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Abstract: Trillions of microorganisms exist in the human intestine as commensals and contribute to homeostasis through their
interactions with the immune system. In this review, we use previous evidence from published papers to elucidate the involvement of
commensal-specific T cells (CSTCs) in regulating intestinal inflammatory responses. CSTCs are generated centrally in the thymus or
peripherally at mucosal interfaces and present as CD4" or CD8" T cells. Bacteria, fungi, and even viruses act commensally with
humans, warranting consideration of CSTCs in this critical relationship. Dysregulation of this immunological balance can result in
both intestinal inflammation or damaging autoimmune responses elsewhere in the body. Given the relative novelty of CSTCs in the
literature, we aim to introduce the importance of their role in maintaining immune homeostasis at barrier sites such as the intestine.
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Introduction

Over the past 15 years, there has been an increasing interest in host-microbiome interactions and their involvement in the
development of immunity and disease. Commensal microbiota are those that commonly reside on barrier sites such as the
gut and do not initiate disease under normal conditions.' Commensals in our bodies express antigens that can be detected
by the organism’s immune system and give rise to commensal-specific lymphocytes.”* This review will focus on
commensal-specific T cells (CSTCs) as those that express an aff T cell receptor (TCRs) and have a moderate to high
affinity for commensal-derived peptides presented on major histocompatibility complex (MHC) class I or II molecules.
The results discussed in this review often do not focus solely on the TCR mediated functions, but rather focus on
observed changes in T cell populations or functions, which, in addition to TCR specific effects, may result from non-TCR
specific functions of commensal organisms. Nonetheless, given the limited literature that currently exists on CTSCs, it is
beneficial to include non-TCR specific findings as these data might hint at TCR specific CSTC functions. CSTCs not only
contribute to defense against microbiota by inducing barrier-protective cytokines,* but also play important roles in
immune development, T-cell differentiation and immune responses at these barrier sites between the external environ-
ment and internal organs.’

There are trillions of microbiota present in the human intestine. The presence of these bacteria, fungi, or even viruses
prompts consideration of the specific mechanisms the immune system uses to maintain gut homeostasis and prevent
pathogenicity. Specifically, many studies have sought to better understand how the numerous T cell subtypes, such as
CD4" and CDS8" T cells, respond to these commensal organisms. This review will therefore explore the generation of

CSTCs, how they interact with key microbial organisms in the gut, and how this connects to disease.
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Generation of Commensal-Specific T Cells

T cells are classically characterized in subsets based on co-receptor molecule expression and transcriptional or cytokine
profiles. CD4" T cells, classically described as helper T (Th) cells for their ability to generate cytokines and propagate an
immune response, can be further subclassified based on the cytokine or transcription factors they produce, as previously
covered by many comprehensive reviews.® CD8" T cells, or cytotoxic T cells, have a primary role in directly killing
infected, injured, or metastatic cells.” The CD4 and CD8 subgroups are further subclassified into effector and memory
cells based on expression of homing and activation-related ligands.® There are important differences in commensal T cell
properties between T cell subgroups, with commensal interactions leading to expansion of some subgroups and inhibition
of others, as described below.

CSTCs can be generated centrally, in the thymus, and peripherally at the mucosal interfaces where commensal bacteria
reside. Within the thymus, selection of T cells specific for commensals occurs after trafficking of commensal antigens from
the intestine to the thymus by intestinal dendritic cells.”'® Most of the CSTCs in the thymus are positively selected CD4"
T cells, again highlighting the critical role of antigen trafficking in driving positive selection.'® The generation of thymic
CSTCs is dependent on the type of commensal microorganism present in the microbiota, such as segmented filamentous
bacteria (SFB). For example, the colonization of young B6 mice with SFB resulted in an expansion in SFB-specific CD4"
T cells which was not observed in young SFB-negative mice.'® Similar results were found in mice colonized with
Escherichia coli.'® Bacterial DNA from SFB and other commensal organisms has been detected in trafficking specifically
to the mesenteric lymph nodes (MLN) and the thymus, with a peak detection around one week after intestinal colonization,
which occurred in young mice (freshly weaned) and not in mature mice (12 weeks).'” CX3CR1" dendritic cells (DCs) are the
primary antigen presenting cells that expand in the thymus after introduction of commensal bacteria.'® A separate population
of DCs, CCR9" plasmacytoid dendritic cells (pDCs) also migrate to the thymic medulla from the periphery and present
antigens to specific thymocytes to induce tolerance, and these cells have been postulated to function in tolerance induction to
commensals, but evidence for this remains elusive.'""'

Locally in the intestine, two DC subtypes (CD103", CX3CR1") also play a critical role in responses to commensals,
with CD103" as the dominant subtype.'*> CD103" DCs drive the proliferation of commensal-specific CD4" and CD8"
T cells by presenting commensal antigens in mouse intestines.'* Trafficking of CX3CR1" DCs to the MLN has also been
shown to be regulated by commensal bacteria,” although the downstream impacts of CX3CR1" DCs in the gut are less
clearly understood.

Intestinal epithelial cells (IECs), while not traditionally considered immune cells, are critical in immunologic
responses to commensal bacteria.’ Functions of IECs are influenced by interactions with commensals and pathogenic

bacteria, including proliferation,” mucus production,'>'®

17-19

expression of Toll-like receptors and inflammasome
components, and production of antimicrobial peptides (AMP) including defensins, cathelicidins, and Reglll
isoforms.?*! IECs interactions with commensal bacteria seem to be particularly critical for induction of Th17 cells,
discussed in more detail below.

Several regions of the intestine harbor important T cell populations. The submucosal immune organs, including
Peyer’s patches and lamina propria feature mostly CD4" T cells. In contrast, the intestinal epithelial lymphocyte (IEL)
population contains higher proportions of y3 T cells and CD8" T cells. Because of the proximity of IELs to the gut
lumen, these cells often directly interact with commensal bacteria. T cells in the secondary lymph tissues rely on
antigen presentation of commensals by DCs or secondary signals propagated by DCs or IECs as outlined above

(Figure 1).

CD4 Commensal T Cells

Under homeostatic conditions, commensal and host signals provide cues to naive CD4" T cells to induce their
differentiation into various effector subsets. In the intestines, CD4" T cells are expanded by the presence of commensal
bacteria. Memory CTSCs were found both in circulation and in the tissues. Moreover, they were heterogeneous in their
function producing IL-17, IL-10, IFN-y and TNF-a.* On the contrary, infection and inflammation drive commensal-
specific CD4" T cells towards Thl and Th17 differentiation.’
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Figure | Pathways of T cell interactions with commensals. Depicted are commensal bacteria in the lumen of the intestine. Intraepithelial T cells are situated within the
epithelial layer and can interact directly with commensals. T cells in mesenteric lymph nodes, the lamina propria, or Peyer’s patches rely on signaling by other cell types.
Dendritic cells can traffic to the T cell sites and bring commensal antigens. The intestinal epithelium can also produce immunogenic peptides that influence production of
T cells in the non-epithelial sites.

Thl Cells

Microbial colonization directly enhances Th1 CD4" T cell gene responses in the intestine, including STAT1, IFN-y and IL-
18.% A study by Fiona Powrie’s group demonstrated that, in humans, commensal bacteria specific CD4" T cells (those
reactive to E. coli, L. acidophilus, Bifidobacterium, F. prausnitzii, B. vulgautus, R. intestinalis, R. obeum, S. typhimurium and
C. difficile) produce Thl cytokines including IFN-y and TNF-a, among others.* In contrast to other Th populations in the gut
that appear to promote homeostasis with commensals, commensally regulated Th1 populations are linked to pathology and
disease. The spontaneous colitis mouse model, C3H/HeJBir, is linked to spontaneous production of inflammatory Thl
populations after exposure to enteric bacteria.”®> Whether this process is mediated by CSTC receptors is not known. CBirl
transgenic mice with a TCR specific for an antigen on microbial flagella also develop spontaneous colitis with a predominant
Th1 cytokine signature (IL-1b, TNF-a, IL-6).>* Indeed, Th1 cell subsets are thought to be the primary drivers of pathology in
inflammatory bowel diseases, conditions that are known to have associated changes in intestinal microflora.”®

Th2 Cells

Th2 populations are important in allergic immune responses and are dominated by the production of IL-4, IL-10 and IL-
13.26 Th2 CSTCs have not been described at the time of this review, but commensal-specific responses play an important
part in regulation of the Th2 compartment. In contrast to Thl and Th17 cells, commensal bacteria appear to inhibit
production of Th2. Commensal bacteria trigger production of soluble CD14 (sCD14) from monocytes and both sCD14
and sCD83 from dendritic cells, which prevented allergic sensitization and expansion of Th2 cells in neonatal blood.?’
Production of transforming growth factor-beta (TGF-P) by other CD4 " T cells in response to commensal bacteria has also
been shown to play a role in suppressing Th2 cell development.*®
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Th17 Cells

Th17 cells are distinctly important for surveillance at barrier sites, including the intestine, and intestinal microbial

stimulation directly stimulates Th17 T cell production.”? Some members of the microbiota adhere to epithelial cells in the
intestine, causing induction of serum amyloid A expression (SAA).?* SAA production enhances Th17 cell specification
in dendritic cell co-culture experiments in an antigen-specific manner, suggesting that the epithelial cells produce signals
that influence CD4 T cell profiles when antigen presenting cells interact with T cells in the MLN.?**° SFB, in particular,
play an important role in stimulating commensal Th17 production in the intestine.”*>'~** SFB stimulate formation of
germinal centers in Peyer’s patches and can separately induce generation of tertiary lymphoid tissue in the intestine, and
these lymphoid centers were significantly enriched for Th17 cells.*> Th17 cell generation in response to commensals is
regulated in part by type 3 innate lymphoid cells (ILC3), which can deplete commensal specific CD4" T cells in the gut.*

Th17 cells also play a critical role in fungal-specific immunity. The clinical importance of intestinal Th17 cells in
commensal fungal interactions is highlighted by the fact that human mucocutaneous candidiasis is related to gene defects
which cause deficiency Th17 cell production.***> IECs are critical in Th17 cell induction, and when SFB interactions
with IEC are interrupted, Th17 cells are not induced,*® indicating that IECs are critical mediators in the Th17 response to
SFB and other adherent microbes. In turn, production of AMPs by IECs is strongly influenced by IL-17 and IL-22
production by Th17 cells, suggesting a feedback loop.*®

Regulatory T Cells

Regulatory T cells (Tregs) can also be dominantly induced from naive T cells by commensal bacteria in the periphery,
specifically the distal MLN, in response to commensal antigens.>’ >° This subset of Tregs is typically referred to as
“inducible” Tregs.>” Generation of peripheral Tregs is driven by direct and indirect signals from commensal bacteria such
as Clostridium species and B. fragilis.*®***! In the colon, Clostridium species induce the secretion of TGF-p by intestinal
epithelial cells and indoleamine-2,3-dioxygenase by intestinal epithelial cells and dendritic cells, which collectively favor
the differentiation of Tregs.*>** Polysaccharide A (PSA) from B. fragilis also induces IL-10 secretion from commensal-
specific Tregs in the lamina propria.**** CD103" DCs travel from the lamina propria to the mesenteric lymph node and
present commensal antigens to CSTCs as described above,'*** leading to the production of TGF-B and conversion of
retinol into retinoic acid.”'* Retinoic acid and TGF-p are partly responsible for the differentiation of commensal-specific
Tregs.”'* The increased expression of CD25, CD5 and cytotoxic T lymphocyte antigen 4 (CTLA-4) signals during TCR
stimulation contribute to the induction of Foxp3 that specifies Treg cell lineage.*> Short chain fatty acids (SCFAs),
a dietary metabolite produced by gut bacteria, increase the differentiation of Tregs, the stability of Foxp3 gene
expression, and the expression of IL-10 in Tregs.*'** Foxp3 expression is upregulated when gnotobiotic mice are
transplanted with fecal microbiota from a conventional mouse,*? again highlighting the critical role of commensals in
expansion of this population.

CD8 Commensal T Cells

CDS8" T cells expressing the a and B T cell receptor subunits (CD8af") constitute the majority of IELs. Similar to Th17
cells, CD8af " populations are significantly diminished in germ-free (GF) mice, indicating that commensal bacteria drive
expansion of this population.*® This commensal-specific expansion is dependent on TLR signaling, as the CD8op" IEL
population is diminished in TLR2", TL4™" and TLR9 '~ mice. Furthermore, stimulation of CD8ap" IELs by commen-
sals lead to potent production of defensins, which are important in intestinal defenses against pathogenic bacteria and
viruses, and IFN-y.***® The importance of the microbiome in regulation of the CD8" T cell IEL compartment is
highlighted by the finding that dysbiosis leads to exhaustion of IFN-y-producing CD8" T cells in the intestinal
microenvironment, increasing susceptibility to tumorigenesis.*’ CD8ap* IELs express CD44 (activation marker) and
T-bet (lineage marker), indicating that they arise from conventional CD8" T cells that originate in the thymus.**>° While
the exact circumstances of how these T cells come to reside within the epithelium are not yet fully understood, it is
probable that circulating CD8" T cells with a commensal-specific antigen receptor become stimulated as they circulate
through the intestinal lymph or submucosal lymph tissue, and this activation results in expression of tissue homing
receptors, such as CD103 which is known to be expressed on the CDSaf" IELs.*®
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Key Microbes Driving CSTC Population

Bacteria

Lactobacillus

While known for their beneficial probiotic effects in fermented foods, Lactobacilli engage in a commensal relationship
with humans in various ways.51 Lactobacilli are Gram-positive, anaerobic, rod-shaped bacteria that do not form spores.
In humans, prenatal vertical transmission of microbiota has recently been explored. Lactobacillus is the predominant
bacteria in the vagina, where it regulates pH and produces lactic acid to prevent infection.’ Therefore, infants born
vaginally are colonized with Lacfobacilli at birth, unlike those born by Caesarean section (C-section), who mainly
acquire maternal microbes found on the skin, such as Staphylococcus.> As Lactobacillus occurs naturally in the gut
microbiota by its acquisition at birth, further consideration of its commensal relationship with the immune system is
necessary.

With this in mind, specific immune responses to Lactobacilli most likely occur after birth. There is evidence that both
circulating and gut-resident human CD4" T cells are responsive to L. acidophilus in healthy human adults.* Like other
types of memory cells, CD4" T cells that are reactive to Lactobacilli and other microbiota express adhesion molecules
and chemokine receptors (CCR) that can promote entry into the intestine under inflammatory conditions.* In
L. acidophilus, CD4" T cells had expression of CCR2, CCR4, and CCR7 >50%, which direct access to the intestinal
mucosa and CSTCs are about fivefold more prevalent in the mucosa than in the periphery.* Moreover, a large proportion
of CSTCs in this study expressed CCR6 and CD161, markers enriched in Th17 and Tregs.* CSTC produce IL-17, IFN-y
and IL-10 upon stimulation suggesting a Th17/Thl/Treg predominance.* These findings highlight the complex balance
that must exist between Lactobacilli and their CSTCs in maintaining tolerance in the intestine. Moreover, this commensal
relationship begs the question of how Lactobacillus, among other microbiota, can contribute to gut pathologies like IBD.

Clostridium

Although certain species of Clostridium, such as C. perfringens and C. tetani, are commonly known for their pathogenic
effects, the bacteria act mainly as a commensal with humans. Clostridia are Gram-positive, rod-shaped bacteria that form
endospores, which provide them with a survival advantage under harsh environmental conditions.”* Clostridium
colonizes during infancy in humans via maternal transmission of breastmilk and occupies the interfold area of the
intestinal mucosa that allows for enhanced communication with intestinal cells throughout life.>* This close proximity
facilitates immune processes in the intestine, such as by stimulating a8 TCR IELs in the large intestine.”* Umesaki et al
found that the ratio of CD8" to CD4" cells in aff IELs was significantly higher in the large intestines of Clostridium
colonized mice compared to those colonized with SFB mice, suggesting the importance of the Clostridium species on the
CDS8/CD4 balance.” Moreover, other evidence suggests that Clostridium impacts CD4 differentiation, where GF mice
colonized with a commensal Clostridium subtype had an accumulation of colonic CD4" Tregs expressing Foxp3 in the
lamina propria (LP), whereas specific-pathogen free (SPF) mice or those treated with Lactobacillus did not.** Similar
findings have been reported in studies involving Clostridium native to the human microbiota.’® By isolating 17 strains
from human microbiota, Atarshi et al 2013 found that Clostridium can elicit a cytokine response through the production
of short-chain fatty acids that induce TGF-P, which contributes to the specific development of colonic Tregs in mice.>*
It has been proposed that intestinal epithelial cells communicate closely with immune cells and drive this progression by
secreting cytokines such as IL-7 to regulate IELs.>*” Collectively, these findings emphasize the potential specificity of
Clostridium in inducing colonic Treg expression and prompt further consideration of how its dysregulation in the human
microbiome can contribute to intestinal disease.

Escherichia coli

Escherichia coli (E. coli) is a ubiquitous bacterial species in the mammalian intestine and remains one of the most
utilized model organisms of medical and scientific research. The Gram-negative, facultative anaerobic, rod-shaped™®
bacteria typically colonize human lower intestines during the first days of life via vaginal delivery and maternal

59-61
k

transmission of breastmil and provide important colonization protection against pathogenic microorganisms.®*

The role of this colonization protection is rather significant for a commensal as widespread as E. coli, but due to its high
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genetic plasticity, different strains also acquired pathogenic properties,®® a trait that, in combination with frequent
antibiotic resistances,®* classifies those E. coli strains as dangerous pathogens.

With regard to CSTCs, two particular mechanisms are apparent, both related to the E. coli flagellum. It has been
shown that an antigen on flagella was able to induce proliferation of Thl cells in the human intestine, although via an
indirect mechanism of IL-6 production by DCs.?” It has yet to be determined with certainty, whether this innate
mechanism specifically targets commensal or flagella specific T cells.

In addition, E. coli has been shown to induce Treg expansion in a manner specific to the intracellular location of the
antigen presented by the E. coli strain. Intestinal Tregs have been shown to regulate the amount of IgA positive B cells in
the mouse gut, leading to higher intestinal IgA production, which is linked to reduced uptake of luminal flagellin,
contributing to gut homeostasis.®> E. coli specific Tregs also show reduced IL-10 production in Crohn’s disease,
highlighting their importance for gut homeostasis in humans.*®

These studies suggest that E. coli exhibits a variety of protective functions, from broad unspecific such as colonization
protection to rather specific ones linked among others to the flagella of motile strains. Additional experiments are
required to address the specific function of E. coli specific T cells subpopulations in the human intestine.

Fungi

Candida albicans

Historically, viruses and bacteria have been the focus of microbe/host interactions, mostly due to their clinical relevance
when compared to fungi. However, over the past decade, there has been an increased interest in the function both in
health and disease of commensal fungi in the human microbiota,®’ particularly in the intestine.

859 and in the literature, is

One of the most prevalent intestinal commensals, both in frequency in the population
Candida albicans. The interest surrounding this commensal stems not only from its frequent use as a model organism,
but also its clinical significance and central role for antifungal immunity.”

C. albicans is a dimorphic fungus, existing either as a haploid or diploid strain. Colonization occurs orally, for 22—
24% of all infants sub partus;’' in general, about 40-60% of patients are colonized with C. albicans under normal
conditions.®® The early colonization of the intestine®® and skin,”* combined with the ability of neonatal T cells to mount
an efficient response to C. albicans’ might provide a possible explanation for the high prevalence of C. albicans specific
Th17 cells in humans. Fungi in general, and especially C. albicans, are of particular interest for this review, as gut-
resident CD4" T cells were shown to have a larger percentage of Th17 differentiated cells when compared to blood-
circulating central memory T cells (Tcm) in humans,* an effect pronounced in IBD. This is relevant, because Th17 cells
are generally considered the main adaptive driver of antifungal immune mechanisms and, consistently, C. albicans has
been shown to be the strongest known inducer as well as a target of Th17 responses (Figure 2).”*”> Gut-resident T cells
are enriched in their reactivity for C. albicans, about 1500-2000 in 10° gut-resident CD4" are C. albicans specific,
predominantly of the memory phenotype.* The differentiation of antifungal Th17 into blood circulating central memory

7074 ensuring central whole organism protection against fungi infection and

Tem has also been reported in humans,
overgrowth. Apart from Th17 cells, C. albicans has also been shown to induce Foxp3" Tregs, with fungal-specific Tregs
being highly expanded in human peripheral blood.”® It has been speculated that the anti-fungal Tregs might benefit Th17

differentiation by depriving activated, classical T cells of IL-2,”""7

although Th17 immunity as well as fungal coloniza-
tion were not affected in the absence of Tregs in mice.”’ Therefore, the role of fungi-specific Tregs remains largely
unclear. Small proportions of anti-fungal Th1 and Th2 cells have also been observed, their potential functions in respect
to gut fungi remain largely unknown. A mechanism of potential cross reactivity with 4. fumigatus in the lung, a known
trigger of Th2 responses, has been suggested in mouse models.™

C. albicans is the predominant inducer of human Th17 responses, while Th17 cells directed against other fungi
(Pityrosporum orbiculare,®' Hormodendrum strains, A. fumigatus,’® other Candida strains,* etc.®®) are induced by cross-
reactivity to C. albicans (Figure 2).”° Interestingly, the mechanism appears to be rather permissive, neither being
restricted to one barrier site nor to a confined group of microbes. C. albicans specific and cross reactive Th17 cells
have been shown to switch to an activated state and expand in a selective manner in patients with acute allergic
bronchopulmonary aspergillosis and other types of airway inflammation.”® Similarly, it has been proposed that the early
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Figure 2 C. albicans as the major inducer of intestinal Th17 cells, thereby mediating broad range anti-fungal immunity. C. albicans specific Th17 cells secrete IL-17 family
cytokines, that promote barrier stability, AMP production and mediate immunity against other commensal fungi species. Additionally, it has been proposed that Th17 cells
modulate neutrophil function, improving defense against commensals such as S. aureus. C. albicans has also been reported to induce a Treg population, which might help Th17
differentiation, as well as smaller Thl and Th2 populations of yet unknown activity. Proinflammatory and pathogenic functions of anti-fungal CSTCs arise typically with
altered environmental signals, such as SAA |+2 signaling or cross-reactivity towards pathogens such as A. fumigatus in the lung.

C. albicans specific, skin resident Th17 subset serve as a reservoir for cross-reactive Th17 cells upon Malassezia species
infection in the skin,”” another fungal commensal.

The influence of C. albicans specific Th17 cells spans beyond fungal recognition, as it has been suggested, that these
T cells might modulate the neutrophil-mediated immune response against Staphylococcus aureus.”” S. aureus itself is
the second strongest inducer of human Th17 responses,® suggesting a possibility of mutual influence of C. albicans and
S. aureus on IL-17 secretion. However, there are some differences as C. albicans specific Th17 co-secrete IFN-y, while
S. aureus specific Th17 showed IL-10 secretion upon restimulation.®* These examples show that C. albicans specific
Th17 cells are able to exhibit extensive effector functions towards numerous commensal microorganisms, both in health
and in disease.

The effect of fungi-specific Th17 cells on inflammatory diseases is not one-dimensional and likely depends not only
on phenotype, but also on environmental signals and location. Traditionally, T helper cells have been divided into
pathogenic and non-pathogenic phenotypes, a view which is largely based on in vitro experiments and disregards the high
plasticity exhibited by T helper cells, especially in Tregs and Thl7 cells, which are of particular importance for
antifungal immunity as described above. While C. albicans specific Th17 cells classically have been described exhibiting
a pathogenic phenotype, they do not cause intestinal inflammation in humans under normal circumstances. More so,
while Th17 responses are increased in IBD patients’® and their frequency correlates with the fecal number of C. albicans
in intensive care unit patients,*® an IL-17 blockade led to a negative effect for IBD patients. This suggests that Th17
responses against C. albicans are at least partially protective in the inflamed gut, rather than pathogenic. Under
homeostatic conditions, IL-17 production in response to commensal fungi may regulate epithelial barrier integrity and/
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or antimicrobial peptide (AMP) production while strengthening barrier repair functions to promote microbial homeostasis
including the equilibrium between bacterial and fungal commensals.

Pathogenic functions of commensal-specific Th17 cells usually arise with altered environmental signals. In mice,
recent evidence suggests SAA proteins 1, 2, and 3 have a central role in alternating development of naive T cells towards
a pathogenic phenotype characterized by T-bet activity in combination with RORyt.*” In contrast, the observation that
local SAA 1 and 2 in the intestine strengthen the barrier function by upregulating IL-17" highlights not only the
importance of environmental signaling, but also the impact of developmental stage of T cells. SAAs thereby could
promote a proinflammatory state in naive T cells, but mediate gut homeostasis for memory T cells. Other influencing
factors leading to pathogenic function might be T cells’ location within the body and the type of target. C. albicans
specific Th17 cross-reacting to Aspergillus fumigatus have been found to contribute to the inflammatory state in the
human lung during aspergillosis (Figure 2).”® Also, cross-reactivity to autoantigens® and allergens®® has been reported in
humans, so it might be interesting to further investigate the role of fungal specific Th17 cells in the corresponding
diseases.

Viruses

Commensal microbiota have been found to form close relationships with invading viruses. In recent years, it has been
proposed that these interactions might dictate the severity and outcome of an infection to a significant degree.’'
Additionally, the presence of viruses in healthy humans has been reported, creating intrigue in their role as
a commensal.*%%°

Yang et al states that gut resident bacteriophages protect from intestinal inflammation.”’ An increase in IFN-y
producing CD4" and CD8" T cells was found in the Peyer’s patches of GF mice treated with specific purified E. coli
phages.”> The group further displayed that DCs incubated with phages stimulated CD4" T cell production of IFN-y,
suggesting an induction of Th1 cells by bacteriophages.

While it seems reasonable that intestinal phage populations influence gut immunity indirectly by interfering with the
growth of their microbial targets, promoting the expansion of other microorganisms or resistant strains, Liu et al 2019
have shown a more direct interaction in mice—commensal viruses maintaining IELs and intestinal immunity, an effect
that seems to be of significant importance.”” In addition, potential interactions of commensal viruses with classical CD8"
cytotoxic T cells might also play a role in maintaining homeostasis. Commensal viruses and their interaction with the
human immune system thereby pose an interesting and challenging field of study, as both the indirect influence via their
bacterial hosts as well as the direct mechanisms, such as those mentioned above, must be considered to fully understand
the role of viruses in intestinal immunity. Major challenges arise not only from the need to differentiate between these
two effects, but also from the necessity to establish which virus strains are considered commensal and the attached
sequencing strategies. More in vitro and in vivo studies on how commensal viruses, such as bacteriophages, can directly
and indirectly affect immune cells are needed since data in this field is still limited when compared to other classes of
microbes. The key microbes and the induction of CSTCs are summarized in Figure 3.

CSTGCs and Disease
IBD

Given the very high presence of microbes in the intestine, a highly sensitive system of regulation is needed to prevent
inflammation. Per the previous sections, the microbial interactions present in the gut are known to aid in maintaining
homeostasis; however, the mechanisms through which this is achieved, and where it goes wrong leading to disease, are
still not fully elucidated. Many believe CSTC responses may play a major homeostatic role and thus also play a role in
disease. CSTC’s role in homeostasis could take the form of a Treg phenotype, for example.®>** Data suggests the
existence of bacterial-specific regulatory T cells and hints at their role in inhibiting the development of colitis in
mice.””*® Commensal bacteria have been found to induce a unique RORyt" Treg population that specifically induced
a homeostatic immune response in mice.”® As mentioned above, previous studies have shown that Clostridia and
Schadler’s flora stimulate colonic Tregs.*™>® A Treg-IgA axis specific for flagellin has also been proposed as a key

1880 " Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Gehlhaar et al

== T - — _ Potential indirect
=== — — — -~ ~ influence
CK P . Rl N ~ -
\4 \A . N \‘. ~ .
Commensal Clostridium E. coli C. albicans Lactobacillus

viruses

@ @% I h Py
) @

Cytotoxic IELs Treg Th1 Th2 Th17 Enterocytes
T cell ~ - _v

= Strong induction

----- Weak induction
— — Unclear interaction

Figure 3 Induction of different T cell subsets by key commensal organisms. Commensal viruses stimulate IELs but might also be capable of inducing proliferation of classical
cytotoxic CD8" T cells. Commensal viruses, especially phages, have the potential to indirectly influence CSTC populations in the intestine by regulating commensal
microorganism levels. While multiple commensals can directly or indirectly exhibit protective functions on epithelial cells, Lactobacillus species are a well-established example
of this. In the context of antifungal immunity, Tregs are hypothesized to promote Thl7 differentiation by IL-2 depletion. Generally, the induction of T cell populations
depends not only on the type of commensal, but also on environmental signaling and inflammatory tissue state.

player in homeostatic control of CD4" T cell responses in the mouse intestine.®> Furthermore, c-MAF, an important
transcription factor for Th17 cells, was found to be an important driver of Treg and Th17 cell homeostasis when studying
Helicobacter hepaticus specific inflammation in mice.”*

Regarding disease, it seems that the mutualistic relationship between commensals and the intestinal immune system
could be playing a major role in the pathogenicity observed in Crohn’s disease and ulcerative colitis, together known as
inflammatory bowel disease (IBD).”” IBD is characterized by chronic intestinal inflammation. CSTCs have been
proposed to be part of the immune dysregulation theory of IBD and are increasingly being considered as key players
in IBD development.>”” C3H/HelBir is a strain of mice that is highly susceptible to spontaneous development of
colitis.”® The CD4" T cells of these mice seem to be mainly reactive to enteric bacterial flora antigens.** Furthermore, the
same group found that transferring CD4" T cell lines specific for commensal enteric bacteria of C3H/HeJBir mice to
severe combined immunodeficiency (SCID) mice induced colitis.”® There is also evidence that bacterial flagellin could be
a major Crohn’s disease antigen and flagellin-specific CD4" T cells were found to induce severe colitis when also
transferred to SCID mice.'® Recent data is also hinting at a major role of RORyt influence on Th17 cells and their
connection to inflammation. To maintain pathogenicity of Th17 cells, RORyt was found to be inhibiting IL-10
production, and RORyt inhibition in Th17 cells was connected with less severe colitis in mice.'®!

Specific, context-dependent mechanisms may be important factors in IBD development and overall inflammation is
brought about by an imbalance of CSTCs.**® While there are different aspects of the intestinal immune system that have
been found to play an important role in immune homeostasis of the gut, and development of inflammation, the overall
mechanisms are still unknown. However, CSTCs’ imbalance may be playing a major role (Figure 4). Whether their

actions during inflammation are the cause or effect of inflammation, however, has yet to be fully understood.
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Figure 4 Intestinal inflammation and commensals. Depiction of proposed CSTC, and cytokine release, imbalance in inflamed gut versus the balanced anti-inflammatory and

pro-inflammatory signals in an uninflamed gut. The interactions between commensals and gut epithelium help in promoting homeostasis, but could also play a role in gut
pathogenesis and inflammation as depicted on inflamed side of figure.

Autoimmune Diseases

Apart from IBD, CSTCs could also play a role in autoimmune diseases, conditions that often involve a change in the balance
between Th cell subtypes and Tregs leading to inflammation. For example, patients with elevated multiple sclerosis (MS) activity,
a devastating autoimmune disease in which the myelin of nerve fibers is destroyed by the immune system, are found to have
increased Th17 cells in the intestine as well as in the central nervous system with an additional increase being observed during
phases of high disease activity.'">'*® This effect correlates with an imbalance of intestinal microbiota including a higher
Firmicutes/Bacteroidetes ratio, increased relative abundance of Strepfococcus, and decreased Prevotella strains compared to
healthy controls and MS patients with no disease activity.'® In other studies, an increase in Akkermansia muciniphila and
Acinetobacter calcoaceticus, was associated with MS in patients, both pathogens were able to induce proinflammatory responses
in human peripheral blood mononuclear cells (PBMCs) as well as in mono-colonized mice.'™ Conversely, Parabacteroides
distasonis, shown to be decreased in MS patients, has potential protective functions by stimulating anti-inflammatory IL10
105 54

also has been shown that certain viral and bacterial peptides are capable of effectively activating myelin basic protein-specific

expressing human T cells and T, in mice.'™ While these effects might depend mostly on TCR independent mechanisms,

T cell clones from MS patients via molecular mimicry.'®® This suggests a barrier site TCR-dependent expansion of T cells with
autoinflammatory effects elsewhere in the body, such as the central nervous system. It might therefore be possible that CSTCs
have a significant impact on the development of autoimmune diseases in the central nervous system, such as MS.

Similar to MS, patients with rheumatoid arthritis (RA) also have been found to have increased proportions of Th17
cells and decreased proportions of Tregs in their blood.'®” Similar to findings observed by Cekanaviciute et al in MS, the
abundance of Prevotella in the intestine has been linked to RA, suggesting potential mechanisms of CSTC activation in
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the gut leading to autoimmunity. However, while recognizing the importance of the microbiota for the development of
RA, TLR activation'®®'%’ has been suggested as an alternative explanation by other studies. Additional studies are
needed to further elucidate the role of CSTC-independent vs commensal-specific autoimmune effects that Th17 cells,
Tregs, and microbiota exhibit during the development of autoimmune diseases such as MS and RA.

Antiphospholipid syndrome (APS) occurs when the immune system creates antibodies that increase the likelihood of
clotting. It has been shown that patients with APS who had immune recognition of gut commensal bacteria,
R. intestinalis, had intestinal inflammation sub clinically."'® Th1 cell clones specific to an autoantigen of APS cross-
reacted with R. intestinalis mimotopes, driving chronic autoimmunity in APS patients.''® Ruff et al acknowledge that
a complex relationship in humans exists between antigen-specific responses, genetic predisposition, and recurring innate-
immune driven events against chronically colonizing commensals, which drives repetitive tissue damage from auto-
reactive B and T cells.'"® Chronic autoimmune diseases will be better understood with more studies uncovering the
molecular mechanisms between the host immune system and microbiota.

Conclusion and Future Directions

The impact of CSTCs is critical regarding the trillions of microorganisms that colonize the human intestinal tract. In this
review, the generation of CSTCs and their various subtypes was examined to better understand their roles in modulating
immune development and immune responses. CSTCs exist as CD4" or CD8" T cells and contribute to homeostasis at barrier
sites such as the intestine to prevent pathogenic inflammatory responses. Numerous organisms within the human and mouse
microbiotas play key roles in this commensal relationship, including bacteria, fungi, and viruses. Without the immunological
balance provided by certain CSTCs, there is an increase in pathologies leading to intestinal inflammation, such as Crohn’s
disease and ulcerative colitis. Moreover, circumstantial evidence suggests that CSTCs can potentially contribute to auto-
immune disease such as MS and RA. Collectively, these findings provide further support for the potential impact of CSTCs in
maintaining healthy immune responses. More research is required on CSTCs and their impact on intestinal disease, as well as
the potential relationship between commensals and other types of immune cells in contributing to inflammation in these
contexts. Future studies should consider the influence of microbiota on different T helper cell subsets to study their impact on
the development of different inflammatory conditions, including IBD and autoimmune diseases.
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