line with this, when mice were
exposed to antibiotics, their macrophage-related type I and type II IFN responses were severely
impaired, resulting in the uncontrolled spread of systemic lymphocytic choriomeningitis virus or
mucosal (influenza virus) infection. In a murine model of influenza infection, desaminotyrosine (DAT),
a degradation product of dietary flavonoids, induced an efficient amplification of the IFN type I loop,
which suppressed viral gene expression and airway epithelial damage. Notably, a distinct human-
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derived commensal, Clostridium orbiscindens, produced DAT and rescued antibiotically-treated mice
from viral infection[119]. An outer membrane glycolipid originating from the gut symbiont Bacteroides
fragilis protected mice against viral infection through the induction and systemic release of IFN-B by
colonic DCs[120]. Acetate, another metabolite derived from the gut microbiome, is able to enter the
circulation, enhance IFN-p signal transduction via stimulation of the G-protein-coupled receptor 43 in
pulmonary epithelial cells, and thus limit severe RSV infection[114]. Moreover, depletion of commensal
bacteria precipitated significant epigenetic modifications at the level of mononuclear phagocytes
residing in non-mucosal lymphoid organs. As a result, these cells were unable to induce type I IFN
secretion, which led to suboptimal NK cell priming and poor antiviral responses[121]. Admittedly, an
imbalance of IFN signaling is an inherent characteristic of the pathogenesis of respiratory tract
infections, including SARS-CoV-2-associated pneumonia[122]. Early severe COVID-19 is governed by
overwhelming IFN-a responses as well as NK cell functional exhaustion, which is manifested by
abnormal expression of interferon-stimulated genes[123]. Therefore, it is plausible to assume that
metabolites and signals stemming from luminal bacteria could influence the early response to SARS-
CoV-2 infection by altering the IFN signature and compromising innate immunocompetence in the
lungs.

Regulation of the mucosal immune system of the respiratory tract, which supervises airway
colonization, depends on reciprocal signaling with the gut. The respiratory tract is not sterile; instead, it
harbors a unique microbial ecosystem and its role in homeostasis and disease is being increasingly
recognized with the advent of culture-independent molecular techniques[124]. Alterations of the lung
microbiome signature are associated with clinical outcomes in critically ill patients infected with SARS-
CoV-2[125]. The immunomodulatory potential of airway bacteria was exemplified by a pathogen-free
murine model of influenza virus. Colonization of the upper respiratory tract by Staphylococcus aureus
induces the recruitment of peripheral macrophages into the alveoli and their polarization toward an
M2-like phenotype via TLR2 signaling. As a result, Staphylococcus aureus creates an anti-inflammatory
pulmonary milieu that attenuated immune-mediated injury and prevented lethal influenza infection
[126].

The robust and timely priming of adaptive immunity is necessary to contain SAR-CoV-2 infection.
Delayed activation of adaptive immune responses and depletion of virus-specific T cells are hallmarks
of severe or fatal COVID-19[127]. Interestingly, multiple studies have revealed that the gut microbiome
is actively involved in shaping adaptive immunity in the respiratory tract. In a murine model of West
Nile virus infection, exposure to antibiotics impaired the ability to elicit potent T cell responses,
decreased the number of virus-specific CD8+ T cells, and led to worse disease outcomes[118]. Ichinohe
et al[115] demonstrated that intestinal microflora regulates an even broader spectrum of adaptive
immunity responses in the respiratory mucosa. More specifically, neomycin-sensitive commensal
bacteria were essential for the induction of effective humoral responses and the generation of virus-
specific CD4+ and CD8+ T cells in the lungs. Normal intestinal flora provided signals that maintained a
steady-state IL-1B, pro-IL-18, and NLR family pyrin domain containing 3 (NLRP3) expression.
Antibiotic-induced immunodeficiency is attributed to impaired inflammasome activation, abnormal
activation and distribution of respiratory DCs, and inadequate DC migration to draining lymph nodes
of the lung[115]. In this setting, Gauguet et al[128] demonstrated that the presence of segmented
filamentous bacteria in the murine microbiome was vital for priming strong Th17 immunity responses
and IL-22 secretion in the respiratory system. In response to fiber supplementation, the gut microbiome
generates large amounts of SCFAs, which hinders influenza-induced lung injury through a dual
mechanism concerning both arms of immunity[129]. First, SCFAs enhances the cellular metabolism and
the effector functions of CD8+ T cells in the respiratory tract. Second, SCFAs induce an alternative
activation of macrophages, which exhibit the limited ability to express the chemokine CXCL1. As a
result, SCFA-modulated macrophages reduce early neutrophil infiltration and subsequent injury in the
airways[129]. In a randomized controlled trial, non-hospitalized patients with symptomatic COVID-19
were allocated 1:1 to groups receiving an oral probiotic formulation or placebo for 30 d. Remarkably,
probiotic supplementation was associated with higher rates of complete remission, decreased
nasopharyngeal viral levels, and shorter duration of symptoms by inducing vigorous virus-specific IgM
and IgG antibody responses.

In summary, a well-preserved intestinal barrier function, harboring a diverse consortium of
commensal bacteria, provides the essential signals for appropriate and effective modulation of immune
system responses in the lungs. Regardless of being the cause or the result of severe SARS-CoV-2
infection, gut dysbiosis is not a silent bystander but an active orchestrator of dysregulated immune
responses in the respiratory tract. Modulation of gut microbiota represents an emerging therapeutic
intervention to mitigate immune-mediated lung injury and improve COVID-19 outcomes[130].

GUT BARRIER DYSFUNCTION INFLAMING COVID-19-ASSOCIATED COAGULOPATHY

COVID-19-associated coagulopathy (CAC) is a life-threatening condition that can lead to arterial
thromboembolism (ATE), such as acute coronary syndrome and cerebrovascular accident, or venous
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thromboembolism (VTE), which manifests as deep vein thrombosis or pulmonary embolism[131]. Mild
thrombocytopenia, prolonged prothrombin time, and increased serum levels of fibrinogen, CRP, P-
selectin, and d-dimers have all been linked to clotting events in COVID-19 patients; these deviations
become more pronounced as the disease progresses[131,132]. A recent meta-analysis, comprised of more
than 90000 patients, concluded that hospitalized COVID-19 patients have a significantly increased 90-d
risk of VTE in comparison to hospitalized individuals with influenza virus (9.5% vs 5.3%), and that this
peril persists even after the breakthrough of effective vaccines[133]. COVID-19-related thromboembolic
events are major burdens of morbidity and mortality, and their incidence increases with disease
severity, affecting up to one third of patients in ICUs[134-136]. The pathophysiology underlying CAC is
multifactorial, encompassing endothelial injury, over-exuberant immune responses, and overt dysregu-
lation of coagulation and fibrinolytic pathways, which collectively result in a procoagulant state[131].
The activation of these mechanisms can be further aggravated by defects in intestinal barrier integrity
due to SARS-CoV-2 infection[27,137].

The dysfunction of the endothelium is a hallmark of COVID-19, representing a common feature in
multiple clinical manifestations of the disease such as thromboembolic events, neurological complic-
ations, and renal dysfunction[138,139]. The intestinal tract accommodates an enormous vascular
endothelial surface consisting of a monolayer of squamous endothelial cells. Under physiological
conditions, endothelial cells regulate the vascular tone and secrete anticoagulant and antiplatelet agents
that preclude clotting events[140]. Human endothelial cells express the key cofactors, namely ACE2 and
TMPRSS2, which are exploited by SARS-CoV-2 to invade its target cells[141]. There is evidence of viral
inclusions in endothelial cells and mononuclear cell infiltrates in the walls of small vessels, as well as
markers of endothelial cell apoptosis[142]. SARS-CoV-2-induced dysfunction of gut microvasculature
and fragmentation of the endothelial glycocalyx eliminate these protective effects, promote vasocon-
striction due to depletion of endothelium-derived nitric oxide, and drive platelet activation and fibrin
formation[131]. Indeed, mesenteric thrombosis is not uncommon in critically ill patients with COVID-
19, while focal ischemic lesions, inflammation of the endothelium, vessel wall edema, microhemorrhage,
and microthrombi are frequent findings in resected bowel segments[27,143-145]. SARS-CoV-2-mediated
dysregulation of ACE2 signaling in intestinal vascular endothelium might create a prothrombotic
microenvironment through a dual mechanism. First, ACE2 catalyzes the conversion of angiotensin (Ang
II) to angiotensin 1-7 (Ang 1-7), which confers important antithrombotic and immunoregulatory effects
by binding to G-protein coupled Mas receptors. Therefore, ACE2 depletion attenuates the Ang 1-7
downstream pathway and shifts the balance in favor of Ang II, which binds to its cognate receptor and
exerts harmful prothrombotic and inflammatory effects[146]. Second, the kinin-kallikrein system is also
directly modulated by ACE and ACE2. Thus, the ACE/ACE2 imbalance can induce a “kinin storm” and
amplify vascular permeability, cell migration, platelet activation, and oxidative stress[131,147].

There are data supporting the hypothesis that SARS-CoV-2 inflicts damage on endothelial cells
(endotheliitis) via both direct cytopathic and indirect immune-mediated mechanisms[148]. Activated or
apoptotic intestinal endothelial cells retract their margins, release endothelial microparticles (MPs), and
abolish their ability to confine phosphatidylserine (PS) into the inner layer of the cellular membrane[27,
149]. In this setting, microRNA expression in endothelial-derived extracellular vesicles has been
associated with cerebrovascular events in COVID-19 patients by compromising the function of the
blood-brain barrier[150,151]. Endothelial MPs and PS-positive filopods support the formation of the
prothrombinase complex along with activated coagulation factors Va and Xa and thereby catalyze a
pivotal step of the coagulation cascade, that is, the proteolytic activation of thrombin[27,152]. In parallel,
exposure of subendothelial tissues and tissue factor (TF) to plasma procoagulants triggers the extrinsic
coagulation pathway[132]. Damaged endothelial cells sustain this hypercoagulable milieu and promote
platelet aggregation by secreting large amounts of factor VIII and von Willebrand factor (VWEF),
respectively[153-156]. Thrombotic microangiopathy is further exacerbated due to relative deficiency in
metalloproteinase ADAM metallopeptidase with thrombospondin type 1 motif 13 activity in COVID-19
patients, which leads to insufficient VWF cleavage and enhanced platelet-vessel wall interactions[157].
Numerous other endothelial dysfunction markers, such as circulating endothelial cells, soluble (s)E-
selectin, soluble thrombomodulin, and soluble intercellular adhesion molecule 1 are significantly
increased in COVID-19 patients receiving ICU care[153,155,158]. Furthermore, critically ill patients
demonstrate functional exhaustion of natural anticoagulants (protein C, protein S, and antithrombin)
and develop anti-phospholipid antibodies at high rates[154]. This procoagulant state is accompanied by
suboptimal fibrinolytic potential and remodeling of the clot structure, which displays a denser fibrin
network as well as thinner and shorter fibrin fibers. In severe COVID-19, hypofibrinolysis is dictated by
an upregulation of plasminogen activator inhibitor-1 and its stabilizing cofactor vitronectin, which
reduce plasminogen generation, despite concurrent elevations of tissue plasminogen activator[159].

Immunothrombosis illustrates the intricate cross-talk between the innate immune system and the
coagulation pathway, which aims to locally contain an infection by facilitating recognition and
eradication of invading pathogens. An aberrant activation of immunothrombosis is associated with
severe thrombotic complications in SARS-CoV-2 infection[160]. Endothelium expresses a variety of
adhesion and chemoattractant molecules, promoting the recruitment of monocytes and neutrophils at
sites of injury. The release of DAMPs and PAMPs stimulates innate immune cells, which subsequently
express TF and pro-inflammatory mediators in large amounts and precipitates the formation of
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neutrophil extracellular traps (NETs)[156]. NETs are web-like structures consisting of DNA complexed
with histones, bactericidal enzymes, complement factors, and coagulants. NETosis is a potent driver of
immunothrombosis in COVID-19 and contributes to the procoagulant state in IBD through various
mechanisms: cleavage of natural anticoagulants, direct activation of the contact-dependent and extrinsic
pathways of coagulation, and aggregation of platelets[156,161]. In turn, activated platelets overexpress
P-selectin and other adhesion molecules, which enhance their interactions with monocytes and NETs
[162]. Through the secretion of their intracellular prothrombotic granule substances and externalization
of their PS-rich membrane, platelets trigger and sustain thromboinflammation[131].

There is evidence that this vicious cycle could be further aggravated by gut barrier dysfunction. In
particular, Oliva et al[163] reported that serum LPS and zonulin were increased in hospitalized COVID-
19 patients and showed that endotoxemia was an independent predictor of in-hospital thrombotic
complications. Zonulin is involved in the modulation of gut permeability by orchestrating the
disassembly of intercellular TJ[53]. In this regard, serum LPS positively correlated with zonulin,
supporting that low-grade endotoxemia precipitating thrombosis in COVID-19 originates from the gut
[163]. In addition, thrombogenesis in patients with endotoxemia was associated with the TLR4-
dependent activation of platelets[163]. In agreement, LPS/TLR4 and LPS/TLR2 downstream signaling
pathways have been previously implicated in procoagulant conditions by promoting endothelial cell
and platelet activation[164]. Several other bacterial lipoproteins, such as Pam*Cys and peptidoglycan-
associated lipoprotein, promote vascular leakage and thrombus formation through TLR2 activation
[165]. In a murine model, microbial translocation and release of related patterns as a result of gut barrier
leakage enhanced platelet pro-aggregating capacity and thrombus growth by inducing VWF synthesis;
this effect was mediated via TLR2 activation in the hepatic endothelium[166]. Restoration of endothelial
function through L-arginine supplementation was followed by improved outcomes in hospitalized
patients with COVID-19[167]. L-arginine, a semi-essential amino acid, stimulates endothelium
relaxation by serving as a substrate for the synthesis of nitric oxide by NOS. It also plays a role in
immunomodulation by controlling T cell proliferation[168]. The importance of gut microbiome
homeostasis in preventing immunothrombosis and inflammatory damage was evidenced in a model of
acute mesenteric ischemia/reperfusion injury. More specifically, commensal bacteria mitigated LPS-
induced NETosis by providing tonic stimulation of the neutrophil-intrinsic TLR4 downstream signaling
[169]. Furthermore, perturbation of intestinal microflora due to SARS-CoV-2 infection and the ensuing
depletion of SCFAs might enhance thromboinflammation by eliminating the inhibitory effects of
butyrate on the LPS/TLR4/NF-xB pro-inflammatory pathway[170]. Alternatively, dysregulation of
microorganisms involved in the metabolism of trimethylamine and its metabolite TMA N-oxide
(TMAO) could contribute to the hypercoagulative state in CAC[171]. TMA is generated by gut bacterial
metabolism of choline, carnitine, and betaine and is rapidly converted into TMAO in the liver. TMAO is
a recognized risk factor for clotting events by enhancing platelet hyperresponsiveness, endothelial
dysfunction, and NLRP3 inflammasome activation[171,172]. Indeed, a recent study revealed significant
alterations in metabolites pertaining to the choline/ TMAO and carnitine/ TMAO pathways in COVID-
19 patients; these aberrations were associated with disease symptoms and severity[173].

GUT BARRIER DYSFUNCTION: AN UNDERAPPRECIATED DRIVER OF SYSTEMIC
INFLAMMATION

The critical form of COVID-19 is governed by multi-layered immune system dysregulation and hyper-
inflammatory responses. Overexpression of pro-inflammatory cytokines (IL-1, IL-6, TNF-0) and
chemokines (MCP-1, MIP-1B, CCL5), as well as excessive oxidative stress and hyperactivation of the
complement (C3a) and coagulation (d-dimer) systems are hallmarks of severe COVID-19[55,174]. In
parallel, SARS-CoV-2 infection is accompanied by a tremendous influx of microbial components and
metabolites into the systemic circulation due to intestinal barrier dysfunction. Several studies have
shown that critically ill patients with COVID-19 present with endotoxemia and elevated plasma levels
of zonulin and LPS-binding protein (LBP), which are surrogate markers of leaky gut[55,59,108,174-177].
Additional indices of disrupted intestinal permeability, such as fatty acid binding protein 2, an
intracellular protein specifically expressed in IECs, and peptidoglycan, a core element of the cell wall in
Gram-positive bacteria, were also increased in COVID-19 cases[178]. Furthermore, patients with severe
COVID-19 as well as those with SARS-CoV-2 post-acute sequelae (PASC) had higher circulating levels
of B-glucan, a fungal cell wall polysaccharide, indicating persistent fungal translocation[55,175,179].
Interestingly, the presence of circulating bacteriome in critically ill COVID-19 patients without evidence
of secondary infections further corroborates the assumption of gut-derived bacterial translocation in
severe SARS-CoV-2-infection[175]. Essentially, exuberant translocation precipitates microbial-mediated
myeloid activation as demonstrated by increased serum levels of sCD14 and myeloperoxidase, which
correspond to monocyte and neutrophil inflammation, respectively[55,174]. Multiple studies have
revealed strong and unequivocal correlations between intestinal barrier dysfunction and biomarkers of
inflammation and/or immunological activation, implicating a detrimental role of gut barrier defects in
triggering or enhancing hyper-inflammatory responses in severe SARS-CoV-2 infection[55,59,108,163,
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174,177]. More specifically, Giron et al[55] reported that LBP, B-glucan, and zonulin levels were all
significantly associated with higher systemic levels of IL-6. During PASC, B-glucan could directly
stimulate leukocytes and promote inflammation by binding to the Dectin-1 receptor and activating NF-
kB pathway[179]. In hospitalized COVID-19 patients with cardiac involvement, NLRP3 inflammasome
activation and subsequent IL-18 and IL-1Ra secretion were linked with circulating LBP levels[108]. In
line with this, Sun et al[59] demonstrated that plasma levels of LBP were associated with inflammation
biomarkers (CRP, IL-6, IL-8) as well as with changes in relative frequencies of lymphocytes and
neutrophils. Endotoxemia was significantly associated with TNF-a, CCL5, and MIP-1p in another cohort
of COVID-19 inpatients, whereas sCD14 was negatively associated with TGF-p[174].

Furthermore, gut microbiome alterations, which become more pronounced as disease progresses,
showed solid correlations with markers of inflammation and tissue injury. In particular, gut dysbiosis
coincided with derangements in the serum levels of IL-10, TNF-a, CRP, erythrocyte sedimentation rate,
aspartate aminotransferase, and lactate dehydrogenase in patients with COVID-19[60]. A negative
correlation was found between CRP and the symbiotic microorganisms Faecalibacterium prausnitzii and
Clostridium butyricum, which perish in critically ill patients[60]. The abundance of commensal bacteria (
Lachnospiraceae, Eubacterium ventriosum, Faecalibacterium prausnitzii) was followed by an increased
number of CD4+ T cells, CD8+ T cells, and NK cells[69]. Conversely, opportunistic pathogens, which are
commonly overrepresented in the COVID-19-related gut microbiome, such as Bacteroides dorei and
Akkermansia muciniphila, were positively correlated with pro-inflammatory cytokines, including IL-1p,
IL-6, and IL-8[69]. Accordingly, the predominance of the emerging pathogen, Burkholderia contaminans,
was accompanied by T cell anergy and complement activation[59]. In parallel, the prevalence of
pathogenic species in SARS-CoV-2-induced gut dysbiosis predisposes to bacteremia, leading to
secondary microbial bloodstream infections, and thus, to an increased risk of serious complications[178,
180]. It should be noted that dysbiosis induces multifaceted derangements in microbial-mediated
metabolic functions, including regulation of amino acid, lipid, and carbohydrate metabolism, that could
further contribute to worsening outcomes. In fact, severe COVID-19 disease is characterized by a drastic
shift in the composition of gut-modulated biologically active molecules that engage in inflammation
signaling and immune system activation[55,59]. The long-lasting alteration of the microbial signature
due to SARS-CoV-2, characterized by the predominance of pathogenic species and activation of pro-
inflammatory pathways, perpetuates intestinal inflammation and could lead to long-term complic-
ations, such as tumorigenesis and colorectal cancer[60,181]. Systemic immune activation in COVID-19,
which is at least partially fueled by leaky gut, has been linked to all of the severe manifestations of the
disease, including cytokine storm syndrome, ARDS, renal failure, cardiovascular events,
thromboembolic disease, and neurological manifestations[1582]. The co-existence of intestinal barrier
dysfunction in individuals with underlying diseases, such as obesity, diabetes, colorectal cancer, or
immunosuppression, could exacerbate endotoxemia and the consequent immune system overactivation,
predisposing to a more severe disease course[182,183].

CONCLUSION

Although the respiratory tract is the main target organ of SARS-CoV-2 infection, severe COVID-19 is
considered a complex disorder affecting multiple systems. The development of Gl-related symptoms,
long-lasting fecal shedding of viral RNA, and identification of the virus in human intestinal tissues have
brought to the spotlight the potential effects of the GI system in COVID-19 pathophysiology. The
integrity of the intestinal barrier is a sine qua non for the accomplishment of the diverse digestive and
immunomodulatory functions of the GI tract. In this setting, SARS-CoV-2 is capable of inducing
deleterious effects on the gatekeepers of paracellular transport, i.e., TJs, as well as on intestinal epithelial
and endothelial cells through direct ACE2-dependent or indirect immune-mediated mechanisms, or
both. Apart from dismantling the mechanical structures of the mucosa, COVID-19 is accompanied by
profound alterations of the intestinal microflora at taxonomic and functional levels that are associated
with disease severity and the host’s immune system activation. Furthermore, SARS-CoV-2 hijacks innate
immune responses, principally through interference with IFN signaling, and, thus, leads to inappro-
priate trafficking and activation of virus-specific T and B cells. In turn, this multi-layered disruption of
the gut barrier can exacerbate the underlying immunopathology of COVID-19 or precipitate serious
complications.

The gut and the lungs, albeit anatomically distinct, participate in a bi-directional immunological
crosstalk through their respective microbes and immune cells. A well-tuned intestinal barrier harboring
a diverse community of commensal microorganisms is pivotal in modulating lung immune responses
and the lung microbiome. Therefore, gut dysbiosis impairs the ability to prime vigorous immune
responses in the respiratory tract to effectively contain viral infections such as SARS-CoV-2. Moreover,
the gut vascular bed provides an enormous endothelial surface susceptible to SARS-CoV-2-mediated
injury. Disease-activated and apoptotic endothelial cells are potent drivers of neutrophil/monocyte
recruitment, platelet aggregation, and coagulation activation. In parallel, dysbiosis, endotoxemia, and
systemic hyperimmune reactions shape a procoagulant state within the gut microvasculature that
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possibly contributes to extraintestinal thrombotic complications or ARDS pathogenesis, which are
common manifestations of severe COVID-19. A compromised gut barrier allows an excessive influx of
intraluminal microbiota into otherwise sterile extraintestinal compartments. This systemic dissem-
ination of microbial constituents and metabolites contributes, to a certain extent, to immune system
activation and hyper-inflammatory responses that govern the severe form of COVID-19. Preexisting
comorbidities plagued with impaired intestinal permeability, such as obesity, diabetes, cirrhosis, and
autoimmune disorders, might act synergistically with SARS-CoV-2 to further aggravate endotoxemia
and endotoxin-mediated immune activation, predisposing to a more complicated disease course.
Modulation of the gut barrier function emerges as a promising intervention to prevent or alleviate
severe COVID-19 and related complications.
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