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1. Introduction

1.1 The effect of cytokines and infectious agents on the autophagic process
1.1.1 Autophagy

Autophagy is an intracellular metabolic process in which cytoplasmic target
molecules are transferred to the lysosome for degradation and recycling [1]. Depending on
the type of cargo delivery, three different forms of autophagy can be distinguished: (i)
macroautophagy, (ii) microautophagy, and (iii) chaperon-mediated autophagy. The difference
among these types is how the constituents to be degraded are transported to the lysosome [1],
[2]. Macroautophagy (hereafter referred to as autophagy) occurs under basal conditions and
can be stimulated by environmental cues, nutrient starvation, growth factor depletion, various
pathological conditions, infections, hypoxia, or pharmacological treatment [3], [4]. The major
element in the regulation of autophagy is the mechanistic target of rapamycin (mTOR)
pathway. The serine/threonine-protein kinase mTOR can be found in two distinct functional
complexes, the mTOR complex 1 (mMTORC1) and mTORC2. Only mTORCL1 can directly
govern autophagy [5]. Besides mTOR, mTORC1 is comprised of the regulatory-associated
protein of MTOR (Raptor) and mammalian lethal with SEC13 protein 8 (mLST8) molecules.
The non-core components associated with mTORCL1 include proline-rich Akt substrate of 40
kDa (PRAS40) and DEP-domain containing mTOR-interacting protein (DEPTOR).
Autophagy inducers inhibit mTORCL activity, leading to consecutive activation of the ULK1
(autophagy-related gene 1 (atgl) homolog] complex and class Il phosphatidylinositol 3-
kinase (PI3KC3) complex, containing Beclin-1 protein [6], [7]. The activated P13KC3
induces local production of phosphatidylinositol-3-phosphate (P13P) at the endoplasmic
reticulum membrane and thereby promotes the generation of an omegasome from which the
isolation membrane is formed. PI3P attracts WD repeat domain phosphoinositide-interacting
proteins (WIP1 and WIPI12), and WIPI2 then recruits a ubiquitin-like conjugation system, the
ATG12-ATG5 ATG16L1 complex, to the omegasome [8]. A second conjugation system,
consisting of ATG7 and ATG3, forms a covalent bond between the membrane-resident
phosphatidylethanolamine (PE) and the ATG8 family member proteins, such as the
microtubule- associated protein 1 light chain 3 (LC3) proteins [9]-[11]. The LC3B protein is
essential for the elongation and closure of the phagophore membrane, trafficking of the

autophagosomes, and their fusion with lysosomes. The autophagosomes eventually fuse with
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lysosomes, the content of the autophagic cargo is degraded and made available for reuse [11]-
[14].
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Figure 1: Types of autophagy. Source[15]

Autophagy is essential for the maintenance of cellular homeostasis and also plays a
substantial role in pathological processes, including bacterial infections [4], [16]. Autophagic
capture and delivery of bacteria to lysosomes function as a protective cellular antimicrobial
defense mechanism known as xenophagy [17], [18]. Autophagy also controls bacterial
infections indirectly via its multifaceted effects on the innate and adaptive immune responses
[19]. The mTORC1 pathway affects the maturation, metabolic activity, activation, and
differentiation of innate immune cells. Furthermore, mMTORCL1 regulates cytokine production
by stimulating the production of type | interferons, interleukin-10 (IL-10), as well as
transforming growth factor-, and downregulating the expression of IL-6, IL-12, IL-23, and
tumor necrosis factor-o in monocytes, macrophages, and dendritic cells [20]. The autophagic
machinery promotes the secretion of IL-1, IL-18, and high-mobility group protein B1, and
facilitates antigen presentation to CD4+ and CD8+ T-cells [21].
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1.1.2. Regulation of autophagy

Despite the many functions of autophagy in physiological and pathological processes,
a deeper understanding of how autophagy is regulated in cells could assist in understanding
how cells maintain homeostasis [7]. Autophagy is regulated by four major protein complexes,
each of which is in responsible for a specific stage. The ULK1 protein kinase, which is
primarily made up of the ULKI, Atg13, and FIP200, plays a significant role in the early stages
of autophagosome creation. The ULK1 complex controls autophagy initiation by determining
the site of formation of the precursor membrane. Ser757, Ser317, and Ser556 are among the
phosphorylation sites that can be phosphorylated by AMPK and mTOR [6]. The multiple
phosphorylation sites on ULK1 can play different roles in autophagy, acting as either
inhibitors or activators [22]. Second, the PI3BKC3 complex, which includes VPS34, p150,
Beclin-1, and Atg14, is essential for autophagosome nucleation and expansion. The complex
can induce the production of PI3P, which acts as a landing pad for autophagy effectors. Third,
the Atgl2-coupled complex is mainly composed of the proteins Atgl2, Atg5, and Atgl6.
Atgl6 is noncovalently linked to Atgl2-Atg5, which is essential for Atgs and Atgl2
localization to the pre-autophagosomal structure. The complex binds specifically to the
precursor membrane's outer surface and mediates the final step of LC3 conjugation to PE,
which is required for autophagosome formation. Finally, LC3 is cleaved by ATG4 to form
LC3-1, which is conjugated to PE to form LC3-Il, a reaction that requires the presence of Atg7
and Atg3. LC3-I1 is located in the inner and outer layers of the autophagosome, promoting
expansion and closure of phagophores to form intact autophagosomes. The canonical signal
transduction pathway associated with autophagy control is the PI3 K/Akt/mTOR pathway
[23]. Despite the fact that this pathway is considered to control cell division and facilitate
protein translation. The autophagic activity of cells can be inhibited by mTOR
phosphorylation, and the mTOR inhibitor rapamycin has been shown to suppress mTOR
phosphorylation and thereby activate autophagic activity. Ras/Raf/ERK, mTOR-independent
inositol and calcium/calmodulin-dependent protein kinase-11 (CaMK-II) are another signaling
pathways that regulate autophagy [24]-[26]. Importantly, inability in precise regulating these

autophagic signaling networks may result in a number of diseases.
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1.1.3. Interaction between autophagy and pro-inflammatory cytokines

The ubiquitous process of autophagy is strongly associated with immune and
inflammatory activity. There is a two-way interaction between autophagy and pro-
inflammatory cytokines; many cytokines modulate the autophagy process, and autophagy
regulates many pro-inflammatory cytokines [27]. In face of a threat, pro-inflammatory
cytokines, which are synthesized by adaptive and innate immune cells, play a key role in the
functional responses of the immune and inflammatory systems, and the survival of the
immune cells. The activity of the adaptive and innate immune systems might be regulated at
a fundamental level by the relationship between autophagy and cytokines [28], [29]. The level
of the autophagic activity is determined by several cytokines, such as interferon (IFN)-y,
which initiates autophagic responses to kill pathogens, like Chlamydia and mycobacteria [30],
[31]. Other cytokines that trigger autophagy include interleukin IL-1, IL-6, IL-17 and tumour
necrosis factor (TNF)-a; to counter these activators of autophagy, IL-4, IL-10, IL-13 and IL-
33 inhibit the process. Autophagy simultaneously regulates the synthesis and secretion of
some cytokines. The interactions between autophagy and pro-inflammatory cytokines and
their significant effect upon the pathophysiology of disease, have become a point of research
interest, with much being learned about the interactions. The pro-inflammatory cytokine, IFN-
v, which plays a key role in adaptive and innate immunity, is secreted by activated CD4+ and
CD8+ T cells, and natural killer cells [32], [33]. It achieves this by activating multiple
immunomodulatory molecules; as such, IFN-y contributes to several inflammatory and
autoimmune disorders [34]. Evidence suggests that autophagy is boosted by IFN-y,
facilitating the presentation of antigens, the clearance of microbes and cellular proliferation.
IFN-y secretion is stimulated by the activation of autophagy, initiating a positive feedback
loop [35], [36]. Cell death can be triggered, and invading pathogens can be destroyed by IFN-
y-stimulated autophagy. IFN-y promotes the autophagic elimination of intracellular pathogens
by stimulating macrophages, which heightens the innate immune system’s receptor-mediated
phagocytosis and microbe-killing defensive processes [37], [38]. IFN-y may activate
macrophages via a pathway involving the family M member 1 GTPase Irgml/IRGM1,
leading to maturation of mycobacteria-containing phagosomes. Studies of concanavalin A
(Con A) in hepatoma cell lines show that cell death was increased by the IFN-y stimulation
of autophagy. it has been reported IFN-y elevated concanavalinA (Con A)-induced autophagic
flux in hepatoma cell lines. Inhibiting Irgm1 suppressed IFN-y/ConA-mediated lysosomal

membrane permeabilization and hepatocyte death [39]. The pathway involved in IFN-y-
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induced autophagy is dependent on mitogen-activated protein kinase (MAPK) 14 but does
not require signal transducer and activator of transcription 1 (STAT1). In macrophages, the
autophagy initiated by IFN-y involves JAK1/2, p38 MAPK and PI3K signaling [40].

The virulent strian H37Ra of Mycobacterium tuberculosis infects macropahges and
stimulating autophagy. The co-localisation of LC3 and bacillus Calmette-Guérin (BCG)
increased due to IFN-y-activation of macrophages prior to infection. The effect of IFN-y on
the maturation of phagosomes containing BCG was completely absent in mouse macrophages
deficient in Beclin-1; the inference of this is that autophagy is essential for IFN-y activity
[41], [42]. Pathogens, such as Burkholderia cenocepacia (B. cenocepacia) and Chlamydia
trachomatis (C. trachomatis), can rapidly be removed by IFN-y hastening the activation of
autophagy. In human cystic fibrosis macrophages infected with B. cenocepacia, the formation
of autophagosomes and lysosomal trafficking was improved in the presence of IFN-y, thereby
successfully clearing the bacteria from the cells. Autolysosomes in mouse embryonic
fibroblasts (MEFs) with knocked down immunity-related GTPase family member a6 (Irga6)
were unable to detain C. trachomatis, which led to resistance to IFN-y-initiated death and
enabled the pathogen to proliferate. This finding indicates that, Irga6 is key to IFN-y-
instigated autophagy [43]. Apart from having a role in several infectious and systemic
diseases, autophagy may also regulate normal cellular metabolism [44]. For example, the
metabolism of tryptophan in human kidney epithelial cells might be regulated by IFN-y-
mediated autophagy. Stimulating the metabolism of tryptophan in turn increased the
expression of general control nonderepressible-2 (GCN2) kinase, which phosphorylates the
autophagy activator, eukaryotic translation initiation factor 2a (elF2a) [45]. Understanding
how autophagy can encourage biosynthesis and contribute to the homeostasis of metabolism

might yield insights into the relationship between autophagy and IFN-y.

1.1.4. Autophagy facilitates IFN-y production

In turn, the production of IFN-y is stimulated by autophagy, thereby enabling
inflammatory responses [46]. For example, the creation of autophagosomes and IFN-y-
induced LC3 conversion was significantly reduced in conditional knockdown of Atg5; this
resulted in limited IFN-y secretion in CD4+ T-cells. IFN-y-inducible inflammatory responses
are noticeably improved by autophagy [47]. Also, the IFN-y-induced JAK2-STAT1 pathway
was ineffective in Atg5 and Atg7-deficient MEFs, indicating the IFN-y-dependent pathway
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requires the involvement of autophagy [48]. SHP2, SOCS1, and SOCS3 are known negative
regulators of the IFN-y signaling pathway [49]. Certainly, phosphorylation of IFN-y-
dependent STAT1 increased significantly when the expression of SHP2 was inhibited,
suggesting that in Atg5—/— MEFs, SHP2 suppresses the IFN-y pathway [48]. Furthermore,
without autophagy, the increased expression of SHP2 led to accumulation of reactive oxygen
species (ROS), which inhibited STATL1. Simultaneously, the abundant ROS inhibited the
JAK2-STAT1 signaling induced by IFN-y, in turn enabling activation of SHP2 [50], [51].

1.1.5. TNF-a activates and promotes autophagy

TNF-a is a pleiotropic cytokine. It regulates various processes, including cell
proliferation, differentiation, death, and proinflammatory responses. Mounting evidence
indicates that TNF-o. and autophagy are mutually obstructive [52]. The progression is
hastened in several inflammatory diseases due to endotoxins stimulating the synthesis of
TNF-a. Autophagy is primed by TNF-a in multiple cell types, including epithelial cells,
osteoclasts, skeletal muscle cells, T-lymphoblastic leukaemic cells and vascular smooth
muscle cells [52]-[57]. Through TNF-a modulation of the c-Jun aminoterminal kinase (JNK)
pathway, the expression of LC3 and Beclin-1 is up-regulated in human atherosclerotic
vascular smooth muscle cells; in the meanwhile, TNF-a also suppressed Akt activity [58].
Autophagy was increased in MCF-7 human breast cancer cells treated with TNF-a, which is
attributed to the extracellular signal-regulated kinase (ERK) 1/2; meanwhile, in Ewing
sarcoma cells, an abundance of ROS was generated by the down-regulation of TNF-a-
mediated autophagy due to NF-kB stimulation [59], [60]. In intestinal epithelial cells of rats,
TNF-a caused oxygen consumption to decline, increasing mitochondrial ROS production and
causing the membrane potential of mitochondria to decrease. These effects promote
autophagy [61]. In murine fibrosarcoma L929 cells, TNF-a-induced autophagy inhibited
necroptosis by blocking the p38 MAPK-NF-kB pathway [62].

1.1.6. The impact of IL-17 on autophagy

IL-17 cytokine is in fact a six-membered family of cytokines, identified as IL-17A to
IL-17F. Inflammatory responses are mediated by IL-17, which is synthesised and secreted
mainly by Th17 cells. In particular, IL-17A and IL-17F stimulate antibody synthesis, cytokine

formation, the priming of T-cells and incite inflammation [63]. In vitro studies showed that B
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cell autophagy increased along with the elevated IL-17 levels in experimental autoimmune
myocarditis mice, which increased the activity of the ubiquitin-proteasome system and
triggered ERK1/2 phosphorylation, which up-regulated p62 and Beclin-1 expression, and
protected B cells from apoptosis [64]. These IL-17A-inititated changes were significantly
inhibited by 3-methyadenine (3-MA). The accumulation of LC3-11 was increased by IL-17A
and IL-17F, which also encouraged autophagic flux, modulated the intracellular redistribution
of LC3, and enabled autophagosomes and acidic vesicular organelles to form. IL-17A appears
less effective than IL-17F in stimulating the autophagic cascade. M. terrae could be
eliminated from macrophages through IL-17A and IL-17F-stimulated autophagy [63]-[65].
Besides modulating host defenses, IL-17 is implicated in the pathogenesis of rheumatoid
arthritis (RA) as it causes the mitochondria in fibroblast-like synoviocytes (FLSs) to become
dysfunctional, thereby increasing autophagy; FLSs invade cartilage and bone in RA [66]. The
inflammation caused by IL-17 disrupts mitochondrial respiration, instigating Th17 cell
infiltration. FLS survival might be enhanced by the subsequent stimulation of autophagy,
which could limit apoptosis. On the other hand, the progression of pulmonary fibrosis was
limited by blocking IL-17A, which initiated autophagy and reduced inflammation. The
mechanisms by which IL-17A modulates autophagy have been highlighted in various studies.
PI3K glycogen synthase kinase 3 B (GSK3p) signaling was initiated by IL-17A in lung
epithelial cells. Activation of GSK3B limited B cell CLL/lymphoma 2 (Bcl-2)
phosphorylation, which in turn reduced ubiquitination of Bcl-2, thus its degradation was
diminished. Autophagy was inhibited by the subsequent interaction between Bcl-2 and
Beclin-1. This indicates the presence of an IL17A-PI3K-GSK3B-Bcl-2 signaling cascade,

which once activated, results in the downregulation of autophagy [67], [68].

Autophagy inhibits of IL-17 secretion

Autophagy controls the Th1/Th17 balance in Crohn's disease and other inflammatory
disorders. For example, treatment with the autophagy/lysosomal inhibitor chloroquine in
human monocyte-derived Langerhans-like cells remarkbly increased the IL-17A release by
CD4+ T cells while reducing IFN-y secretion. Chloroquine regulated the production of I1L-17
in a p38 MAPK-dependent manner, possibly by triggering Th17 immunity. The production
of IL-17 is regulated by chloroquine acting on p38 MAPK, which might stimulate Th17

immunity. Th17-cell differentiation is directed by release of IL-6 and transforming growth
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factor (TGF)-B, and IL-1. This suggests that the balance of Th1/Th17 is regulated through
autophagy [69], [70].

1.1.7. The IL-1 family and autophagy

Immune and inflammatory processes are regulated by pro-inflammatory interleukin
cytokines (IL-1a, IL-1B, IL-18, IL-33 and IL-36). Also known as “alarmins”, reflecting their
ability to send out an alert calling for inflammatory responses, these cytokines are ‘first line
responders’, being secreted in the earliest stages of inflammation. Acting in a self-regulatory
manner, autophagy, which can be initiated by IL-1a and IL-1p, regulates the secretion of IL-
lo, IL-1PB, and IL-18 and their destruction [71]. Synthesized mainly by macrophages and
monocytes, IL-1B, is considered the ‘master’ pro-inflammatory cytokine. Inflammatory
cascades are initiated by the binding of IL-1a and IL-1p to IL-1 receptor 1. Acting as the
‘master’, IL-1p can influence inflammatory responses by initiating the synthesis of IL-1a and
IL-23. IL-1p acts as a natural adjuvant, prompting antigen-specific immune responses. IL-1a
and IL-1B have also been identified as being capable of causing the formation of
autophagosomes. Furthermore, these proinflammatory cytokines might limit inflammatory
responses by stimulating autophagy as part of a negative feedback loop and support cytokine-
mediated anti-microbial defence mechanisms [72]. ERS was activated by IL-1B in mouse
pancreatic acinar cells, stimulating the release of Ca?* into the cytosol, culminating in
autophagy [73]. It was noted that trypsin was activated by impaired autophagic flux, resulting
in damage to the pancreas. However, protective effects were cast by mitochondrial signals

stimulated by IL-1B-initiated autophagy [74].

Autophagy regulates the production of IL-1§, IL-18, and IL-1a

Based on being localised to the autophagosomes’ intermembrane space, the secretion
and degradation of IL-1 might be autophagic-dependent. The synthesis of IL-1B, which
needs to be activated by caspase-1 and the formation of inflammasomes, is powerfully
regulated by autophagy. To deliver IL-1f to autophagosomes requires two lysosome-targeting
KFERQ sequences and the chaperone protein Hsp90 [73]. Autophagy helps the release of IL-
1B by acting on alternative mechanism that involves the AIM2 inflammasome. The
accumulation of AIM2 inflammasomes in an epithelial cell line, was linked to end-binding

protein 1 (EB1) [75]. More research focusing on the inflammasomes and their interactions is
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needed. Autophagy reduces IL-1pB secretion indirectly by actively targeting pro-IL-1p to be
degraded by lysosomes. In response to LPS stimulation, in mouse macrophages with
knockdown of ATG16L1, the secretion of IL-1p increased [76]. It is hypothesised that
macrophages and DCs in which Atg7 or Beclin-1 was deleted, or treated with 3-MA,
synthesised IL-1B when challenged by TLR3 or TLR4 agonists. IL-1B localised to
autophagosomes when macrophages were treated with TLR agonists [77]. Moreover, due to
increased cleavage of pro-IL-1p in the liver, serum levels of the active form of IL-1p were
considerably higher in mouse macrophages with knockdown of ATG5 [78]. The expression
of IL-1B mRNA expression was significantly upregulated by LPS in ATG7-silenced mouse
intestinal epithelial cells. Furthermore, autophagy targets in particular pro-IL-1 for
lysosomal degradation and therefore indirectly reduces IL-1f secretion. The genetic
knockdown of Atgl6L1 in macrophages increased IL-1B release in response to LPS
stimulation in mice [79]-[82]. In addition, down-regulation of autophagy enhanced the
production of IL-18, which was processed by caspase-1 in an inflammasome-dependent
manner. Treatment with 3-MA further increased the LPS-stimulated formation of IL-1a via a
mechanism independent of NLRP3 [83]-[85].

1.1.8. IL-33 and IL-36

The pro-inflammatory cytokines, IL-33 and IL-36, are the newest members of the IL-
1 family to be discovered. These are present in particular immune cells and various tissues.
The action of both 1L-33 and IL-36 is to prompt natural killer cells to produce cytokines and
chemokines, which modulate the innate immune system’s responses to invading pathogens.
In response to IL-33 and IL-36, Thl cells upregulate their production of cytokines; however,
the results of IL-33 and IL-36 activity is determined by the host’s overall immune condition
[71]. Until recently, there has been limited understanding of the relationship between these
cytokines and autophagy. However, evidence from one murine study indicates that IL-33
reduces the inflammatory response and apoptosis. The effect was protective, defending the
mice against collagenase-induced intracerebral haemorrhagic injury [86]. Likewise, due to
IL-33 inhibiting apoptosis and autophagy, the neurons in neonatal rats were protected against
deleterious consequences of recurrent seizures [87]. There are three subtypes of IL-36
cytokines: IL-36a (IL-1F6), IL-36B (IL-1F8) and IL-36y (IL-1F9). They activate MAPKSs and
NF-kB by acting on the same signaling cascade and by binding to the same heterodimeric

receptors [88]. IL-36 contributes to the adaptive immune response by provoking the release
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of chemokines and cytokines, which in turn recruits and activates CD4+ T cells and DCs. As
yet, research has not explored whether during the immune response the stimulation of 1L-36

is modulated by autophagy.

1.1.9. Interleukin-36a, B, v, and IL-36Ra

IL-36a, IL-36p, IL-36y, and IL-36 receptor antagonist (IL-36Ra) belong in the IL-36
subfamily of the IL-1 cytokine family [89]-[91]. The IL-36 subfamily includes three agonist
cytokines (IL-360/B/y) as well as the natural antagonist of IL-36 (IL-36Ra). Expression of IL-
36a can be observed at low levels in many different tissues most notably in the skin,
esophagus, tonsil, lung, gut, and brain. IL-36a can also be secreted by the immune cells
including monocytes/macrophages and T cells [94]. IL-36a/B/y are highly induced in
response to several stimuli including cytokines, Toll-like receptor agonists, bacteria, viruses,
and various pathological conditions. The IL-36 subtypes are synthesized as precursor
proteins. Cleavage of the precursor form of IL-360a at a specific site located at nine amino
acids N-terminal to a conserved A-X-Asp motif highly increases the affinity of the truncated
cytokine to the receptor and enhances its biological activity [93], [94]. Proteases derived from
neutrophil granulocytes such as cathepsin G, elastase, and proteinase-3 are involved in the
processing and activation of IL-36a by proteolytic cleavage [94], [95]. The truncated IL-
360/B/y bind to the IL-36R (IL-1Rrp2) and use the IL-1 receptor accessory protein (IL-
1RACP) as a co-receptor [90], [96], [97]. Following ligand binding, the Toll/IL-1 receptor
(TIR) domain—Ilocated in the intracellular portion of the IL-36R:IL-1RACP heterodimer—
recruits myeloid differentiation primary response 88 (MyD88) adaptor protein, which in turn
interacts with IL-1 receptor-associated kinases (IRAKSs) and tumor necrosis factor receptor-
associated kinase 6 (TRAF-6) [90], [98]. The MyD88/IRAK/TRAF6 platform activates
activator protein 1 (AP-1), cCAMP response element-binding protein (CREB) and nuclear
factor-kB (NF-xB) transcription factors via IkB kinase (IKK), mitogen-activated protein
kinases (MAPKS) including the extracellular signal-regulated kinases (ERKS), c-Jun N-
terminal kinases (JNKs), and p38 [90], [91], [97].

IL-36 subtypes stimulate the production of several cytokines (IL-1a, IL-1p, IL-2, IL-
4,I1L-6, IL-8, IL-10, IL-12, IL-17, IL-18, IL-22, IL-23, TNFa, HB-EGF, and IFN-y), colony-
stimulating factors (GM-CSF and G-CSF), chemokines (CCL1-3, CCL20, CXCL1-3,
CXCL5, CXCL10, CXCL12), and cell adhesion molecules (VCAM-1, ICAM-1) in various
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cell types [99]-[101]. Furthermore, IL-36 cytokines increase the intracellular level of
antimicrobial peptides (beta-defensins 2 and 3, LL37, and protein S100-A7) and elevate the
expression of major histocompatibility complex class 2 and clusters of differentiation 14
(CD14), CD40, CD80/CD86, and CD83 [100]-[102]. IL-36a/B/y thereby activate innate
immune cells and induce inflammation. The pro-inflammatory 1L-36 subfamily members also
modulate the adaptive immune responses by stimulating TH-cell proliferation and promoting
CD4+ T lymphocyte differentiation toward TH1, TH17, and TH9 phenotypes. IL-36y was
shown to activate natural regulatory T-cells (Tregs) [103] and inhibit the generation of
induced Tregs [104]. In acute resolving inflammation, IL-36 o/P/y has been suggested to
facilitate the elimination of pathogenic microorganisms, the resolution of tissue injury, and
the restoration of tissue integrity. However, in chronic inflammatory processes, these IL-36
subtypes can exert a pathogenic effect by amplifying inflammatory processes [105]. IL-36
cytokines play important roles in various diseases including asthma, chronic obstructive
pulmonary disease, ankylosing spondylitis, rheumatoid arthritis, psoriasis, systemic lupus

erythematosus, glomerulonephritis, diabetes, and obesity [106], [107].

1.1.10. Regulation of autophagy and pro-inflammatory cytokines in diseases

Numerous infectious, autoimmune and inflammatory diseases could potentially be
treated by therapeutically targeting autophagy [108], [109]. Cellular homeostasis is supported
by autophagy modulating inflammatory and immune responses, which helps to eliminate
bacterial, fungal, protozoan and viral pathogens [110]-[113]. Autophagy and immune
processes are heavily influenced by proinflammatory cytokines, such as TNF-a, IL-1p, and
IFN-y, which help to remove M. tuberculosis from host cells by stimulating autophagy [38],
[114]. In that instance, autophagy activated T cells, promoted antigen presentation and
triggered the fusion of lysosomes with autophagosomes containing the pathogen. Several
pathogenic microorganisms, including B. cenocepacia, C. trachomatis and Toxoplasma
gondii, can be eliminated with the assistance of autophagy stimulated by IFN-y [31], [43],
[113]. The antigen presentation and phagocytic abilities of monocytes are enhanced by IFN-
v priming. There is a strong relationship between restoring immune function and IFN-y-
primed autophagy. Indeed, HLA-DR expression in the alveolar macrophages of trauma
patients can be increased substantially by inhaling IFN-y, decreasing the risk of developing

ventilator-associated pneumonia [115]. The treatment has been used in a number of patients
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with severe infections; a notable response was observed in one septic patient with
mucormycosis, whose condition improved very quickly following the administration of IFN-
vy in conjunction with nivolumab, an anti-PD1 antibody [116], [117]. Although autophagy can
confer therapeutic benefits, excessive or unregulated autophagy may contribute to pathology.
As described earlier, acute pancreatitis occurred in response to activated trypsinogen and
autophagic flux being out of balance, due to IL-1f [73]. Based on this observation, treatment
for this disease could potentially include interventions that modulate autophagy driven by IL-
1B. Furthermore, in patients with RA, it was noted that osteoclast-oriented bone resorption
and erosion was influenced by TNF-a dependent autophagy. The drugs, chloroquine and
hydroxychloroquine, may be effective treatments for RA, as they inhibit autophagy, limiting
bone loss [55]. Moreover, IL-17 caused mitochondrial dysfunction in FLSs in RA, and
enhanced the formation of autophagosomes that showed anti-apoptotic properties and
promoted FLS survival [66]. Based on the evidence garnered thus far about IL-17 and TNF-
a, there is a potential therapeutic benefit to regulating these cytokines to alleviate RA. Also,
the inhibition of inflammation, autophagy and apoptosis by IL-33 has been found to confer
neurons with protection against deleterious effects of recurrent neonatal seizure and
intracerebral haemorrhage [86], [87]. More research is required to establish whether 1L-33
offers any therapeutic potential that could be exploited in clinical settings to treat a range of

diseases.
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Figure 2: Mechanisms underlying the interplay between proinflammatory cytokines and autophagy. (a) IFN-y leads to
autophagic activation via multiple mechanisms, including regulation of the JAKZL/2, Irgm1l/IRGM, p38 MAPK,
S100A10/ULK1, and PI3K pathways. Autophagy, in turn, enhances IFN-y formation via the ROS/JAK2/STATI and
SHP2/STAT1 signaling pathways. (b) TNF-a positively regulates autophagy through the ERK1/2, JNK, p38 MAPK-NF-
kB, and ROS signaling pathways. Autophagy modulates TNF-o induction in a context-dependent manner. (c) IL-17 activates
the ERK1/2-Beclin-1-p62 pathway leading to autophagy. On the other hand, IL-17 inhibits autophagy via the Bcl-2-Beclin-
1 and PI3K-GSK3p pathways. Autophagy, in turn, down-regulates IL-17 production via p38 MAPK signaling. (d) IL-o and
IL-1p activate endoplasmic reticulum stress (ERS) with subsequent autophagy, while autophagy enhances the formation of
IL-a, IL-1p, and IL-18 in an NLRP3 inflammasome-dependent manner. (e) IL-33 has potential negative effects on autophagy.
Source [27].

1.1.11. Lipopolysaccharide of Gram-negative bacteria

Lipopolysaccharide (LPS) is a powerful immunomodulatory molecule that contributes
to the pathogenesis and clinical symptoms of infections caused by Gram-negative bacteria.
LPS is the major structural component of the outer bacterial membrane and is composed of O
antigen, poly/oligosaccharide core, and lipid A, termed endotoxin [118], [119]. LPS is a
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pathogen-associated molecular pattern (PAMP) detected by sensor molecules located in the
cytoplasmic and endosomal membranes as well as in the cytoplasm of cells [120]-[122].
Extracellular LPS is sensed and extracted from the bacterial outer membrane by the LPS-
binding protein (LBP) and CD14 [120]-[122]. CD14 transfers monomeric LPS molecules to
the Toll-like receptor 4 (TLR4)/myeloid differentiation factor 2 (MD-2) heterodimer leading
to a conformational change and crosslinking of TLR4/MD?2 receptor complexes [120]-[122].
In the cytoplasmic membrane, the dimerized TIR domain in the cytoplasmic portion of TLR4
consecutively recruits TIR domain-containing adaptor protein (TIRAP), MyD88, and IRAK
proteins, thus leading to the assembly of a supramolecular complex termed the myddosome.
The LPS-TLR4/MD2 complexes can also be internalized into endosomes. The TIR domain
of endosomal TLR4 binds TRIF-related adaptor molecule (TRAM), which attracts TIR
domain-containing adaptor-inducing interferon-p (TRIF) resulting in the formation of another
complex called the triffosome [121], [123]. Myddosomes and triffosomes recruit TRAF6 or
TRAF3 and activate AP-1, NF-kB, CREB, and interferon regulatory factor 3 (IRF-3) via
MAPKSs, IKK, and class | PI3K [118], [120], [121]. The activated transcription factors turn
on the expression of various cellular genes encoding inflammatory mediators including
cytokines [118], [120], [121]. In addition to TLR4, another group of cytoplasmic membrane
receptors—the transient receptor potential (TRP) cationic channels—can also bind LPS [118],
[124]. TRP cation channel subfamily VV members 2 and 4 (TRPV2 and TRPV4) and TRPM7
also contribute to the LPS-mediated activation of innate immune cells by triggering
intracellular Ca2+ mobilization and secretion of nitric oxide [125], [126]. Additionally,
intracellular LPS within the cytoplasm of cells directly binds to the caspase activation and
recruitment domains of caspase-4/5 in humans and caspase-11 in mice, which in turn leads to
activation of inflammatory caspases, secretion of IL-13 and IL-18, as well as induction of
pyroptosis [127]. In localized infections caused by Gram-negative bacteria, LPS-mediated
activation of the immune response is protective by restricting bacterial invasion whereas the
exaggerated inflammation seen in systemic infections is of pivotal pathogenetic and

prognostic importance.

1.2. COVID-19: SARS-CoV-2 and its cellular effects on GIT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) recently emerged as

a highly virulent respiratory pathogen that is known as the causative agent of coronavirus
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disease 2019 (COVID-19) [128]. SARS-CoV-2 enters the human body through the airways
and multiplies in the lungs. This novel coronavirus causes mild, severe, and critical respiratory
disease in 81%, 14%, and 5% of cases, respectively [129]. It may also enter the bloodstream,

which results in viremia and systemic spread throughout the body.

In addition to the airways, the virus can multiply in the gastrointestinal tract (GIT),
urinary tract, and central nervous system. The infection elicits an intemperate immune
response characterized by a life-threatening cytokine storm and a corrupted IFN system,
which is unable to eliminate the pathogen effectively. As a result, a systemic inflammatory
response syndrome occurs [130], [131]. In the severe and critical clinical manifestations of

COVID-19, atypical pneumonia leading to progressive respiratory failure develops [129].

SARS-CoV-2 belongs to the genus Betacoronavirus of the family Coronaviridae,
which comprises enveloped viruses with positive-sense single-stranded RNA genomes [132]-
[134]. The spherical or elliptical virions are pleomorphic with diameters of 80-160 nm. The
capsid has helical symmetry, which is built up by the nucleocapsid (N) protein. The spike (S),
membrane (M), and envelope (E) proteins are located in the virion envelope [135], [136].

SARS-CoV-2

Spike
protein

ACE2
receptor

TMPRSS2

Figure 3: structure of SARS-CoV-2. Source[15]
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Initially, the S protein of SARS-CoV-2 binds to its corresponding cell-surface
receptor, angiotensin-converting enzyme type 2 (ACE2 ) [137], [138]. The S protein has two
subunits: S1 and S2. The S1 subunit has a receptor-binding domain and is responsible for
receptor engagement, whereas the S2 subunit is involved in the fusion process [138]-[140].
Following ACE2 binding, cellular proteases such as transmembrane protease/serine
subfamily member 2 (TMPRSS2), TMPRSS4, and cathepsin L cleave S protein into S1 and
S2 subunits, and the virus enters the host cell by receptor-mediated endocytosis [141]-[144].
These enzymes may also facilitate entry or expand the tissue tropism of SARS-CoV-2 [144]-
[148].

The viral mRNAs are translated in the rough endoplasmic reticulum, leading to the
formation of accessory proteins and structural proteins (N, M, E, and S). The M, E, and S
proteins then become embedded in the endoplasmic reticulum, whereas the N proteins
assemble with the newly synthesized full-length positive-sense RNA to form the nucleocapsid
[149], [150]. After being transported to the ERGIC (endoplasmic reticulum-Golgi
intermediate compartment), the nucleocapsids bud through the ERGIC membrane into its
lumen. The mature virions reach the cytoplasm membrane via vesicular transport and are
released from the cell [149], [150].

It has been determined that the symptoms of COVID-19 infection begin between 1-
14 days after exposure to the virus. However, the scientists have classified the period of
infection into 4 clinical phases [151], [152]. The infectious-virological phase ( Phase 1)
maximum duration 8 days. The presence of the virus in the upper airways and digestive tract
stimulates usually specific symptoms, such as dry cough, fever, fatigue with normal
peripheral oxygen saturation, diarrhea, headache, and conjunctivitis in the adults. As the
humoral immune response is activated, plasma cells produce immunoglobulin ( IgM and 1gG
antibodies). The infections triggers the synthesis of various inflammatory cytokines (IL-6).
These responses especially if followed by reasonable pharmacological treatment, convert into
an infective resolution in 80% of cases. The variety of responses in older patients in different

categories (fit, frail, disable) is an important topic to be investigated [153] (Figure 4).

The pulmonary phase ( Phase 2 ) usually begins after 10 days on average after the
commencement of symptoms. During this phase the virus migrates to the lower respiratory

tract and lung. Thhe characteristic symptoms, such as shortness of breath, severe dyspnea and
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fatigue can continue for 5 days or more. Low peripheral oxygen saturation (SpO2 < 95%)
characterizes this phase. Endothelial and initial cardiac damage may also occur [154].
Hospitalization in semi-intensive wards could be required at this stage. Clinical complications
are more common in men than in women. This difference can be explained by a higher
expression level of ACE2 receptors in adult human testes at the single-cell transcriptome
level, indicating that this organ could be a possible target of SARS-CoV-2 infection and one
of the causes of rapid spread of the disease [155] (Figure 4).
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Figure 4: COVID 19 disease across different possible phases, therapeutic strategies, and settings. In Phase 1, viral response
predominates, and respiratory and gastrointestinal symptoms can be treated at home with favipiravir. In Phase 2: pulmonary
symptoms, fever and dyspnea worsen and rapid diagnosis by CT and hospitalization is required. In Phase 3, pulmonary and
hyperinflammatory manifestations, clinically represented by ARDS, corticosteroids and IL-6 receptor antagonists should be
started in sub-intensive wards. In Phase 4, thrombotic, anticoagulant therapy should be introduced and admission to ICU
indicated. There is a transverse phase: bacterial superinfection, typically characterized by high fever, increased white blood
cells and procalcitonin, where broad-spectrum antibiotic therapy is the choice treatment. Source: [152]

The Hyperinflammatory pulmonary phase ( Phase 3) is characterised by systemic symptoms
with multi-organ involvement (ARDS SIRS/ Shock Cardiac Failure). It requires
hospitalization in ICUs or respiratory intensive care units [156]-[158].

Endothelial damage, local and widespread thrombotic phenomena, and pulmonary

hypertension are all indications of the vasculitic-thrombotic phase ( Phase 4 ) [159]. There is
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an evidence to support the use of enoxaparin, which is well known for its antiviral effect, at
high doses and dependent on weight and renal function, especially during this phase [160],
[161]. The usual serum biomarker picture of this phase is characterized by normal WBC,
extreme high levels of D-dimer, and troponin I that may indicate the possibility of thrombotic

events in various organs.

GIT involvement is frequent in COVID-19 patients and includes anorexia, nausea,
vomiting, diarrhea, and abdominal pain [162]-[170]. Among the specific GI symptoms,
diarrhea is the most common. Based on different studies, the prevalence of diarrhea might
range from 2% to 49.5%[169], [171], [172]. The reason why Gl symptoms occur in only a
subset of COVID-19 patients is currently unknown. There are no significant differences
between the two patient groups in terms of demographics and certain coexisting conditions,
such as pregnancy, cancer, chronic renal disease, chronic obstructive pulmonary disease, or
immunosuppression. A study conducted by Jin et al [164] revealed that the rate of chronic
liver disease in COVID-19 patients with GI symptoms is much higher than among those
without GI symptoms. Moreover, the incidence of COVID-19 with GI symptoms displays
familial clustering[164]. Based on these interesting observations, it is reasonable to infer that
genetic, immunological, and epidemiological factor are involved in the development of
COVID-19-associated diarrhea.

The treatment of COVID-19 is based on the phase of infection or the severity of the
case. At the first phases, anti-inflammatory drugs are applied for 7-8 days such as chloroquine
or hydroxychloroguine [173]. Although numerous antiviral medications have been
considered, such as lopinavir/ritonavir and remdesivir have gained considerable attention.
The first antiviral medication, lopinavir/ritonavir, was used to treat HIV and SARS in 2003
[174]. Another antiviral agent is remdesivir, which is a promising pharmaceutical drug and is
currently being examined by several clinical trials as a possible COVID-19 medication [175].
On February 15, 2020. Favipiravir, an antiviral drug made by the Japanese pharmaceutical
company Fujifilm Toyama Chemical, was authorized for the treatment of new influenza in
China, and clinical studies are now underway. According to preliminary data from 80
individuals, favipiravir exhibited a more powerful antiviral impact than lopinavir/ritonavir

and even had fewer adverse effects [176].

However, because no current definitive specific treatment for COVID-19 infection has been

proven in a randomized clinical trial, WHO has now launched an efficacy study to investigate
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four potential treatments: remdesivir, chloroquine/hydroxychloroquine, lopinavir and
ritonavir, and lopinavir and ritonavir plus interferonp-1. The major limitation of this study is
that it will not be double blind; nevertheless, it will involve thousands of patients from many
nations [177].
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2. Aims

Our specific aims were:

Aim 1: Investigation of the pro-autophagic effect of IL36a and lipopolysaccharide in the
THP-1 cells line.

Our aim was to examine the (i) the levels of LC3B-I and LC3B-II, (ii) the autophagic flux,
(iii) the subcellular localization of LC3B and Beclin-1 and (iv) the signaling pathways

activated in THP-1 cells treated with IL-36a and LPS alone or in combination.
Aim 2: Collection of literature data on the main cellular effect of SARS-CoV-2 on GIT.

In our review study, we aimed to summarize the effects of SARS-CoV-2 on the autophagic
activity, viability, ion secretion, and inflammatory response of enterocytes. Furthermore, we
also collected literature data on the role of the cellular effects exerted by SARS-CoV-2 in the

development of COVID-19 gastrointestinal manifestation.
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3. Materials and Methods

3.1. Chemical compounds

Human recombinant IL-360 (Biomol GmbH, Hamburg, Germany) was prepared in
sterile distilled water and used at 10 ng/ml concentration in all experiments. Human
recombinant IL-36Ra (Sigma—Aldrich, St. Louis, MO, USA) was prepared in sterile distilled
water and used at 20-fold molar excess. A stock solution of autophagy inhibitor bafilomycin
Al BFLA (Santa Cruz Biotechnology, Dallas, TX, USA) was prepared in dimethyl sulfoxide.
BFLA was used at a concentration of 100 nM in all experiments. LPS from Escherichia coli
0111:34 (Sigma—Aldrich, St. Louis, MO, USA) used at 500 ng/ml in all experminets.

3.2. Cell culture

The THP-1 human pro-monocytic cell line was grown in Dulbecco’s modified Eagle’s
minimal essential medium (Sigma—Aldrich) supplemented with 10% fetal calf serum (Lonza,
Verviers, Belgium) and 1% of an antibiotic/antimycotic (AB/AM) solution (Lonza) at 37 °C
in a 5% CO2 atmosphere.

3.3. Indirect Immunofluorescence assay

Cytospin cell preparations were fixed in methanol acetone (1:1) for 10 minutes at -20
°C. The cells were treated with 1% bovine serum albumin in PBS for 30 min at 37 °C to block
non-specific binding of the antibodies. To detect LC3B, the slides were stained with a 1:150
dilution of rabbit polyclonal antibody to LC3B (Sigma-Aldrich) for 1 h at 37 °C. To detect
Beclin-1, the slides were stained with a 1:100 dilution of rabbit polyclonal antibody to Beclin-
1 (Sigma-Aldrich) for 1 h at 37 °C. After washing with PBS, the samples were reacted with a
1:300 dilution of CF488A-conjugated anti-rabbit antibody (Sigma-Aldrich) for 1 h at 37 °C.
The cells were visualized by confocal microscopy using an Olympus FVV1000 confocal laser
scanning microscope using UPLSAPO 60X (N.A. 1.35) oil immersion objective and 488 nm
laser excitation with 500-600 nm detection range. LC3B-positive vacuoles were automatically
quantified for each field after subtraction of the background level and establishment of an
intensity threshold using ImageJ software( U.S. National Institutes of Health, Bethesda, MD,
USA). The numbers of the LC3B-positive puncta were normalized by the numbers of cells in
each field. An average of 500 cells was analyzed for each condition. The fluorescence
intensity of LC3B was determined using the surface plot functions of the ImageJ software.

The mean fluorescence intensity (MFI) method was used to quantify the fluorescent signal
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intensities of cells. ImageJ software was used to draw an outline around each cell, and the
MFI was measured. The corrected total cell fluorescence (CTCF) was calculated via the
following formula: CTCF = integrated density — (area of selected cell x mean fluorescence of

background readings).

3.4. Western blot assays

The cells were homogenized in CytoBuster lysis buffer (Merck KGaA, Darmstadt,
Germany), and the mixture was then centrifuged at 10,000 g for 10 min to remove cell debris.
Protein concentrations of cell lysates were determined using the Bio-Rad protein assay (Bio-
Rad Laboratories Inc., Hercules, CA, USA). Supernatants were mixed with Laemmli sample
buffer and boiled for 3 min. Aliquots of the supernatants were resolved by SDS-PAGE and
electrotransferred onto Immun-Blot polyvinylidene difluoride (PVDF) membranes (Bio-Rad
Laboratories Inc.). The membranes were blocked in PBS containing 0.05% Tween 20, and
5% dried non-fat milk (Difco Laboratories Inc., Detroit, MI, USA). The pre-blocked blots
were probed with the appropriate antibodies for 4 h in PBS containing 0.05% Tween 20, 1%
dried non-fat milk and 1% bovine serum albumin (Sigma-Aldrich). Rabbit anti-LC3B (Sigma-
Aldrich) and rabbit anti-p-actin (Sigma-Aldrich) primary antibodies were used at a 1:1000
dilution. Blots were then incubated for 2 h with peroxidase-conjugated anti-rabbit antibody
(Sigma). Membranes were developed using a chemiluminescence detection system (GE
Healthcare, Chicago, IL, USA). The autoradiographs were scanned with a GS-800
densitometer (Bio-Rad Laboratories Inc.), and the relative band intensities were quantified

using ImageJ software [178].
3.5.Phospho-kinase array analysis

A human phospho-kinase array (R&D Systems Inc., Minneapolis, MN, USA) was
used to measure the relative phosphorylation levels of 43 signaling molecules. Control cells
and cultures treated with IL-36a and LPS alone or in combination for 30 min were
homogenized in lysis buffer and centrifuged for five min at 14,000 x g. Protein concentrations
of the supernatants were determined using a Bio-Rad protein assay (Bio-Rad Laboratories
Inc.); after blocking, 300 pg of protein was incubated with each array overnight at 4 °C. After
washing, the arrays were reacted with a cocktail of phospho-site-specific biotinylated
antibodies for two hours at room temperature, carefully washed again, and incubated with
streptavidin—peroxidase for 30 min at room temperature. Signals were developed using a

chemiluminescence detection system and recorded on autoradiography film. Spot densities of
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phospho-proteins were quantified using ImageJ software [178] and normalized to those of
positive controls on the same membrane after subtraction of background values.

3.6.Statistical analysis

Statistical significance was analyzed by one-way ANOVA followed by Tukey’s or
Sidak’s multiple comparison post-hoc tests. All statistical analyses were performed using
GraphPad Prism 6 software (GraphPad Software Inc. San Diego, CA, USA). and P values

less than 0.05 were considered statistically significant.

4. Results

4.1. The effects of IL-36a and LPS on the subcellular localization of LC3B in the THP-

1 cell line

To elucidate how IL-360 and LPS affect the basal autophagy, we treated THP-1 cells
with IL-36a and LPS alone or in combination and measured the subcellular localization of

LC3B.

Indirect immunofluorescence assays could determine the intracellular localization of
LC3B at the 6-h time point and demonstrated that the control cells and the cultures treated
with LPS have faint cytoplasmic LC3B staining (Figure 5A). Accordingly, the 3D surface
plots revealed a few peaks of low height (Figure 5A). Cells treated with IL-36a displayed
staining patterns characterized by faint, punctate LC3B staining (Figure 5A). In contrast, the
cells treated with the combination of IL-36a and LPS displayed very bright LC3B staining,
and the 3D surface plot consisted of numerous robust peaks (Figure 5A). This result indicates
that IL-36a and LPS cooperatively increased the accumulation of LC3B-positive vacuoles.
IL-36 receptor antagonist (IL-36Ra) was used to investigate the role of IL-36a in the
synergistic activation of autophagy elicited by the combined treatment with IL-360 and LPS.
The cultures were pre-treated with IL-36Ra for 30 min, and then IL-36a or a double
combination of IL-36a and LPS were added. The cultures treated either with IL-36Ra alone
or in combination with IL-36a displayed a faint cytoplasmic LC3B staining (Figure 5A). Cells
treated with the triple combination of IL-360—IL-36Ra—LPS likewise displayed staining
patterns characterized by faint, punctate LC3B staining (Figure 5A). Accordingly, the 3D

surface plots revealed a few peaks of low height (Figure 5A).
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Figure 5: IL-36a and LPS cooperatively increase the accumulation of LC3B-positive vacuoles. THP-1 cells were treated
with 10 ng/ml IL-36a, IL-36Ra, and 500 ng/ml LPS alone or in combination for 6 h, and the intracellular localization of
LC3B was analyzed. Control cultures incubated in parallel were left untreated. (A) Immunofluorescence assays showing the
fluorescence intensities of LC3B-positive vacuoles. The samples were stained for endogenous LC3B protein, and images
were obtained by confocal microscopy. The images were subjected to fluorescence intensity analysis by using the Image J
software. The 3D surface plots represent the intensity values of the whole image. The results are representative of two
independent experiments. Scale bar, 10 um. (B) The average numbers of LC3B-positive autophagic vacuoles. The LC3B-
positive autophagic vacuoles were automatically quantified with Image J software. The values on the bar graphs denote the
means + SD of the results of two independent experiments. P values were calculated by the ANOVA test with the Tukey
post-test. 3p<0.0001 vs Control; °p<0.01 vs I1L-36Ra; °p<0.05 vs LPS; 9p<0.001 vs IL-360-LPS combination; ¢p<0.05 vs IL-
360-IL-36Ra-LPS combination; p<0.001 vs IL-360-IL-36Ra-LPS combination.
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To investigate the effects of IL-36a and LPS on autophagosome formation, the
abundances of LC3B-positive vacuoles were determined at the 6-h time point. The average
numbers of LC3B-positive vacuoles per cell in the control, IL-36a-, or LPS-treated cultures
were 4.72, 6.73, and 2.8, respectively (Figure 5B). The average numbers of LC3B-positive
vacuoles per cell in cultures treated with a combination of IL-36a and LPS were significantly
higher than that observed in the control cultures (the average number of autophagosomes in
the cultures treated with 1L-360~LPS was 10.97 versus 4.72 in the control, p <0.0001) (Figure
5B). Moreover, the cells treated with the triple combination of IL-36a-IL-36Ra-LPS
exhibited significantly lower numbers of LC3B-positive vacuoles per cell than in the cultures
treated with the IL-360-LPS combination: The average number of autophagosomes in the
cultures treated with IL-360—IL-36Ra—LPS was 7.58 vs 10.97 in cells treated with IL-360—
LPS, p < 0.05 (Figure 5B). Thus, although IL-360 and LPS alone do not cause a significant
alteration in the number of LC3B-positive vacuoles, the combination of IL-36a and LPS does
significantly stimulate the accumulation of autophagosomes.

4.2. The effects of IL-36a and LPS on the levels of LC3B-1 and LC3B-I1

The effects of IL-36a and LPS on the levels of LC3B-1 and LC3B-II were determined
by western blot analysis. The control THP-1 cells displayed endogenous expression of both
the lipidated and the non-lipidated forms of LC3B at each time point (Figure 6A, lanes 1-4).
IL-36a-treated cells exhibited slightly higher LC3B-II levels at the 0.5-, 2-, and 6-h time
points than controls (Figure 6A, lanes 5-7). However, these alterations were not statistically
significant (Figure 6B). Likewise, there were no significant alterations in LPS-treated cells
versus controls (Figure 6). In contrast, the simultaneous treatment of cells with IL-360 and
LPS triggered a significant increase in the level of LC3B-II as compared with the controls (at
the 0.5-, 6-, and 24-h time points the fold increases of LC3B-II levels in cells treated with IL-
360-LPS combination were 3.52, p < 0.01, 3.0, and 3.02, p < 0.05 for both, respectively)
(Figure 6A, lanes 13, 15 and 16, and Figure 6B). These data suggest that IL-36a and LPS
alone do not increase the level of LC3B-Il whereas combined IL-36a and LPS treatment

cooperatively stimulates the lipidation of LC3B.
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Figure 6: IL-360 and LPS cooperatively increase the level of LC3B-II. (A) Western blot analysis showing the kinetics of
endogenous LC3B-I1 expression. Total protein was isolated from controls (lanes 1-4), IL-36a-treated cells (lanes 5-8), LPS-
treated cells (lanes 9-12), and cells treated with IL-360~LPS combination (lanes 13-16) at the indicated time points. Samples
were resolved on SDS-PAGE and transferred to PVDF filters. After incubation with the corresponding antibody, the levels
of LC3B-1 and LC3B-11 were determined with a chemiluminescence detection system. Band intensities were quantified with
ImageJ software. The ratios of the protein levels measured at 0.5, 2, 6, and 24 hours were compared to the corresponding
time point controls and expressed as fold change (shown below each lane). The results are representative of three independent
experiments. (B) The values on the bar graph denote the means + SD of the results of three independent experiments. P
values were calculated by the ANOVA test with the Sidak post-test. 2p < 0.01 vs the 0.5-h time point control, ®p < 0.05 vs
the 0.5-h time point LPS, °p < 0.05 vs the 6-h time point control, 9 < 0.01 vs the 6-h time point LPS, ¢p < 0.05 vs the 24-h
time point control, fp < 0.01 vs the 24-h time point IL-36a, and 9p < 0.01 vs the 24-h time point LPS.

4.3. The effects of IL-36a and LPS on the autophagic flux

Bafilomycin A1 (BFLA) is an inhibitor of autophagosome-lysosome fusion and
lysosomal hydrolase activity and was used to investigate the autophagic flux. The cultures
were incubated with IL-36a and LPS alone or in combination for 2 h and then treated with
BFLA for another 4-h period just before the preparation of cell lysates. Compared with the
control, BFLA increased the level of LC3B-I1 (Figure 7A, lanes 1 and 2, respectively). The
elevated LC3B-II level of the BFLA-treated cells indicates that this drug efficiently blocked
the autophagic flux under the experimental conditions used. In the presence of BFLA, IL-36a
triggered a higher increase in the level of LC3B-II than in the corresponding drug control
(Figure 7A, lanes 4 and 2, respectively). However, this alteration was not statistically
significant (Figure 7B). In contrast, compared with the BFLA control, LPS—acting singly or
in combination with IL-36a—e¢licited a significant increase in the levels of LC3B-II of cells
incubated in the presence of BFLA (the fold increases of LC3B-11 levels in cells treated either
with LPS alone or the IL-360~LPS combination in the presence of BFLA were 6.22, and 6.47,
p < 0.05 for both) (Figure 7B). In the presence of BFLA, the cells treated with the 1L-36a—
LPS combination exhibited higher increases in the level of LC3B-II than cultures stimulated
only with LPS. These data indicate that combined IL-360 and LPS treatment cooperatively
stimulates the autophagic flux.
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Figure 7: IL-36a and LPS cooperatively stimulate the autophagic flux. THP-1 cells were treated with IL-36a, and LPS alone
or in combination for 2 h and then exposed to 100 nM bafilomycin Al for another 4-h period. The total protein extracted
was analyzed for LC3B expression by Western blot analysis. (A) Western blot analysis showing increased autophagic flux
in cells treated with IL-36a, and LPS alone, or in combination. The ratios of the protein levels were calculated, and expressed
as fold change, shown below each lane. Results are representative of three independent experiments. (B) The values on the
bar graph denote the means + SD of the results of three independent experiments. P values were calculated by the ANOVA
test with the Sidak post-test. 2p < 0.05 vs control, °p < 0.05 vs BFLA control. BFLA, bafilomycin Al

4.4. The effects of IL-36a and LPS on the level of Beclin-1

The effects of IL-36a and LPS on the level and intracellular localization of Beclin-1
were determined by indirect immunofluorescence assay at the 6-h time point. The control

cells showed a faint cytoplasmic Beclin-1 staining (Figure 8A).

Accordingly, the 3D surface plots revealed a few peaks of low height (Figure 8A). In contrast,
the cells treated with IL-36a and LPS alone or in combination displayed very bright Beclin-1
staining, and the 3D surface plots consisted of numerous robust peaks (Figure 8A).
Measurement of the staining intensities showed that IL-36a and LPS acting singly or in
combination elicited significant increases as compared with the control (the CTCF values in
cells treated with IL-36a, LPS, or IL-360~LPS combination were 1.35, 1.66, or 1.8 vs 1.0 in
the control, p < 0.0001 for all, respectively) (Figure 8B). Measurement of the abundances of
Beclin-1-positive vacuoles likewise revealed that IL-360 and LPS acting singly or in
combination triggered significant increases as compared with the control (the average
numbers of Beclin-1-positive puncta in cells treated with IL-36a, LPS or IL-360-LPS
combination were 5.86, 8.18, or 13.55 vs 2.72 in the control, p < 0.01, p < 0.0001 and p <
0.0001, respectively) (Figure 8C). These data indicate that IL-36a and LPS cooperatively
elevate the level of Beclin-1.
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Figure 8: IL-360 and LPS cooperatively increase Beclin-1 levels. THP-1 cells were treated with 10 ng/mL IL-36a, IL-36Ra,
and 500 ng/ml LPS alone or in combination for 6 h, and the level of Beclin-1 fluorescence was analyzed. Control cultures
incubated in parallel were left untreated. (A) Immunofluorescence assay showing the fluorescence intensities of Beclin-1.
The samples were stained for the endogenous Beclin-1 protein, and images were obtained by confocal microscopy. The
images were subjected to fluorescence intensity analysis with ImageJ. The 3D surface plots represent the intensity values of
the entire image. The results are representative of two independent experiments. Scale bar, 10 £ m. (B) Quantification of
Beclin-1 fluorescence intensities. The fold changes of CTCF values were calculated as the CTCF of cells treated with 10
ng/mL IL-36a, and LPS alone or in combination/CTCF of control cultures. The values on the bar graphs denote the means
+ SD of the results of two independent experiments. p values were calculated by the ANOVA test with the Tukeypost-test.
3p < 0.0001 vs. Control; ®p < 0.0001 vs. I1L-360; °p < 0.05 vs. LPS. (C) Quantification of the intracellular abundances of
Beclin-1 puncta. The Beclin-1-positive puncta were quantified with ImageJ software. The values on the bar graphs denote
the means + SD of the results of two independent experiments. p values were calculated by the ANOVA test with Tukey
post-test. p < 0.01 vs. Control; fp < 0.0001 vs. Control; 9p < 0.05 vs. IL-360; "p < 0.0001 vs. IL-360. and LPS.
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4.5. The effects of IL-36a and LPS on cellular signaling in the THP-1 cell line
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Figure 9: Differential phospho-kinase array profiles of cells treated with IL-36a and LPS. (A) Phospho-kinase array analysis.
Total protein was isolated from THP-1 cells treated with IL-360, and LPS alone or in combination for 30 min. Control cells
were left untreated. The samples were hybridized with a phospho-kinase array kit. The labeled spots correspond to the
phospho-proteins modulated by IL-36a and LPS. (B) Quantification of phosphoproteins from the proteomic array (average
of duplicate spots). Spot densities of phosphoproteins were quantified using Image J analysis software and normalized to

positive controls on the same membrane. P values were calculated by the ANOVA test with the Sidak post-test. "p < 0.05;
“p <0.01.
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A phospho-kinase array that detects the phosphorylation levels of 43 major protein
kinases was used to investigate the effect of IL-36a and LPS on the activation level of
signaling pathways implicated in autophagy regulation. IL-36a led to the activation of a
subset of kinases (Figure 9). Compared with the control, the most significant effect was an
increase in Ak strain transforming factor 1/2/3 (Aktl1/2/3) (S473) phosphorylation. The
phosphorylation levels of the proline-rich Akt substrate of 40 kDa (PRAS40) (T246) and
mechanistic target of rapamycin (mTOR) (S2448)— two signaling molecules downstream of
Akt1/2/3)—were also increased (Figure 9). IL-36a triggered phosphorylation of with no
lysine kinase 1 (WNKZ1) (T60), some steroid receptor coactivator (Src) family kinases
including Src (Y419) and Lyn (Y397), and signal transducer and activator of transcription
(STAT) family members such as STAT2 (Y689), STAT3 (S727) and STAT5a/b
(Y694/Y699). Compared with the control, LPS increased the levels of phospho-Akt1/2/3
(S473), phospho-Src (Y419), and STAT5a/b (Y694/Y699); it decreased phosphorylation of
adenosine monophosphate-activated protein kinase a1l (AMPKal) (Figure 9). Compared with
the control, IL-36a and LPS combined treatment increased phosphorylation of STAT5a/b
whereas the levels of phospho-Yes (Y426), phospho-focal adhesion kinase (FAK) (Y397),
and phospho-WNK1 (T60) were decreased (Figure 9). Thus, IL-360, LPS, and the combined
treatment elicit distinct phosphorylation patterns of signaling molecules.



39

5. Discussion

5.1. IL-360 and LPS cooperatively induce autophagy

Compelling evidence indicates that cellular autophagic and immune processes are
highly intertwined and that their coordinated functioning is essential for the efficient
protection of the human body against pathogenic Gram-negative bacteria [4], [16], [18],
[179], [180]. During infections, cytokines and molecules defined as pathogen-related
molecular patterns (PAMP) act simultaneously to activate partially overlapping signaling
pathways. The combined effect may differentially regulate cellular autophagic activity. Thus,
this study investigated the impact of IL-360 upon endogenous and LPS-induced autophagy.

To study the autophagic activity of THP-1 cells treated with IL-36a and LPS alone or
in combination, we determined the intracellular distribution of LC3B and measured LC3B
lipidation as well as the autophagic flux [181]. These experiments demonstrated that the cells
treated with IL-36a alone displayed increased abundances of autophagic vesicles, elevated
endogenous LC3B-11 levels, and stimulated autophagic flux; these differences, however, were
not statistically significant (Figures 5-7). Recent observations indicated that IL-36f3 and IL-
36y activate the autophagic process in primary murine CD4"CD25" Treg cells [182] and
human macrophages [183], respectively. There may be several explanations for the weaker
pro-autophagic effect of IL-36a revealed in our present study such as differences between IL-
36 subtypes and different sensitivities of various cell types to this cytokine. Consistent with
previous findings [36], [184], [185]. Our results demonstrated that LPS significantly increased
autophagosome synthesis (Figure 6). The combination of IL-36a and LPS raised the intensity
level of LC3B staining and cooperatively stimulated the translocation of this protein into
autophagic vesicles (Figure 5). Supporting this observation, we found that IL-36Ra
significantly inhibited the pro-autophagic effect of the IL-36a/LPS combined treatment
(Figure 6). The IL-360~LPS combination elevated LC3B-Il and decreased LC3B-I levels
indicating that the lipidation of LC3B is highly stimulated (Figure 6). Finally, our experiments
showed that in cultures treated with the combination of IL-36a and LPS, the autophagic flux
is increased considerably by this cytokine/PAMP combination (Figure 7). These results

suggest that IL-360 and LPS cooperatively stimulate autophagy.

To investigate the effect of IL-36a and LPS on the activation of some signaling
pathways, we determined the phosphorylation levels of protein kinases implicated in

autophagy regulation (Figure 9). Our studies have shown that IL-360 increased the



40

phosphorylation of Akt1/2/3 (S473), PRAS40 (T246), mTOR (S2448), WNK1 (T60), and
some Src as well as STAT family kinases such as Src, Lyn, STAT2, STAT3, and STAT5a/b.
PRAS40 is a negative regulator of mMTORCL1 [186], [187]. Akt- and mTORC1-mediated
phosphorylation of PRAS40 resulting in its dissociation from mTORC1 that in turn alleviates
inhibition of MTORC1 and blocks induction of the autophagic cascade [186], [187]. An
interesting recent study revealed that IL-36p stimulates mTORCI1 via the PI3K/Akt, IkB
kinase and MyD88 pathways [188]. Our experiments demonstrate that, like IL-36f3, IL36a
activates mTORC1 via the PIK/Akt pathway. Moreover, we suggest that the Akt-mediated
activation of mTOR involves PRAS40. Other previous studies indicated that WNK1 acts as
an autophagy inhibitor by interfering with the activation of AMPK and PI3KC3 [189]. STAT3
has been shown to regulate autophagy in localization- and context-dependent manners and
can elicit both pro-autophagic and anti-autophagic effects [190]. In light of these observations,
our data suggest that in the early phase of IL-36a signaling, both anti- and pro-autophagic
pathways are activated. Our observations show that LPS increases phosphorylation of
Akt1/2/3, Src as well as STAT5a/b and decreases the level of phospho-AMPKal in THP-1
cells; this is fully consistent with previous reports [191], [192]. Interestingly, the
phosphorylation pattern of cells incubated with IL36a and LPS differed from the signatures
detected either in IL360- or LPS-treated cells. We found that the IL36a/LPS combined
treatment increased phosphorylation of STAT5a/b, had minimal effect on the
Akt/PRAS40/mTOR pathway, and reduced the levels of phospho-Yes, phospho-FAK, and
phospho-WNKZ1. Thus, the combined treatment of IL-36a and LPS appears to dampen
PI3K/Akt/mTOR, FAK and WNK1 signaling. The TLR4 signal transduction network is
known to be kept under strict control by multiple mechanisms including positive and negative
crosstalk regulations that maintain the integrity of immune cells by preventing excessive
inflammation [193]. The negative regulators acting through the activation of transcription
play a primary role in the late phase of TLR and IL-36 signaling; their role in the early stage
thus can be excluded. Important studies, however, revealed that PI3K has an essential role in
the safety mechanism controlling the early-stage of TLR4-mediated signaling [194]. PI3K
can suppress TLR4 signaling by altering the availability of phosphatidylinositol-
(4,5)bisphosphate (PIP2) at the cytoplasmic membrane and hence can modulate the
intracellular localization of adaptors, the magnitude of activation, and signal output [195].
Based on these observations, we suggest that the combinatorial effect of IL-36a/LPS may

exert an excessive PI3K activation, which—while not suspending the inhibition of
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downstream events of autophagy—can significantly reduce it by decreasing the Akt-mediated
activation of mTORCL.

Previous studies have demonstrated that Beclin-1 plays a pivotal role in the autophagic
process. Beclin-1 was shown to interact with Bcl-2 and Bcl-XL, which suppresses
autophagosome biogenesis. The release of Beclin-1 is a prerequisite for the formation of a
functional PI3KC3 complex. Phosphorylation events and TRAF6-mediated ubiquitination of
Beclin-1 may destabilize Beclin-1-Bcl-2/Bcl-XL association and abrogate Beclin-1-Bcl-
2/Bcl-X. interaction. Some IL-36a and LPS signaling intermediates have the potential to
regulate the functional activity of Beclin-1. Thus, we investigated the effect of IL-360 and
LPS on Beclin-1 protein. Our results showed that IL-36a and LPS acting singly or in
combination elevated the staining intensities and increased the abundances of Beclin-1-
positive vacuoles (Figure 8). The IL-360/LPS treatment was again more efficient than IL-36a
or LPS alone. These data further support the notion that IL-36a and LPS cooperatively
promote the autophagic process because increased Beclin-1 levels were shown to correlate

with enhanced autophagy [181].
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Figure 10: TL360. and LPS cooperatively induced autophagy by multiple mechanisms. The IL-360/LPS combination reduces
the activation level of the PI3K/Akt/mTORCL1 axis by triggering rapid depletion of PIP2 at the cytoplasmic membrane. As a
result, mTOR-mediated inhibition of autophagy is alleviated. Additionally, the IL-360/LPS combination increases the
activation level of PI3KC3 complex via the activation of MyD88, TRAF3, and TRAF6. As a result, autophagosome
formation is stimulated. Thus, this cytokine/PAMP combination triggers pro-autophagic biased signaling by several
mechanisms and thereby stimulates the autophagic cascade cooperatively.
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Our results suggest a hypothetical model for the mechanism of the enhanced pro-
autophagic effect observed in cells treated with IL-36a and LPS simultaneously. The IL-
360/LPS combination reduces the activation level of the PI3K/Akt/mTORCI1 axis by
triggering rapid depletion of PIP; at the cytoplasmic membrane. As a result, m"TOR-mediated
inhibition of autophagy is alleviated. Some components of the IL-36a and LPS signaling
networks are known to induce autophagy. MyD88 binds directly whereas TRAF3 and TRAF6
ubiquitinate the Beclin-1 protein, thus disrupting the interaction between Beclin-1 and Bcl-2
[36], [184]. This results in increased oligomerization of Beclin-1, activation of the PI3KC3
complex, and initiation of autophagosome formation [36], [184]. The IL-360/LPS
combination increases the activation level of PI3KC3 complex directly and subsequently
stimulates autophagy. Thus, this cytokine/PAMP combination triggers pro-autophagic biased
signaling by several mechanisms and thereby cooperatively stimulates the autophagic cascade
(Figure 10). Previous studies have shown that bacteria affect the autophagic cascade and,
conversely, autophagy influences the infection process. The bacteria studied so far all interact
with the autophagic machinery but in different ways. The structural components, PAMPs, and
exotoxins of several bacteria induce autophagy. However, some bacteria can effectively
prevent autophagic recognition, inhibit autophagy initiation and maturation of
autophagosomes or block the fusion of lysosomes with autophagosomes, while others hijack
the autophagic compartment to support their intracellular survival. Our data indicate that
cytokines may modify the pro-autophagic effect of bacterial PAMPs. An increased
xenophagic activity of innate immune cells exposed to IL-36a and LPS—functioning as part
of the cell-autonomous defense system—may play a protective role in the pathogenesis of

infections caused by Gram-negative bacteria.

5.2. The cellular effect of SARS-CoV-2 on GIT

During multiplication, SARS-CoV-2 modulates several cellular processes, including
signaling, transcription, translation, cell division, the IFN system, autophagy, and apoptosis,
as well as the biogenesis, function, and morphology of mitochondria and intracellular
vesicles. Phosphoproteomic profiling has revealed that SARS-CoV-2 infection affects the
activity of 97 kinases. The activities of several members of the p38 pathway and the guanosine
monophosphate-dependent protein kinases are upregulated, while cell cycle kinases
(CDKZ1/2/5), cell growth-related signaling pathway kinases (AKT1/2), and regulators of the
cytoskeleton are down-regulated [196]. The functional changes in the signal transduction
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pathways have been shown to play an important role in SARS-CoV-2-induced cytoskeletal
damage, cytokine production, and slow-down in cell proliferation at the S/G2 transition phase
[196]. Transcriptomic profiles of SARS-CoV-2-infected primary human bronchial epithelial
cells, lung biopsy, and bronchoalveolar lavage fluid samples of COVID-19 patients have
demonstrated upregulated expression of genes implicated in metabolism, immunity, and the
stress responses of the endoplasmic reticulum and mitochondria [197]-[199]. It has been
shown that the M protein, Nsp7, and ORF9c stimulate lipogenesis, while Nsp7, Nsp12, and
ORF8 trigger endoplasmic stress response, and Nsp7 induces mitochondrial dysfunction
[199]. Moreover, the M and E proteins, along with Nsp3a, Nsp6, Nsp8, Nsp10, and Nsp13,
were shown to be able to modify the structure and function of the endomembrane system and
vesicle trafficking, thereby facilitating several steps of viral multiplication [200].
Interestingly, the expression of genes involved in the humoral immune response and innate
immune response-activating signal transduction are increased, whereas genes implicated in
cytokine-mediated signaling pathways are down-regulated [198]. A multiplex gene
expression analysis showed that the genes involved in type | IFN signaling were highly up-
regulated, whereas the expression of IFN-stimulated genes (ISGs) was decreased in severe
COVID-19 patients [201]. The levels of pro-inflammatory cytokines measured in sera of
COVID-19 patients were highly increased in a pattern corresponding to a cytokine storm
[202]-[204]. Consistent with this observation, transcriptional activation of pro-inflammatory
cytokine genes was also detected in peripheral blood mononuclear cells and bronchoalveolar
lavage fluid [205]. The sera and lung tissue samples of patients have shown IL-1, IL-6, IL-
10, IL-18, IL-33, transforming growth factor-p, IFN-y, CSF2/GM-CSF, CSF3/G-CSF, CC
chemokines [CCL2/MCP-1, CCL3/MIP-1A, CCL4/MIP-1B, CCL5/RANTES, CCLS,
CCL3L1] and CXC chemokines [CXCL1, CXCL2 and CXCL10/IP10] [202], [204]-[206].
However, during SARS-CoV-2 infection, the production of type I and 111 IFNs is decreased
[201], [207]. Thus, these data clearly demonstrate that SARS-CoV-2 infection alters both the
transcriptional and translational patterns in cells profoundly [196], [207]. Other observations
indicate that SARS-CoV-2 could trigger several cell-death processes, including apoptosis,
necrosis, pyroptosis, and anoikis, depending on the type of cell. The death of infected cells

may contribute to tissue damage and induce an inflammatory reaction [208]-[211].

It has also been revealed that SARS-CoV-2 Orf3a stimulates the formation of the
autophagic Beclin-1-Vps34-Atgl4 complex while simultaneously inhibiting the Beclin-1
complex containing the UVRAG adaptor protein [212]. Orf 3a thereby exerts a dual effect on
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the autophagic process manifesting in the induction of the initial steps and a block in the
fusion of the autophagosomes with lysosomes [212].

ACE2, the cellular receptor of SARS-CoV-2, is widely expressed in many types of
cells and tissues of the GIT, including the esophagus, stomach, small intestine, colon, rectum,
pancreatic exocrine glands and islets, and gallbladder [213]. The expression level of ACE2 in
the GIT is highest in the ileum epithelial cells, especially in the absorptive enterocytes [214].
It has also been demonstrated that ACE2 is co-expressed with TMPRSS2/4 proteases in the
GIT, with the highest level in the ileum [215]. These observations indicate that several cell
types in the GIT are potentially susceptible to SARS-CoV-2 infection [132], [213]-[215].
SARS-CoV-2 infection in the lungs and GIT seems to display some different tissue-specific
features. The production of type I and 111 IFNs is more efficient in the GIT than in the lungs.
The antiviral IFNs may restrict viral replication in the GIT to some extent, which may allow
the development of a less cytopathogenic or persistent form of infection in this anatomical
region. SARS-CoV-2-mediated dysregulation of the ACE2:BOAT1 complex may modify the
biological response of cells to the infection, and in enterocytes, it may contribute to the
development of diarrhea by inducing amino acid starvation, which can decrease Na+ uptake.
These effects are not seen in the lungs, however, as ACE2 does not form a complex with
BOATL in this organ.

SARS-CoV-2 infection of the GIT is of pivotal epidemiological significance, but
further studies are needed to assess the extent of this risk.
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6. Conclusion

Our results demonstrate that 1L-36a alone does not stimulate the cellular autophagic
activity, whereas LPS increases autophagosome synthesis significantly. The IL-36a and LPS
combination synergistically elevate the level of LC3B-II, increase the autophagic flux and
stimulate the intracellular redistribution of LC3B and Beclin-1. The phospho-kinase array
results indicate that IL-36a, LPS, and the combined treatment elicit distinct phosphorylation
patterns of signaling molecules. The IL-36a/LPS combination triggers pro-autophagic biased
signaling by several mechanisms and thereby stimulates the autophagic cascade cooperatively
in the THP-1 cell line. However, some limitations of this investigation, such as the need for
additional experimental evidence that can corroborate the synergistic effect of this
cytokine/PAMP combination in other cell types, have yet to be addressed. Moreover, further
studies are needed to investigate the effect of increased autophagic activity on the functions

of innate immune cells treated with IL-36a and LPS simultaneously.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) replicates in
enterocytes, triggers ionic imbalances, activates the NLRP3 inflammasome pathway, induces
apoptosis, and exerts a dual effect on the autophagic process. These effects of SARS-CoV-2
lead to the development of leaky gut. Increased permeability triggers the absorption of LPS
into the circulation, further exacerbating inflammation induced by viral infection. In addition
to drugs that affect the inflammatory response and viral replication, agents targeting
autophagy and apoptosis appear to be potentially suitable for the treatment of COVID-19. The
fecal-oral route of SARS-CoV-2 transmission calls for strict and more consistent adherence

to hygiene rules to prevent the spread of COVID-19.
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7. Summary

Autophagy is an intracellular catabolic process that controls infections both directly
and indirectly via its multifaceted effects on the innate and adaptive immune responses. It has
been reported that LPS stimulates this cellular process, whereas the effect of IL-36a on
autophagy remains largely unknown. We therefore investigated how IL-360 modulates the
endogenous and LPS-induced autophagy in THP-1 cells. The levels of LC3B-IlI and
autophagic flux were determined by western blotting. The intracellular localization of LC3B
was measured by immunofluorescence assay. The activation levels of signaling pathways
implicated in autophagy regulation were evaluated by using a phosphokinase array. Our
results showed that combined IL-360 and LPS treatment cooperatively increased the levels of
LC3B-I1I and Beclin-1, stimulated the autophagic flux, facilitated intracellular redistribution
of LC3B, and increased the average number of autophagosomes per cell. The IL36a/LPS
combined treatment increased phosphorylation of STAT5a/b, had minimal effect on the
Akt/PRAS40/mTOR pathway, and reduced the levels of phospho-Yes, phospho-FAK, and
phospho-WNKZ1. Thus, this cytokine/PAMP combination triggers pro-autophagic biased
signaling by several mechanisms and thus cooperatively stimulates the autophagic cascade.
An increased autophagic activity of innate immune cells simultaneously exposed to IL-36a

and LPS may play an important role in the pathogenesis of Gram-negative bacterial infections.

SARS-CoV-2 can infect and replicate in esophageal cells and enterocytes, leading to
direct damage to the intestinal epithelium. The infection decreases the level of angiotensin
converting enzyme 2 receptors, thereby altering the composition of the gut microbiota. SARS-
CoV-2 elicits a cytokine storm, which contributes to gastrointestinal inflammation. The direct
cytopathic effects of SARS-CoV-2, gut dysbiosis, and aberrant immune response result in
increased intestinal permeability, which may exacerbate existing symptoms and worsen the
prognosis. By exploring the elements of pathogenesis, several therapeutic options have
emerged for the treatment of COVID-19 patients, such as biologics and biotherapeutic agents.
However, the presence of SARS-CoV-2 in the feces may facilitate the spread of COVID-19
through fecal-oral transmission and contaminate the environment. Thus, gastrointestinal
SARS-CoV-2 infection has important epidemiological significance. The development of new
therapeutic and preventive options is necessary to treat and restrict the spread of this severe

and widespread infection more effectively.
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Considered novel findings
e The IL-360/LPS combination significantly induces autophagy.

e |L-36a activates mTORCL via the PIK/Akt pathway, and the Akt-mediated
activation of mTOR involves PRAS40.

e The IL-360/LPS combination triggers pro-autophagic biased signaling by several
mechanisms and thus cooperatively stimulates the autophagic cascade.
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Abstract: Autophagy is an intracellular catabolic process that controls infections both directly and
indirectly via its multifaceted effects on the innate and adaptive immune responses. It has been
reported that LPS stimulates this cellular process, whereas the effect of IL-36c on autophagy remains
largely unknown. We therefore investigated how IL-36«x modulates the endogenous and LPS-
induced autophagy in THP-1 cells. The levels of LC3B-II and autophagic flux were determined by
Western blotting. The intracellular localization of LC3B was measured by immunofluorescence assay.
The activation levels of signaling pathways implicated in autophagy regulation were evaluated
by using a phosphokinase array. Our results showed that combined IL-36cx and LPS treatment
cooperatively increased the levels of LC3B-II and Beclin-1, stimulated the autophagic flux, facilitated
intracellular redistribution of LC3B, and increased the average number of autophagosomes per cell.
The IL36«/LPS combined treatment increased phosphorylation of STAT5a/b, had minimal effect
on the Akt/PRAS40/mTOR pathway, and reduced the levels of phospho-Yes, phospho-FAK, and
phospho-WNKT1. Thus, this cytokine/PAMP combination triggers pro-autophagic biased signaling
by several mechanisms and thus cooperatively stimulates the autophagic cascade. An increased
autophagic activity of innate immune cells simultaneously exposed to IL-36« and LPS may play an
important role in the pathogenesis of Gram-negative bacterial infections.

Keywords: IL-36«; LPS; autophagy; LC3B; Beclin-1

1. Introduction

Interleukin-36« (IL-36«x), IL-36§3, IL-36y, and IL-36 receptor antagonist (IL-36Ra)
belong to the IL-36 subfamily of the IL-1 cytokine family [1-3]. The IL-36 subfamily includes
three agonist cytokines (IL-36/ 3 /v) as well as the natural antagonist of IL-36 (IL-36Ra).
Expression of IL-36c can be observed at low levels in many different tissues, most notably
in the skin, esophagus, tonsil, lung, gut, and brain. IL-36x can also be secreted by the
immune cells including monocytes/macrophages and T cells [4]. IL-360c/ 3 /v are highly
induced in response to several stimuli including cytokines, Toll-like receptor agonists,
bacteria, viruses, and various pathological conditions. The IL-36 subtypes are synthesized
as precursor proteins. Cleavage of the precursor form of IL-36 at a specific site located at
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nine amino acids N-terminal to a conserved A-X-Asp motif highly increases the affinity
of the truncated cytokine to the receptor and enhances its biological activity [5-7]. The
truncated IL-36a/ 3 /v bind to the same heterodimeric receptor complex. Ligand binding
leads to the sequential formation of a signaling complex containing some adaptors, kinases,
and the E3 ubiquitin ligase, tumor necrosis factor receptor-associated kinase 6 (TRAF-6).
This platform triggers a signaling cascade involving mitogen-activated protein kinases
(MAPKSs) and the activation of several transcription factors (Figure 1A) [3,7-10].

Figure 1. Signaling pathways triggered by IL-36c, LPS, and autophagy inducers. (A) The IL-36c signaling pathway.
IL-36c/3 /v bind to the IL-36R (IL-1Rrp2) and use the IL-1 receptor accessory protein (IL-1RAcP) as a co-receptor. Following
ligand binding, the TIR domain—located in the intracellular portion of the IL-36R:IL-1RAcP heterodimer—recruits MyD88
adaptor protein, which in turn interacts with IRAKs and TRAF-6. The MyD88/IRAK/TRAF6 platform activates AP-1, CREB
and NF-«B transcription factors via IKK, ERKs, JNKs, and p38. (B) The LPS/TLR4 signaling pathway. LBP and CD14 bind
and transfer LPS monomers to the TLR4/MD-2 heterodimer. The dimerized TIR domain in the cytoplasmic portion of TLR4
consecutively recruits TIRAP, MyD88, and IRAK proteins, thus leading to the assembly of a supramolecular complex termed
the myddosome. The LPS-TLR4/MD2 complexes can also be internalized into endosomes. The TIR domain of endosomal
TLR4 binds TRAM, which attracts TRIF resulting in the formation of another complex called the triffosome. Myddosomes
and triffosomes recruit TRAF6 or TRAF3 and activate AP-1, NF-kB, CREB, and IRF-3 via MAPKs, IKK, and PI3K. (C) The
autophagy-related signaling pathway. The major element in the regulation of autophagy is the mTORC1. Besides mTOR,
mTORC1 is comprised of the Raptor and mLST8 molecules. The non-core components associated with mTORC1 include
PRAS40 and DEPTOR. Autophagy inducers inhibit mTORC1, and thereby activate the autophagic cascade. Inhibition of
mTORCT1 results in the consecutive activation of the ULK1 and PI3KC3 complexes. The PI3KC3 complex contains Beclin-1
protein. The activated PI3KC3 induces local production of PI3P at the endoplasmic reticulum membrane and thereby
promotes the generation of an omegasome from which the isolation membrane is generated. PI3P recruits two ubiquitin-like
conjugation systems, the ATG12-ATG5-ATG16L1 and ATG7/ATG3 complexes, to the omegasome. ATG3 forms a covalent
bond between the membrane-resident phosphatidylethanolamine and the microtubule-associated protein 1 light chain 3B-I
(LC3B-I) protein. The ATG12-ATG5-ATG16L1 complex enhances the ATG3-mediated conjugation of LC3B-IL. The lipidated
LC3B protein is termed LC3B-II. LC3B-II is essential for the elongation and closure of the phagophore membrane, trafficking
of the autophagosomes, and their fusion with lysosomes. AP-1, activator protein 1; CREB, cAMP response element-binding
protein; DEPTOR, DEP-domain containing mTOR-interacting protein; ERKs, extracellular signal-regulated kinases; IKK,
IkB kinase; IRAKSs, IL-1 receptor-associated kinases; IRF-3, interferon regulatory factor 3; JNKs, c-Jun N-terminal kinases;
LBP, LPS-binding protein; MD-2, myeloid differentiation factor 2; mLST8, mLST8; mammalian lethal with sec-13 protein §;
mTOR, mechanistic target of rapamycin; mTORC1, mTOR complex 1; MyD88, myeloid differentiation primary response
88; NF-«B, nuclear factor-«B; PE, phosphatidylethanolamine; PI3K, class I phosphatidylinositol 3-kinase; PI3KC3, class III
phosphatidylinositol 3-kinase; PI3P, phosphatidylinositol-3-phosphate; PRAS40, proline-rich Akt substrate of 40 kDa; Raptor,
regulatory-associated protein of mTOR; TIR, Toll/IL-1 receptor domain; TLR4, Toll-like receptor 4; TRAF-6, tumor necrosis
factor receptor-associated kinase 6; TRAM, TRIF-related adaptor molecule; TRIF; TIR domain-containing adaptor-inducing
interferon-3; ULK1, Unc-51-like kinase 1; WIPI, WD repeat domain phosphoinositide-interacting proteins.
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IL-36 subtypes stimulate the production of several cytokines (IL-1cx, IL-1§3, IL-2, IL-4,
IL-6, IL-8, IL-10, IL-12, IL-17, IL-18, IL-22, IL-23, TNF«, HB-EGF, and IFN-vy), colony-
stimulating factors (GM-CSF and G-CSF), chemokines (CCL1-3, CCL20, CXCL1-3, CXCL5,
CXCL10, CXCL12), and cell adhesion molecules (VCAM-1, ICAM-1) in various cell types
[11-13]. Furthermore, IL-36 cytokines increase the intracellular level of antimicrobial
peptides (beta-defensins 2 and 3, LL37, and protein S100-A7) and elevate the expression of
major histocompatibility complex class 2 and clusters of differentiation 14 (CD14), CD40,
CD80/CD86, and CD83 [12-14]. IL-36«/ 3/ thereby activate innate immune cells and
induce inflammation. The pro-inflammatory IL-36 subfamily members also modulate the
adaptive immune responses by stimulating TH-cell proliferation and promoting CD4+ T
lymphocyte differentiation toward TH1, TH17, and TH9 phenotypes. IL-36y was shown
to activate natural regulatory T-cells (Tregs) [15] and inhibit the generation of induced
Tregs [16]. In acute resolving inflammation, IL-36 &/ 3 /Y has been suggested to facilitate
the elimination of pathogenic microorganisms, the resolution of tissue injury, and the
restoration of tissue integrity. However, in chronic inflammatory processes, these IL-36
subtypes can exert a pathogenic effect by amplifying inflammatory processes [17-19].

Lipopolysaccharide (LPS) is a powerful immunomodulatory molecule that contributes
to the pathogenesis and clinical symptoms of infections caused by Gram-negative bacteria.
LPS is the major structural component of the outer bacterial membrane and is composed
of O antigen, poly/oligosaccharide core, and lipid A, termed endotoxin [20,21]. LPS is a
pathogen-associated molecular pattern (PAMP) detected by sensor molecules located in
the cytoplasmic and endosomal membranes as well as in the cytoplasm of cells [22-24].
Extracellular LPS is sensed and extracted from the bacterial outer membrane by the LPS-
binding protein (LBP) and CD14 [22-24]. CD14 transfers monomeric LPS molecules to
the Toll-like receptor 4 (TLR4) leading to the assembly of a supramolecular complex
termed the myddosome. The LPS-TLR4 complexes can also be internalized into endosomes
resulting in the formation of another complex called the triffosome. These platforms
trigger a signaling cascade involving MAPKSs and the activation of several transcription
factors (Figure 1B) [20,22-25]. The activated transcription factors turn on the expression
of various cellular genes encoding inflammatory mediators including cytokines [20,22,23].
In addition to TLR4, another group of cytoplasmic membrane receptors—the transient
receptor potential (TRP) cationic channels—can bind LPS [20,26]. TRP cation channel
subfamily V members 2 and 4 (TRPV2 and TRPV4) and TRPM? also contribute to the LPS-
mediated activation of innate immune cells by triggering intracellular Ca2+ mobilization
and secretion of nitric oxide [27,28]. Additionally, intracellular LPS within the cytoplasm
of cells directly binds to the caspase activation and recruitment domains of caspase-4/5 in
humans and caspase-11 in mice, which in turn leads to activation of inflammatory caspases,
secretion of IL-1f3 and IL-18, as well as induction of pyroptosis [29]. In localized infections
caused by Gram-negative bacteria, LPS-mediated activation of the immune response is
protective by restricting bacterial invasion whereas the exaggerated inflammation seen in
systemic infections is of pivotal pathogenetic and prognostic importance.

Autophagy is an intracellular metabolic process in which cytoplasmic target molecules
are transferred to the lysosome for degradation and recycling [30-32]. Depending on the
type of cargo delivery, three different forms of autophagy can be distinguished: (1) macroau-
tophagy, (2) microautophagy, and (3) chaperon-mediated autophagy [32]. The difference
among these types is how the constituents to be degraded are transported to the lysosome.
Macroautophagy (hereafter referred to as autophagy) occurs under basal conditions and
can be stimulated by environmental cues, nutrient starvation, growth factor depletion,
various pathological conditions, infections, hypoxia, or pharmacological treatment [33].
The major element in the regulation of autophagy is the mechanistic target of rapamycin
complex 1 (mTORC1) [34,35]. Autophagy inducers inhibit mTORC1, and thereby activate
the autophagic cascade. Inhibition of mTORC1 results in the activation of the class III
phosphatidylinositol 3-kinase (PI3KC3) complex. The PI3KC3 complex contains Beclin-1
protein [36,37]. The activated PI3KC3 induces local production of phosphatidylinositol-
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3-phosphate (PI3P) at the endoplasmic reticulum membrane and thereby promotes the
generation of an omegasome from which the isolation membrane is generated [37-39].
PI3P recruits two ubiquitin-like conjugation systems to the omegasome, which form a
covalent bond between the membrane-resident phosphatidylethanolamine (PE) and the
microtubule-associated protein 1 light chain 3B-I (LC3B-I) protein [38,39]. The lipidated
LC3B, termed LC3B-1], is essential for the elongation and closure of the phagophore mem-
brane, trafficking of the autophagosomes, and their fusion with lysosomes [40—42]. The
level of LC3B-II reflects the cellular autophagic activity and it is used as a marker to mea-
sure autophagy. Upon autophagy induction, LC3B translocates from the cytoplasm to
autophagic membranes, and can be detected as fluorescent puncta (Figure 1C) [41].

The autophagosomes eventually fuse with lysosomes, and the content of the au-
tophagic cargo is thus degraded and made available for reuse [43,44]. Autophagy is essen-
tial for the maintenance of cellular homeostasis and plays a substantial role in pathological
processes including bacterial infections [33,45]. Autophagic capture and delivery of bacteria
to lysosomes functions as a protective cellular antimicrobial defense mechanism known as
xenophagy [46]. Autophagy also controls bacterial infections indirectly via its multifaceted
effects on the innate and adaptive immune responses [47,48]. mTORC1 signaling affects the
maturation, metabolic activity, activation, and differentiation of innate immune cells [49,50].
The mTORC1 pathway can also stimulate the production of type I interferons (IFN), IL-10,
and transforming growth factor-f3, and downregulates the expression of IL-6, IL-12, IL-23,
and TNF-« in monocytes, macrophages, and dendritic cells [51]. The autophagic machin-
ery promotes the secretion of IL-1f3, IL-18, and high-mobility group protein B1 and also
facilitates antigen presentation to CD4" and CD8" T-cells. Conversely, immune processes
may profoundly alter the cellular autophagic activity [47]. Ample evidence indicates that
LPS induces autophagy via some mTOR-independent mechanisms. In response to binding
of LPS to TLR4, the myddosomes and triffosomes recruit, whereas TRAF6 ubiquitinates
Beclin-1, leading to the more efficient assembly of PI3KC3 with subsequent activation of
the autophagic cascade [52,53].

Besides the signaling events elicited by pathogen-recognition receptors, cytokines
may also modulate autophagy. IL-1c, IL-1f3, IL-2, IL-6, IL-17, TNF-&, TWEAK (tumor
necrosis factor-like weak inducer of apoptosis), and IFN-y act as inducers whereas IL-4,
IL-10, and IL-13 function as inhibitors of autophagy [54,55]. Recent data demonstrate
the pro-autophagic effect of IL-363 and IL-36 [56,57]. IL-36(3 enhanced the expression
of key autophagy markers, LC3-1I, Beclin-1, and p62, as well as elevated autophagic
flux in CD4*CD25* Treg cells [57]. This IL-36 subtype played protective role in sepsis
by diminishing the immunosuppressive activity of CD4*CD25* Tregs [57]. The signal
transduction mechanisms involved in IL-363-mediated induction of autophagy, however,
have not been identified. IL-36y triggered autophagy via WNT5A-induced noncanonical
WNT signaling in macrophages infected with Mycobacterium tuberculosis [56]. Moreover,
IL-36y-induced autophagy promoted the killing of intracellular bacteria [56]. In contrast,
the effect of IL-36« on the autophagic process has not yet been elucidated. Infections
involve a variety of pathogen-related molecular pattern (PAMP)—cytokine recognition
events that can profoundly affect the antimicrobial response of immune cells. Thus, we
investigated the effect of IL-36cx upon endogenous and LPS-induced autophagy. We report
that IL-36 can synergize with LPS for the induction of the autophagic process in the THP-1
cell line by triggering pro-autophagic biased signaling.

2. Materials and Methods
2.1. Chemical Compounds

Human recombinant IL-36x (Biomol GmbH, Hamburg, Germany) was prepared in
sterile distilled water and used at 10 ng/mL concentration in all experiments. Human
recombinant IL-36Ra (Sigma—Aldrich, St. Louis, MO, USA) was prepared in sterile distilled
water and used at 20-fold molar excess.
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A stock solution of autophagy inhibitor bafilomycin Al BFLA (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) was prepared in dimethyl sulfoxide. BFLA was used at a concentra-
tion of 100 nM in all experiments.

2.2. Cell Culture

The THP-1 human pro-monocytic cell line was grown in Dulbecco’s modified Eagle’s
minimal essential medium (Sigma—Aldrich) supplemented with 10% fetal calf serum
(Lonza, Verviers, Belgium) and 1% of an antibiotic/antimycotic (AB/AM) solution (Lonza)
at 37 °Cin a 5% CO; atmosphere.

2.3. Immunofluorescence Assay

Cytospin cell preparations were fixed in methanol acetone (1:1) for 10 min at —20 °C.
The cells were treated with 1% bovine serum albumin in PBS for 30 min at 37 °C to block
non-specific binding of the antibodies. To detect LC3B, the slides were stained with a
1:150 dilution of rabbit polyclonal antibody to LC3B (Sigma-Aldrich) for 1 h at 37 °C. To
detect Beclin-1, the slides were stained with a 1:100 dilution of rabbit polyclonal antibody
to Beclin-1 (Sigma-Aldrich) for 1 h at 37 °C. After washing with PBS, the samples were
reacted with a 1:300 dilution of CF488A-conjugated anti-rabbit antibody (Sigma-Aldrich)
for 1 h at 37 °C. The cells were visualized by confocal microscopy using an Olympus
FV1000 confocal laser scanning microscope using UPLSAPO 60X (N.A. 1.35) oil immersion
objective and 488 nm laser excitation with 500-600 nm detection range. LC3B-positive
vacuoles were automatically quantified for each field after subtraction of the background
level and establishment of an intensity threshold using Image J software (U.S. National
Institutes of Health, Bethesda, MD, USA). The numbers of the LC3B-positive puncta were
normalized by the numbers of cells in each field. An average of 500 cells was analyzed for
each condition. The fluorescence intensity of LC3B was determined using the surface plot
functions of the Image ] software. The mean fluorescence intensity (MFI) method was used
to quantify the fluorescent signal intensities of cells. Image] software was used to draw an
outline around each cell, and the MFI was measured. The corrected total cell fluorescence
(CTCF) was calculated via the following formula: CTCF = integrated density—(area of
selected cell x mean fluorescence of background readings).

2.4. Western Blot Assays

The cells were homogenized in CytoBuster lysis buffer (Merck KGaA, Darmstadt,
Germany), and the mixture was then centrifuged at 10,000 g for 10 min to remove cell debris.
Protein concentrations of cell lysates were determined using the Bio-Rad protein assay (Bio-
Rad Laboratories Inc., Hercules, CA, USA). Supernatants were mixed with Laemmli sample
buffer and boiled for 3 min. Aliquots of the supernatants were resolved by SDS-PAGE
and electrotransferred onto Immun-Blot polyvinylidene difluoride (PVDF) membranes
(Bio-Rad Laboratories Inc.). The membranes were blocked in PBS containing 0.05% Tween
20, and 5% dried non-fat milk (Difco Laboratories Inc., Detroit, MI, USA). The pre-blocked
blots were probed with the appropriate antibodies for 4 h in PBS containing 0.05% Tween
20, 1% dried non-fat milk and 1% bovine serum albumin (Sigma-Aldrich). Rabbit anti-LC3B
(Sigma-Aldrich) and rabbit anti-B-actin (Sigma-Aldrich) primary antibodies were used
at a 1:1000 dilution. Blots were then incubated for 2 h with peroxidase-conjugated anti-
rabbit antibody (Sigma-Aldrich). Membranes were developed using a chemiluminescence
detection system (GE Healthcare, Chicago, IL, USA). The blots were scanned and the
relative band intensities were quantified using Image]J software (U.S. National Institutes of
Health, Bethesda, MD, USA) [58].

2.5. Phospho-Kinase Array Analysis

A human phospho-kinase array (R & D Systems Inc., Minneapolis, MN, USA) was
used to measure the relative phosphorylation levels of 43 signaling molecules. Control cells
and cultures treated with IL-36cc and LPS alone or in combination for 30 min were homoge-
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nized in a lysis buffer and centrifuged for five min at 14,000 g. Protein concentrations of
the supernatants were determined using a Bio-Rad protein assay (Bio-Rad Laboratories
Inc.). From each treatment group, three individual samples containing 100-100 ug protein
were combined. After blocking, 300 pg of protein was incubated overnight at 4 °C with
each array comprising two technical replicates. After washing, the arrays were reacted
with a cocktail of phospho-site-specific biotinylated antibodies for two hours at room tem-
perature, carefully washed again, and incubated with streptavidin—peroxidase for 30 min
at room temperature. Signals were developed using a chemiluminescence detection system.
The arrays were scanned, spot densities of phospho-proteins were quantified using Image]
software (U.S. National Institutes of Health, Bethesda, MD, USA) [58] and normalized to
those of positive controls on the same membrane after subtraction of background values.

2.6. Statistical Analysis

Statistical significance was analyzed by one-way ANOVA followed by Tukey’s or
Sidak’s multiple comparison post-hoc tests. All statistical analyses were performed using
GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, USA), and p values
less than 0.05 were considered statistically significant.

3. Results
3.1. The Effects of IL-36a and LPS on the Subcellular Localization of LC3B in the THP-1 Cell Line

To elucidate how IL-36x and LPS affect the basal autophagy, we treated THP-1 cells
with IL-36« and LPS alone or in combination and measured the subcellular localization
of LC3B.

Immunofluorescence assays could determine the intracellular localization of LC3B at
the 6-h time point and demonstrated that the control cells and the cultures treated with
LPS have faint cytoplasmic LC3B staining (Figure 2A). Accordingly, the 3D surface plots
revealed a few peaks of low height (Figure 2A). Cells treated with IL-36« displayed staining
patterns characterized by faint, punctate LC3B staining (Figure 2A). In contrast, the cells
treated with the combination of IL-36«x and LPS displayed very bright LC3B staining, and
the 3D surface plot consisted of numerous robust peaks (Figure 2A). This result indicates
that IL-36 and LPS cooperatively increased the accumulation of LC3B-positive vacuoles.

IL-36 receptor antagonist (IL-36Ra) was used to investigate the role of IL-36« in the
synergistic activation of autophagy elicited by the combined treatment with IL-36« and
LPS. The cultures were pre-treated with IL-36Ra for 30 min, and then IL-36x or a double
combination of IL-36« and LPS were added. The cultures treated either with IL-36Ra alone
or in combination with IL-36« displayed a faint cytoplasmic LC3B staining (Figure 2A).
Cells treated with the triple combination of IL-36x-IL-36Ra-LPS likewise displayed staining
patterns characterized by faint, punctate LC3B staining (Figure 2A). Accordingly, the 3D
surface plots revealed a few peaks of low height (Figure 2A).

To investigate the effects of IL-36x and LPS on autophagosome formation, the abun-
dances of LC3B-positive vacuoles were determined at the 6-h time point. The average
numbers of LC3B-positive vacuoles per cell in the control, IL-36ct-, or LPS-treated cultures
were 4.72, 6.73, and 2.8, respectively (Figure 2B). Thus, the cells treated with IL-36x alone
displayed increased abundances of autophagic vesicles, this difference, however, was not
statistically significant. The average numbers of LC3B-positive vacuoles per cell in cultures
treated with a combination of IL-36«x and LPS were significantly higher than that observed
in the control cultures (the average number of autophagosomes in the cultures treated
with IL-36«-LPS was 10.97 versus 4.72 in the control, p < 0.0001) (Figure 2B). Moreover,
the cells treated with the triple combination of IL-36«-IL-36Ra-LPS exhibited significantly
lower numbers of LC3B-positive vacuoles per cell than in the cultures treated with the
IL-360-LPS combination: The average number of autophagosomes in the cultures treated
with IL-36x-IL-36Ra-LPS was 7.58 vs. 10.97 in cells treated with IL-36x-LPS, p < 0.05
(Figure 2B). Thus, although IL-36 and LPS alone do not cause a significant alteration in the
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number of LC3B-positive vacuoles, the combination of IL-36 and LPS does significantly
stimulate the accumulation of autophagosomes.

Figure 2. IL-36 and LPS cooperatively increase the accumulation of LC3B-positive vacuoles. THP-1
cells were treated with 10 ng/mL IL-36¢, IL-36Ra, and LPS alone or in combination for 6 h, and
the intracellular localization of LC3B was analyzed. Control cultures incubated in parallel were left
untreated. (A) Immunofluorescence assays showing the fluorescence intensities of LC3B-positive
vacuoles. The samples were stained for endogenous LC3B protein, and images were obtained by
confocal microscopy. The images were subjected to fluorescence intensity analysis by using the
Image J software. The 3D surface plots represent the intensity values of the whole image. The results
are representative of two independent experiments. Scale bar, 10 um. (B) The average numbers of
LC3B-positive autophagic vacuoles. The LC3B-positive autophagic vacuoles were automatically
quantified with Image J software. The values on the bar graphs denote the means £ SD of the
results of two independent experiments. p values were calculated by the ANOVA test with the
Tukey post-test. 2 p < 0.0001 vs. Control; b p < 0.01 vs. IL-36Ra; © p < 0.05 vs. LPS; d p < 0.001 vs.
IL-360-LPS combination; ¢ p < 0.05 vs. IL-36x-IL-36Ra-LPS combination; f p <0.001 vs. IL-360-IL-
36Ra-LPS combination.
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3.2. The Effects of IL-36a and LPS on the Levels of LC3B-I and LC3B-I1

The effects of IL-36x and LPS on the levels of LC3B-1 and LC3B-1I were determined by
Western blot analysis (Figures 3 and S1). The control THP-1 cells displayed endogenous
expression of both the lipidated and the non-lipidated forms of LC3B at each time point
(Figure 3A, lanes 1-4). IL-36x-treated cells exhibited slightly higher LC3B-II levels at the
0.5-, 2-, and 6-h time points than controls (Figure 3A, lanes 5-7). However, these alterations
were not statistically significant (Figure 3B). Likewise, there were no significant alterations
in LPS-treated cells versus controls (Figure 3). In contrast, the simultaneous treatment of
cells with IL-36 and LPS triggered a significant increase in the level of LC3B-II as compared
with the controls (at the 0.5-, 6-, and 24-h time points the fold increases of LC3B-II levels
in cells treated with IL-360-LPS combination were 3.52, p < 0.01, 3.0, and 3.02, p < 0.05 for
both, respectively) (Figure 3A, lanes 13, 15 and 16, and Figure 3B). The LC3B-1I level at
the 2-h time point dropped compared to the values measured at 0.5, 6, and 24 h after the
IL-36 and LPS combined treatment (Figure 3). These data suggest that IL-36« and LPS
alone do not increase the level of LC3B-II, whereas combined IL-36x and LPS treatment
cooperatively stimulates the lipidation of LC3B with characteristic kinetics.

Figure 3. IL-36«x and LPS cooperatively increase the level of LC3B-II. (A) Western blot analysis showing the kinetics of

endogenous LC3B-II expression. Total protein was isolated from controls (lanes 1-4), IL-36c-treated cells (lanes 5-8),
LPS-treated cells (lanes 9-12), and cells treated with IL-36x-LPS combination (lanes 13-16) at the indicated time points.
Samples were resolved on SDS-PAGE and transferred to PVDF filters. After incubation with the corresponding antibody,

the levels of LC3B-I and LC3B-II were determined with a chemiluminescence detection system. Band intensities were

quantified with Image] software. The ratios of the protein levels measured at 0.5, 2, 6, and 24 h were compared to the

corresponding time point controls and expressed as fold change (shown below each lane). The results are representative of

three independent experiments. (B) The values on the bar graph denote the means & SD of the results of three independent

experiments. p values were calculated by the ANOVA test with the Sidak post-test.  p < 0.01 vs. the 0.5-h time point
control, ® p < 0.05 vs. the 0.5-h time point LPS, € p < 0.05 vs. the 6-h time point control, ¢ p < 0.01 vs. the 6-h time point LPS,
€ p < 0.05 vs. the 24-h time point control, f p < 0.01 vs. the 24-h time point IL-36«, and 8 p < 0.01 vs. the 24-h time point LPS.

3.3. The Effects of IL-36a and LPS on the Autophagic Flux

Bafilomycin Al (BFLA) is an inhibitor of autophagosome-lysosome fusion and lysosomal
hydrolase activity and was used to investigate the autophagic flux (Figures 4 and S2). The
cultures were incubated with IL-36 and LPS alone or in combination for 2 h and then treated
with BFLA for another 4-h period just before the preparation of cell lysates. Compared with
the control, BFLA increased the level of LC3B-II (Figure 4A, lanes 1 and 2, respectively). The
elevated LC3B-II level of the BFLA-treated cells indicates that this drug efficiently blocked
the autophagic flux under the experimental conditions used. In the presence of BFLA,
IL-36« triggered a higher increase in the level of LC3B-II than in the corresponding drug
control (Figure 4A, lanes 4 and 2, respectively). However, this alteration was not statistically
significant (Figure 4B). In contrast, compared with the BFLA control, LPS—acting singly
or in combination with IL-36ax—elicited a significant increase in the levels of LC3B-II of
cells incubated in the presence of BFLA (the fold increases of LC3B-II levels in cells treated
either with LPS alone or the IL-36x-LPS combination in the presence of BFLA were 6.22,
and 6.47, p < 0.05 for both) (Figure 4B). In the presence of BFLA, the cells treated with the
IL-36x-LPS combination exhibited higher increases in the level of LC3B-II than cultures
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stimulated only with LPS. These data indicate that combined IL-36x and LPS treatment
cooperatively stimulates the autophagic flux.

Figure 4. IL-360c and LPS cooperatively stimulate the autophagic flux. THP-1 cells were treated with IL-36¢, and LPS alone

or in combination for 2 h and then exposed to 100 nM bafilomycin A1 for another 4-h period. The total protein extracted

was analyzed for LC3B expression by Western blot analysis. (A) Western blot analysis showing increased autophagic flux in

cells treated with IL-36x, and LPS alone, or in combination. The ratios of the protein levels were calculated, and expressed

as fold change, shown below each lane. Results are representative of three independent experiments. (B) The values on the

bar graph denote the means + SD of the results of three independent experiments. p values were calculated by the ANOVA
test with the Sidak post-test. 2 p < 0.05 vs. control, ® p < 0.05 vs. BFLA control. BFLA, bafilomycin A1.

3.4. The Effects of IL-36a and LPS on the Level of Beclin-1

The effects of IL-36x and LPS on the level and intracellular localization of Beclin-1
were determined by immunofluorescence assay at the 6-h time point. The control cells
showed a faint cytoplasmic Beclin-1 staining (Figure 5A). Accordingly, the 3D surface
plots revealed a few peaks of low height (Figure 5A). In contrast, the cells treated with
IL-360c and LPS alone or in combination displayed very bright Beclin-1 staining, and the 3D
surface plots consisted of numerous robust peaks (Figure 5A). Measurement of the staining
intensities showed that IL-36x and LPS acting singly or in combination elicited significant
increases as compared with the control (the CTCF values in cells treated with IL-36«, LPS,
or IL-36-LPS combination were 1.35, 1.66, or 1.8 vs. 1.0 in the control, p < 0.0001 for all,
respectively) (Figure 5B). Measurement of the abundances of Beclin-1-positive vacuoles
likewise revealed that IL-36 and LPS acting singly or in combination triggered significant
increases as compared with the control (the average numbers of Beclin-1-positive puncta
in cells treated with IL-36, LPS or IL-360-LPS combination were 5.86, 8.18, or 13.55 vs.
2.72 in the control, p < 0.01, p < 0.0001 and p < 0.0001, respectively) (Figure 5C). These data
indicate that IL-36x and LPS cooperatively elevate the level of Beclin-1.

3.5. The Effects of IL-36a and LPS on Cellular Signaling in the THP-1 Cell Line

A phospho-kinase array that detects the phosphorylation levels of 43 major protein ki-
nases (Table S1) was used to investigate the effect of IL-36x and LPS on the activation level
of signaling pathways implicated in autophagy regulation. IL-36x led to the activation of a
subset of kinases (Figures 6 and S3). Compared with the control, the most significant effect
was an increase in Ak strain transforming factor 1/2/3 (Aktl/2/3) (S473) phosphorylation.
The phosphorylation levels of the proline-rich Akt substrate of 40 kDa (PRAS40) (T246) and
mechanistic target of rapamycin (mTOR) (52448)—two signaling molecules downstream
of Aktl/2/3)—were also increased (Figures 6 and S3). IL-36« triggered phosphorylation
of with no lysine kinase 1 (WNK1) (T60), some steroid receptor coactivator (Src) fam-
ily kinases including Src (Y419) and Lyn (Y397), and signal transducer and activator of
transcription (STAT) family members such as STAT2 (Y689), STAT3 (S727) and STAT5a/b
(Y694/Y699). Compared with the control, LPS increased the levels of phospho-Akt1/2/3
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(5473), phospho-Src (Y419), and STAT5a/b (Y694/Y699); it decreased phosphorylation
of adenosine monophosphate-activated protein kinase o1 (AMPKu«l) (Figure 6). Com-
pared with the control, IL-36c and LPS combined treatment increased phosphorylation of
STAT5a/b, whereas the levels of phospho-Yes (Y426), phospho-focal adhesion kinase (FAK)
(Y397), and phospho-WNKT1 (T60) were decreased (Figures 6 and S3). Thus, IL-36¢, LPS,
and the combined treatment elicit distinct phosphorylation patterns of signaling molecules.

Figure 5. IL-36x and LPS cooperatively increase Beclin-1 levels. THP-1 cells were treated with
10 ng/mL IL-36«, IL-36Ra, and LPS alone or in combination for 6 h, and the level of Beclin-1 fluo-
rescence was analyzed. Control cultures incubated in parallel were left untreated. (A) Immunoflu-
orescence assay showing the fluorescence intensities of Beclin-1. The samples were stained for
the endogenous Beclin-1 protein, and images were obtained by confocal microscopy. The images
were subjected to fluorescence intensity analysis with Image J. The 3D surface plots represent the
intensity values of the entire image. The results are representative of two independent experiments.
Scale bar, 10 pm. (B) Quantification of Beclin-1 fluorescence intensities. The fold changes of CTCF
values were calculated as the CTCF of cells treated with 10 ng/mL IL-36x, and LPS alone or in
combination/CTCF of control cultures. The values on the bar graphs denote the means =+ SD of the
results of two independent experiments. p values were calculated by the ANOVA test with the Tukey
post-test. 2 p < 0.0001 vs. Control; ® p < 0.0001 vs. IL-36c; € p < 0.05 vs. LPS. (C) Quantification of the
intracellular abundances of Beclin-1 puncta. The Beclin-1-positive puncta were quantified with Image
J software. The values on the bar graphs denote the means =+ SD of the results of two independent
experiments. p values were calculated by the ANOVA test with Tukey post-test. ¢ p < 0.01 vs. Control;
fp <0.0001 vs. Control; & p < 0.05 vs. IL-360; P p < 0.0001 vs. IL-36 and LPS.
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Figure 6. Differential phospho-kinase array profiles of cells treated with IL-36« and LPS. (A) Phospho-
kinase array analysis. Total protein was isolated from THP-1 cells treated with IL-36«, and LPS
alone or in combination for 30 min. Control cells were left untreated. The samples were hybridized
with a phospho-kinase array kit. The labeled spots correspond to the phospho-proteins modulated
by IL-36cc and LPS. (B) Quantification of phosphoproteins from the proteomic array (average of
duplicate spots). Spot densities of phosphoproteins were quantified using Image J analysis software
and normalized to positive controls on the same membrane. p values were calculated by the ANOVA
test with the Sidak post-test. * p < 0.05; ** p < 0.01.

4. Discussion

Compelling evidence indicates that cellular autophagic and immune processes are
highly intertwined and that their coordinated functioning is essential for the efficient
protection of the human body against pathogenic Gram-negative bacteria [33,45-47,59].
During infections, cytokines and molecules defined as PAMP act simultaneously to activate
partially overlapping signaling pathways. The combined effect may differentially regulate
cellular autophagic activity. Thus, this study investigated the impact of IL-36cc upon
endogenous and LPS-induced autophagy.

To study the autophagic activity of THP-1 cells treated with IL-36cc and LPS alone or
in combination, we determined the intracellular distribution of LC3B and measured LC3B
lipidation as well as the autophagic flux [60]. These experiments demonstrated that the cells
treated with IL-36 alone displayed increased abundances of autophagic vesicles, elevated
endogenous LC3B-II levels, and stimulated autophagic flux; these differences, however,
were not statistically significant (Figures 2—4). Recent observations indicated that IL-363
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and IL-36y activate the autophagic process in primary murine CD4*CD25* Treg cells [57]
and human macrophages [56], respectively. There may be several explanations for the
weaker pro-autophagic effect of IL-36« revealed in our present study such as differences
between IL-36 subtypes and different sensitivities of various cell types to this cytokine.
Consistent with previous findings [52,53,61], our results demonstrated that LPS signifi-
cantly increased autophagosome synthesis (Figure 3). The combination of IL-36x and LPS
raised the intensity level of LC3B staining and cooperatively stimulated the translocation
of this protein into autophagic vesicles (Figure 2). Supporting this observation, we found
that IL-36Ra significantly inhibited the pro-autophagic effect of the IL-360c/LPS combined
treatment (Figure 2). The IL-36-LPS combination elevated LC3B-II and decreased LC3B-1
levels indicating that the lipidation of LC3B is highly stimulated (Figure 3). Finally, our
experiments showed that in cultures treated with the combination of IL-36 and LPS, the
autophagic flux is increased considerably by this cytokine/PAMP combination (Figure 4).
These results suggest that IL-36 and LPS cooperatively stimulate autophagy.

To investigate the effect of IL-36cc and LPS on the activation of some signaling path-
ways, we determined the phosphorylation levels of protein kinases implicated in autophagy
regulation (Figure 6). Our studies have shown that IL-36« increased the phosphorylation
of Aktl/2/3 (5473), PRAS40 (T246), mTOR (52448), WNKI1 (T60), and some Src as well
as STAT family kinases such as Src, Lyn, STAT2, STAT3, and STAT5a/b. PRAS40 is a
negative regulator of mTORCI1 [34,62]. Akt- and mTORC1-mediated phosphorylation
of PRAS40 results in its dissociation from mTORCI that in turn alleviates inhibition of
mTORC1 and blocks induction of the autophagic cascade [34,62]. An interesting recent
study revealed that IL-36f3 stimulates mTORC1 via the PI3K/ Akt, IkB kinase and MyD88
pathways [63]. Our experiments demonstrate that, like IL-363, IL36« activates mTORC1
via the PIK/ Akt pathway. Moreover, we suggest that the Akt-mediated activation of mTOR
involves PRAS40. Other previous studies indicated that WNKT1 acts as an autophagy in-
hibitor by interfering with the activation of AMPK and PI3KC3 [64]. STAT3 has been shown
to regulate autophagy in localization- and context-dependent manners and can elicit both
pro-autophagic and anti-autophagic effects [65]. In light of these observations, our data
suggest that in the early phase of IL-36« signaling, both anti- and pro-autophagic pathways
are activated. Our observations show that LPS increases phosphorylation of Aktl/2/3,
Src as well as STAT5a/b and decreases the level of phospho-AMPK«x1 in THP-1 cells;
this is fully consistent with previous reports [66,67]. Interestingly, the phosphorylation
pattern of cells incubated with IL36cc and LPS differed from the signatures detected either
in IL36ct- or LPS-treated cells. We found that the IL360c/LPS combined treatment increased
phosphorylation of STAT5a/b, had minimal effect on the Akt/PRAS40/mTOR pathway,
and reduced the levels of phospho-Yes, phospho-FAK, and phospho-WNK1. Thus, the
combined treatment of IL-36cc and LPS appears to dampen PI3K/Akt/mTOR, FAK and
WNKT1 signaling. The TLR4 signal transduction network is known to be kept under strict
control by multiple mechanisms including positive and negative crosstalk regulations that
maintain the integrity of immune cells by preventing excessive inflammation [68]. The
negative regulators acting through the activation of transcription play a primary role in the
late phase of TLR and IL-36 signaling; their role in the early stage thus can be excluded.
Important studies, however, revealed that PI3K has an essential role in the safety mecha-
nism controlling the early-stage of TLR4-mediated signaling [69]. PI3K can suppress TLR4
signaling by altering the availability of phosphatidylinositol-(4,5)bisphosphate (PIP,) at the
cytoplasmic membrane and hence can modulate the intracellular localization of adaptors,
the magnitude of activation, and signal output [70]. Based on these observations, we
suggest that the combinatorial effect of IL-360c/LPS may exert an excessive PI3K activation,
which—while not suspending the inhibition of downstream events of autophagy—can
significantly reduce it by decreasing the Akt-mediated activation of mTORC1.

Previous studies have demonstrated that Beclin-1 plays a pivotal role in the autophagic
process. Beclin-1 was shown to interact with Bcl-2 and Bcl-Xy,, which suppresses autophago-
some biogenesis. The release of Beclin-1 is a prerequisite for the formation of a functional



Biomedicines 2021, 9, 1541

13 of 16

PI3KC3 complex. Phosphorylation events and TRAF6-mediated ubiquitination of Beclin-1
may destabilize Beclin-1-Bcl-2/Bcl-X|, association and abrogate BECN1-BCL2/Bcl-Xi, in-
teraction. Some IL-36 and LPS signaling intermediates have the potential to regulate the
functional activity of Beclin-1 [71,72]. Thus, we investigated the effect of IL-36cc and LPS on
Beclin-1 protein. Our results showed that IL-36cc and LPS acting singly or in combination
elevated the staining intensities and increased the abundances of Beclin-1-positive vacuoles
(Figure 5). The IL-36«/LPS treatment was again more efficient than IL-36x or LPS alone.
These data further support the notion that IL-36cc and LPS cooperatively promote the au-
tophagic process because increased Beclin-1 levels were shown to correlate with enhanced
autophagy [60].

Our results suggest a hypothetical model for the mechanism of the enhanced pro-
autophagic effect observed in cells treated with IL-36ax and LPS simultaneously. The
IL-360/LPS combination reduces the activation level of the PI3K/Akt/mTORC1 axis by
triggering rapid depletion of PIP, at the cytoplasmic membrane. As a result, mTOR-
mediated inhibition of autophagy is alleviated. Some components of the IL-36cc and LPS
signaling networks are known to induce autophagy. MyD88 binds directly whereas TRAF3
and TRAF6 ubiquitinate the Beclin-1 protein, thus disrupting the interaction between Beclin-
1 and Bcl-2 [52,53]. This results in increased oligomerization of Beclin-1, activation of the
PIBKC3 complex, and initiation of autophagosome formation [52,53]. The IL-36/LPS
combination increases the activation level of PI3KC3 complex directly and subsequently
stimulates autophagy. Thus, this cytokine/PAMP combination triggers pro-autophagic bi-
ased signaling by several mechanisms and thereby cooperatively stimulates the autophagic
cascade (Figure S4). Previous studies have shown that bacteria affect the autophagic cas-
cade and, conversely, autophagy influences the infection process. The bacteria studied
so far all interact with the autophagic machinery but in different ways. The structural
components, PAMPs, and exotoxins of several bacteria induce autophagy. However, some
bacteria can effectively prevent autophagic recognition, inhibit autophagy initiation and
maturation of autophagosomes or block the fusion of lysosomes with autophagosomes,
while others hijack the autophagic compartment to support their intracellular survival.
Our data indicate that cytokines may modify the pro-autophagic effect of bacterial PAMPs.
An increased xenophagic activity of innate immune cells exposed to IL-36«x and LPS—
functioning as part of the cell-autonomous defense system—may play a protective role in
the pathogenesis of infections caused by Gram-negative bacteria [73,74]. Our data indicate
that cytokines may modify the pro-autophagic effect of bacterial PAMPs. An increased
xenophagic activity of innate immune cells exposed to IL-36a and LPS—functioning as part
of the cell-autonomous defense system—may play an important role in the pathogenesis of
infections caused by Gram-negative bacteria.

In conclusion, our results demonstrate that the IL-36cc/LPS triggers pro-autophagic
biased signaling by several mechanisms and thereby stimulates the autophagic cascade
cooperatively in the THP-1 cell line. However, some limitations of this investigation, such
as the need for additional experimental evidence that can corroborate the synergistic effect
of this cytokine/PAMP combination in other cell types, have yet to be addressed. Moreover,
further studies are needed to investigate the effect of increased autophagic activity on the
functions of innate immune cells treated with IL-36x and LPS simultaneously.
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) recently emerged
as a highly virulent respiratory pathogen that is known as the causative agent of
coronavirus disease 2019 (COVID-19). Diarrhea is a common early symptom in a
significant proportion of patients with SARS-CoV-2 infection. SARS-CoV-2 can
infect and replicate in esophageal cells and enterocytes, leading to direct damage
to the intestinal epithelium. The infection decreases the level of angiotensin-
converting enzyme 2 receptors, thereby altering the composition of the gut
microbiota. SARS-CoV-2 elicits a cytokine storm, which contributes to
gastrointestinal inflammation. The direct cytopathic effects of SARS-CoV-2, gut
dysbiosis, and aberrant immune response result in increased intestinal
permeability, which may exacerbate existing symptoms and worsen the
prognosis. By exploring the elements of pathogenesis, several therapeutic options
have emerged for the treatment of COVID-19 patients, such as biologics and
biotherapeutic agents. However, the presence of SARS-CoV-2 in the feces may
facilitate the spread of COVID-19 through fecal-oral transmission and
contaminate the environment. Thus gastrointestinal SARS-CoV-2 infection has
important epidemiological significance. The development of new therapeutic and
preventive options is necessary to treat and restrict the spread of this severe and
widespread infection more effectively. Therefore, we summarize the key elements
involved in the pathogenesis and the epidemiology of COVID-19-associated
diarrhea.

Key Words: COVID-19; Diarrhea; Ionic imbalance; Viroporin; Angiotensin-converting
enzyme type 2; Leaky gut
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Core Tip: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) replicates in
enterocytes, triggers ionic imbalances, activates the NLRP3 inflammasome pathway,
induces apoptosis, and exerts a dual effect on the autophagic process. These effects of
SARS-CoV-2 lead to the development of leaky gut. Increased permeability triggers the
absorption of lipopolysaccharide into the circulation, further exacerbating inflam-
mation induced by viral infection. In addition to drugs that affect the inflammatory
response and viral replication, agents targeting autophagy and apoptosis appear to be
potentially suitable for the treatment of coronavirus disease 2019 (COVID-19). The
fecal-oral route of SARS-CoV-2 transmission calls for strict and more consistent
adherence to hygiene rules to prevent the spread of COVID-19.

Citation: Megyeri K, Dernovics A, Al-Luhaibi ZII, Rosztéczy A. COVID-19-associated
diarrhea. World J Gastroenterol 2021; 27(23): 3208-3222

URL: https://www.wjgnet.com/1007-9327/full/v27/i23/3208.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i23.3208

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) recently emerged as a
highly virulent respiratory pathogen that is known as the causative agent of
coronavirus disease 2019 (COVID-19)[1]. SARS-CoV-2 enters the human body through
the airways and multiplies in the lungs. This novel coronavirus causes mild, severe,
and critical respiratory disease in 81%, 14%, and 5% of cases, respectively[2]. It may
also enter the bloodstream, which results in viremia and systemic spread throughout
the body.

In addition to the airways, the virus can multiply in the gastrointestinal (GI) tract
(GIT), urinary tract, and central nervous system. The infection elicits an intemperate
immune response characterized by a life-threatening cytokine storm and a corrupted
interferon (IFN) system, which is unable to eliminate the pathogen effectively. As a
result, a systemic inflammatory response syndrome occurs[3,4]. In the severe and
critical clinical manifestations of COVID-19, atypical pneumonia leading to pro-
gressive respiratory failure develops[2].

As of the 13* of January 2021, about 90 million people have been infected, and
nearly 2 million people have died during the COVID-19 pandemic[5]. Although the
leading COVID-19 symptoms are due to involvement of the respiratory system, it
often causes GI symptoms as well. Thus, we examined the current state of knowledge
on the pathogenesis, occurrence rate, clinical significance, and epidemiological
consequences of COVID-19-associated diarrhea.

TAXONOMIC CLASSIFICATION, STRUCTURE, AND REPLICATION OF
SARS-COV-2

SARS-CoV-2 belongs to the genus Betacoronavirus of the family Coronaviridae, which
comprises enveloped viruses with positive-sense single-stranded RNA genomes[1,6,
7]. The spherical or elliptical virions are pleomorphic with diameters of 80-160 nm([8,
9]. The capsid has helical symmetry, which is built up by the nucleocapsid (N) protein.
The spike (S), membrane (M), and envelope (E) proteins are located in the virion
envelope[10]. The S protein forms protrusions of 20 nm in length that provide a
characteristic crown-like appearance, which is reflected in the name of the viral family.
The S-protein is responsible for binding to the cell surface receptor[10].

Besides the S, E, M, and N structural protein genes, the genome of SARS-CoV-2
contains open reading frames (Orfs) that encode nine accessory proteins (3a, 3b, 6, 7a,
7b, 8, 9b, 9¢, and 10) and two polyproteins (ppla and pplab)[10-15]. Polyproteins ppla
and pplab are cleaved by viral proteases to form unique non-structural proteins (Nsp),
which play an important role in viral replication[10]. Although the accessory proteins
of SARS-CoV-2 are not essential for viral multiplication, they are implicated in the
pathogenesis[10].

3209 June 21,2021 | Volume27 | Issue23 |


http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
https://www.wjgnet.com/1007-9327/full/v27/i23/3208.htm
https://dx.doi.org/10.3748/wjg.v27.i23.3208

Megyeri K et al. Diarrhea in COVID-19

Jaishideng®

As the first step in infection, the S protein of SARS-CoV-2 binds to its corresponding
cell-surface receptor, angiotensin-converting enzyme type 2 (ACE2)[16,17]. The S
protein has two subunits: S1 and S2. The S1 subunit has a receptor-binding domain
and is responsible for receptor engagement, whereas the S2 subunit is involved in the
fusion process[17-19]. Following ACE2 binding, cellular proteases such as transmem-
brane protease/serine subfamily member 2 (TMPRSS2), TMPRSS4, and cathepsin L
cleave S protein into S1 and S2 subunits, and the virus enters the host cell by receptor-
mediated endocytosis[17,19-23]. Other proteases have also been shown to be able to
cleave S protein, including furin, trypsin-like proteases, elastase, plasmin, and factor
Xa. This suggests that these enzymes may also facilitate entry or expand the tissue
tropism of SARS-CoV-2[23-27].

Within the endosome, cathepsin-mediated activation of the S protein continues,
eventually causing the S2 subunit to gain a fusogenic effect that triggers the fusion of
the viral envelope and the endosomal membrane[25]. The nucleocapsid is then
released into the cytoplasm, where the translation of Orfla and Orflb results in the
formation of ppla and pplab, from which Nspl-16 are generated by proteolysis.
Nsp12 functions as an RNA-dependent RNA polymerase and associates with Nsp7
and Nsp8 to form the core of the replication and transcription complex (RTC) of SARS-
CoV-2[28,29]. The cofactors Nsp7 and Nsp8 form a hexadecameric ring structure that
has a primase function and generates RNA primers for the synthesis of the negative-
sense RNA[28,29].

RTC synthesizes the genomic RNA and a set of SARS-CoV-2 mRNAs through full-
length and subgenomic negative-sense RNA intermediates[28,29]. The replication of
the viral genome and transcription of viral genes takes place in double-membraned
vesicles[30,31]. The SARS-CoV-2 replication compartment provides a protected
environment which inhibits the antiviral effects of IFN and other cellular antiviral
defense mechanisms by hiding the viral genome, transcripts, and replicative interme-
diates from cellular nucleic acid sensors.

The viral mRNAs are translated in the rough endoplasmic reticulum, leading to the
formation of accessory proteins and structural proteins (N, M, E, and S). The M, E, and
S proteins then become embedded in the endoplasmic reticulum, whereas the N
proteins assemble with the newly synthesized full-length positive-sense RNA to form
the nucleocapsid[30,31]. After being transported to the ERGIC (endoplasmic
reticulum-Golgi intermediate compartment), the nucleocapsids bud through the
ERGIC membrane into its lumen[30,31]. The mature virions reach the cytoplasm
membrane via vesicular transport and are released from the cell[30,31].

THE MAIN CELLULAR EFFECTS OF SARS-COV-2

During multiplication, SARS-CoV-2 modulates several cellular aspects, including
signaling, transcription, translation, cell division, the IFN system, autophagy, and
apoptosis, as well as the biogenesis, function, and morphology of mitochondria and
intracellular vesicles. Phosphoproteomic profiling has revealed that SARS-CoV-2
infection affects the activity of 97 kinases. The activities of several members of the p38
pathway and the guanosine monophosphate-dependent protein kinases are
upregulated, while cell cycle kinases (CDK1/2/5), cell growth-related signaling
pathway kinases (AKT1/2), and regulators of the cytoskeleton are down-regulated
[32]. The functional changes in the signal transduction pathways have been shown to
play an important role in SARS-CoV-2-induced cytoskeletal damage, cytokine
production, and slow-down in cell proliferation at the S/G2 transition phase[32].

Transcriptomic profiles of SARS-CoV-2-infected primary human bronchial epithelial
cells, lung biopsy, and bronchoalveolar lavage fluid samples of COVID-19 patients
have demonstrated upregulated expression of genes implicated in metabolism,
immunity, and the stress responses of the endoplasmic reticulum and mitochondria
[33-35]. It has been shown that the M protein, Nsp7, and ORF9c stimulate lipogenesis,
while Nsp7, Nsp12, and ORFS trigger endoplasmic stress response, and Nsp7 induces
mitochondrial dysfunction[34]. Moreover, the M and E proteins, along with Nsp3a,
Nsp6, Nsp8, Nsp10, and Nsp13, were shown to be able to modify the structure and
function of the endomembrane system and vesicle trafficking, thereby facilitating
several steps of viral multiplication[36].

Interestingly, the expression of genes involved in the humoral immune response
and innate immune response-activating signal transduction are increased, whereas
genes implicated in cytokine-mediated signaling pathways are down-regulated[33]. A
multiplex gene expression analysis showed that the genes involved in type I IFN
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signaling were highly up-regulated, whereas the expression of IFN-stimulated genes (
ISGs) was decreased in severe COVID-19 patients[37]. The levels of pro-inflammatory
cytokines measured in sera of COVID-19 patients were highly increased in a pattern
corresponding to a cytokine storm[38-40].

Consistent with this observation, transcriptional activation of pro-inflammatory
cytokine genes was also detected in peripheral blood mononuclear cells and broncho-
alveolar lavage fluid[41]. The sera and lung tissue samples of patients have shown
interleukin (IL)-1p, IL-6, IL-10, IL-18, IL-33, transforming growth factor-, IFN-vy,
CSF2/GM-CSF (colony-stimulating factor 2/granulocyte-macrophage colony-
stimulating factor), CSF3/G-CSF, CC chemokines [CCL2/MCP-1, CCL3/MIP-1A,
CCL4/MIP-1B, CCL5/RANTES, CCLS8, CCL3L1] and CXC chemokines [CXCL1,
CXCL2 and CXCL10/1P10][38,39,41,42]. However, during SARS-CoV-2 infection, the
production of type I and III IFNs is decreased[37,43]. Thus, these data clearly
demonstrate that SARS-CoV-2 infection alters both the transcriptional and transla-
tional patterns in cells profoundly[32-43].

Other observations indicate that SARS-CoV-2 could trigger several cell-death
processes, including apoptosis, necrosis, pyroptosis, and anoikis, depending on the
type of cell[44-47]. The death of infected cells may contribute to tissue damage and
induce an inflammatory reaction[44-47]. It has also been revealed that SARS-CoV-2 Orf
3a stimulates the formation of the autophagic Beclin-1-Vps34-Atgl4 complex while
simultaneously inhibiting the Beclin-1 complex containing the UVRAG adaptor
protein[48]. Orf 3a thereby exerts a dual effect on the autophagic process manifesting
in the induction of the initial steps and a block in the fusion of the autophagosomes
with lysosomes[48].

DIARRHEA IN COVID-19

GIT involvement is frequent in COVID-19 patients and includes anorexia, nausea,
vomiting, diarrhea, and abdominal pain[49-62]. Among the specific GI symptoms,
diarrhea is the most common. Based on different studies, the prevalence of diarrhea
might range from 2% to 49.5%[50,61,63]. COVID-19-associated diarrhea is charac-
terized by loose or watery stools and is usually mild, self-limiting, and can even be the
only symptom of the infection[49,52,58,59,63]. The average frequency of bowel
movements is in the range of 3.3-4.3 times per day[53,58], and the average duration of
diarrhea is 3-5.4 d[52,53,58,59,63]. In some cases, however, diarrhea is more severe,
with patients experiencing more frequent bowel movements of up to 18-30 times per
day[58,63].

Rare cases with more severe GI symptoms have also been reported, such as acute
hemorrhagic colitis and GI bleeding[53,54,64]. Furthermore, the relationship between
GI symptoms and the severity of the disease has been investigated. Statistically
significant differences were not observed between COVID-19 patients with and
without GI symptoms in clinical severity, length of hospital stay, and mortality rate[49,
59,60]. SARS-CoV-2 mRNA could be detected in the stool of COVID-19 patients in
22%-54.5% of cases, and occasionally, the virus is detectable in the stool even after the
airway samples become negative[54,57,58,65-69]. Positive results have been obtained
from real-time reverse transcriptase-polymerase chain reaction (Rrt-PCR) tests of stool
even in patients without GI symptoms[58]. In patients with GI symptoms, the total
time between the onset of symptoms and viral clearance is significantly longer than in
those with only respiratory manifestations[58,70].

The reason why GI symptoms occur in only a subset of COVID-19 patients is
currently unknown. There are no significant differences between the two patient
groups in terms of demographics and certain coexisting conditions, such as pregnancy,
cancer, chronic renal disease, chronic obstructive pulmonary disease, or immunosup-
pression. A study conducted by Jin et al[52] revealed that the rate of chronic liver
disease in COVID-19 patients with GI symptoms is much higher than among those
without GI symptoms. Moreover, the incidence of COVID-19 with GI symptoms
displays familial clustering[52]. Based on these interesting observations, it is
reasonable to infer that genetic, immunological, and epidemiological factors are
involved in the development of COVID-19-associated diarrhea.
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PATHOGENESIS OF COVID-19-ASSOCIATED DIARRHEA

ACE?2, the cellular receptor of SARS-CoV-2, is widely expressed in many types of cells
and tissues of the GIT, including the esophagus, stomach, small intestine, colon,
rectum, pancreatic exocrine glands and islets, and gallbladder[71]. The expression
level of ACE2 in the GIT is highest in the ileum epithelial cells, especially in the
absorptive enterocytes[72]. It has also been demonstrated that ACE2 is co-expressed
with TMPRSS2/4 proteases in the GIT, with the highest level in the ileum[73]. These
observations indicate that several cell types in the GIT are potentially susceptible to
SARS-CoV-2 infection[71-73].

Studies demonstrating that viral RNA can be detected in the stool samples of
COVID-19 patients indicate that SARS-CoV-2 can indeed infect the GIT[54,57-59,66-
68]. It is estimated that feces and GI tissues contain 10*-10% and 10°-10* RN As per gram,
respectively[74,75]. Further studies revealed that SARS-CoV-2 establishes a productive
infection in intestinal epithelial cells and human small intestinal organoids, leading to
the production of new infectious progeny virions[20,76]. Viral particles within
intracytoplasmic vesicles and aggregates of SARS-CoV-2 virions attached to the
surface of enterocytes have been detected in intestinal organoids and post-mortem GIT
samples from COVID-19 patients by electron microscopy[76,77]. These observations
indicate that the GIT can be an entry site and an extra-pulmonary target organ of
SARS-CoV-2[20,71-73,76,77].

Further analyses were performed to determine whether infectious viruses are
present in the GIT or feces. In most cases, efforts to cultivate infectious SARS-CoV-2
from feces have failed, although Xiao et al[78] recently reported the successful isolation
of the virus from stool samples by using the Vero E6 cell line. Simulated large
intestinal fluid was shown to reduce the infectivity of the virus significantly[20]. Thus,
it is possible that most of the virus that multiplies in the enterocytes may be
inactivated in the lumen of intestines within a short time after release.

In vitro cultivation of SARS-CoV-2 has demonstrated that this virus elicits a
cytopathic effect (CPE) on some cell lines, whereas in other cell types, no cytomorpho-
logical abnormalities could be observed despite efficient viral replication[79]. In
human airway epithelial cells, SARS-CoV-2 causes CPE characterized by the formation
of multinucleated syncytia and cilium shrinking, and cell death largely occurs by way
of apoptosis[45]. In contrast, the colorectal adenocarcinoma Caco-2 cell line proved to
be susceptible to infection, but the multiplication of SARS-CoV-2 was not accompanied
by a visible CPE[79]. Likewise, intense tissue damage was not observed in the GIT of
COVID-19 patients[80].

SARS-CoV-2 can establish a persistent infection in human C2BBel intestinal cells
expressing a brush border[81]. Moreover, SARS-CoV-2 was shown to be more effective
in inducing the production of IFN-a, IFN-B, IFN-A1, IFN-A2, and IFN-A3 in human
intestinal tissues ex vivo than in lung tissue[80]. Therefore, it is also conceivable that a
specific immuno-inflammatory environment develops in the lungs and GIT as a result
of infection, which affects the rate of viral replication and cell demise in different ways.

Although SARS-CoV-2 causes no extensive tissue damage in the intestines, the
infection seems to harm the enterocytes in a much more sophisticated way. E protein
was shown to bind to the tight junction-associated PALS1 (Proteins Associated with
Lin Seven 1)[82]. PALS1 interacts with PAT] (PALS1-Associated Tight Junction
protein) and CRB3 (Crumbs 3), and the PALS1/PAT]/CRB3 complex that forms is
essential for the maintenance of tight junctions connecting epithelial cells[83]. E
protein causes functional impairment of PALS] and interferes with the formation of
tight junctions, leading to the disruption of intestinal barrier integrity[82]. By using a
biomimetic gut-on-chip system, Guo et. al. elegantly demonstrated that SARS-CoV-2
infection destroys tight junctions and adherent junctions in both the endothelium and
intestinal epithelium, which in turn may lead to leaky gut syndrome, local and
systemic invasion of normal microbiota members, and immune activation[84]

Figure 1).

( éfhe E iarotein of SARS-CoV-2 is a single-spanning membrane protein that forms a
homopentameric ion channel, which displays selective permeability for monovalent
ions (Na*, K*,and Cl) and Ca*[85]. E protein accumulates in the endoplasmic
reticulum and ERGIC/Golgi membranes and transports Ca?* from these compartments
to the cytoplasm. Elevated cytoplasmic Ca* concentration can increase the rate of
apical CI exit across the Ca*"-activated CI- channels and cyclic-nucleotide-activated
cystic fibrosis transmembrane conductance regulator[86].

SARS-CoV-2 also has another ion-channel protein, Orf3a, which is a K* ion channel
viroporin that exhibits plasma membrane and endomembrane localization[46,87].
Orf3a in the cytoplasmic membrane may cause leakage of K* ions from enterocytes.
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Angiotensin-(1-7)
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Figure 1 Mechanism involved in coronavirus disease 2019-associated diarrhea. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
binds to its corresponding cell-surface receptor, angiotensin-converting enzyme type 2. In the intestines, SARS-CoV-2 viroporins, E protein, dysregulation of the
renin-angiotensin-aldosterone system triggering ionic imbalance, disruption of barrier integrity and inflammation play important roles in the development of
coronavirus disease 2019-associated secretory diarrhea and leaky gut. ACE: Angiotensin-converting enzyme; IFN: Interferon; IL: Interleukin; TNFa: tumor necrosis
factor alpha; CFTR: CF transmembrane conductance regulator; CaCC: Ca®*-activated CI channel; NHE3: Na*-H* exchanger 3.
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Moreover, intracellular ionic imbalances triggered by SARS-CoV-2 viroporins (E
protein and Orf3a) can lead to the activation of the NLRP3 inflammasome (NOD-,
LRR-, and Pyrin domain-containing 3). This results in the secretion of IL-1p and cell
death in a process called pyroptosis[44,46]. By activating innate immune cells, IL-1p
contributes to the development of a local inflammatory environment and a systemic
cytokine storm. The direct action of viroporins and the indirect effects of cytokines
together can trigger an ionic imbalance of enterocytes, which may contribute to the
development of diarrhea (Figure 1).

During its multiplication, SARS-CoV-2 disturbs the function of the renin-
angiotensin-aldosterone system (RAAS). The main components of this system are
ACE, angiotensin II, and AT1R. Angiotensin II is known to elicit vasoconstriction,
oxidative stress, and inflammation following binding to AT1R[88]. The ACE2/
angiotensin (1-7)/Mas pathway is an important physiological negative regulator of the
ACE/angiotensin II/ AT1R axis and exerts anti-inflammatory effects[88]. SARS-CoV-2
uses ACE2 for entry as a receptor, which becomes degraded in the endolysosomal
compartment after being internalized along with the virion particles[17,19,20].

The viral infection has been shown to increase the expression of ADAM (A
Disintegrin and Metalloprotease) metallopeptidase domain 17 enzyme, which is
endowed with sheddase activity[89]. ADAM17 functions in the ectodomain shedding
of tumor necrosis factor alpha (TNF-a), EGFR ligands, and ACE2[90,91]. ADAM17-
mediated cleavage decreases ACE2 Levels on the cytoplasm membrane and thereby
shifts the delicate balance towards the ACE/angiotensin II/ ATIR pathway. In turn,
this can lead to pro-inflammatory predominance. It has also been demonstrated
recently that ACE2 forms dimer-of-heterodimer complexes with the neutral amino
acid transporter B’AT1 (Broad neutral Amino acid Transporter 1)[91]. B°’AT1 is
involved in the Na'-coupled transportation of tryptophan, phenylalanine, glutamine,
and leucine[91].
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The ADAM17-mediated cleavage of ACE2 ectodomain and attachment of SARS-
CoV-2 to the ACE2:B°AT1 complex may potentially compromise the transport of Na*
and neutral amino acids[88]. Impairment of the ACE2:B’AT1 complex and the
consequential amino acid starvation can decrease Na*uptake and affect the activation
state of the mechanistic target of rapamycin (mTOR) complex, which is an important
regulator of autophagy, xenophagy, metabolism, and various immune processes[88,92-
95]. Dysregulated RAAS may aggravate ionic imbalance and inflammation, which may
affect the metabolic state of cells, the composition of the microbiota, and cell viability,
leading to increasingly severe intestinal dysfunction[88,90,91,94,95] (Figure 1).

VIRUS-INDEPENDENT CAUSES OF COVID-19-ASSOCIATED DIARRHEA

If diarrhea is not included in the presenting symptoms and develops after admission,
it becomes challenging to ascertain the cause of diarrhea. Several confounding
variables, such as the hyperinflammatory response, altered gut flora, secondary
bacterial infections, antiviral agents, antibiotics, enteral feeding, and the use of proton
pump inhibitors can potentially cause diarrhea in hospitalized COVID-19 patients.

In approximately 20% of COVID-19 patients, the infection progresses to severe and
critical phases in which an extrapulmonary hyperinflammatory state develops due to
cytokine release syndrome[96]. Several cytokines may affect the course and clinical
manifestations of SARS-CoV-2 infection by increasing the intestinal and vascular
permeability as well as triggering the formation of thrombi in the small blood vessels
and the alteration of intestinal microbiota, leading to bacterial translocation towards
the bloodstream and the mesenteric lymph node[3,4]. The cytokine-mediated GI
damage may thereby further intensify the systemic immunological response and
contribute to the deterioration of the patient’s condition. A study conducted by Zhang
et al[97] revealed that the pro-inflammatory cytokine patterns are different in COVID-
19 patients with and without diarrhea. Moreover, diarrhea patients were more likely
to develop cytokine release syndrome and multi-organ damage[97]. Interestingly, the
levels of TNF-a, IL-6, and IL-10 were significantly higher in the sera of diarrhea
patients than in the non-diarrhea group[97]. TNF-a is known to increase the
expression of adhesion molecules on the surface of endothelial cells, platelets, and
leukocytes, thereby facilitating the adhesion of thrombocytes to the vessels and
initiating the formation of thrombi in the microcirculation of the GIT and other organs.
These effects increase vascular permeability and can lead to inflammation and dissem-
inated intravascular coagulation. Furthermore, TNF-a has the ability to disrupt the
intestinal tight junction barrier, which in turn contributes to the development of leaky
gut[98]. IL-6 exerts dual effects on the intestinal epithelium. It increases gut
permeability to small molecules with a radius < 4A (< 0.4 nm) via activating claudin-2
gene expression[99]. However, by stimulating epithelial proliferation and
regeneration, IL-6 plays a beneficial role in the maintenance of intestinal epithelial
integrity during acute injury[100]. IL-10 is an anti-inflammatory cytokine that restricts
uncontrolled immune responses to the intestinal microbiota and defends gut barrier
integrity[101,102]. In light of these data, it is reasonable to infer that TNF-a may be an
important factor in COVID-19-associated diarrhea, whereas without IL-10, the
cytokine storm and intestinal injury would be even more devastating. However,
further studies are needed to identify the precise role of each cytokine in the
development of COVID-19-associated diarrhea. Such studies could also contribute to a
better understanding of the potential adverse effects of anti-cytokine therapies on the
GIT.

Interesting observations revealed that the composition of intestinal microbiota is
profoundly altered in COVID-19 patients: The diversity is highly reduced, the
proportion of beneficial commensal bacteria is decreased and the opportunistic
pathogens are enriched compared with that found in healthy controls[103,104]. It has
also been demonstrated that some Bacteroides spp., capable of decreasing ACE2
expression in mice, displayed inverse correlation with the fecal SARS-CoV-2 load
[104]. The immune system and the intestinal microbiota are in a continuous dialog.
The presence of commensal microorganisms shapes host immunity, and alterations in
microbiota composition may lead to increased susceptibility to various pathological
conditions, including infections, inflammation, and metabolic and autoimmune
disorders. Thus, the altered microbiota observed in COVID-19 patients may be an
additional factor contributing to the development of diarrhea by weakening
colonization resistance, decreasing the production of beneficial bacterial metabolites,
and triggering a local immune recalibration.
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For clinical improvement and treatment of secondary bacterial infections, COVID-19
patients are treated with antiviral agents, antibiotics, and corticosteroids. Antiviral
agents such as the RNA polymerase inhibitors favipiravir and remdesivir may cause
diarrhea[105]. Diarrhea is also a common adverse drug reaction to antibiotics such as
cephalosporins, macrolides and fluoroquinolones, largely due to destruction of the
normal intestinal microbiota. Moreover, treatment of COVID-19 patients with broad-
spectrum antibiotics has the potential to increase the risk of Clostridioides difficile (C.
difficile) infection, including in survivors even long after recovery. In co-infections with
SARS-CoV-2 and C. difficile, intestinal damage is more extensive and diarrhea
symptoms are more severe[106]. To counteract the detrimental effects of various
proinflammatory cytokines, biological therapy is used in selected patient groups. IL-6
and IL-6 receptor inhibitors, such as tocilizumab, sarilumab and siltuximab, represent
another class of drugs that often cause diarrhea[107]. Although enteral feeding has
well- established, clear advantages over parenteral nutrition[108], adverse events, like
diarrhea, may develop. Tube feeding-related diarrhea can occur for several reasons,
mostly related to the circumstances of feeding (adaptation time, perfusion speed,
temperature) or the composition of the used enteral formula (osmolarity, fat content,
nutrient intolerance), and can be managed easily with careful observation of the
patients[109]. Not only is the use of PPIs during the course of COVID-19 infection
controversial[110], such drugs may induce diarrhea in general through the alteration
of GI microbiota by different mechanisms, including the direct consequences of
increased gastric pH itself. This safety issue was evaluated by a number of meta-
analyses based on retrospective observational or case-control studies, which suggested
an increased risk for enteral infections, especially C. difficile infections, in PPI-treated
patients[111-113]. In contrast, a recent long-term prospective study (COMPASS) failed
to show an increased risk of C. difficile infection in PPI users and only a slight increase
of enteral infections in general[114].

POTENTIAL CONSEQUENCES OF COVID-19-ASSOCIATED DIARRHEA

A great body of experimental and clinical evidence demonstrates that SARS-CoV-2
infects and replicates in the GIT, and the stool contains high copies of viral RNA,
although the amount of infectious virus in the stool appears to be low. The presence of
SARS-CoV-2 in the feces may potentially facilitate the spread of COVID-19 through
fecal-oral transmission among humans and contaminate the environment[115-117].
Thus, SARS-CoV-2 infection of the GIT has important epidemiological significance.

The feces of COVID-19 patients pose a serious epidemiological risk, which justifies
the use of all available methods of prevention, including protective equipment,
disinfection procedures, and vaccination. However, further studies are needed to
establish the efficiency of the fecal-oral spread of SARS-CoV-2 precisely. It would be
very useful if the concentration of infectious virion particles in the stool were
determined in asymptomatic individuals and different patient groups under
standardized parameters when discharge frequencies and the grade on the Bristol
stool scale are precisely recorded. It is possible that the rate of virus inactivation in the
intestinal lumen may significantly differ in COVID-19 patients.

SARS-CoV-2 can extensively contaminate the environment, and viral RNA can be
detected in sewage and solid waste[118,119]. Measurement of SARS-CoV-2 RNA in
wastewater is used for local monitoring of the epidemic situation, which facilitates the
implementation of preventive measures. Wastewater epidemiology involves using Rrt-
PCR to determine SARS-CoV-2 RNA in sewage, but how long the virus survives in
this environment has not been measured[118,119]. It would be essential to determine
the concentration of infectious virion particles to elucidate the risk of SARS-CoV-2
transmission via wastewater contamination.

CONCLUSION

Among the specific GI symptoms, diarrhea is the most common in COVID-19 patients.
The ACE2 receptor and other elements required for the attachment of this virus to the
various cell types are extensively expressed throughout the GIT. SARS-CoV-2 can
establish a productive infection in the enterocytes, leading to mild cellular damage.
The infection evokes an inflammatory response in the intestines, which is charac-
terized by the production of various pro-inflammatory cytokines and chemokines,
many of which are known to increase intestinal permeability. Direct effects of SARS-
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CoV-2 viroporins and dysregulation of the intestinal RAAS triggering ionic imbalance
and inflammation in the intestines seem to play important roles in the development of
COVID-19-associated secretory diarrhea and leaky gut.

Infection in the lungs and GIT also seems to display some different tissue-specific
features. The production of type I and III IFNs is more efficient in the GIT than in the
lungs. The antiviral IFNs may restrict viral replication in the GIT to some extent, which
may allow the development of a less cytopathogenic or persistent form of infection in
this anatomical region. SARS-CoV-2-mediated dysregulation of the ACE2:B°AT1
complex may modify the biological response of cells to the infection, and in
enterocytes, it may contribute to the development of diarrhea by inducing amino acid
starvation, which can decrease Na*uptake. These effects are not seen in the lungs,
however, as ACE2 does not form a complex with B°’AT1 in this organ. SARS-CoV-2
infection of the GIT is of pivotal epidemiological significance, but further studies are
needed to assess the extent of this risk.
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