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Abstract
Th17 cells are a new lineage of T-cells that are controlled by the transcription factor RORγt and
develop independent of GATA-3, T-bet, Stat 4 and Stat 6. Novel effector molecules produced by
these cells include IL-17A, IL-17F, IL-22, and IL-26. IL-17RA binds IL-17A and IL-17F and is
critical for host defense against extracellular planktonic bacteria by regulating chemokine gradients
for neutrophil emigration into infected tissue sites as well as host granulopoiesis. Moreover IL-17
and IL-22 regulate the production of antimicrobial proteins in mucosal epithelium. Although TGF-
β1 and IL-6 have been shown to be critical for development of Th17 cells from naïve precursors,
IL-23 is also important in regulating IL-17 release in mucosal tissues in response to infectious stimuli.
Compared to Th1 cells, IL-23 and IL-17 show limited roles in controlling host defense against
primary infections with intracellular bacteria such as Mycobacterium tuberculosis suggesting a
predominate role of the Th17 lineage in host defense against extracellular pathogens. However in
the setting of chronic biofilm infections, as that occurs with Cystic Fibrosis or bronchetctasis, Th17
cells may be key contributors of tissue injury.

Introduction
The critical role of CD4+ T-cells in host defense against variety of pathogens became clearly
evident by the Acquired Immunodeficiency Syndrome (AIDS) epidemic. Large
epidemiological studies across patients infected with Human Immunodeficiency Virus-1 and
AIDS showed clear inverse relationships between CD4+ T-cell count in peripheral blood and
the risk of infection with Mycobacterium tuberculosis, Pneumocystis, and Toxoplasma
gondii [1] [2]. With the discovery of the T-cell subsets Th1 defined by interferon gamma
production and Th2 cells defined by IL-4, IL-5, and IL-13 production and the use of selective
gene deletions within these effector molecules, it became possible to ascribe specific infections
with defects along these T-cell lineages. For example defects in the generation of the Th1 cell
effector interferon-gamma resulted in susceptibility to Mycobacterium tuberculosis infection
or an increase in susceptibility to Toxoplasma infection [3] [4] [5] [6] [7]. Moreover the lack
of an effective Th2 response was shown to predispose to infection with helminths [8] [9]. In
addition to these specific susceptibilities in CD4-deficient hosts, data in humans also suggested
that Th1 and Th2 immune responses could be associated with specific pathologies. For example
a strong Th1 response was associated with the tuberculoid form of leprosy, an infection caused
by Mycobacterium leprae whereas; a Th2 response was associated with the less controlled
variant, lepromatous leprosy [10].
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Although much of clinical HIV-associated risk of infection in the Western world could be
understood under this paradigm, this dichotomy of T-cell subsets was incomplete. This
particularly became evident as prophylaxis against the opportunistic pathogen Pneumocystis
became widespread in the late 80's to the early 90's and bacterial pneumonia increased as a
major a pulmonary complication of AIDS [11] [12]. Just like infections ascribed to Th1 or Th2
immunity, epidemiological data also suggested that lung infections with extracellular bacteria
were also inversely associated with CD4+ T-cells in peripheral blood [11] [12]. However
whether this susceptibility was due to a defect in Th1 or Th2 immunity was unclear. It was
hypothesized that the susceptibility of HIV infected patients with low CD4+ T-cell counts
could be due to lack of T-cell helper function and the generation of neutralizing or opsonic
activity against pathogens such as Streptococcus pneumoniae, Klebsiella pneumoniae or
Pseudomonas aeruginosa. However this immune defect would not necessary explain
susceptibility to primary infection.

With the cloning of IL-17 in 1993 and its receptor in 1995 [13] [14] we undertook studies to
determine if IL-17, a molecule shown to be expressed in subset of CD4+ memory T-cell could
further explain the susceptibility of CD4+ T-cell deficient patients to infection. Particularly,
as the original biological activity of IL-17 in vitro was to support the differentiation of human
CD34+ cells along a granulopoietic lineage, it was reasonable to assume that IL-17 may
regulate neutrophil responses in vivo; a cell that had previously been shown to be critical for
many extracellular pathogens. Thus, we hypothesized that the differentiation and recruitment
of neutrophils by IL-17 producing T-cells that may in part explain the susceptibility of CD4+
T-cell deficient host to extracellular pathogens.

IL-17 and granulopoiesis
Schwarzenberger and colleagues overexpressed IL-17 in mice and showed that IL-17 can
markedly expand both neutrophil progenitors in bone marrow and spleen as well as mature
neutrophils in peripheral blood [15] This expansion is not a direct effect of IL-17 as
neutralization of granulocyte-colony stimulating factor or deficiency of transmembrane stem
cell factor [15] [16] markedly attenuated the response to IL-17. Furthermore mice with a
homozygous deletion of IL-17RA (IL-17RA KO mice) have normal circulating numbers of
neutrophils in peripheral blood but are much more susceptible to sublethal gamma irradiation
and show reduced neutrophil recovery [17]. These data suggest that stress-induced
granulopoiesis requires IL-17RA signaling. In support of this, we examined neutrophil
progenitor mobilization in a model of gram negative pneumonia using the bacterial strain K.
pneumoniae [18]. Wild-type mice show a nearly 100% increase in CFU-GM and over a 200%
increase in high proliferative potential colonies containing 50 or more cells (Figure 1). However
this response is nearly absent in IL-17RA KO mice (Figure 1) despite higher levels of IL-17A
ligand in the lungs of these mice [18] demonstrating that IL-17RA signaling is critical for this
response. Again this effect is likely due the secondary mediators induced by IL-17 such as G-
CSF and IL-6 [16] [18]. Using mice that have neutrophil adhesion defects, such as CD18
deficiency, which is associated with an expansion of circulating neutrophils in peripheral blood,
Ley and colleagues have shown that this expansion of neutrophils is regulated G-CSF [19]
[20]. This G-CSF response is regulated by gut derived IL-23 [21] and ultimately IL-17
production by T-cells as antibodies to IL-17 or a soluble receptor which antagonizes IL-17
binding, abrogates the neutrophilia observed in these mice [19]. Stark et al. have proposed a
model by which the normal uptake of apoptotic neutrophils in the lamina propria of the gut
antagonizes IL-23p19 expression and thereby negatively regulating IL-17 production by gut
T-cells, thereby allowing precise physiological regulation of circulating neutrophil numbers
[21]. However in the context of strong Toll-like receptor stimulation such as with TLR4 ligands
higher levels of IL-23 can be produced to promote IL-17 induced granulopoiesis in the setting
of infection [22].
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IL-17 regulation of chemokines
In addition to regulation of granulopoiesis, IL-17 has been shown to regulate the production
of specific chemokine ligands of CXCR1/CXCR2 in fibroblasts and epithelial cells, along with
emigration of neutrophils into mucosal sites [23] [24] [25]. IL-17A stimulation of human
bronchial epithelial, venous endothelial cells, and human synoviocytes results in the production
and release of CXCL8 (IL-8) [26] [27] [25]. IL-17A also induces CXCL6 in human bronchial
epithelial cells [25] and CXCL5 in murine in osteoblasts in vitro [28]. It is important to note
that these cells represent critical barriers for neutrophil invasion. IL-17A and IL-17F also
induce CXCL1 and G-CSF in human bronchial epithelial response and this response to both
ligands is antagonized by anti-IL-17RA monoclonal antibody suggesting that both IL-17A and
IL-17F require IL-17RA for a functional signaling receptor complex [24]. In human
synoviocytes in vitro, IL-17A induction of CXCL8 requires NF-kB and the PI-3 kinase/Akt
pathway [29]. Moreover there is experimental evidence to support a role for p38 mitogen
activated protein (MAP) kinases and extracellular signal regulated kinase (ERK), in the
production of CXC chemokines to IL-17 in HBE cells [30] [31]. In many of these CXC
chemokine responses, both IL-17A and IL-17F shown marked synergy with TNF-alpha [25].
Recently it has been demonstrated that in mouse embryonic fibroblasts the induction of CXCL1
by IL-17A and IL-17F requires the downstream adaptor Act1 and the induction of CXCL1 is
only partly dependent on NF-κB [32]. Other potential transcription factors responsible for
IL-17 induced CXCL1 gene expression include CEBPδ which has been shown to mediate some
of the synergy of gene expression observed with IL-17A and TNF-alpha dual stimulation
[33].

Although it has been reported that IL-17A lacks a direct effect on chemotaxis for human blood
neutrophils in vitro, local administration of IL-17A into the lung or synovial space of
experimental animals results in a significant accumulation of neutrophils into these specific
tissue compartments in vivo [25] [34]. This neutrophil emigration in the context of the lung is
blocked by a neutralizing and specific anti-IL-17 antibody or pretreatment with glucocorticoids
[26] and cell emigration is likely the result of the local induction of CXCL1, CXCL2, and
CXCL5 although the specific requirement of these individual chemokines has not been fully
studied. This effect is also observed with IL-17C, IL-17E, and IL-17F however, IL-17E also
results in significant emigration of eosinophils [35] consistent with its Th2 cytokine profile.
In addition to eliciting the ligands for CXCR1 and CXCR2 and neutrophil emigration, local
administration of IL-17A into the lungs of experimental animals results in an increase in
neutrophil elastase and myeloperoxidase (MPO) activity in rats in vivo [36].

IL-17 and mucosal host defense
IL-17A, and IL-17F, is induced in a dose- and time-dependent fashion several models of
infection including gram-negative bacteria such as K. pneumoniae [37] [18]. Just as IL-17 is
potent inducer of CXCL1, 2 and 5, mice with a homozygous deletion of IL-17RA show reduced
levels of CXCL2 in the lung upon challenge with the gram negative bacteria, K. pneumoniae
[18]. This defective CXC chemokine response is associated with reduced neutrophil emigration
into the lung. It is likely this defect, along with nearly an 85% reduction in G-CSF in IL-17RA
−/− mice compared to wild-type controls that leads to the increased bacteremia and mortality
observed in these mice [18]. In support of this, mice deficient in IL-23, a key survival factor
for Th17 cells [38] [39] [40], show reduced survival and reduced IL-17 levels in response to
K. pneumoniae. However restoration of local IL-17 levels in the lung, restores bacterial killing
as well as the local levels of G-CSF, CXCXL1 and CXCL5 [40]. In addition to IL-17 regulating
host defense to aerobic pathogens, Chung et al have shown that intraabdominal abscess
formation due to the anaerobic bacterium Bacteroides fragilis requires IL-17A [41]. IL-23 has
also been shown to be critical for mucosal host defense in the gut in response to infection with
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Citrobacter rodentium which is natural occurring pathogen in mice [42]. Interestingly in this
model IL-17A was produced in both IL-23p19 deficient and wild-type suggesting that the
susceptibility of IL-23p19 −/− mice is independent of IL-17A [42]. In addition to extracellular
bacteria, Huang et al have shown that IL-17RA signaling is also required for optimal host
defense against Candia albicans [43] and antibodies against IL-23p19 antagonize pulmonary
IL-17 production, neutrophil emigration, and host defense against Mycoplasma pulmonis
[44]. In addition to regulating CXCR1/2 ligands and G-CSF, IL-17 regulates antimicrobial
peptide production of beta defensins [45] and calgranulins in human bronchial epithelial cells
and keratinocytes. Recently it has been shown that IL-22 a product of Th17 cells synergizes
with IL-17 in inducing these antimicrobial proteins in human keratinocytes which lends further
support of the T-cell lineage in mucosal immunity [46]. Due to the fact that there is redundancy
in the beta defensin and calgranulins gene family it will require further experimentation to
determine the individual contributions of these proteins in ThIL-17 mediated mucosal
immunity.

Cellular Sources of IL-17 to infection in vivo
Although the factors that regulate the differentiation of naive αβ T-cells into IL-17 producing
T-cells is becoming much more clear with contributions of TGF-β, IL-6 and IL-23 [42] [47]
[48], the regulation of IL-17 by T-cells in vivo is much more complex. For example Ley et al
have shown that in maintaining neutrophil homeostasis, that approximately 60% of the IL-17
producing T-cells are γδ T cells, 25% NKT like cells, and only approximately 15% are CD4+
T cells [20]. In response to stimulation by lipopetides from Borrelia burgdorferi, IL-17A
localizes to a subset of T-lymphocytes expressing tumor necrosis factor TNF-alpha and
granulocyte-macrophage colony-stimulating factor (GM-CSF) [49]. Moreover, CD8+ T-cells
have been shown to produce IL-17 in response to K. pneumoniae in vitro [22] and depletion
of CD8+ cells partially abrogates lung IL-17 responses in vivo to the same infection [22].
Further evidence for a predominant role of T-cells is the fact that SCID mice show over a 90%
reduction in IL-17A concentration within the lung after endotoxin exposure [22] [27]. Recently
Michel et al have demonstrated that a critical source of IL-17 in the airway is a novel NK1.1
negative, α-gal-ser positive invariant NKT cell population and this population is critical for
airway neutrophilia in response to endotoxin [50]. Lockhart et al have shown that γδ T-cells
are the predominant source of IL-17 in M. tuberculosis infection in mice [51] however neither
IL-23 [52] nor IL-17R signaling is required for host defense against primary TB infection
(Figure 2), However in response to the extracellular pathogen E. coli, Shibata et al have shown
that the Vγ1 subset of γδ T-cells are critical for IL-17 production in an intraperitoneal model
of infection [53]. Thus it appears that IL-17 production is likely regulated by different cells
and perhaps different cytokine control at different mucosal/serosal surfaces such as the skin,
gut, and lung. In addition to T-lymphocytes, IL-17A message or intracellular protein has been
detected in eosinophils and neutrophils and human blood monocytes but release of free, soluble
IL-17A protein by these cells has not been reported [25].

Receptor utilization by IL-17A and IL-17F
Although the Act1 is been shown to be a critical adaptor protein of both IL-17A and IL-17F
CXCL1 production [32] there is an emerging picture of ligand:receptor specificities in both
mouse in human cells. Human IL-17A can bind to IL-17RA but with relatively weak affinity
and IL-17F shows one log less affinity to IL-17RA [54]. Transfection of murine IL-17RA −/
− fibroblasts with human IL-17RA poorly complements IL-17RA signaling to both potential
ligands, IL-17A and IL-17F. However co-transfection of human IL-17RC has been shown to
result in fully complement signaling to both IL-17A and IL-17F [54]. Moreover, in human 293
cells transfected with both IL-17RA and IL-17RC is possible to show these two proteins
associate by co-immunoprecipitation [54]. However IL-17RA is an essential component for
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both IL-17A and IL-17F signaling in both mouse and human epithelial cells. Mouse IL-17RA
−/− fibroblasts fail to produce CXCL1 in response to IL-17A or IL-17F and monoclonal
antibodies raised against human IL-17RA block IL-17A and IL-17F CXCL1 production in
HBE cells [24]. However soluble IL-17RA only antagonizes IL-17A signaling and lacks the
affinity to effectively block IL-17F biding in HBE cells (Figure 3) [24]. Thus the use of soluble
receptors or anti-receptor monoclonal antibodies could be exploited to specifically antagonize
IL-17A, IL-17F, or both.

Role of IL-17 in vaccine-induced immunity
Although IL-17RA signaling has shown limited roles in primary infection with intracellular
infections such as TB (Figure 2), recent evidence supports a critical role of IL-17 producing
T-cells in vaccine induced protection to both extracellular and intracellular infections. Higgins
et al have shown that vaccine induced protection against Bordetella pertussis with a whole cell
pertussis vaccine induces TLR4-depednent Th1 and Th17 response and that the Th17 response
was required for efficacy [55]. Furthermore there was a strong requirement for IL-1β in the
generation of the TLR4-dependent Th17 response [55]. Malley and colleagues have shown a
role for IL-17A in vaccine induced efficacy against the gram positive pathogen Streptococcus
pneumoniae using a species-common cell wall polysaccharide as antigen [56] which was also
dependent on the charged amino group on the polymer backbone by N-acetylation [56].
Potential mechanism of efficacy of vaccine induced Th17 cells is likely through the regulation
of chemokines. Khader et al have shown that BCG induced protection against M.
tuberculosis requires IL-23 and IL-17, and IL-17 is critical for the regulation of the CXCR3
ligands, CXCL9, CXCL10 and CXCL11 [57] thereby augmenting Th1 cell recruitment. Thus,
adjuvants that induce IL-23 or the generation of Th17 cells may be particularly useful for
vaccine efficacy in the setting of both extracellular and intracellular pathogens. However, there
is need for some caution as in the setting of biofilm infections, such as mucoid P.
aeruginosa infection, as occurs in bronchiectasis or cystic fibrosis, IL-23 contributes to tissue
pathology [58]. These data suggest that in the presence of specific bacterial or host factors that
prohibit clearance of the pathogen, vaccination to induce a Th17 response may be harmful. In
contrast in the setting of chronic biofilm infection antagonizing Th17 immunity may be
beneficial in preventing further tissue inflammation and injury [58]

Conclusions
Evidence clearly supports the notion that Th17 cells are a distinct lineage that may have evolved
to mediate mucosal host defense against extracellular pathogens. Moreover there is emerging
evidence that these cells are critical in mediating vaccine induced protection to a variety of
pathogens. Part of this effect is likely mediated by regulation of chemokines. Further work is
needed to determine if this protection can be exploited in terms of T-cell lineage specific
adjuvants. Furthermore the longevity of antigen specific Th17 cells and their contributions to
cellular and humoral memory also needs to be explored.

Acknowledgements

Funding for this project was provided, in part, by the Pennsylvania Department of Health, Tobacco Formula Funding
and the National Institutes of Health

References
1. Beck JM, Rosen MJ, Peavy HH. Pulmonary complications of HIV infection. Report of the Fourth

NHLBI Workshop. Am J Respir Crit Care Med 2001;164:2120–2126. [PubMed: 11739145]
2. Gallant JE, Moore RD, Chaisson RE. Prophylaxis for opportunistic infections in patients with HIV

infection. Ann Intern Med 1994;120:932–944. [PubMed: 8172439]

Aujla et al. Page 5

Semin Immunol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Cooper AM, Roberts AD, Rhoades ER, Callahan JE, Getzy DM, Orme IM. The role of interleukin-12
in acquired immunity to Mycobacterium tuberculosis infection. Immunology 1995;84:423–432.
[PubMed: 7751026]

4. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An essential role for interferon
gamma in resistance to Mycobacterium tuberculosis infection. J Exp Med 1993;178:2249–2254.
[PubMed: 7504064]

5. Cooper AM, Dalton DK, Stewart TA, Griffin JP, Russell DG, Orme IM. Disseminated tuberculosis in
interferon gamma gene-disrupted mice. J Exp Med 1993;178:2243–2247. [PubMed: 8245795]

6. Suzuki Y, Conley FK, Remington JS. Importance of endogenous IFN-gamma for prevention of
toxoplasmic encephalitis in mice. J Immunol 1989;143:2045–2050. [PubMed: 2506275]

7. Gazzinelli RT, Hieny S, Wynn TA, Wolf S, Sher A. Interleukin 12 is required for the T-lymphocyte-
independent induction of interferon gamma by an intracellular parasite and induces resistance in T-
cell-deficient hosts. Proc Natl Acad Sci U S A 1993;90:6115–6119. [PubMed: 8100999]

8. Finkelman FD, Shea-Donohue T, Goldhill J, Sullivan CA, Morris SC, Madden KB, Gause WC, Urban
JF Jr. Cytokine regulation of host defense against parasitic gastrointestinal nematodes: lessons from
studies with rodent models. Annu Rev Immunol 1997;15:505–533. [PubMed: 9143698]

9. Maizels RM, Yazdanbakhsh M. Immune regulation by helminth parasites: cellular and molecular
mechanisms. Nat Rev Immunol 2003;3:733–744. [PubMed: 12949497]

10. Sieling PA, Modlin RL. Cytokine patterns at the site of mycobacterial infection. Immunobiology
1994;191:378–387. [PubMed: 7713551]

11. Wolff AJ, O'Donnell AE. Pulmonary manifestations of HIV infection in the era of highly active
antiretroviral therapy. Chest 2001;120:1888–1893. [PubMed: 11742918]

12. Benihoud K, Saggio I, Opolon P, Salone B, Amiot F, Connault E, Chianale C, Dautry F, Yeh P,
Perricaudet M. Efficient, repeated adenovirus-mediated gene transfer in mice lacking both tumor
necrosis factor alpha and lymphotoxin alpha. J Virol 1998;72:9514–9525. [PubMed: 9811684]

13. Rouvier E, Luciani MF, Mattei MG, Denizot F, Golstein P. CTLA-8, cloned from an activated T cell,
bearing AU-rich messenger RNA instability sequences, and homologous to a herpesvirus saimiri
gene. J Immunol 1993;150:5445–5456. [PubMed: 8390535]

14. Yao Z, Fanslow WC, Seldin MF, Rousseau A-M, Painter SL, Comeau MR, Cohen JI, Spriggs MK.
Herpesvirus saimiri encodes a new cytokine, IL-17, which binds to novel cytokine receptor. Immunity
1995;3:811–821. [PubMed: 8777726]

15. Schwarzenberger P, La R, V, Miller A, Ye P, Huang W, Zieske A, Nelson S, Bagby GJ, Stoltz D,
Mynatt RL, Spriggs M, Kolls JK. IL-17 stimulates granulopoiesis in mice: use of an alternate, novel
gene therapy-derived method for in vivo evaluation of cytokines. J Immunol 1998;161:6383–6389.
[PubMed: 9834129]

16. Schwarzenberger P, Huang W, Ye P, Oliver P, Manuel M, Zhang Z, Bagby G, Nelson S, Kolls JK.
Requirement of Endogenous Stem Cell Factor and Granulocyte-Colony- Stimulating Factor for
IL-17-Mediated Granulopoiesis. J Immunol 2000;164:4783–4789. [PubMed: 10779785]

17. Tan W, Huang W, Zhong Q, Schwarzenberger P. IL-17 receptor knockout mice have enhanced
myelotoxicity and impaired hemopoietic recovery following gamma irradiation. J Immunol
2006;176:6186–6193. [PubMed: 16670328]

18. Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr J, Schwarzenberger P, Oliver P, Huang W,
Zhang P, Zhang J, Shellito JE, Bagby GJ, Nelson S, Charrier K, Peschon JJ, Kolls JK. Requirement
of interleukin 17 receptor signaling for lung cxc chemokine and granulocyte colony-stimulating
factor expression, neutrophil recruitment, and host defense. J Exp Med 2001;194:519–528. [PubMed:
11514607]

19. Forlow SB, Schurr JR, Kolls JK, Bagby GJ, Schwarzenberger PO, Ley K. Increased granulopoiesis
through interleukin-17 and granulocyte colony-stimulating factor in leukocyte adhesion molecule-
deficient mice. Blood 2001;98:3309–3314. [PubMed: 11719368]

20. Ley K, Smith E, Stark MA. IL-17A-producing neutrophil-regulatory Tn lymphocytes. Immunol Res
2006;34:229–242. [PubMed: 16891673]

21. Stark MA, Huo Y, Burcin TL, Morris MA, Olson TS, Ley K. Phagocytosis of apoptotic neutrophils
regulates granulopoiesis via IL-23 and IL-17. Immunity 2005;22:285–294. [PubMed: 15780986]

Aujla et al. Page 6

Semin Immunol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



22. Happel KI, Zheng M, Young E, Quinton LJ, Lockhart E, Ramsay AJ, Shellito JE, Schurr JR, Bagby
GJ, Nelson S, Kolls JK. Cutting Edge: Roles of Toll-Like Receptor 4 and IL-23 in IL-17 Expression
in Response to Klebsiella pneumoniae Infection. J Immunol 2003;170:4432–4436. [PubMed:
12707317]

23. Witowski J, Pawlaczyk K, Breborowicz A, Scheuren A, Kuzlan-Pawlaczyk M, Wisniewska J,
Polubinska A, Friess H, Gahl GM, Frei U, Jorres A. IL-17 stimulates intraperitoneal neutrophil
infiltration through the release of GRO alpha chemokine from mesothelial cells. J Immunol
2000;165:5814–5821. [PubMed: 11067941]

24. McAllister F, Henry A, Kreindler JL, Dubin PJ, Ulrich L, Steele C, Finder JD, Pilewski JM, Carreno
BM, Goldman SJ, Pirhonen J, Kolls JK. Role of IL-17A, IL-17F, and the IL-17 Receptor in
Regulating Growth-Related Oncogene-{alpha} and Granulocyte Colony-Stimulating Factor in
Bronchial Epithelium: Implications for Airway Inflammation in Cystic Fibrosis. J Immunol
2005;175:404–412. [PubMed: 15972674]

25. Kolls JK, Linden A. Interleukin-17 family members and inflammation. Immunity 2004;21:467–476.
[PubMed: 15485625]

26. Laan M, Cui ZH, Hoshino H, Lötvall J, Sjöstrand M, Gruenert DC, Skoogh BE, Lindén A. Neutrophil
recruitment by human IL-17 via C-X-C chemokine release in the airways. J Immunol 1999;162:2347–
2352. [PubMed: 9973514]

27. Ferretti S, Bonneau O, Dubois GR, Jones CE, Trifilieff A. IL-17, produced by lymphocytes and
neutrophils, is necessary for lipopolysaccharide-induced airway neutrophilia: IL-15 as a possible
trigger. J Immunol 2003;170:2106–2112. [PubMed: 12574382]

28. Ruddy MJ, Shen F, Smith JB, Sharma A, Gaffen SL. Interleukin-17 regulates expression of the CXC
chemokine LIX/CXCL5 in osteoblasts: implications for inflammation and neutrophil recruitment. J
Leukoc Biol 2004;76:135–144. [PubMed: 15107456]

29. Hwang SY, Kim JY, Kim KW, Park MK, Moon Y, Kim WU, Kim HY. IL-17 induces production of
IL-6 and IL-8 in rheumatoid arthritis synovial fibroblasts via NF-kappaB- and PI3-kinase/Akt-
dependent pathways. Arthritis Res Ther 2004;6:R120–R128. [PubMed: 15059275]

30. Laan M, Lötvall J, Chung KF, Lindén A. IL-17-induced cytokine release in human bronchial epithelial
cells in vitro: role of mitogen-activated protein (MAP) kinases. Br J Pharmacol 2001;133:200–206.
[PubMed: 11325811]

31. Prause O, Laan M, Lötvall J, Lindén A. Pharmacological modulation of interleukin-17-induced
GCP-2-, GRO-alpha- and interleukin-8 release in human bronchial epithelial cells. Eur J Pharmacol
2003;462:193–198. [PubMed: 12591113]

32. Qian Y, Liu C, Hartupee J, Altuntas CZ, Gulen MF, Jane-Wit D, Xiao J, Lu Y, Giltiay N, Liu J,
Kordula T, Zhang QW, Vallance B, Swaidani S, Aronica M, Tuohy VK, Hamilton T, Li X. The
adaptor Act1 is required for interleukin 17-dependent signaling associated with autoimmune and
inflammatory disease. Nat Immunol 2007;8:247–256. [PubMed: 17277779]

33. Shen F, Ruddy MJ, Plamondon P, Gaffen SL. Cytokines link osteoblasts and inflammation:
microarray analysis of interleukin-17- and TNF-{alpha}-induced genes in bone cells. J Leukoc Biol
2005;77:388–399. [PubMed: 15591425]

34. Miyamoto M, Prause O, Sjöstrand M, Laan M, Lötvall J, Lindén A. Endogenous IL-17 as a Mediator
of Neutrophil Recruitment Caused by Endotoxin Exposure in Mouse Airways. J Immunol
2003;170:4665–4672. [PubMed: 12707345]

35. Hurst SD, Muchamuel T, Gorman DM, Gilbert JM, Clifford T, Kwan S, Menon S, Seymour B, Jackson
C, Kung TT, Brieland JK, Zurawski SM, Chapman RW, Zurawski G, Coffman RL. New IL-17 family
members promote Th1 or Th2 responses in the lung: in vivo function of the novel cytokine IL-25. J
Immunol 2002;169:443–453. [PubMed: 12077275]

36. Hoshino H, Laan M, Sjöstrand M, Lötvall J, Skoogh BE, Lindén A. Increased elastase and
myeloperoxidase activity associated with neutrophil recruitment by IL-17 in airways in vivo. J
Allergy Clin Immunol 2000;105:143–149. [PubMed: 10629464]

37. Ye P, Garvey PB, Zhang P, Nelson S, Bagby G, Summer WR, Schwarzenberger P, Shellito JE, Kolls
JK. Interleukin-17 and Lung Host Defense against Klebsiella pneumoniae Infection. Am J Respir
Cell Mol Biol 2001;25:335–340. [PubMed: 11588011]

Aujla et al. Page 7

Semin Immunol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



38. Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM. Th17: an effector CD4 T cell
lineage with regulatory T cell ties. Immunity 2006;24:677–688. [PubMed: 16782025]

39. Hunter CA. New IL-12-family members: IL-23 and IL-27, cytokines with divergent functions. Nat
Rev Immunol 2005;5:521–531. [PubMed: 15999093]

40. Happel KI, Dubin PJ, Zheng M, Ghilardi N, Lockhart C, Quinton LJ, Odden AR, Shellito JE, Bagby
GJ, Nelson S, Kolls JK. Divergent roles of IL-23 and IL-12 in host defense against Klebsiella
pneumoniae. J Exp Med. 2005

41. Chung DR, Kasper DL, Panzo RJ, Chitnis T, Grusby MJ, Sayegh MH, Tzianabos AO. CD4+ T cells
mediate abscess formation in intra-abdominal sepsis by an IL-17-dependent mechanism. J Immunol
2003;170:1958–1963. [PubMed: 12574364]

42. Mangan PR, Harrington LE, O'Quinn DB, Helms WS, Bullard DC, Elson CO, Hatton RD, Wahl SM,
Schoeb TR, Weaver CT. Transforming growth factor-b induces development of the TH17 lineage.
Nature 2006;441:231–234. [PubMed: 16648837]

43. Huang W, Na L, Fidel PL, Schwarzenberger P. Requirement of interleukin-17A for systemic anti-
Candida albicans host defense in mice. J Infect Dis 2004;190:624–631. [PubMed: 15243941]

44. Wu Q, Martin RJ, Rino JG, Breed R, Torres RM, Chu HW. IL-23-dependent IL-17 production is
essential in neutrophil recruitment and activity in mouse lung defense against respiratory
Mycoplasma pneumoniae infection. Microbes Infect 2007;9:78–86. [PubMed: 17198762]

45. Kao CY, Chen Y, Thai P, Wachi S, Huang F, Kim C, Harper RW, Wu R. IL-17 markedly up-regulates
beta-defensin-2 expression in human airway epithelium via JAK and NF-kappaB signaling pathways.
J Immunol 2004;173:3482–3491. [PubMed: 15322213]

46. Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M, Fouser LA.
Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance expression
of antimicrobial peptides. J Exp Med 2006;203:2271–2279. [PubMed: 16982811]

47. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo VK. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and regulatory T cells.
Nature 2006;441:235–238. [PubMed: 16648838]

48. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. TGFbeta in the context of an
inflammatory cytokine milieu supports de novo differentiation of IL-17-producing T cells. Immunity
2006;24:179–189. [PubMed: 16473830]

49. Infante-Duarte C, Horton HF, Byrne MC, Kamradt T. Microbial lipopeptides induce the production
of IL-17 in Th cells. J Immunol 2000;165:6107–6115. [PubMed: 11086043]

50. Michel ML, Keller AC, Paget C, Fujio M, Trottein F, Savage PB, Wong CH, Schneider E, Dy M,
Leite-de-Moraes MC. Identification of an IL-17-producing NK1.1neg iNKT cell population involved
in airway neutrophilia. J Exp Med. 2007

51. Lockhart E, Green AM, Flynn JL. IL-17 production is dominated by gammadelta T cells rather than
CD4 T cells during Mycobacterium tuberculosis infection. J Immunol 2006;177:4662–4669.
[PubMed: 16982905]

52. Khader SA, Pearl JE, Sakamoto K, Gilmartin L, Bell GK, Jelley-Gibbs DM, Ghilardi N, deSauvage
F, Cooper AM. IL-23 compensates for the absence of IL-12p70 and is essential for the IL-17 response
during tuberculosis but is dispensable for protection and antigen-specific IFN-gamma responses if
IL-12p70 is available. J Immunol 2005;175:788–795. [PubMed: 16002675]

53. Shibata K, Yamada H, Hara H, Kishihara K, Yoshikai Y. Resident Vdelta1+ gammadelta T cells
control early infiltration of neutrophils after Escherichia coli infection via IL-17 production. J
Immunol 2007;178:4466–4472. [PubMed: 17372004]

54. Toy D, Kugler D, Wolfson M, Vanden Bos T, Gurgel J, Derry J, Tocker J, Peschon J. Cutting edge:
interleukin 17 signals through a heteromeric receptor complex. J Immunol 2006;177:36–39.
[PubMed: 16785495]

55. Higgins SC, Jarnicki AG, Lavelle EC, Mills KH. TLR4 mediates vaccine-induced protective cellular
immunity to Bordetella pertussis: role of IL-17-producing T cells. J Immunol 2006;177:7980–7989.
[PubMed: 17114471]

56. Malley R, Srivastava A, Lipsitch M, Thompson CM, Watkins C, Tzianabos A, Anderson PW.
Antibody-independent, interleukin-17A-mediated, cross-serotype immunity to pneumococci in mice

Aujla et al. Page 8

Semin Immunol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



immunized intranasally with the cell wall polysaccharide. Infect Immun 2006;74:2187–2195.
[PubMed: 16552049]

57. Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, Shen F, Eaton SM, Gaffen
SL, Swain SL, Locksley RM, Haynes L, Randall TD, Cooper AM. IL-23 and IL-17 in the
establishment of protective pulmonary CD4+ T cell responses after vaccination and during
Mycobacterium tuberculosis challenge. Nat Immunol 2007;8:369–377. [PubMed: 17351619]

58. Dubin PJ, Kolls JK. IL-23 mediates inflammatory responses to mucoid Pseudomonas aeruginosa lung
infection in mice. Am J Physiol Lung Cell Mol Physiol. 2006

Aujla et al. Page 9

Semin Immunol. Author manuscript; available in PMC 2008 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Changes in splenic neutrophil progenitors eighteen hours after pulmonary challenge with K.
pneumoniae. WT or IL-17RA KO mice were challenged with 104 CFU of K. pneumoniae and
spleens were harvested at 18 hours and CFU-GM and high proliferative potential (HPP)
colonies were measured using colony formation in methylcellulose (n=6−7 mice per group, *
denotes p <0.05 compared to WT control by Mann-Whitney non parametric testing).
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Figure 2.
Lack of susceptibility of IL-17RA deficient mice to primary Mycobacterium tuberculosis
infection. WT or IL-17RA were challenged with 100 CFU of H37Rv M. tuberculosis and
sacrificed at serial time points to determine lung CFU. As a positive control, TNFR p55 KO
mice were infected as well. As opposed to mice deficient in TNFR p55 signaling, IL-17RA
showed control of M tb growth similar to WT mice (n=6−7 mice per group, * denotes p <0.05
compared to WT control by Mann-Whitney non parametric testing).
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Figure 3.
Proposed model of IL-17 signaling in human airway epithelium. IL-17RA and IL-17RC can
associate to potentially form a heterodimeric receptor. Antibodies against IL-17RA depicted
in light blue can effectively block IL-17A and IL-17F. However due to the relatively lower
affinity of soluble IL-17RA:Fc depicted in dark blue, can bind can neutralize IL-17A but is
ineffective blocking IL-17F resulting in only partial abrogation of IL-17 induced CXC
chemokines.
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