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Abstract

The T helper type 17 (Th17) lineage of CD4+ T-cells produce several effector molecules
including IL-17A, IL-17F, IL-21, and IL-22. In addition to CD4+, aff T-cells, these cytokines can
be produced by natural killer and yd T-cells. These effector cytokines can be produced rapidly
upon infection at mucosal sites and evidence to date strongly implicates that this arm of the
immune system plays a critical role in mucosal immunity to many extracellular pathogens.
Moreover these cytokines can also coordinate adaptive immunity to some intracellular pathogens.
In this review, we will highlight recent progress in our understanding of these cytokines, and
mechanisms of their effector function in the mucosa.
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Introduction

CDA4+ T helper cells are critical mediators of adaptive immune responses. Following
interaction with class 11 MHC+ dendritic and other antigen presenting cells, naive T cells
receive signals by engagement of the T cell receptor (signal 1), costimulatory molecules
(signal 2) and cytokine signals (signal 3) and undergo activation and differentiation into
effector CD4+ T cells. Some of the strongest evidence that these cells are critical effector
cells at mucosal surfaces is clearly evidenced by the HIV epidemic that leads to the
depletion of these cells from the mucosa and periphery [173] leading to the acquired
immunodeficiency syndrome (AIDS).

Pioneering work by Mossmann and Coffman described the first two CD4+ T-cells subsets
based on discrete cytokine profiles [4]. Th1 effectors produce Interferon-gamma (IFN-y) and
regulate cellular immunity against intracellular infections, whereas Th2 cells produce
Interleukin (IL)-4, IL-5 and IL-13 and mediate humoral immunity against parasite
infections. However these two T-cell subsets do not completely account for some of the
opportunistic infections seen in the context of congenital or acquired absence of CD4+ T-
cells such as mucosal candidiasis, Pneumocystis carinii pneumonia, or some bacterial
pneumonias. Mice deficient in Th1, Th2 responses (or both) are not permissive for P. carinii
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pneumonia [56], a hallmark infection in AIDS patients with low CD4+ T-cell counts. These
data suggested other CD4+ T-cell lineages are critical for host defenses against opportunistic
infections. IL-17 was cloned from CD4+ memory cells in 1993 [7] and Infante-Duarte
demonstrated that IL-17 cells could be produced in response to bacterial lipopeptides [8].
Importantly this early study showed that IL-17 producing cells were distinct from Th1 cells
and thus this provided the first evidence that T-cell derived IL-17 may have unique effector
functions in host resistance against pathogens [8]. Recent evidence has shown that a major
subset of cells that produce I1L-17, are indeed distinct from Th1 and Th2 cells, and consist of
a third subset of T cells referred to as Th17 cells [9711]. Th17 cells produce the cytokines
IL-17A (IL-17) [10-11] and IL-17F [9], as well as the cytokines IL-21 [12:13] and IL-22
[14:15] (Figure 1). This new Th17 cell lineage fills in some of the holes in host immunity
not fully explained by the Th1/Th2 paradigm.

Th17 Effector Cytokines: IL-17A, IL-17F, and IL-22

IL-17 is the prototype of Th17 cytokines and is the best studied of the Th17 cytokines. The
first identified receptor for IL-17, IL-17RA is a Type | transmembrane protein and is
ubiquitously expressed on various organs including lung, kidney and spleen [16]. This
receptor can bind at least three members of the IL-17 family including IL-17A, the closely
related molecule IL-17F, as well as the most distally related 1L-17 family member IL-17E
[17]. The best studied examples of cells that express the receptor for IL-17 are leucocytes,
epithelial cells, mesothial cells, vascular endothelial cells, keratinocytes and fibroblasts and
respond to IL-17R-mediated signaling by production of granulocyte colony-stimulating
factor (G-CSF), IL-6, IL-8 and mediate granulopoiesis, neutrophil recruitment and
inflammatory responses (reviewed in [18], Figure 1). However, more recently it has been
shown that macrophages [19] and dendritic cells [20-21] also express IL-17RA receptors
and respond to I1L-17 by producing cytokines and chemokines. Indeed over-expression of
IL-17 in mice results in massive extramedullary hematopoiesis [22] via the induction of G-
CSF and stem cell factor [23]. IL-17RA KO mice can develop spontaneous infection with S.
aureus infection around the eyes and nares [24] and this phenotype is also observed in mice
deficient in two of the three ligands for this receptor, IL-17A/F double KO mice [19].
Interestingly this phenotype is not observed in IL-17A or IL-17F single KO mice [19]
suggesting that these two cytokines can compensate for each other in this model. Both
IL-17A and IL-17RA KO mice show susceptibility to pulmonary infection with the
extracellular gram negative bacteria K. pneumoniae again with IL-17RA KO mice showing
greater susceptibility than 1L-17A KO mice [25]. In this model IL-17RA KO mice fail to
recruit neutrophils into the lung in part due to reduced CXC chemokine production [26] but
also reduced granulopoiesis likely through reduced G-CSF production [26]. Also through its
effects on dendritic cells, IL-17 has been shown to regulate 1L-12p70 production by
dendritic cells and thereby regulating Th1 response to the intracellular pathogen Francisella
tularensis [21] and Chlamydia muridarum [20]. In contrast, IL-17 appears to be dispensable
for Th1 immunity to Mycobacterium tuberculosis and Listeria [25+27], but may be
important in generation of mycobacterial granulomas [28]. Thus data to date strongly
implicate Th17 cytokines in host immunity to both extracellular pathogens and certain
intracellular pathogens.

IL-22 was initially known as IL-10-related T cell derived inducible factor (IL-TIF) when it
was first characterized by Dumoutier et al. It was induced in mouse T lymphoma cells by
IL-9 and had 22% amino acid identity with IL-10 [29]. IL-TIF did not appear to have effect
on proliferation of T cells or mast cells; however 1L-22 activates STAT3 in kidney
mesangial cells [30] and keratinocytes [31]. IL-TIF was renamed IL-22 after the human
protein was discovered, and other structurally related cytokines (IL-19, IL-20, IL-24, IL-26,
IL-280p and IL-29) joined IL-22 to become part of the IL-10 cytokine family [30]. The
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IL-22 receptor is part of the cytokine receptor family class 2, and consists of two subunits,
IL-22R1 and IL-10R2 [30-31]. IL-10R2 is widely expressed on immune cells (T, B and NK
cells), unlike 1L-22R1 [31]. Wolk et al had demonstrated that IL-22R1 expression is present
in a variety of non-immune tissues: skin, lung, small intestine, liver, colon, kidney and
pancreas [31]. They also showed activation of STAT3 in human keratinocytes by I1L-22 [31].
IL-22R1 is also expressed on mucosal epithelium Gl tract and lung [32] as well as on
macrophages [33]. IL-22 can be co-expressed by Th17 cells [15], y& T-cells [34:35] as well
as NK cells [36738].

Regulation of IL-17 and IL-22 in the lung

The differentiation of Th17 cells is determined by the exposure to polarizing cytokines such
as TGF-B, IL-6, IL-21, while IL-23 further stabilizes the commitment of Th17 cells to this
lineage (reviewed in [39]. These polarizing cytokines act on newly primed cells to induce
the expression of the transcription factor RORyT and RORa which are considered master
regulators of Th17 differentiation [40:41]. RORyT also control the expression of 1L-23
inducible receptors on newly primed T cells, to expand their responsiveness to IL-23 and
sustain the T lineage specific responses. The gp-130-Stat3 pathway is essential for
expression of RORyT and Th17 development. Recently, IL-21 has been identified as a
downstream mediator of Th17 differentiation and functions in an autocrine manner. Th17
cells also express high levels or IL-R1 [42] and TLR2 [43] and both IL-1p and TLR2
ligands can activate these cells to produce IL-17 and IL-22. Cellular sources of IL-17 in
acute primary pulmonary infection with K. pneumoniae [44], M. tuberculosis [45],
F.tularensis [21], or Influenza [46] include yd T-cells, iINKT cells and possibly LTi cells
[47]. In many infections, the yd T-cell response can be the predominant source and the
cellular production of IL-17 by these cells is critically regulated by both I1L-23 and I1L-1p
[34:35]. What remains unclear is the cellular sources of IL-23 and IL-1p in vivo and the y&
T-cell subsets that respond to these signals. In a pulmonary model of Aspergillus infection,
Vy1 T-cells are the dominant source of IL-17 [48]. However in a model of chronic Bacillus
subtilis infection the Vy6 subset dominates [49], while in a pulmonary model of M. bovis
BCG both Vy6 and Vy4 predominate [50].

Since over-induction of Th17 cells can impact tissue damage due to induction of
inflammatory pathways, the generation of Th17 cells is strictly regulated. For example,
cytokines such as IL-27 [51:52], those belonging to Th1 (IFNy) and Th2 pathway (IL-4)
[10:11] and IL-2 [53] tightly regulate the induction of Th17 cells. Endogenous lipid
mediators like prostaglandin E2 (PGEy) which are released under inflammatory conditions
promote induction of 1L-23 through the EP2 and EP4 receptors expressed on DCs [54] to
direct subsequent Th17 cell differentiation. Further PGE2 also synergizes with IL-1B and
IL-23 to upregulate RORyt [54]. These studies, suggest that external infection-induced lipid
mediators can also tip the decision towards Th17 responses. Accordingly, PGE2 is induced
in response to respiratory Francisella [55] (Woolard et al, land | 2008) and Bordetella [56]
infection drives Th17 responses.

Th17 effector responses in the mucosa

Human bronchial lung epithelial (HBE) cells express both IL-17RA, IL-17RC, IL-22R and
IL-10R2 and thus can responses to IL-17A, IL-17F, and 1L-22 [25:57759]. The expression
of IL-17RA and IL-17RC also appear to be expressed in a basolateral dominant fashion
[57:59] such that signaling only occurs in polarized epithelial cells are exposed to ligand
provided to basolateral surface [59:60]. Treatment of HBE cells with IL-17 induce CXC
chemokines such as IL-8 [57:61], G-CSF [57], and antimicrobial proteins such as human p-
defensin 2 [62]. IL-17 treatment also induced IL-19 [63] which may be important in
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regulating Th2 responses in the mucosa. IL-17 also induced the expression of the polymeric
immunoglobulin receptor [25] and indeed Th17 cytokines have been shown to be critical in
generating mucosal IgA responses [64]. IL-22 can activate STAT3 [30] in both murine and
human lung epithelial cells and synergizes with IL-17 to increases the expression of human
antimicrobial genes such as HBD2, lipocalin [25] and the calgranulins [25]. An activity that
is unique to IL-22 and not shared by IL-17A or IL-17F in human lung epithelial cells is the
fact that IL-22 can augment the clonogenic potential of these cells and accelerate wound
repair [25]. In skin keratinocytes, IL-22 can also cause acanthosis and hyper-proliferation
[65]. Thus IL-22 may be important in epithelial repair in infection as well as augmenting
barrier function (Figure 1). To this end neutralizing IL-22 in vivo leads to rapid
dissemination of bacteria from the lung during K. pneumoniae infection [25]. Mucosal 1L-22
administration can reduce local bacterial growth as well as prevent dissemination in this
model [25]. The cellular source of IL-22 in the model is unclear but IL-22 producing cells
are present in Rag 2—/— mice but not Rag 2—/—, yC double KO mice demonstrating that
IL-22 producers are yC dependent (ref). Interestingly, 1L-22 treatment of human
macrophages has also been shown to induce phagolysosomal fusion and enhance
mycobacterial killing [33].

Th17 cytokines and bacterial infections at the mucosa

As mentioned above, early work in IL-17RA KO mice demonstrating increased sensitivity
to cutaneous S. aureus [24:66:67] and pulmonary K. pneumoniae [26] infection established
critical role for IL-17 in protective immunity against extracellular bacteria. Further studies
also show that Th17 cells play protective roles against extracellular bacterial infections in
the gut mucosa. Citrobacter rodentum, a naturally occurring mouse pathogen requires the
generation of 1L-23-dependent protective Th17 cells in the lamina propria for protection
[66:68]. Also, IL-22 contributes to the early host defense against C.rodentium through the
direct induction of the Reg family of antimicrobial proteins in colonic epithelial cells [69].
IL-17 signaling also appears to be host-protective in the oral mucosa, as IL-17R-deficient
mice are highly susceptible to infection by the gram-negative anaerobic periodontal
pathogen, Porphyromonas gingivalis, due to reduced neutrophil mobilization and
recruitment [70].

Although these studies strongly suggest that Th17 cytokine responses are protective against
most extracellular pathogens, in some cases Th17 responses contribute to tissue pathology.
This was first shown in response to chronic biofilm infection with Pseudomonas aeruginosa
where IL-23 deficient mice have markedly reduced IL-17 responses and less tissue
pathology in response to chronic mucoid P. aeruginosa infection [71]. Furthermore, in
whooping cough, an infection caused by B. pertussis, a gram negative extracellular bacterial
infection in the respiratory tract results in persistent cough as one of the hallmarks of the
clinical disease. It is becoming clear that the bias towards Th17 responses may be the basis
for the severe pathology including bronchiectasis and persistent cough seen following B.
pertussis infection. Furthermore, the Th17 responses following respiratory Bordetella
infection are dependent on innate IL-1p induction and activation of NALP3 inflammasome
[72]). . This hypothesis is further supported by another cause of bronchiectasis, cystic
fibrosis which is highly associated with bronchiectasis due to chronic biofilm infection with
P. aeruginosa and increased expression of Th17 cytokine production [25]. Following M.
tuberculosis pulmonary infection, the inflammation caused in the lung due to repeated
vaccinations with BCG results in pathological consequences caused by neutrophil-mediated
influx that is IL-17 dependent [73]. These disease models may serve as an example for the
role of IL-17 in mediating pathology while conferring protection against bacterial infections
in the respiratory mucosa. These findings are not confined to the lung. In the gastrointestinal
tract, in H.pylori infection the Th17 response may culminate in a pathogenic inflammatory
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response in the gut mucosa [74:75]. Accordingly, IL-17 deficiency resulted in decreased
bacterial growth and inflammation and was associated with decreased Th1 responses [76]. In
contrast, certain intracellular pathogens that may require both CD4 Th1 cells and neutrophils
for protection at mucosal sites may be dependent on 1L-23/IL-17 axis for pathogen control.
For example, the induction of 1L-17 and IL-17F production following acute Mycoplasma
pneumonia pulmonary infection is IL-23-dependent and contributes to neutrophil
recruitment and mediates protection against the infection [77]. Also, infection with
Salmonella typhimurium, which can exist as an intracellular pathogen, results in induction of
IL-17 and IL-22 in the ileal mucosa and the absence of IL-17R signaling results in increased
translocation of the bacteria to the mesenteric lymph nodes, reduced induction of
chemokines, anti-microbials and reduced neutrophilic recruitment to the ileal mucosa [78].
Using a macaque model of Simian Immunodeficiency Virus (SIV) to study HIV human
disease and related complications arising due to bacterial coinfections such as
S.typhimurium, it was found that SIV coinfection selectively inhibits Th17 responses elicited
by S. typhimurium, probably due to depletion of CD4+ T cells in the ileal mucosa [78]. This
results in an inability of SIV-infected macaques to mount normal mucosal inflammatory
response to S. typhimurium infection and allows dissemination of bacteria to the mesenteric
lymph node. This data may provides a basis for the observation that people with HIV are at
a increased risk of developing bacteremia due to dissemination of bacteria resulting from
reduced CD4 Th17 responses. Accordingly, HIV-infected individuals that receive
antiretroviral therapy undergo effective CD4 T-cell restoration and this is associated with
enhanced CD4 Th17-cell accumulation [79].

Th17 cytokines and fungal infections at the mucosa

The role of Th17 cytokines in fungal infection have been controversial but evidence in both
experimental animal models and humans is clearly emerging that these cytokines play a
critical role in mucosal infections. Initial observations suggested that Th17 cytokines,
particularly 1L-17 contributes to tissue pathology in invasive aspergillus infection in the lung
particularly in the setting of NADPH oxidase deficiency [48]. However IL-17 and IL-17RA
signaling are critical for host resistance to oro-pharyngeal candidiasis and for the expression
of mouse B-defensin 3 that has anti-Candicidal activity [80]. Patients with Hyper IgE
syndrome (HIES) that frequently suffer from oropharyngeal candidiasis have mutations in
STAT3 [81:82] thus fail to generate Candida specific Th17 cells adding further evidence
that this phenotype is tightly linked to Th17 immunity [83+84]. Indeed, treatment of skin
keratinocytes with Th17 cytokines markedly increases anti-Candicidal activity in vitro and
activated T-cells from HIES patients are unable to induce this anti-Candicidal activity in
vitro. It has recently been shown that patients with chronic mucocutaneous candidiasis also
have antibodies that can block IL-17 and or 1L-22 which may also explain the susceptibility
of these patients to mucosal Candida infection [85]. In respiratory tract models of fungal
infections using Pneumocytis carnii [86] and Aspergillus fumigatus [87], induction of IL-23
and IL-17 following pathogen challenge is protective, since IL-23KO mice or neutralization
of the 1L-23/IL-17 axis resulted in impaired clearance of the pathogen.

Th17 cytokines and viral infection

The role of Th17 cytokines in viral infection is a rapidly emerging area of research. Herpes
simplex virus (HSV-1) infection of the cornea results in early induction of both IL-23 [88]
and IL-17 [89] and IL-17RA KO mice have reduced early infiltration of neutrophils and
corneal opacity following HSV infection [89]. In contrast, IL-23KO mice have exacerbated
disease and pathology possibly due to HSV increased IL-12 responses and increased IFNy
producing cells [88]. In pulmonary influenza infection IL-17R KO mice had recued tissue
pathology and weight loss suggesting that in this model, IL-17 contributes to tissue
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pathology as well [46]. However in a heterotypic influenza model, CD8+ cells that produce
IL-17 can mediate protection against influenza challenge [90]. Thus the role of the IL-17
response to primary influenza infection versus heterotypic infection appears to differ.
Human rhinovirus (HRV) infections are associated with exacerbations of asthma and
chronic obstructive pulmonary infiltration and I1L-17 was shown to function synergistically
with HRV to induce IL-8 from epithelial cells and may contribute to the recruitment of
neutrophils, immature DCs and memory T cells to the lung contributing to severe
inflammatory profiles seen during viral exacerbations of airway disease [91].

Conclusions

We specifically did not address the role of Th17 cytokines in vaccine induced immunity as
this has been recently reviewed [92]. Data to date suggest that Th17 cells have evolved to
mediate protective immunity against a variety of pathogens at different mucosal sites.
Moreover, deficient Th17 responses explain in part the increased susceptibility to certain
infections such as mucocutaneous in HIES patients and depletion of Th17 cells by HIV
explains some of the opportunistic infections in AIDS. Taken together strategies to augment
these cells or recover these cell populations will be important for improved vaccine or
therapeutic efficacy in these patients. It is important to remember that IL-17 is evolutionary
conserved and the gene exists in mollusks and Ciona intestinalis which predates the
development of adaptive T-cell immunity and thus this cytokine likely bridged innate and
adaptive immunity. What remains unclear how did evolutionary pressure force this gene to
be expressed in memory CD4+ T-cells in mammals? This will be an important area of future
investigation.
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Figure 1. Schema of Th17 effector in mucosal immunity

IL-17 and IL-22 can be produced by several immune cells including af, and yBT-cells, as
well as NK cells. Receptors for IL-17a, IL-17F, and IL-22 are expressed on mucosal
epithelial cells. Stimulation of epithelial cells with IL-17 and IL-22 induces G-CSF and
CXC chemokine production. The combination of G-CSF and CXC chemokines such as
CXCL1, CCXL2, CXCLS5 and CXCLS result in neutrophil recruitment required for bacterial
and fungal clearance at mucosal sites. IL-22 and IL-17 can also augment the expression of
antimicrobial peptides. IL-22, in part via the activation of STAT3 can also mediate epithelial
repair which is critical to control of extracellular bacterial pathogens. In the setting of
intracellular pathogens 1L-17 can induce the production of IL-12 in DCs and drive Thl
immunity and intracellular bacterial control.
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