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SUMMARY

The human microbiome comprises trillions of microorganisms residing within
different mucosal cavities and across the body surface. The gut microbiota mod-
ulates host susceptibility to viral infections in several ways, and microbial inter-
kingdom interactions increase viral infectivity within the gut. Candida albicans,
a frequently encountered fungal species in the gut, produces highly structured
biofilms and eicosanoids such as prostaglandin E2 (PGE2), which aid in viral pro-
tection and replication. These biofilms encompass viruses and provide a shield
from antiviral drugs or the immune system. PGE2 is a key modulator of active
inflammation with the potential to regulate interferon signaling upon microbial
invasion or viral infections. In this review, we raise the perspective of gut inter-
kingdom interactions involving C. albicans and enteric viruses, with a special
focus on biofilms, PGE2, and viral replication. Ultimately, we discuss the possible
implications of C. albicans-enteric virus associations on host immune responses,
particularly the interferon signaling pathway.

INTRODUCTION

Natural ecological systems contain highly diverse microbial communities.1,2 The human body is such a sys-

tem that comprises trillions of microorganisms residing within different mucosal cavities, including the

vaginal mucosa, the oral mucosa, and the gastrointestinal tract (GIT) or the surface of the body.3 The human

microbiome, a collective term describing microorganisms (eukaryotes, bacteria, viruses, and archaea) in-

habiting the human body, plays a significant role in health, disease, and overall homeostasis.4,5 The GIT

is by far the largest organ sheltering the human microbiome, harboring approximately 100 trillion microor-

ganisms.6–8 These microbes express more than 3 million genes capable of processing thousands of metab-

olites that may aid in systemic metabolism or modulate human host functions.9,10 Some of these functions

include the interaction with intestinal cells, production of essential micronutrients (e.g., vitamin K and B

complexes), training of the immune system, prevention of pathogen colonization, enhancement of path-

ogen clearance, and protection from epithelial injury.11–16 Themajority of these microbes are concentrated

in the colon and are comprised predominantly of highly diverse bacterial communities, which are comple-

mented by archaea, eukaryotic microorganisms, and viruses (including bacteriophages) (Figure 1).12

The complexity and diversity of these microbial communities in the human gut, and their proximity within

the same niche, allow for polymicrobial interactions across microbial domains. These interdomain interac-

tions may be by direct or indirect contact involving physical or chemical components, resulting in microbial

interdependence, antagonism, or competition. Importantly, these interactions can ultimately influence dis-

ease persistence and severity or even complicate therapy.17–19 Most data involving gut microbial interac-

tions focus on bacterial interactions with other domains, possibly due to their predominance in the gut and

their propensity to cause severe disease. Gut bacteria have been reported to aid other gut colonizers in

several ways, including evasion of host immune responses and modulation of cytokine signaling as well

as attachment and replication of enteric viruses.20–26 However, interactions between nonbacterial gut com-

munity members, especially between the mycobiome and virome, are largely lacking.

Candida albicans and enteric viruses are human pathogens that are of global health importance, causing

high morbidity and mortality both in children and adults.27–30 In this review, we provide a brief overview of

the gut microbiome and diseases associated with its perturbation. Then, we discuss the different
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Figure 1. The taxonomic groups and species of the human gut microbiome

The gut microbiome is dominated by bacteria, while the main eukaryotic microorganisms are fungal species, especially

Candida spp. The known number of viral types is likely to increase as gut virome studies increase.
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determinants that influence C. albicans’ gut commensalism and competitive fitness as a pathobiont. Also,

we briefly highlight the gut virome, its diversity, and the role it plays in health and disease. Importantly, we

discuss the reports on C. albicans-virus interactions and the limitations of the current literature, particularly

regarding clinically relevant enteric pathogens. Then lastly, we provide the possible implications of

C. albicans-enteric virus associations on host immune response, particularly the interferon (IFN) signaling

pathway.
OVERVIEW OF THE GUT MICROBIOME

Generally, in healthy individuals, the intestinal bacterial species of the gut microbiome belong to the phyla

Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Verrumicrobia, with Bacteroidetes and Fir-

micutes being predominant.11,31–34 However, intrapersonal gut bacteriome phyla distribution changes

throughout a lifetime due to lifestyle and exposure to chemicals or antibiotics.6,35,36 Alterations in bacterial

communities (dysbiosis) due to environmental factors are associated with irritable bowel syndrome (IBS),

inflammatory bowel disease (IBD), and colorectal cancer.37,38 In contrast, the gut archaea are dominated

by methanogenic organisms, mainly isolates from the Methanobacteriales, Desulfurococcales, Sulfolo-

bales, Thermoproteales, Nitrososphaerales, and the halophilic archaeon, Haloferax massiliensis.39–41

Methane-producing archaea have been associated with chronic constipation and IBD, as well as subgingi-

val dental plaque and induction of the proinflammatory release of cytokines from monocytic cells.42–47

The gut microbiome also contains various Eukarya. Historically, protists and helminths within the gut micro-

biome have been regarded as parasites and as such were presumed to have pathogenic capabilities.48

However, emerging evidence shows that gut protists, such as Blastocystis, are frequently encountered in

healthy individuals.49–52 In addition, the protist Dientamoeba fragilis shows prevalence in healthy individ-

uals—although it may frequently be associated with illness.48,53,54 Interestingly, helminths have been re-

ported to downregulate host immune responses in the gut and modulate the response toward other path-

ogens or antigens, including allergens or vaccines.55,56 For instance, helminths are associated with

downregulation of Th1 immunological responses, which is known to be essential in regulating bacterial,

viral, or protozoal infections.57,58

Saccharomyces, Malassezia, and Candida have been reported as the most abundant fungal genera in

the gut of healthy individuals, although Saccharomyces spp. and Malassezia spp. can also be associated

with food and skin colonization, respectively.59,60 Interestingly, other fungal genera such as Crypto-

coccus, Aspergillus, Trichosporon, Cladosporium, Debaryomyces, and Galactomyces have been
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identified, but the general composition of gut mycobiome becomes unstable over time relative to bac-

teria spp.61–63 Of note, Candida spp. are generally regarded as GIT colonizers, and of these, C. albicans

is the most frequently encountered species.59 Yeast colonizers have been demonstrated to colonize the

human gut as early as the first month after birth.64,65

The neonatal gut is also colonized by viruses within the first month.66 The human gut virome comprises

approximately 108–109 viral particles and is generally dominated by bacteriophages that appear as early

as two days after birth.66–68 The identified portion of the gut virome suggests that bacteriophages are

from the dsDNA order, Caudovirales (tailed phages), or the ssDNA Microviridae (spherical) family, with

CrAssphages (part of tailed phages) representing 90% of the gut virome of�50% of individuals.69 Metage-

nomic sequencing data of eukaryotic viruses in the gut indicate that the commonly encountered RNA vi-

ruses belong to the families Caliciviridae, Sedoreoviridae, and Picornaviridae.70 The eukaryotic DNA vi-

ruses encountered belong to the families of Parvoviridae and Anelloviridae.66,71 Plant viruses, such as

Virgaviridae, are also often detected in infant fecal samples.68,72
CANDIDA ALBICANS: GUT COMMENSALISM AND COMPETITIVE FITNESS

It is estimated that the Candida genus consists of approximately 150 species, which mainly exist as unicel-

lular yeasts but may demonstrate other morphological types, such as pseudohyphae or true hyphae.73–76

A limited number of Candida spp. have been implicated in causing human disease, especially in immuno-

compromized individuals.77–79 Candida albicans gut colonization begins as early as the first month after

birth (10%–15% of infants), and at 4 months, up to 50% of infants are colonized.64,65,80–82 Importantly,

gut colonization and fitness of C. albicans are influenced by crucial parameters, including its genetic deter-

minants, interaction with the gut microbiome, metabolic adaptation, and host-defense mechanisms (Fig-

ure 2A).83 Several genetic determinants have been implicated in C. albicans gut commensalism and

competitive fitness.83 For instance, SFU1, a transcription factor regulating iron-uptake genes, has been

shown to promote colonization and persistence in the gut (Figure 2A-i).84 Another transcription factor,

WOR1, an epigenetic regulator of white-to-opaque switching in C. albicans, induces the distinct GUT (gas-

trointestinally induced transition) cell type that is functionally adapted for GIT colonization and persis-

tence.85,86 In addition, a mutant deficient in UME6, a gene encoding for a master regulator (a Zn(II)

2Cys6 transcription factor) of filamentation (i.e. hyphal formation), exhibited enhanced colonization fitness

relative to wild-type strains, while a mutant overexpressing UME6 resulted in defective commensalism.87

Candida albicans hyphal formation or filamentation is associated with virulence and tissue damage via

active penetration or induced endocytosis.81,88,89 Recently, Shao and colleagues showed thatUME6 primes

protective Th17 immunity during C. albicans colonization to protect against invasive candidiasis.90 Further-

more, mutant strains lacking genes FLO8 and EFG1, which encode for transcription factors that regulate

hyphal formation, virulence, and biofilm formation,91,92 similarly outcompeted the wild-type strain in

competitive fitness for gut colonization (Figure 2A-i).86,93–95 Overall, these results show that C. albicans

can prefer commensalism and gut adaptation within the host over a pathogenic lifestyle, and the yeast

morphology is the preferred morphotype for gut colonization, while the hyphal morphology shows a detri-

mental effect on gut colonization and is mainly associated with tissue penetration and damage.96,97

Candida albicans genetic determinants involved in gut colonization are not confined to transcription fac-

tors. Expression ofHOG1 (Figure 2A-i) (a gene encoding for aMAP kinase necessary for stress response and

environmental adaptation) was shown to be essential for prolonged colonization of C. albicans in the

mammalian gut.92

The switch of C. albicans to the GUT morphotype promotes a long-term metabolic adaptation to the gut

environment as GUT cells express genes that support growth in the digestive tract compared to other mor-

photypes (e.g., white or opaque cells) (Figure 2A-ii).86,92 These may include downregulation of genes

essential for glucose acquisition and high-affinity iron-uptake genes or upregulation of genes critical in

acquisition of N-acetylglucosamine and short-chain fatty acids. The metabolic plasticity of C. albicans is

also critical for the successful colonization of the mammalian gut. This nutritional flexibility (Figure 2A-iii)

enables the organism to utilize alternative carbon sources such as lactate, citrate, or glycerol in the

mammalian gut where the preferred carbon source, glucose, is limited.98 Intriguingly, the absence of ubiq-

uitination sites in enzymes catalyzing alternative carbon source assimilation in C. albicans renders the or-

ganism catabolite-inactivation negative, as such, alternative carbon sources are still utilized even in the

presence of glucose.98,99 Mutant strains incapable of utilizing alternative carbon sources show less compet-

itive fitness inmammalian gut colonization compared to wild-type cells.98,100 In addition,C. albicans utilizes
iScience 26, 105870, January 20, 2023 3



Figure 2. Candida albicans commensalism vs pathogenic state in the gut

(A) Gut commensalism and fitness (i, ii) Candida albicans genetic determinants regulating gut colonization. The

commensal types adapted for GIT colonization (yeast-form or GUT morphotype) are maintained by regulating the

expression of genes such as WOR1 and UME1 or downregulation of hyphal-specific genes (FLO8 and EFG1).86,93,94 (iii) A

sufficient and nutritious diet provides the required nutrients like lactate for persistent colonization.164 (iv) Host-derived

metabolites like iron and PGE2 promote gut fitness and survival, especially in nutrient-limited GIT.102,103 (v, vi) A healthy

microbiome mediates C. albicans colonization and increases resistance to the pathogenic state through stimulation of

antifungal metabolites.105 (vii) GUT morphotype provides adaptation for gut colonization, and no evidence of hyphal

switch has been documented.86 (viii - x) Host immunity and commensal yeast act as determinants in C. albicans gut

colonization. Commensal C. albicans primes Th-17 CD4+ T cells and IL-17 cytokines, and these protect against invasive

candidiasis.111 Gut resident mononuclear phagocytes (CX3CR1+) modulate fungal burden by activating antifungal

receptors and antifungal responses.112 Intestinal C. albicans can induce antifungal immunoglobulin-G (IgG) to protect

against disseminated candidiasis.114

(B) Pathogenesis A shift or alterations in these determinants (genetic, host metabolite, host immune system, and gut

microbiome) that regulate C. albicans’ gut commensalism may result in a pathogenic state involving a switch to hyphal

and biofilm formation that is destructive to the gut epithelium. These include hyphal penetration to the epithelial barrier

and translocation to other sites to cause systemic candidiasis (Reviewed in 83,164).
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N-acetylglucosamine (GlcNAc), a structural component of the bacterial cell wall, as a signal molecule for

nutrient availability and to enhance the efficiency of nutrient utilization by activating GlcNAc-induced

apoptosis in nutrient-limiting niches.101 This nutritional suicide and adaptive behavior have been postu-

lated to be essential in C. albicans’ gut colonization and competitive advantage.101 Importantly,

C. albicans’ iron regulation and acquisition determine colonization fitness and adaptation in the iron-

rich gut (Figure 2A-iv). The double mutant strain for the iron permease gene (D/Dftr1) was shown to be out-

competed by wild-type cells in gut competitive fitness, demonstrating that iron acquisition is essential and

promotes gut colonization.102 Comparably, repression of high-affinity iron-acquisition genes promotes

C. albicans gut colonization, while their upregulation is critical in iron-limited environments such as the

bloodstream.84 As such, C. albicans alternates iron-uptake mechanisms depending on iron availability in

order to support gut colonization and fitness. Of note, C. albicans utilizes host-derived arachidonic acid

(AA) to synthesize prostaglandin E2 (PGE2), a lipid inflammatory mediator initially associated with virulence,

for colonization and competitive fitness in the gut (Figure 2A-iv).103

There is emerging evidence of healthy gut microbiota interactions and regulation of C. albicans commen-

salism in the gut (Figure 2A-v, vi). An intact and healthy microbiota prevents C. albicans colonization in a

murine model, while microbial dysbiosis through antibiotic use increases susceptibility to yeast coloniza-

tion.104,105 In addition, antibiotic use in patients receiving hematopoietic stem cell transplantation or in

ICU shows enriched intestinalC. albicans andCandida spp.106,107 Also, recent reports have shown that bac-

terial gut colonizers can produce metabolites, such as short-chain fatty acids, that have direct antifungal
4 iScience 26, 105870, January 20, 2023
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effects on the pathological morphologies (biofilm development, hyphae, and germ tube formation) of

C. albicans.108,109 Similarly, activation of epithelial-derived antimicrobial peptides (e.g., b-defensins) by

gut microbiota facilitates resistance against C. albicans colonization.104 Conversely, the presence of

commensal C. albicans in the gut promotes the recolonization of bacterial populations, in particular,

Enterococcus faecalis and Bacteroidetes following antibiotic treatment.110

Host immunity and commensal yeast morphological type can act as determinants in C. albicans’ gut colo-

nization (Figure 2-viii - x). Commensal C. albicans primes Th-17 CD4+ T cells and IL-17 cytokines, and these

protect against invasive candidiasis.111 Gut-resident mononuclear phagocytes (CX3CR1
+) modulate fungal

burden by activating antifungal receptors and antifungal responses.112 The CX3CR1
+ gut-resident phago-

cytes express antifungal c-type lectins (e.g., dectin-1 or dectin-2) on their cell surfaces to facilitate intake

and phagocytosis of opportunistic fungal pathogens such as C. albicans.112,113 Moreover, this recognition

process further activates cytokines that promote Th-17 antifungal responses and mediates the recruitment

of neutrophils to the intestines to impede proliferation of C. albicans.113 Intestinal C. albicans can induce

antifungal immunoglobulin-G (IgG) to protect against disseminated candidiasis.114 Of note, predisposing

factors that negatively affect the determinants maintaining the commensal state may result in a switch to a

pathogenic state and translocation into the bloodstream resulting in systemic candidiasis (Figure 2B).
THE GUT VIROME, ENTERIC VIRUSES, AND ASSOCIATION WITH THE HUMAN HOST

Viruses are the most widely distributed and abundant of the biological entities on earth.66 Viruses play a

vital ecological role and are associated with multiple dynamics in microbial diversity or biogeochemical cy-

cles due to their presence in various ecosystems.115 The human body harbors an extensive number of vi-

ruses (collectively termed the virome) residing at different anatomical sites, and the diversity of these viral

populations differs vastly across these various sites.116 Although studies on the human virome are reason-

ably limited and still emerging, the gut virome has in recent years received much attention due to its asso-

ciation with diseases such as IBD, type 1 diabetes, and colorectal cancer.117–121 It is widely accepted that

the human GIT hosts the majority of the human virome, consisting of both eukaryotic DNA and RNA viruses

as well as bacteriophages, with an estimated 108–109 viral particles per gram of fecal matter.66 Recent

studies showed that neonates are devoid of detectable viral particles shortly after birth, but colonization

increases within a month to approximately 109 particles per gram of sample.116,122 Interestingly, these

studies report that neonatal viral colonization happens in a distinctive stepwise form as prophages are

dominant in the first month, but around four months after birth, viruses replicating within humans become

predominant and persist into adulthood.122 Of note, some of the viruses identified in stool samples, partic-

ularly in infants, are known to be human pathogens but exist latently without causing any gastrointestinal

symptoms.68,123 The bacteriophages from the orderCaudovirales andMicroviridae (spherical) are predom-

inant, and these bacteriophages directly modulate microbiome populations by killing bacterial hosts dur-

ing lytic infections but also integrate into bacterial genomes, which may ultimately affect the microbiome

and host’s physiology.66,124 A DNA bacteriophage termed crAssphage (cross-assembly phage) has been

identified in 50%–77% of the human population worldwide, and it is clustered within individuals, cities,

and countries.69,125–127 Other viruses identified from the human fecal virome are from the Anelloviridae,

Virgaviridae, Picornaviridae, Astroviridae, Herpesviridae, Sedoreoviridae, and Caliciviridae families

(Table 1).128 Intriguingly, recent reports demonstrate SARS-CoV-2 (severe acute respiratory syndrome co-

ronavirus 2) replication in the intestinal tissue, with the viral RNA being detected in rectal swabs and fecal

samples 7 months after diagnosis.129,130 The SARS-CoV-2 infection of intestinal enterocytes is attributed to

the receptor protein angiotensin-converting enzyme 2 (ACE2), which is highly expressed in intestinal cells

and binds SARS-CoV-2 spike proteins.131,132 Of note, SARS-CoV-2 gut infection is directly associated with

microbial dysbiosis, especially with the concurrent alteration of bacterial populations.133 However, the

impact of SARS-CoV-2 on fungal and viral populations still needs investigation.

Viruses from Picornaviridae (e.g., coxsackievirus, poliovirus), Astroviridae (e.g., astrovirus), Caliciviridae

(e.g., norovirus),Adenoviridae (e.g., adenovirus), and Sedoreoviridae (e.g., rotavirus [RV]) families are trans-

mitted via the fecal-oral route.134 These human enteric viruses cause serious illnesses in humans, including

children under five years (Table 1),134,135 which include acute gastroenteritis (AGE), a condition defined as

the inflammation of the mucous membranes of the GIT.136 Globally, virus-activated AGE is responsible for

high mortality rates characterized by severe symptoms, including profuse diarrhea and fever.137,138

Although enteric viruses are generally investigated as pathogens, emerging research highlights the

beneficial effects of some enteric viruses in the gut akin to the host-microbiome relationship. Infection
iScience 26, 105870, January 20, 2023 5



Table 1. Viruses known to replicate/associated with infections in the human gut

Family Virus

Genome

structure Epidemiology Reference

Sedoreoviridae Rotavirusa dsRNA Endemic in children <5 years Desselberger, 2017135

Astroviridae Astrovirusa ssRNA Endemic in children and adults Donato and Vijaykrishna, 2017258

Picornaviridae Aichivirusa

Enterovirus

Salivirus

Parechovirus

Poliovirus

ssRNA Endemic in humans De Crom et al., 2016; Rivadulla

and Romalde, 2020; Yu et al.,

2015; Zoll et al., 2009259–262

Caliciviridae Norovirusa

Sapovirusa
ssRNA Endemic in humans Payne et al., 2017,

Desselberger, 2019263,264

Adenoviridae Adenovirusa

species F

(40, 41)

dsDNA Children Qiu et al., 2018265

Parvoviridae Parvovirus ssDNA Endemic in children

and Immunocompromized

adults

Qiu et al., 2017266

Cycloviridae Cyclovirus ssDNA Endemic in humans Li et al., 2010267

Anelloviridae Anellovirus ssDNA Endemic in humans Kaczorowska and Van

der Hoek, 2020268

Coronaviridae SARS-CoV-2 ssRNA Endemic in humans Lamers et al., 2020269

aThese viruses are associated with gastroenteritis in humans.
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of germ-free and antibiotic-treated mice with murine norovirus (MNov) protected mice from intestinal anti-

biotic-induced injury and from the bacterial pathogen Citrobacter rodentium.139 MNov increased coloni-

zation resistance against vancomycin-resistant Enterococcus faecium (VRE), a hospital-acquired opportu-

nistic pathogen, by activating dendritic cells and interleukin-2 (IL-22).140 Potential resistance to colonization

mediated by intestinal viruses against a bacterial gut pathogen, Clostridioides difficile, was also observed

in fecal microbiome transplantation patients (the viral component was retained through filtration).141

Beyond the gut, MNov enhances the survival of mice with Pseudomonas aeruginosa acute lung infection

and reduces the production of proinflammatory cytokines in vivo.142 Treatment of mice with inactivated

RV or TLR3/7 agonists reduced the severity of dextran sulfate sodium (DSS)-induced colitis.143 Viral-

induced type I IFNs (IFN a/b) promote epithelium turnover and intestinal wound healing through activated

macrophages and IFN-stimulated genes (ISGs).144 Interestingly, chronic infections by murine astrovirus

protect immunocompromized mice from intestinal infections of RV and norovirus.145 This resistance to

infection was mediated by prolonged systemic activation of type III IFNs (IFN- l) in the gut by viral comple-

mentation of adaptive immunodeficiency. Also, increased levels of ISGs, Ifit1, and Ifi44 were reported to

correlate with the activation of IFN- l.
CANDIDA ALBICANS BIOFILMS AND VIRAL INTERACTIONS

It is well established that, in most natural environments, microorganisms exist as biofilms attached to

different surfaces, including biotic surfaces such as the human GIT.146,147 Biofilm formation provides sessile

microorganisms within the structure with multiple advantages, which include nutrient acquisition (metab-

olite exchange), survival (protection from environmental stresses and antimicrobial drugs), and cell

communication.2,148 Microbial biofilms are estimated to cause approximately 65% of nosocomial infections

and 80% of chronic infections, especially in immunocompromized individuals,149–151 and pose a greater

health risk in healthcare/clinical settings due to high resistance to antimicrobial agents and their inability

to be eradicated.147

Polymicrobial biofilms are defined as a consortium of diverse groups of organisms (i.e., bacteria, fungi, vi-

ruses, and protozoa) attached to a surface and often encased within a self-produced/host-derived extra-

cellular matrix consisting of glycolipids, polysaccharides, and extracellular DNA.2,152 Interdomain interac-

tions and multi-species communication within microbial biofilms influence the architecture, survival,
6 iScience 26, 105870, January 20, 2023
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synthesis and utilization of nutritional compounds, transfer of genetic material, or release of virulence fac-

tors by microorganisms.2,17,153 Microbial communication within biofilms is generally facilitated by quorum

sensing through the production of autoinducingmolecules that modulate cell function, biofilm structure, or

microbial pathogenesis.154 However, most reports on polymicrobial interactions and cell signaling within

biofilms focus on bacterial species. Recently, an increasing number of reports began to focus on fungal

pathogens’ biofilm formation andmicrobial interactions,155,156 but very few focus on the role of pathogenic

viruses in biofilms.157 The few studies on pathogenic viruses and biofilm interactions mainly target the role

of viruses on biofilms in water systems.158 For instance, the non-enveloped poliovirus-1 was injected into an

artificial water distribution system to study virus survival and persistence within biofilms.159 It was found that

the virus persisted within biofilms and was observed to be protected from the disinfectant and chlorine, in

comparison to free-floating viruses. Similarly, noroviruses and enteroviruses (other non-enveloped viruses)

were recovered from biofilms in drinking water and wastewater samples, with the viruses persisting longer

in biofilms than in wastewater.160 Persistent enteric virions associated with biofilms in wastewater were

shown to still be infectious for up to 30 days.161

Candida albicans forms biofilms onmultiple surfaces such as catheters, medical implants, and host mucosal

surfaces, contributing to high resistance to antifungal drugs (e.g., fluconazole and amphotericin B) and a

high mortality rate.147 Alterations in environmental factors such as a shift in pH, oxygen levels, diet or

use of antibiotics, and immunosuppressive drugs can promote biofilm formation and over-proliferation

of C. albicans (Figure 2B).83,162–164

Only a few reports on C. albicans biofilm interactions with human pathogenic viruses are available. A study

by Mazaheritehrani and colleagues165 assessed the in vitro interaction of C. albicans biofilms and two hu-

man viruses, herpes simplex virus 1 (HSV-1) and coxsackievirus type-B5 (CVB5). The biofilms retained their

viability and stability in the presence of the viruses, and high viral titers were recovered from biofilms, even

after multiple washes, suggesting that viruses were deeply embedded within the biofilms. The viral parti-

cles encompassed within biofilms remained infective, had lower susceptibility to chemical inactivation (i.e.,

sodium hypochlorite), and were masked from host antibodies, suggesting that biofilms provide protection

from antimicrobial agents or host immunity and act as potential reservoirs for viral dissemination.165 This

masking of viruses byC. albicans biofilms is possibly enhanced byC. albicans’ ability to downregulate cyto-

kine release, which can abrogate HSV-1 replication.166,167 In this regard, another report showed that

C. albicans biofilms protected HSV-1 from antiviral drugs, acyclovir, and foscarnet.168 The authors showed

that viral titers from biofilm-free cells decreased by a higher margin (>2 log reduction) relative to biofilm-

infected cells (0.2 log reduction). In addition, this intra-biofilm residence of HSV-1 further shielded the virus

from the antiviral activity of UV A1 (UVA1) laser irradiation, possibly due to the extracellular polymeric sub-

stance quenching the UVA1 light and reducing its virucidal activity.168

The interactions of C. albicans biofilms and viruses may also have a reciprocal effect on the growth and

establishment of C. albicans biofilms.169,170 For example, HSV-1 infected macrophages (derived from

THP-1, human acute monocytic cell line) show enhanced phagocytosis of C. albicans but are impaired in

intracellular deactivation of the ingested fungus and ultimate antifungal activity.171 The study showed

that HSV-1 downregulates toll-like receptors (TLRs), TLR-2 and TLR-4, which are essential in host recogni-

tion of C. albicans infections, suggesting that HSV-1 presence favors fungal survival and immune evasion

and may contribute to disease progression.171 In another study, HSV-1 and HSV-2 were shown to enhance

adherence of C. albicans to HeLa cells in a virus dose-dependent manner, indicating a possible interaction

of both pathogens even at infection sites.172

The possibility of viral-fungal interactions in the GIT can also be extrapolated from Pseudomonas aerugi-

nosa-derived filamentous bacteriophages, Pf4 and Pf1. These phages have been shown to interact with

C. albicans biofilms in vitro and cause a dose-dependent inhibitory effect on metabolic activity and biofilm

formation.173 Although this study showed phage binding to C. albicans and aggregation to the extracel-

lular matrix, the ability of these phages to sequester iron was suggested as a mechanism of inhibition on

C. albicans’ biofilm formation, as iron supplementation reversed the inhibitory effect on biofilms. The Pf

phages have also been demonstrated to bind and sequester iron to inhibit Aspergillus fumigatus

(A. fumigatus) biofilms in vitro.174 Both A. fumigatus and C. albicans interact with P. aeruginosa in various

clinical settings, especially in immunocompromized individuals, and these results suggest phage-medi-

ated tri-partite interactions, particularly in nutrient-limited niches.173
iScience 26, 105870, January 20, 2023 7



Figure 3. Prostaglandin E2 biosynthesis and stimulation

Overall synthesis of prostaglandins including prostaglandin E2 (PGE2) plus the drug targets of NSAIDs on cyclooxygenase

enzymes. COX1 enzyme is constitutively expressed while COX2 is differentially expressed upon stimulation.

Abbreviations: cPLA2 – cytosolic phospholipase A2, NSAID – Non-Steroidal Anti-Inflammatory Drugs, COX1/2 –

Cyclooxygenase1/2, PGD2 - Prostaglandin D2, PGF2a - Prostaglandin F2a, PGH2 – Prostaglandin H2, PGI2 – Prostaglandin

I2, CA – Candida albicans, RV - rotavirus
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THE POTENTIAL INFLUENCE OF HOST-DERIVED METABOLITES AND IMMUNITY ON

CANDIDA ALBICANS—VIRUS INTERACTIONS IN THE GUT

Role of PGE2

Prostaglandins are lipid mediators that have pleiotropic effects on biological systems. These bioactive

lipids are produced from host-derived AA by the activity of cytosolic phospholipase A2 and the subsequent

downstream enzymes, including cyclooxygenases (COXs) and prostaglandin synthases (Figure 3).175 Pros-

taglandins are mainly produced in response to stimuli, such as trauma or microbial infections, and exert

multiple effects on mammalian cells, especially during inflammatory reactions.176 PGE2 is a key modulator

of active inflammation and cell immunity, cell-cell communication, cytokine production, apoptosis, and cell

migration andmaturation, as well as antigen presentation.177 Owing to its propensity to modulate pro- and

anti-inflammatory reactions in response to infections, most microorganisms (including C. albicans and

various viruses) have developed the ability to exploit host-derived PGE2 or to stimulate AA release from

the host, in order to initiate colonization and infection or to evade host immune responses.103,178,179

Candida albicans also produces PGE2 from host-derived AA through the activation of phospholipase A2

which hydrolyzes glycerophospholipids at the sn-2 position.180,181 PGE2 production by C. albicans is

upregulated during biofilm formation and is essential for competitive fitness during gut colonization

(Figure 2A-iv).103 In addition, PGE2 produced by C. albicans biofilms stimulates the growth and biofilm for-

mation of pathogenic bacteria such as Staphylococcus aureus in dual-species biofilms.182 It is also well es-

tablished that PGE2 interaction with enteric viruses can enhance viral replication, and this activation may

ultimately exacerbate the outcome of the disease.179 This raises the question of how PGE2 would affect

the outcome of the possible C. albicans-virus interactions during polymicrobial gut colonization, biofilm

formation, or multi-species infections. Here we highlight some enteric viruses that utilize PGE2 or initiate

expression of the COX/PGE2 pathway for viral replication, which may ultimately influence the unexplored

C. albicans-viral interactions, especially during gut colonization or in polymicrobial gut infections.
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Sedoreoviridae

RV, a leading cause of gastroenteritis in children under the age of five,27 especially in developing countries,

has been shown to increase intestinal PGE2 levels in malnourished neonatal piglets after infection.183 These

results were consistent with the study by Yamashiro and colleagues184 that demonstrated high PGE2 levels

in the plasma and stool samples of children with RV-associated diarrhea relative to the control group of

children without any sign of diarrhea. Moreover, the authors indicated that oral administration of aspirin,

a nonsteroidal anti-inflammatory drug (NSAID) that targets the COX enzymes (COX-1 and COX-2), resulted

in a rapid cessation of diarrhea. Similarly, the NSAID indomethacin, a nonspecific drug targeting both COX

enzymes, was shown to significantly reduce RV infection in Caco-2 (Caucasian colon adenocarcinoma)

cells.185 Recently, elevated PGE2 concentrations were detected in RV-infected MA104 cells following sup-

plementation with g-linolenic acid, a precursor for AA.186 Notably, increased levels of PGE2 correlated with

RV replication in a time-and dose-dependent manner, suggesting RV dependence on PGE2 for prolifera-

tion. Interestingly, PGE2 release from RV-infected cells appears to enhance virus attachment and internal-

ization, possibly through clathrin-mediated endocytosis.186 Collectively, these results show that PGE2 plays

an important role in RV replication and may influence the severity of RV infections.

Caliciviridae

Human caliciviruses (norovirus and sapovirus) are etiological agents of epidemic gastroenteritis in both

adults and young children, causing sporadic cases worldwide and contributing to�200,000 fatalities in chil-

dren.187 Although caliciviruses have such a clinical and socioeconomic impact, only a limited number of

studies have demonstrated their role in eliciting the host immune response, especially the COX-PGE2

pathway, for proviral activities. It was demonstrated that murine norovirus CW-1 and feline calicivirus F9

strains initiated activation of the COX-2/PGE2 signaling pathway in a time-dependent manner for proviral

signaling and replication.188 In addition, blocking of COX-2 by pharmacological inhibitors (e.g., indometh-

acin) or small interfering RNAs (siRNAs) significantly reduced PGE2 production as well as murine norovirus

and feline calicivirus replication. Similarly, the effect of inhibitors on COX-2 and virus replication was

restored by the addition of exogenous PGE2. Interestingly, a recent study demonstrated that the induction

of COX-2 mRNA expression by feline calicivirus within host cells (i.e., Crandell-Reese feline kidney [CRFK]

cells) is mediated by theMAPK (MEK1-ERK1/2) signaling pathway upon activation by the nonstructural pro-

tein (VPg).189

Sapovirus causes acute viral gastroenteritis in children <5 years old and can cause outbreaks in enclosed

facilities like orphanages.190–192 Infection of porcine kidney cells (LLCPK) with sapovirus (Cowden strain)

caused notably increased COX-2 mRNA and protein levels in a time-dependent manner.193 Inhibition of

COX enzymes by NSAIDs and siRNAs caused markedly reduced PGE2 levels and significant interference

in sapovirus replication.193 Importantly, supplementation of exogenous PGE2 reversed the inhibitory ef-

fects of COX inhibitors and restored sapovirus replication in a dose-dependent manner, confirming the

direct proviral effect of PGE2 on sapovirus replication and possible infection.

Picornaviridae

Picornaviruses are characterized by a single-stranded RNA genome, encased by an icosahedral capsid, and

may causemild to severe diseases including gastroenteritis or viral myocarditis.194 Although Picornaviruses

cause extraintestinal infections, translocation is generally through the intestinal route andmay interact with

the densely organized intestinal epithelial cells. Some genera within the Picornaviridae family utilize the

COXs/PGE2 pathway tomediate viral replication and cause persistent infections. The COXs/PGE2 signaling

pathway in enteric virus infections in vivo was also shown to be associated with the replication of coxsack-

ievirus B3 (CVB3) via the activation of the Th17/Interleukin (IL)-17 inflammatory response.195 Xie and col-

leagues195 further demonstrated that blockage of IL-17A with anti-mouse IL-17 antibody in BALB/c mice

resulted in increased levels of COX-2 and PGE2 plus a decrease in viral titers and pathological scores, sug-

gesting the active influence of COX-2/PGE2 expression in CVB3 infections. In addition, several studies have

reported on the expression of COX-2/PGE2 biosynthesis proteins in cells infected with the enterovirus 71

strain.196–198 Tung and colleagues have shown that enterovirus 71 can autoregulate its replication by upre-

gulation of COX-2/PGE2 via the activity of MAPK (mitogen-activated kinase), NF-kB (nuclear factor kappa

B), AP-1 (activator protein-1), and cAMP (cyclic adenosine monophosphate) pathways in human neuroblas-

toma SK-N-SH cells.196,197 Furthermore, treatment of cells with PGE2 enhances enterovirus 71 structural

protein (VP1), which is essential for viral replication, immunogenicity, or evasion of host immunity.197,199 In-

hibition of the MAPK pathway and PGE2 expression through the plant-based compound formononetin
iScience 26, 105870, January 20, 2023 9
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suppresses enterovirus 71 replication.198 As such, the production of secondary molecules such as PGE2 by

C. albicans or upregulation of the COX/PGE2 pathway by enteric viruses can potentially influence

C. albicans-viral interactions and host immune response.

Role of IFN signaling

The host’s capacity to combat microbial invasion depends on the efficacy of the early innate immune

response, which may trigger cytokine signaling and priming of adaptive immunity during microbial infec-

tions.200–202 The IFNs are a group of cytokines capable of initiating a cascade of immunological responses

against pathogens normally after interaction with pathogen recognition receptors (PRRs).203 Ultimately

grouped into three distinct families (type I, II, or III), IFNs regulate the host’s response to a wide variety

of pathogenic bacteria, viruses, and fungi by stimulating hundreds of ISGs.204,205 Type I IFNs (predomi-

nantly a and b) are the most diverse and are expressed by a wide variety of cell types.206 In contrast,

type II IFNs are characterized by a single gene product, IFN-g, secreted by activated natural killer cells

or T cells and can act on multiple cells expressing IFN-g receptor (IFNgR).205,206 Type III IFNs (IFN- l) are

structurally similar to type I IFNs but have a confined activity as their receptor (IL28Ra/IFNLR1) is mostly ex-

pressed at epithelial cell surfaces.207–209

Candida albicans and IFN signaling

An alteration in factors mediating C. albicans yeast form or colonization can result in a morphological tran-

sition to the pathogenic hyphal state (Figure 2B), and coordination between epithelial cells and IFN

signaling can regulate the initial stages of fungal invasion. Tissue invasion by C. albicans involves two

distinct mechanisms: active penetration and induced endocytosis. Meanwhile, C. albicans pathogen-asso-

ciated molecules (PAMPs), b-glucans, and mannoproteins on the cell wall are recognized by PRRs such as

c-type lectins and TLRs (e.g., TLR2 and TLR4) expressed on the epithelial cell membrane to initiate anti-

fungal immune response and clearance (Figure 3A).210 Upon recognition of PAMPs on C. albicans cell

wall, TLR4, TLR2-TLR6, and intracellular TLR9 interconnect with adaptors MyD88 (myeloid differentiation

primary response 88) to facilitate signaling to the interleukin (IL)-1 receptor-associated kinases (IRAKS)

and TNF receptor-associated factor 6 (TRAF6) leading to the activation of nuclear factor (NF)-kB.210,211

The expression of NF-kB ultimately culminates in the production of proinflammatory cytokines (e.g.,

IL-1, IL-6, or tumor necrosis factor [TNF]), chemokines (e.g., CXCL2 or CCL3), and co-stimulatory molecules

(e.g., CD28) essential for regulating C. albicans infections.212,213 Also, TLR4 engages TRIF (TIR-domain-

containing adapter-inducing interferon-b) to activate the expression of type I IFNs via IFN regulatory factor

3 (IRF3), a mechanism that overlaps with antiviral immune response. In addition, the intracellular TLR9 (TLR9

detects fungal DNA) can trigger host-protective IFN-I response via IRF-7.214 Of note, induced endocytosis

may lead to systemic candidiasis, and to regulate fungal dissemination, immune cells such as resident mac-

rophages or dendritic cells can express PRRs that recognize C. albicans’ surface molecules.112 Bone

marrow-derived dendritic cells produce high levels of IFN-b upon infection withCandida spp., and invasive

candidiasis upregulates type I-associated genes (e.g., IFN-I receptor subunit IFNAR1) in peripheral leuko-

cytes.215,216 IFN-a/b-associated signaling is essential for eliciting antifungal reactive oxygen species in

phagocytic cells (maturation of phagolysosomes) and for recruiting neutrophils to the C. albicans infection

site.217 Recently, the coordination between type I and III IFN signaling has been demonstrated to be critical

in antifungal response against Aspergillus fumigatus (A. fumigatus).218 The authors reported that CCR2+

macrophage-induced type I IFNs mediate the release of type III IFNs which subsequently activate a neutro-

phil-associated antifungal response against A. fumigatus. However, the possible influence of IFN response

against fungal infections needs to be fully explored as studies on C. albicans and IFN signaling are still

emerging.

Enteric viruses and IFN signaling

Infection of mucosal epithelial cells by enteric viruses results in immediate activation of the host cell’s

intrinsic innate immune response upon recognition of viral PAMPs by membrane-bound PRRs present

on cell surfaces (Figure 3B).219 Multiple host cell surface receptors, including sialylated glucans, glucosa-

minoglycans, and human blood group antigens can act as receptor molecules recognizing viral PAMPs,

eventually mediating viral attachment.220,221 Other major viral receptors are cellular adhesion molecules,

including integrins, phosphatidylserine (PtdSer) family of receptors, and immunoglobulin superfamily of re-

ceptors.222,223 Associations between viruses and receptors activate viral particle conformational changes

that activate genome translocation or cell signaling mechanisms to mediate viral entry.224–226 The

critical viral PAMP detected during infections is the viral nucleic acid, although some viral replication
10 iScience 26, 105870, January 20, 2023



Figure 4. Activation of interferon signaling by Candida albicans and viral infections

(A) The PAMPs on C. albicans’ (e.g., mannoproteins or b-glucans) cell surface are recognized by membrane-bound PRRs

(e.g., TLRs) on epithelial cells leading to IFN and proinflammatory cytokine signaling. The surface TLRs (TLR2, 4 and 6) and

endosomal TLRs (TLR9) recruit the adaptor MyD88 to mediate NF-kB signaling via the IRAKS/TRAF6 complex as

intermediates. The expression of NF-kB promotes proinflammatory cytokine production. The endosomal TLR3 and

surface TLR4 engage TRIF to initiate activation of IRF3 and IRF7, respectively, for IFN production. The IFNs act on a similar

cell or bystander cell for the expression of ISGs.

(B) The viral molecules (nucleic acids or PAMPs) are recognized by the host’s cell PRRs on the cell membrane to initiate the

production of IFNs. Binding of double-stranded DNA (dsDNA) to cytosolic nucleotidyltransferase cyclic GMP-AMP

(cGAMP) synthase (cGAS) activates the synthesis of cGAMP, which directly attaches to STING (endoplasmic reticulum-

located stimulator of IFN genes) to stimulate TANK-binding kinase 1 (TBK1) and subsequent phosphorylation of IRF3. The

RIG-I-like receptors (RIG-I, MDA5) and NOD2 detect viral ss/ds RNAs, undergo a conformational change and engage the

downstream adaptor mitochondrial antiviral signaling protein (MAVS), leading to the activation of IRF3/7 and NF-kB
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Figure 4. Continued

through TBK1 and IkB kinase ε (IKK ε). Similar mechanisms are followed by endosomal TLRs (TLR 3, 7, 8). Activation of

IRF3/7 and NF-kB initiates IFN production and proinflammatory signaling, respectively. b-TrCP (b-transducin repeat-

containing protein) is essential for the activation of NF-kB and translocation into the nucleus. Expression of NLRP3

after viral nucleic acid detection leads to the production of pro-IL18 and pro-IL1b, which recruit neutrophils and

induce adaptive immune responses.257

(C) The secreted IFNs bind to their respective IFN receptors on the same or bystander adjacent cells to initiate a signaling

cascade involving Janus tyrosine kinase (JAK) and tyrosine kinase (TYK), resulting in phosphorylation of STAT1 and/or

STAT2. Phosphorylated STAT1 and STAT2 (for type I and II IFNs) complex with IRF9 and attach to ISREs (IFN-stimulated

response elements) for expression of IFN-stimulated genes (ISGs). The type II IFN cascade involves phosphorylation of

STAT1 dimers binding to GAS (gamma-activated site) to activate the production of ISGs. Meanwhile, ISGs facilitate

antiviral or antimicrobial effects from infected cells or activate the innate and adaptive immune response (Compiled

from205,210,231,235).
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intermediates can also be detected.227 The cytosolic RIG-I (retinoic acid-inducible gene I), MDA5 (mela-

noma differentiation-associated protein-5), NOD2 (nucleotide-binding oligomerization domain 2), and

endosomal TLRs (TLR3, 7 and 8) detect viral RNA, and in combination with mitochondrial MAVS (mitochon-

drial antiviral signaling protein), form a protein complex that induces a signaling cascade leading to the

phosphorylation of NF-kB and IRF3 or IRF7 by TANK-binding kinase (TBK1) and IkB epsilon (IKK ε).228

Upon activation, NF-kB and IRF3/7 translocate into the nucleus to mediate the production of proinflamma-

tory cytokines and IFNs, respectively. The secreted IFNs bind to their respective IFN receptors on the same

and adjacent cells to initiate a signaling cascade involving Janus tyrosine kinase (JAK) and tyrosine kinase

(TYK), resulting in phosphorylation of STAT1 and/or STAT2 (Figure 4).208,229 Phosphorylated STAT1 and

STAT2 (for type I and II IFNs) complex with IRF9 and attach to ISREs (IFN-stimulated response elements)

for expression of IFN-stimulated genes (ISGs).230,231 The type II IFN cascade involves phosphorylation of

STAT1 dimers binding to GAS (gamma-activated site) to activate the production of ISGs.205,230

ISGs facilitate antiviral or antimicrobial effects from infected cells or activate the innate and adaptive im-

mune response. The main etiological agents (norovirus, sapovirus, rotavirus, adenovirus, and astrovirus)

of viral gastroenteritis have been implicated in inducing the host’s IFN signaling. Human norovirus

(HNov, GII.4 strain) activates IFN signaling predominated by type III IFNs response in intestinal epithelial

cells as STAT1 and STAT2 binding sites were highly enriched in the promoter regions of genes highly upre-

gulated after infection with HNov.232,233 RV infections induce the expression of the three major signaling

pathways (type I, II, and III IFN), although the response may be strain-dependent.234–236 In mice lacking

type I and type III IFN receptors, RV replicates to higher titers, and infected intestinal epithelial cells express

ISGs associated with type III IFN signaling.237 Similar results were observed with mammalian reovirus and

human astrovirus in inducing the expression of type III IFN in 3D colonoids and organoids.145,231,238 Studies

involving human adenovirus and IFN response are limited, but one such study showed that pre-treatment of

human intestinal enteroids with IFN-b or IFNl3 attenuates adenovirus replication.239

Candida albicans-viral interactions and possible implications on IFN signaling

Enteric viral infections occur within the milieu of gut microbiota which plays a significant role in determining

viral infectivity and the host’s immune response.140,240 Interdomain interactions between enteric viruses, resi-

dent gut microorganisms, and host IFN signaling have shown distinct dependence of viruses on commensal

organisms for persistent infection or in evading viral clearance.241 Although little to no studies have been re-

ported on the host immune response to interactions or co-infections between C. albicans and enteric viruses,

manipulation of host immunity by enteric viruses or C. albicans can provide the strongest indications of the

possible role of cytokine signaling in these interactions. Some enteric viruses such as RV manipulate type I

IFN signaling, which may favor persistent C. albicans infections or even translocation from the intestinal space

into the bloodstream.242 For example, RV NSP1 (nonstructural protein 1) antagonizes type I IFN signaling and

is a potent inhibitor of IFN-mediated STAT1 activation.236,243,244 Specifically, RV NSP1 activates proteasome-

mediated degradation of IFN regulatory factors (IRFs), of which some are involved in IFN-b signaling (e.g.,

IRF3) (Figure 5).245–247 Similarly, murine reovirus viral matrix protein (mNS) inhibits interferon-mediated IFN

response by impairing nuclear translocation of IRF3 and sequestering it into viral factories.231 In addition,

RV NSP1 mediates the degradation of the b-transducin repeat-containing protein (b-TrCP), a component

essential for multiple biological processes, including cell apoptosis and host innate immunity (essential in

the activation of NF-kB).248 The NF-kB plays a significant role in the antifungal proinflammatory response,

especially in recruiting phagocytic cells during invasive candidiasis.211
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Figure 5. Possible implications of Candida albicans-enteric virus interactions on IFN signaling

Enteric viruses have developed several mechanisms to attenuate antiviral IFN responses within the host which may be

beneficial for C. albicans infections. Rotavirus NSP1 and reovirus mNS proteins target the phosphorylation of

IRF3.231,235,236 Rotavirus NSP1 mediates the degradation of b-TrCP essential in the phosphorylation of NK-kB.248.

Coxsackievirus B3 3Cpro protease cleaves TRIF and may prevent activation of IRF7.249 Reovirus mu2 and adenovirus E1A

proteins inhibit the STAT1/STAT2/IRF9 complex, preventing nuclear translocation and production of ISGs.251,252 In

contrast, C. albicans initiates the release of arachidonic acid from membranous phospholipids for PGE2 production, and

PGE2 is known to facilitate replication and internalization of viruses such as rotavirus.103,179 Abbreviations – RV- rotavirus,

NSP1 – non-structural protein, CVB3 – coxsackievirus B3, PGE2 – prostaglandin E2
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This interference of host immunity by RV and reovirus may impair fungal clearance in polymicrobial infec-

tions similar to herpes simplex virus 1 (HSV-1), as HSV-1 downregulates gene expression of TLR2 and an-

tigen detection of TLR4 of infectedmonocytic cells (THP-1) and impairsC. albicans degradation by immune

cells.169,171 Coxsackievirus B3 attenuates the host’s antiviral signaling by cleavage of adaptor molecules

MAVS and TRIF through the 3Cpro cysteine protease to evade host immunity.249 Interestingly, RV VP3 pro-

tein is associated with MAVS degradation to inhibit type III IFN signaling.250 In addition, adenovirus antag-

onizes IFN signaling (type I and type II) by sequestering phosphorylated STAT1 protein to viral replication

centers, thereby inhibiting the expression of ISGs.251 This mechanism of STAT1 inhibition is attributed to

the adenovirus E1A proteins, which have been shown to downregulate JAK1 expression.252 Similarly,

STAT1 inhibition by RV was reported both in vitro (RV-infected cells) and in vivo (sucklingmice).235,244 Taken

together, viral interference of IFN signaling may increase the host’s susceptibility to fungal pathogens such

as C. albicans, especially in overlapping IFN responses.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Emerging studies thus far support the fundamental role played by the gut microbiome in health and disease.

This extensive amount of data has demonstrated the influence of gut microbiota on human metabolism, im-

mune homeostasis, and the contribution to colonization resistance by preventing the invasion of pathogenic

organisms. However, our understanding of the gut microbiome signature is still lacking, mostly due to multi-

factorial effects (e.g., lifestyle, therapy, or nutrition) that influence the stability or shifting of microbial spp.

(especially the gut mycobiome or virome) over time. Microbiome fluctuations over time in infants especially

in developing countries affect vaccine efficacy;253,254 therefore, discovering the interplay in gut microbiome

‘‘identity’’, polymicrobial interactions, and host-microbial interactions will inform antimicrobial therapy and

vaccine development. Also, the beneficial effects of the gut microbiome combined with understanding the

mechanisms involved in host-microbe interactions call for comprehensive studies to combat diseases such

as IBD or infantile diarrhea.

Host antifungal response, genetic determinants, metabolic plasticity, and interactions with the gut micro-

biota play a critical role in regulating C. albicans’ commensalism and preventing a switch from commensal
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to a pathogenic state. Multiple seminal studies have provided a better overview ofC. albicans colonization,

epithelial invasion, translocation, host immune response, and infection in both mouse models and humans.

This improved understanding will help develop mechanisms that prevent systemic candidiasis originating

from the intestinal epithelium. Conversely, knowledge about the polymicrobial interactions between

C. albicans and the gut microbiome, particularly the gut virome and enteric viruses, is still limited. The

cohabitation of fungal spp. and viruses at different mucosal sites has been documented, and fungal path-

ogens such as Aspergillus spp. have been shown to complicate viral infections including influenza,

pneumonia, and SARS-CoV-2 infections.255 Candida albicans biofilm formation in clinical settings poses

a major health risk due to antimicrobial resistance and the association with deep-seated infections or inva-

sive candidiasis. Notably, studies on C. albicans biofilms and viral interactions demonstrate virions or viral

particles deeply dispersed within biofilms and protected from chemical inactivation.165 Biofilms can

encompass pathogenic enteric viruses such as RV and caliciviruses. Therefore, it is critical to comprehend

how viruses persist in biofilms, their dispersal mechanisms, cross-infectivity, and co-pathogenesis with bio-

film-forming fungal pathogens like C. albicans, which may act as reservoirs for infectious viruses.

The host response to microbial or viral infections results in activation of the immune response and pro-

duction of lipid immune modulators such as PGE2. Candida albicans colonization induces host cells to

release AA as a PGE2 precursor to promote competitive fitness within the gut.103 In addition, several

enteric viruses discussed in this review activate the host’s COX2/PGE2 expression pathway to mediate

viral replication. However, it remains unclear if viral-induced COX2/PGE2 solely facilitates optimal viral

replication or if this expression is also essential for exacerbating viral pathogenesis. The seminal work

on PGE2 promoting RV attachment and internalization in mammalian cells186 provides a basis for further

exploration of viral PGE2 utilization during infections beyond viral replication. Meanwhile, the

outstanding questions regarding how PGE2 will affect C. albicans-enteric virus co-pathogenesis, trans-

kingdom interactions, host immune modulation during multi-species infections, and the overall viral

replication remain to be explored, particularly in the context of gastroenteritis. The use of human intes-

tinal enteroids (HIEs) will provide a better opportunity for studying these interactions in the future as HIEs

epitomize the nuances involved in in vivo gastrointestinal epithelium.256 The COX2/PGE2 pathway can be

a therapeutic target for regulating viral infections and understanding viral dependence on PGE2 during

co-infections.

Lastly, research on the key role of interferon (IFN) signaling in inhibiting viral pathogenesis and proliferation

at mucosal sites has increased knowledge of host-viral interactions, especially in murine models. The major

enteric viruses discussed here are reported to induce type I, type II, and type III IFNs, although certain as-

pects remain understudied due to limitations in culturing techniques, especially for viruses such as human

noroviruses (Nolan and Baldridge,256 review the use of human organoids in overcoming these limitations).

Compared to type I and III, type II IFNs are well studied for controlling bacterial and fungal infections but

are less characterized in the context of viral infections. Some enteric viruses stimulate type I and type III

IFNs while others stimulate exclusively type III activation, and the reason behind this is still unclear Here,

we discussed the IFN-associated immune response against C. albicans and enteric viruses, including the

molecular aspects involved in the production of IFN-stimulated genes. The understanding of the IFN-stim-

ulated genes’ effect on fungal-viral interactions is still limited, and this warrants further investigation for

insight into the host’s response to polymicrobial infections. Furthermore, the overlapping synergistic effect

of type I and type III IFNs remains to be studied during co-pathogenesis with fungal pathogens like

C. albicans which induces type I signaling.
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D., and Doré, J. (2013). A metagenomic
insight into our gut’s microbiome. Gut 62,
146–158. https://doi.org/10.1136/gutjnl-
2011-301805.

10. Lee, K.A., Luong, M.K., Shaw, H., Nathan, P.,
Bataille, V., and Spector, T.D. (2021). The gut
microbiome: what the oncologist ought to
know. Br. J. Cancer 125, 1197–1209. https://
doi.org/10.1038/s41416-021-01467-x.

11. Rajili�c-Stojanovi�c, M., Smidt, H., and De Vos,
W.M. (2007). Diversity of the human
gastrointestinal tract microbiota revisited.
Environ. Microbiol. 9, 2125–2136. https://
doi.org/10.1111/j.1462-2920.2007.01369.x.

12. Rajili�c-Stojanovi�c, M., and De Vos, W.M.
(2014). The first 1000 cultured species of the
human gastrointestinal microbiota. FEMS
Microbiol. Rev. 38, 996–1047. https://doi.
org/10.1111/1574-6976.12075.
13. Hyland, N.P., and Cryan, J.F. (2016).
Microbe-host interactions: influence of the
gut microbiota on the enteric nervous
system. Dev. Biol. 417, 182–187. https://doi.
org/10.1016/j.ydbio.2016.06.027.

14. Karl, J.P., Meydani, M., Barnett, J.B.,
Vanegas, S.M., Barger, K., Fu, X., Goldin, B.,
Kane, A., Rasmussen, H., Vangay, P., et al.
(2017). Fecal concentrations of bacterially
derived Vitamin K forms are associated with
gut microbiota composition but not plasma
or fecal cytokine concentrations in healthy
adults. Am. J. Clin. Nutr. 106, 1052–1061.
https://doi.org/10.3945/ajcn.117.155424.

15. Li, N., Ma, W.T., Pang, M., Fan, Q.L., and
Hua, J.L. (2019). The commensal microbiota
and viral infection: a comprehensive review.
Front. Immunol. 10, 1551. https://doi.org/
10.3389/fimmu.2019.01551.

16. Yoshii, K., Hosomi, K., Sawane, K., and
Kunisawa, J. (2019). Metabolism of dietary
and microbial Vitamin B family in the
regulation of host immunity. Front. Nutr. 6,
48. https://doi.org/10.3389/fnut.2019.
00048.

17. Orazi, G., and O’Toole, G.A. (2019). "It takes
a village": mechanisms underlying
antimicrobial recalcitrance of polymicrobial
biofilms. J. Bacteriol. 202, 005300-19.
https://doi.org/10.1128/JB.00530-19.

18. Peters, B.M., Jabra-Rizk, M.A., O’May, G.A.,
Costerton, J.W., and Shirtliff, M.E. (2012).
Polymicrobial interactions: impact on
pathogenesis and human disease. Clin.
Microbiol. Rev. 25, 193–213. https://doi.org/
10.1128/CMR.00013-11.

19. Pereira, R., dos Santos Fontenelle, R.O., de
Brito, E.H.S., and de Morais, S.M. (2021).
Biofilm of Candida albicans: formation,
regulation and resistance. J. Appl.
Microbiol. 131, 11–22. https://doi.org/10.
1111/jam.14949.

20. Berger, A.K., and Mainou, B.A. (2018).
Interactions between enteric bacteria and
eukaryotic viruses impact the outcome of
infection. Viruses 10, 19. https://doi.org/10.
3390/v10010019.

21. Pullen, L.C., Park, S.H., Miller, S.D., Dal
Canto, M.C., and Kim, B.S. (1995).
Treatment with bacterial LPS renders
genetically resistant C57BL/6 mice
susceptible to Theiler’s virus-induced
demyelinating disease. J. Immunol. 155,
4497–4503. https://doi.org/10.4049/
jimmunol.155.9.4497.

22. Dhalech, A.H., Fuller, T.D., and Robinson,
C.M. (2021). Specific bacterial cell wall
components influence the stability of
coxsackievirus B3. J. Virol. 95, e0142421.
https://doi.org/10.1128/JVI.01424-21.

23. Kuss, S.K., Best, G.T., Etheredge, C.A.,
Pruijssers, A.J., Frierson, J.M., Hooper, L.V.,
Dermody, T.S., and Pfeiffer, J.K. (2011).
Intestinal microbiota promote enteric virus
replication and systemic pathogenesis.
Science 334, 249–252. https://doi.org/10.
1126/science.1211057.
24. Robinson, C.M., Jesudhasan, P.R., and
Pfeiffer, J.K. (2014). Bacterial
lipopolysaccharide binding enhances virion
stability and promotes environmental
fitness of an enteric virus. Cell Host Microbe
15, 36–46. https://doi.org/10.1016/j.chom.
2013.12.004.

25. Robinson, C.M. (2019). Enteric viruses
exploit the microbiota to promote infection.
Curr. Opin. Virol. 37, 58–62. https://doi.org/
10.1016/j.coviro.2019.06.002.

26. Uchiyama, R., Chassaing, B., Zhang, B., and
Gewirtz, A.T. (2014). Antibiotic treatment
suppresses rotavirus infection and enhances
specific humoral immunity. J. Infect. Dis.
210, 171–182. https://doi.org/10.1093/
infdis/jiu037.

27. Baker, J.M., Hasso-Agopsowicz, M., Pitzer,
V.E., Platts-Mills, J.A., Peralta-Santos, A.,
Troja, C., Archer, H., Guo, B., Sheahan, W.,
Lingappa, J., et al. (2021). Association of
enteropathogen detection with diarrhoea
by age and high versus low child mortality
settings: a systematic review and meta-
analysis. Lancet Global Health 9, e1402–
e1410. https://doi.org/10.1016/S2214-
109X(21)00316-8.

28. Harper, A., Vijayakumar, V., Ouwehand,
A.C., ter Haar, J., Obis, D., Espadaler, J.,
Binda, S., Desiraju, S., and Day, R. (2020).
Viral infections, the microbiome, and
probiotics. Front. Cell. Infect. Microbiol. 10,
596166. https://doi.org/10.3389/fcimb.
2020.596166.

29. Mayer, F.L., Wilson, D., and Hube, B. (2013).
Candida albicans pathogenicity
mechanisms. Virulence 4, 119–128. https://
doi.org/10.4161/viru.22913.

30. Upfold, N.S., Luke, G.A., and Knox, C.
(2021). Occurrence of human enteric viruses
in water sources and shellfish: a focus on
africa. Food Environ. Virol. 13, 1–31. https://
doi.org/10.1007/s12560-020-09456-8.

31. Anwar, H., Iftikhar, A., Muzaffar, H.,
Almatroudi, A., Allemailem, K.S., Navaid, S.,
Saleem, S., and Khurshid, M. (2021).
Biodiversity of gut microbiota: impact of
various host and environmental factors.
BioMed Res. Int. 2021, 5575245. https://doi.
org/10.1155/2021/5575245.

32. Arumugam, M., Raes, J., Pelletier, E., Le
Paslier, D., Yamada, T., Mende, D.R.,
Fernandes, G.R., Tap, J., Bruls, T., Batto,
J.M., et al. (2011). Enterotypes of the human
gut microbiome. Nature 473, 174–180.
https://doi.org/10.1038/nature09944.

33. Davenport, E.R., Sanders, J.G., Song, S.J.,
Amato, K.R., Clark, A.G., and Knight, R.
(2017). The human microbiome in evolution.
BMC Biol. 15, 127. https://doi.org/10.1186/
s12915-017-0454-7.

34. Turnbaugh, P.J., Ley, R.E., Hamady, M.,
Fraser-Liggett, C.M., Knight, R., and
Gordon, J.I. (2007). The human microbiome
project. Nature 449, 804–810. https://doi.
org/10.1038/nature06244.
iScience 26, 105870, January 20, 2023 15

https://doi.org/10.1016/j.trsl.2012.05.003
https://doi.org/10.1016/j.trsl.2012.05.003
https://doi.org/10.1080/1040841X.2020.1843400
https://doi.org/10.1080/1040841X.2020.1843400
https://doi.org/10.1016/j.chom.2019.07.008
https://doi.org/10.1016/j.chom.2019.07.008
https://doi.org/10.1146/annurev.mi.31.100177.000543
https://doi.org/10.1146/annurev.mi.31.100177.000543
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/nature11550
https://doi.org/10.1186/s13073-016-0307-y
https://doi.org/10.1186/s13073-016-0307-y
http://refhub.elsevier.com/S2589-0042(22)02143-5/sref7
http://refhub.elsevier.com/S2589-0042(22)02143-5/sref7
http://refhub.elsevier.com/S2589-0042(22)02143-5/sref7
https://doi.org/10.1038/s41586-019-1238-8
https://doi.org/10.1038/s41586-019-1238-8
https://doi.org/10.1136/gutjnl-2011-301805
https://doi.org/10.1136/gutjnl-2011-301805
https://doi.org/10.1038/s41416-021-01467-x
https://doi.org/10.1038/s41416-021-01467-x
https://doi.org/10.1111/j.1462-2920.2007.01369.x
https://doi.org/10.1111/j.1462-2920.2007.01369.x
https://doi.org/10.1111/1574-6976.12075
https://doi.org/10.1111/1574-6976.12075
https://doi.org/10.1016/j.ydbio.2016.06.027
https://doi.org/10.1016/j.ydbio.2016.06.027
https://doi.org/10.3945/ajcn.117.155424
https://doi.org/10.3389/fimmu.2019.01551
https://doi.org/10.3389/fimmu.2019.01551
https://doi.org/10.3389/fnut.2019.00048
https://doi.org/10.3389/fnut.2019.00048
https://doi.org/10.1128/JB.00530-19
https://doi.org/10.1128/CMR.00013-11
https://doi.org/10.1128/CMR.00013-11
https://doi.org/10.1111/jam.14949
https://doi.org/10.1111/jam.14949
https://doi.org/10.3390/v10010019
https://doi.org/10.3390/v10010019
https://doi.org/10.4049/jimmunol.155.9.4497
https://doi.org/10.4049/jimmunol.155.9.4497
https://doi.org/10.1128/JVI.01424-21
https://doi.org/10.1126/science.1211057
https://doi.org/10.1126/science.1211057
https://doi.org/10.1016/j.chom.2013.12.004
https://doi.org/10.1016/j.chom.2013.12.004
https://doi.org/10.1016/j.coviro.2019.06.002
https://doi.org/10.1016/j.coviro.2019.06.002
https://doi.org/10.1093/infdis/jiu037
https://doi.org/10.1093/infdis/jiu037
https://doi.org/10.1016/S2214-109X(21)00316-8
https://doi.org/10.1016/S2214-109X(21)00316-8
https://doi.org/10.3389/fcimb.2020.596166
https://doi.org/10.3389/fcimb.2020.596166
https://doi.org/10.4161/viru.22913
https://doi.org/10.4161/viru.22913
https://doi.org/10.1007/s12560-020-09456-8
https://doi.org/10.1007/s12560-020-09456-8
https://doi.org/10.1155/2021/5575245
https://doi.org/10.1155/2021/5575245
https://doi.org/10.1038/nature09944
https://doi.org/10.1186/s12915-017-0454-7
https://doi.org/10.1186/s12915-017-0454-7
https://doi.org/10.1038/nature06244
https://doi.org/10.1038/nature06244


ll
OPEN ACCESS

iScience
Review
35. Flores, G.E., Caporaso, J.G., Henley, J.B.,
Rideout, J.R., Domogala, D., Chase, J., Leff,
J.W., Vázquez-Baeza, Y., Gonzalez, A.,
Knight, R., et al. (2014). Temporal variability
is a personalized feature of the human
microbiome. Genome Biol. 15, 531. https://
doi.org/10.1186/s13059-014-0531-y.

36. Odamaki, T., Kato, K., Sugahara, H.,
Hashikura, N., Takahashi, S., Xiao, J.Z., Abe,
F., and Osawa, R. (2016). Age-related
changes in gut microbiota composition
from newborn to centenarian: a cross-
sectional study. BMC Microbiol. 16, 90.
https://doi.org/10.1186/s12866-016-0708-5.

37. Chey, W.D., Kurlander, J., and Eswaran, S.
(2015). Irritable bowel syndrome: a clinical
review. JAMA 313, 949–958. https://doi.org/
10.1001/jama.2015.0954.

38. Halfvarson, J., Brislawn, C.J., Lamendella, R.,
Vázquez-Baeza, Y., Walters, W.A., Bramer,
L.M., D’Amato, M., Bonfiglio, F., McDonald,
D., Gonzalez, A., et al. (2017). Dynamics of
the human gut microbiome in inflammatory
bowel disease. Nat. Microbiol. 2, 17004.
https://doi.org/10.1038/nmicrobiol.2017.4.

39. Dridi, B., Raoult, D., and Drancourt, M.
(2011). Archaea as emerging organisms in
complex human microbiomes. Anaerobe
17, 56–63. https://doi.org/10.1016/j.
anaerobe.2011.03.001.

40. Hoffmann, C., Dollive, S., Grunberg, S.,
Chen, J., Li, H., Wu, G.D., Lewis, J.D., and
Bushman, F.D. (2013). Archaea and fungi of
the human gut microbiome: correlations
with diet and bacterial residents. PLoS One
8, e66019. https://doi.org/10.1371/journal.
pone.0066019.

41. Kim, J.Y., Whon, T.W., Lim, M.Y., Kim, Y.B.,
Kim, N., Kwon, M.S., Kim, J., Lee, S.H., Choi,
H.J., Nam, I.H., et al. (2020). The human gut
archaeome: identification of diverse
haloarchaea in Korean subjects.
Microbiome 8, 114. https://doi.org/10.1186/
s40168-020-00894-x.

42. Bang, C., Weidenbach, K., Gutsmann, T.,
Heine, H., and Schmitz, R.A. (2014). The
intestinal archaea Methanosphaera
stadtmanae and Methanobrevibacter
smithii activate human dendritic cells. PLoS
One 9, e99411. https://doi.org/10.1371/
journal.pone.0099411.

43. Ferrari, A., Brusa, T., Rutili, A., Canzi, E., and
Biavati, B. (1994). Isolation and
characterization of methanobrevibacter
oralis sp. nov. Curr. Microbiol. 29, 7–12.
https://doi.org/10.1007/BF01570184.

44. Kulik, E.M., Sandmeier, H., Hinni, K., and
Meyer, J. (2001). Identification of archaeal
rDNA from subgingival dental plaque by
PCR amplification and sequence analysis.
FEMS Microbiol. Lett. 196, 129–133. https://
doi.org/10.1111/j.1574-6968.2001.
tb10553.x.

45. Blais Lecours, P., Marsolais, D., Cormier, Y.,
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56. Gazzinelli-Guimarães, P.H., Bonne-Année,
S., Fujiwara, R.T., Santiago, H.C., and
Nutman, T.B. (2016). Allergic sensitization
underlies hyperreactive antigen-specific
CD4+ T cell responses in coincident filarial
infection. J. Immunol. 197, 2772–2779.
https://doi.org/10.4049/jimmunol.1600829.

57. Maizels, R.M., and McSorley, H.J. (2016).
Regulation of the host immune system by
helminth parasites. J. Allergy Clin. Immunol.
138, 666–675. https://doi.org/10.1016/j.jaci.
2016.07.007.

58. Gazzinelli-Guimarães, P.H., de Freitas,
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