1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Eur J Immunol. 2013 December ; 43(12): 3116-3124. doi:10.1002/eji.201343713.

Dysregulation in lung immunity - the protective and pathologic
Th17 response in infection

Emily E. Way, Kong Chen, and Jay K. Kolls
Richard King Mellon Foundation Institute for Pediatric Research, Children’s Hospital of
Pittsburgh, Pittsburgh, PA

Abstract

Th17 cytokines can play both protective and pathologic roles in the airway. An emerging theme in
Th17 cytokine biology is that these responses can mediate tissue pathology when downstream
effector cells are dysfunctional such as neutrophils lacking functional NADPH oxidase in the case
of chronic granulomatous disease or epithelial cells lacking appropriate ion transport, as in the
case of cystic fibrosis. In this mini-review we highlight recent advances in the protective and
pathologic roles of Th17 cytokines in the context of pulmonary infection.

Introduction

With the recent discovery of a distinct subset of T helper cell called Th17 cells, in addition
to the previously well characterized Thl and Th2 cell subsets, came many new
breakthroughs in the realm of innate and adaptive immunity. Th17 cells have been shown to
differentiate from naive CD4+ cells in the presence of IL-6 and TGFf in mice, or IL-6 and
IL-1 in humans, when stimulated with appropriate antigen via activation of transcription
factor STAT3 [1]. As CD4+ cells commit to effector Th17 phenotype, the hallmark
cytokines IL-17A, IL-17F, IL-21, and IL-22 are expressed via STAT-3-dependent activation
of the critical transcription factor retinoid-related orphan receptor yt (RORvt). IL-23 is
required at late stages of Th17 development to promote full differentiation and sustain IL-17
production [1, 2]. Signaling of these cytokines induces granulopoietic factors and
chemokines including G-CSF, GM-CSF, and several CXC chemokines [3]. These elements
then mediate immune response against extracellular bacteria and fungi via neutrophil
recruitment to sites of infection. The recruitment of neutrophils to sites of infection is a key
event in host defense against infection, as neutrophils are responsible for engulfing and
killing foreign pathogens through production of reactive oxygen species, proteolytic
enzymes, and other antimicrobial peptides [4]. This neutrophil recruitment and activation is
ideally self-limited and leads to timely neutrophil apoptosis as part of normal resolution of
inflammation. However, persistent responses can lead to release of these reactive oxygen
species and proteolytic enzymes, which perpetuates local inflammation and is often very
damaging to the surrounding tissues [4].

With regard to pulmonary infections, Th17 cells have been found to play a vital role in host
defense against numerous pathogens, including Klebsiella pneumoniae [5]. However, while
Th17 cells are paramount in the adaptive phases of host defense, several other cell types are
able to generate these cytokines in the earlier phases of immune response and bridge the gap
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between innate and adaptive immunity in the lung. These cell types include v3 T cells,
natural killer (NK) cells, NKT cells, and certain innate lymphoid cells (ILCs) [6].

The role of IL-17A and its complementary cytokines in lung immunity can be pathogenic or
protective [7, 8]. Given the crucial task of IL-17 to recruit neutrophils to the site of infection
and begin the cascade of phagocytosis and pathogen clearance, IL-17 mediated tissue
inflammation is often beneficial for the host. However, there are circumstances in which
IL-17 recruits neutrophils to sites of infection but does not bring about improved pathogen
clearance, leading to dysregulated inflammation without benefit to the host and an ultimately
in these circumstances IL-17 can play a pathogenic role.

Evidence for Protective Th17 Cytokine Responses in Pulmonary Infection

Th17 cytokines are essential for effective host defense against pulmonary pathogens by
participating in the recruitment of pathogen-engulfing neutrophils and pathogen-killing
molecules to the site of infection (see figure 1). Perhaps the most unambiguous clinical
representation emphasizing the importance of Th17 cytokines in host defense against
pulmonary infection is the autosomal dominant hyper IgE syndrome known as Job’s
Syndrome. This disease is characterized by recurrent staphylococcal pneumonia and soft
tissue infection, mucocutaneous candidiasis, atopic dermatitis, and elevated serum IgE
levels. It has recently been found that hyper IgE syndrome is due to a dominant negative
mutation in the transcription factor STAT3, and this results in a severe deficiency in
production of Th17 cells [9, 10]. While STAT3 is also a critical transcription factor in
several other cytokine and cellular function pathways, its involvement in Th17 cell
differentiation appears to play a critical role in the pathogenesis and increased susceptibility
to infections at mucosal surfaces in patients with Job Syndrome, particularly in
mucocutaneous candidiasis [11, 12]. However it is important to note that the specific
contributions of STAT3 signaling in various cells types and how these cells contribute to the
phenotype of hyper IgE syndrome remains to be precisely determined.

One of the most common pulmonary bacterial pathogens in Job’s Syndrome patients is
Staphylococcus aureus. After pulmonary S aureus infection, IL-17RA knockout mice
demonstrate decreased neutrophil recruitment to the lung and decreased production of
downstream IL-17 effector chemokines and cytokines compared to wild type mice.
Additionally, bacterial burden in the lung is markedly increased in IL-17RA, IL-17A,
IL-17F, and 1L-22 knockout mice compared to wild type [13]. This same study also
established the requirement for IL-17 cytokines in host defense against S. aureus by
demonstrating that when mice are infected with influenza A virus prior to S. aureus
inoculation, S. aureus pneumonia is significantly worsened as demonstrated by increased
bacterial burden, worsened pulmonary inflammation, and increased mortality compared to
influenza infection alone or S. aureus infection alone. This study went on to show that one
mechanism for influenza A infection causing worsened S. aureus pneumonia was through
inhibition of the IL-17/IL-23 axis [13]. As an investigation into the role of v& T cells in S.
aureus pneumonia, a different study examined the effects of pulmonary S. aureus infection
in TCR-8 knockout mice, and determined that bacterial burden in the lung as well as
dissemination to the spleen was significantly increased in the TCR-8 knockout mice, and
neutrophil counts in the lungs were significantly reduced, indicating that v T cells play a
particularly important role in host defense against S. aureus pneumonia [14]. v8 T typically
take on a Th1 phenotype or Th17 phenotype, and are thus potent producers of either IL-17
or IFNy [15]. Flow cytometry analysis shows that while the percentage of IFNy-producing
v& T cells decreases after S. aureus infection, the percentage of IL-17-producing vé T cells
markedly increases after infection, and in this study approximately 60% of the IL-17-
producing cells in the lung after infection were TCR-8+. Furthermore, TCR-8 knockout mice
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expressed significantly less IL-17 mRNA after infection compared to wild type infected
mice and also expressed significantly less mMRNA of downstream IL-17 effector molecules
including CXCL1, CXCL2, GM-CSF, TNF-a, and IL-6 [14]. The impaired expression of
these molecules is likely responsible for the decreased neutrophil counts in the lungs,
resulting in impaired bacterial clearance.

Role of Th17 Cytokines in Host Protection against Bacterial Pneumonia

At a time when the scope of knowledge regarding IL-17 was still in its infancy, IL-17 was
found to play a critical role in host defense against pulmonary K. pneumoniae infection.
IL-17R knockout mice exhibit significant delays in neutrophil recruitment to the lung after
K. pneumoniae infection, and bacteria are more highly disseminated to the spleen. This
effect is mediated mainly through decreased production of downstream IL-17 effector
molecules including G-CSF and macrophage inflammatory protein (MIP)-2 or CXCL2 [5].
The role of IL-23, which is a heterodimeric cytokine composed of two subunits, also shed
light on the protective role of the IL-17/23 axis in K. pneumoniae infection. IL-23p19 is a
subunit unique to IL-23 while IL-12p40 is a subunit which it shares with IL-12, another
heterodimeric cytokine whose unique subunit is 1L-12p35 [2]. Survival after pulmonary K.
pneumoniae infection is severely reduced in IL23p19 knockout mice compared to wild type
[16]. However, when 1L-23p19 knockout mice receive intratracheal recombinant IL-17
rescue 12 hours after infection, bacterial burden in the lungs and dissemination to the spleen
is significantly reduced compared to mice that receive vehicle control. This enhanced host
defense is associated with increased downstream IL-17 effector molecules including G-CSF
and CXCL1 [16].

In Mycobacterium tuberculosis infection, the involvement of IL-23 in host protection was
suggested when 1L-12p40 knockout mice were found to have higher bacterial burden after
pulmonary infection and inferior ability to generate protective inflammatory response
compared to 1L-12p35 knockout mice [17, 18]. While 1L-23p19 knockout mice do not
demonstrate higher bacterial burden than wild type mice, IL-17 producing CD4+ cells and
IL-17 mRNA expression in the lungs after infection are significantly attenuated [19]. The
role of 1L-17 is better defined in demonstrating that when IL-17 knockout mice are infected
with M. bovis bacille Calmette-Guérin (BCG), granuloma formation in the lung is smaller,
less frequent, and less densely packed with mononuclear cells compared to wild type [20].
Though granuloma formation is essential for host protection from disseminated infection,
bacterial burden is similar in wild type mice versus IL-17 knockouts [20]. In vaccinated
animals, IL-17 also aids in recruitment of IFNy-producing Th1 cells to the lung after M.
tuberculosis infection, which seems to ultimately limit bacterial growth [21]. While it
remains unclear, there is evidence that the cells responsible for the majority of IL-17-
induced granuloma formation are vd T cells rather than Th17 cells during primary infection
[22, 23]. Overall, the function of the IL-17 axis in mycobacterial infection appears to be
mainly its downstream induction of neutrophil-recruiting cytokines and chemokines,
contributing to granuloma formation and Th1l cell recruitment but it is relatively dispensable
in primary host defense.

While the mechanisms for protection against Bordatella pertussis are not entirely clear,
several types of T helper cell as well as B cell responses appear to be involved, even after
vaccine-induced antibody response fades [24]. More recent evidence in vaccine models
indicate a robust in vitro IL-17 response to B. pertussis antigen by splenocytes from mice
that had been immunized with whole cell pertussis vaccine, an effect that was further
augmented by the presence of IL-23 in culture medium [25]. In vivo, when immunized mice
are treated with anti-1L-17 antibody before and after an aerosolized B. pertussis challenge,
bacterial burden is significantly higher compared to infected immunized mice that did not
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receive anti-1L-17 antibody, further indicating a protective role for IL-17-producing cells in
B. pertussis host defense [25]. This study specifically demonstrates the vital role of toll-like
receptor 4 in activating signaling pathways from dendritic cells which promote Th1l and
Th17 cell differentiation to fully protect the host against B. pertussis after whole cell
vaccination. In a model of natural infection, when IL-17 knockout mice are infected with B.
pertussis, lung bacterial burden is nearly 100-fold higher compared to wild type mice [26].
A baboon model of B. pertussis infection demonstrates that intratracheal administration of
bacteria induces a marked rise in IL-17, detected by nasopharyngeal washes, as early as day
5 after infection. This rise in IL-17 is preceded by increases in IL-6, IL-23, and IL-1f3 which
may indicate a priming of Th17 cell differentiation. Downstream effector molecules IL-8,
G-CSF, MCP-1, and MIP-1q are also significantly increased after infection [27].
Furthermore, a large population of IL-17 producing cells was detected by ELISPOT in
peripheral blood mononuclear cells harvested from convalescent baboons after ex-vivo
stimulation with heat-killed B. pertussis compared to naive baboons, indicating an important
role for memory Th17 cells in B. pertussisimmunity [27]. Taken together, these studies
indicate a protective role for IL-17 producing cells in host defense against B. pertussis
infection, but further studies investigating which cell types are producing this IL-17 are
necessary.

Evidence also exists for an important role for IL-17 in host defense against Mycoplasma
pneumoniae. Mice that received intranasal inoculation with M. pneumoniae were found to
have significantly increased leukocyte counts in bronchoalveolar lavage (BAL) fluid, which
correlated with markedly increased IL-17 protein levels and 1L-23p19 mRNA expression
that was at least 100 times greater in lung tissue compared to uninfected mice [28]. Since
this increase in cytokine expression does not alone indicate a direct causal relationship
between IL-17 and host defense against Mycoplasma pneumoniae, a study using IL-17A or
IL-17 RA knockout mice would be useful. However, a study using a different species of
mycoplasma showed that when IL-17-receptor deficient mice are infected intranasally with
Mycoplasma pulmonis, bacterial burden in the lung is approximately 10 times greater
compared to wild type infected mice [29]. While this evidence is convincing for IL-17
playing a role in host defense against pulmonary mycoplasma infections, more
investigations are required to better delineate the mechanism of protection.

IL-17 has been shown to be relevant in host defense against Streptococcus pneumoniae, one
of the most common and clinically relevant pathogens of all. After S pneumoniae whole cell
vaccination, protection against S. pneumoniae colonization is significantly impaired in
IL-17A receptor knockout mice compared to IFNy or 1L-4 knockout mice, who are well
protected against colonization [30]. In another study, intranasal Th17 specific S pneumoniae
antigen immunizations were shown to be markedly protective against airway colonization.
Additionally, after intraperitoneal administration of anti-1L-17A antibody, the protection
against this colonization was effectively abrogated [31].

Role of Th17 Cytokines in Protective Host Responses Against Fungal
Pneumonia

Pneumocystisjirovecii and P. murina (the mouse Pneumocystis pathogen) is a fungal
pathogen that is typically opportunistic, classically affecting patients with HIV, and its
effects can be devastating and frequently fatal. Prior to identification of Th17 cells, it was
noted that mice deficient in either Th1 or Th2 cellular responses were still protected against
P. murina infection [32]. Pneumocystis pneumonia was later linked to the IL-17/23 axis
when it was shown that intratracheally-infected 1L-23p19 knockout mice or wild type mice
treated with anti-1L-23 antibody have higher fungal burdens, decreased expression of several
associated lymphocyte chemokines, and reduced effector T cells in the lung compared with
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control mice [33]. When wild type mice receive IL-17 neutralizing antibody after infection,
there is a 10,000-fold increase in P. murina rRNA expression in the lung compared to
control [33], suggesting that the mechanism for IL-23 protection against P. murina
pneumonia may be through promotion of full effector Th17 cell function

Evidence for the protective roles of Th17 cytokines in endemic mycoses has recently been
presented. In mice infected intranasally with Histoplasma capsulatum, fungal burden in the
lungs is increased when anti-IL-17A monoclonal antibody is administered at the time of
infection. This effect is not evident until day 7 of infection but continues until day 30,
highlighting the role of IL-17 in adaptive immune response to this organism [34].
Additionally, mice deficient in both IL-12 and IL-23 (IL-12p40 knockout) exhibit
significantly decreased survival compared to mice deficient in IL-12 alone (IL-12p35
knockout), but when IL-12p35 knockout mice are treated with anti-IL17A antibody during
infection, their survival is reduced to the level of the IL-12p40 knockout mice. This would
suggest that 1L-23 is protective in H. capsulatum infection, and that effect appears to be
dependent upon IL-17 [34]. In a mouse model of Cryptococcus neoformans, when mice are
given anti-1L-17A antibody during pulmonary infection, pulmonary fungal burden is
increased at day 7 compared to mice that did not receive anti-IL-17A antibody, but this
difference is abolished at day 14. Additionally, IL-17RA knockout mice do not demonstrate
decreased survival compared to wild type mice when infected with Cryptococcus [35].
Deletion of Th2-driving cytokines IL-4 and IL-13 results in a robust Th1l and Th17 cytokine
response in mice infected with Cryptococcus that results in decreased fungal burden in the
lung and reduced pulmonary inflammation. However, deletion of Th2 immune responses did
not improve survival or Cryptococcal dissemination to the brain resulting in severe
meningoencephalitis [36]. These studies appear to indicate that IL-17 immune responses are
important for optimum host defense against Cryptococcus neoformans, especially in the
lung, but that they are not sufficient to protect against mortality and severe dissemination.

Evidence for Pathologic Th17 Cytokine Responses in Pulmonary Infection

Since Th17 cytokines are responsible for recruiting microbe-clearing cells and microbicidal
peptides to the sites of infection, they tend to have an inherently protective function.
However, when there is any breakdown or defect in the immune system physiology,
typically resulting from a disease process, these same functions of Th17 cytokines can
become pathogenic. For example, cystic fibrosis (CF) is a disease involving impaired host
defense against pulmonary infection in which Th17 cytokines have been shown to play an
important role in pathogenesis. The airways of patients with CF are coated with a dense film
of inflammatory cells, most of which are neutrophils that produce lung-damaging protease
enzymes such as elastases and matrix metalloproteinases (MMPS) (see figure 1) [37]. As
IL-17 is known to initiate a signal transduction pathway that ultimately recruits neutrophils
to sites of infection, it is hypothesized that production of IL-17 by leukocytes from human
airway submucosa is responsible for recruitment of these neutrophils in response to
Pseudomonas aeruginosa colonization in CF [38]. Indeed, several lymphocyte populations
have been shown to produce IL-17 and its downstream chemokines in the human CF airway
in all different stages of disease, and levels of IL-17 in bronchoalveolar lavage fluid
correlate with neutrophil counts [38]. Pseudomonas aeruginosa is a mainly opportunistic
bacterium that infects immunocompromised hosts, and is thus a common pulmonary
infection in cystic fibrosis (CF). Patients colonized with the Pseudomonas have increased
levels of IL-17 in sputum samples, which decreases after treatment with appropriate anti-
pseudomonas antibiotics [39]. Studies on CF patients having pulmonary exacerbations have
shown increased levels of IL-17A and IL-17F as well as upregulated downstream IL-17
effector molecules such as I1L-8 and G-CSF [39]. Lung draining lymph nodes from CF
patients at the time of lung transplant also contain T cells with a strong Th17 phenotype.
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These patients demonstrate an increase in IL-17 producing T cells and 1L-22 producing T
cells in response P. aeruginosa antigens [40]. In mouse models of chronic P. aeruginosa
infection using intratracheally administered pseudomonas-coated beads meant to mimic the
effects of decreased pathogen clearance in CF, IL-23 gene expression is elevated early after
infection, followed by significant elevations of IL-17 compared to uninfected mice [41]. In
IL-23p19 knockout mice, downstream IL-17 effector molecules CXCL1, MIP-1a, CXCL10,
and MMP9 are significantly inhibited compared to wild type mice after P. aeruginosa
infection, and neutrophil recruitment to the lung is significantly decreased, further
emphasizing the role of IL-17 induced chemokines in neutrophil recruitment and lung
inflammation [41]. However, there is no difference in bacterial burden suggesting that the
IL-17/23 pathway in chronic P. aeruginosa infection is central to generation of
inflammatory response and thus bronchiectasis, but does not participate in primary host
defense and may therefore be detrimental to the host. However, the role of IL-17 in acute
pulmonary infection with P. aeruginosa may in fact be protective. Intraperitoneal
administration of anti-IL-17 monoclonal antibody 24 hours prior to acute infection results in
decreased levels of IL-17 as well as downstream effector molecules G-CSF and CXCL1
compared to those that received control antibody resulting in reduced neutrophil recruitment
to the lung. However, contrary to the chronic infection model, anti-1L-17 resulted in higher
bacterial burden, suggesting that IL-17 may play a protective role in acute P. aeruginosa
infection [42]. While this cumulative evidence may suggest that IL-17 plays a pathogenic
role in CF in response to pathogen colonization via excess neutrophil recruitment to the
airway epithelium, direct causality between IL-17 production and the development of
bronchiectasis has yet to be established.

Other diseases that result in chronic lung inflammation and damage in the form of
bronchiectasis are chronic granulomatous disease (CGD) and chronic obstructive pulmonary
disease (COPD). CGD is a rare immunodeficiency caused by defective nicotinamide
dinucleotide phosphate (NADPH) oxidase, causing failure of phagocytes to create reactive
oxygen species and kill their engulfed pathogen which results in chronic inflammation and
granuloma formation [43] (see figure 1). Patients with CGD suffer from recurrent
pulmonary infections and long-term lung damage. While the defect in this disease is
downstream of IL-17 and its effector chemokines and cytokines, patients with CGD
demonstrate increased circulating Th17 cells compared to healthy controls which may be
due to the defects in pathogen clearance. However, this phenomenon can be corrected by
hematopoietic stem cell transplant [44], indicating that the over activation of Th17 cells due
to the insufficient pathogen Killing is likely contributing to the significant inflammation
which is a hallmark of this disease. A common pulmonary pathogen for patients with CGD
is Aspergillus fumigatus. Though there is some conflicting data regarding the pathogenic
function of IL-17 in pulmonary aspergillosis [45], experiments in mouse models of chronic
granulomatous disease have corroborated a pathogenic role for IL-17. In these mouse
models of CGD, IL-17 is mainly produced by aberrant v§ T cells in response to aspergillus
infection, and there appears to be improved survival when treated with anti-1L-17 antibody
[46].

COPD is a common destructive lung disease that typically results from long-term tobacco
smoke exposure, characterized by increased mucous production, airway inflammation, and
obstructive bronchitis (see figure 1). Patients with COPD express increased numbers of
IL-22+ cells in bronchial epithelium and increased numbers of IL-17A+ cells in bronchial
submucosa [47]. Perhaps stronger evidence for a pathogenic role of Th17 cells in COPD is
that patients with COPD also demonstrate increased Th17 signatures in peripheral blood
which significantly correlates with presence and severity of airflow limitation as measured
by pulmonary function tests [48]. Furthermore, cigarettes smoke extract has been shown to
be a strong Th17 adjuvant and IL-17 receptor deficient mice are protected from smoke
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induced emphysema [49]. While these findings indicate that IL-17-producing cells may be
pathogenic in these diseases, more work is necessary to clarify this point, as there are
profound therapeutic implications.

Role of Th17 Cytokines in Pathologic Host Responses against Fungal
Pneumonia

As mentioned above, Aspergillus fumigatus is a fungal pathogen which often causes
pneumonia in immunocompromised hosts. The IL-17/23 axis was found to be important in
increasing pathogenesis of this organism by administering intraperitoneal anti-1L-23 and
anti-1L-17 antibodies in mice that had been infected intranasally with the organism. Either
treatment decreases fungal burden and decreases Th17 cells in the lung while increasing
pulmonary Th1l cells, indicating that the IL-17/23 pathway increases pathogenesis by
inhibiting protective Th1 responses [50]. Conversely, when IL-22 is neutralized after acute
pulmonary aspergillus infection or IL-22 knockout mice are infected with aspergillus, fungal
clearance is impaired [51]. However, in a model of chronic infection, mice that are
chronically exposed to aspergillus demonstrate improved lung function when treated with
IL-22 neutralizing antibody [52], indicating that IL-22 may play a protective or restorative
role in acute pulmonary aspergillus infection but a pathogenic role in chronic pulmonary
aspergillus infection. In mouse models of Th-2-mediated allergic inflammatory responses to
pulmonary aspergillus infection, 1L-17 deficient mice show improved A. fumigatus
clearance while the presence of IL-17 seems to be associated with increased pulmonary
eosinophilia [53]. This pattern of increased pulmonary inflammation without improved
pathogen clearance is pathogenic in lung immunity and is a potential cause for lasting lung
damage.

Role of Th17 Cytokines in Pathologic Host Responses against Viral
Pneumonia

Respiratory Syncytial Virus (RSV) is a very common respiratory pathogen, and has been
linked to Th17 cytokines through various mechanisms. IL-17 production in murine models
of RSV infection appears to be regulated through STAT-1 signaling as well as TLR7
activity, and is associated with worsened airway hyperresponsiveness and increased mucous
production [54, 55]. IL-17 and several of its related cytokines and transcription factors are
increased after RSV infection in mice via upregulation of the anaphylatoxin C3a [56].
Neutralization of IL-17 after RSV infection results in down-regulation of mucus-associated
genes Muc5ac and Gob5 and a correlating decrease in mucus and goblet cell staining by
lung histology. IL-17 neutralization after RSV infection also results in decreased lung
neutrophilia and lower viral load in the lungs. Further, development of protective RSV
antigen-specific cytotoxic CD8 T cells appears to be impaired by IL-17 [57]. Taken
together, there is significant data to indicate that IL-17 is regulated at multiple levels
because it has a significantly pathogenic role in RSV infection by impairing viral clearance
while worsening inflammation and hindering antiviral response capacity by the host.

The involvement of Th17 cytokines in influenza infection was shown to be clinically
relevant in the 2009 H1N1 flu pandemic that affected much of the world when serum
samples from H1N1 patients demonstrated significant elevations in IL-17 as well as several
Th-17 mediators including IL-6, IL-8, G-CSF, and GM-CSF [58, 59]. The mechanisms and
extent of the involvement of IL-17 were clarified when IL-17RA knockout mice that were
infected with PR/8 H1N1 influenza virus exhibit less weight loss than wild type infected
mice. IL-17RA knockout mice also exhibit attenuated pulmonary inflammation by
histology, less lung damage, decreased IL-17 neutrophil-recruiting chemokines KC and G-
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CSF, and therefore decreased neutrophil counts in BAL samples [60]. This combination of
factors leads to a conclusion that much like RSV, influenza virus appears to induce IL-17 in
a pathogenic capacity with regard to pulmonary host defense. By contrast, 1L-22 has been
found to aid in epithelial repair after influenza infection, as IL-22 knockout mice have
worsened lung damage after influenza infection. Additionally, while IL-22Ral expression is
typically only found in airway epithelium, its expression appears to be induced in the
parenchyma after influenza infection. IL-22 knockout mice also demonstrate increased
collagen deposition in the lung parenchyma and correlating increased lung stiffness [61].
IL-22 knockout mice also demonstrate increased susceptibility to secondary bacterial
infection after influenza exposure [62]. While the cell types responsible for IL-22 production
have not been fully elucidated, IL-22 does appear to play a reparative role in the lung after
influenza infection.

Conclusions

Though much work has yet to be done towards better defining the role of Th17 cytokines in
pulmonary host defense, animal models as well as human disease processes have provided
us with much insight into this question. These cytokines appear to act through neutrophil
recruitment to protect the host against such pathogens as Klebsiella pneumoniae,
Mycobacterium tuberculosis, Bordatella pertussis, Mycoplasma pneumoniae,

Saphyl ococcus aureus, Streptococcus pneumoniage, and fungal pathogens including
Candida albicans and possibly Pneumocystis carinii, Histoplasmosis capsulatum, and
Cryptococcus neoformans. However, by acting through the same process of chemokine and
cytokine production resulting in neutrophil recruitment, Th17 cytokines can contribute to
pathogenesis in Pseudomonas aeruginosa, Aspergillus fumigatus, Respiratory syncytial
virus, and influenza virus. Recently, a significant amount of information has become
available to define some of the phenotypic distinctions between pathogenic and classical
Th17 cells [63-66]. While these distinctions in models of lung infection have not yet been
elucidated, it is possible that such differences are involved in the discrepant roles of Th17
cells in lung infection. Future scientific endeavors examining mechanisms behind the
differential outcomes of pathogenesis versus protection in these infections would be
particularly useful, as there may be significant therapeutic strategies and prognostic
implications that could be extracted from this information.
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Figure 1. A model of protective versus pathologic Type 17 Immune responsesin the lung
Healthy bronchial epithelium can be exposed to pathogens, and intra-epithelial antigen
presenting cells can present pathogenic antigens to T cells in both the bronchial submucosa
and the lymph nodes, thereby activating IL-17 producing T cells. Cytokines produced by
antigen presenting cells can also activate innate cells such as y8 T cells and other cells to
produce Th17 cytokines. IL-17 and other cytokines such as TNF-a and 1L-22 stimulate
production of chemokines to recruit neutrophils to the site of infection. Neutrophils then
participate in pathogen killing through multiple processes which include engulfment into
phagolysosomes and production of reactive oxygen species in part by the enzyme NADPH.
In cystic fibrosis, there is reduced chloride and bicarbonate secretion as well as excessive
mucous production resulting in bronchial epithelial surfaces which are coated with
inspissated mucous and dysfunctional cilia, creating an ideal environment for pathogen
colonization. Chronic pathogen exposure can lead to chronic Th17 cell activation and
augmented neutrophil infiltration which generate matrix metalloproteinases (MMPs) and
and airway damage. In chronic granulomatous disease, there is a defect in NADPH function
which results in phagocytosis of pathogens without effective pathogen killing, causing
chronic inflammation by accumulation of dysfunctional neutrophils and ultimately
granuloma formation. When the bronchial epithelium is exposed to cigarette smoke antigen,
which contains the ligands for the aryl hydrocarbon receptor (Ahr), the activation of Ahr in
Th17 cells enhances Th17 cytokine production, leading to chronic inflammation and
ultimately may contribute to pathogenesis in chronic obstructive pulmonary disease.
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