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Abstract

The role of IL-17A in host defense against Legionella pneumophila remains elusive. To address 

this issue, we used Il17a−/−, Il17f−/−, and Il17a/Il17f−/− mice on a C57Bl/6 (non-permissive) 

background and IL-17 neutralizing Abs in mice on an A/J (permissive) background. Higher 

bacterial (L.pneumophila) counts in the lung and blood along with reduced neutrophil recruitment 

were detected in Il17a−/−, but not Il17f−/−, mice. We found that neutrophils produce IL-17A 

homodimer (IL-17A) during L. pneumophila infection, and hematopoietic cell-derived IL-17A is 

known to be important for bacterial clearance. Thus, intratracheal (i.t) administration of WT 

neutrophils or recombinant IL-17A restored bacterial clearance and neutrophil recruitment in 

Il17a−/− mice. Furthermore, neutrophil-depleted Rag2−/− and Rag2/Il-2rγ−/− mice exhibited 

increased bacterial burden, reduced neutrophil influx and IL-17A production in the lung. 

Recombinant IFN-γ administration in Il17a−/− mice augmented bacterial elimination whereas 

IL-17A administration in Ifnγ−/− mice did not augment bacterial clearance. IFN-γ is produced by 

T cells, but not neutrophils or macrophages, suggesting that neutrophil-derived IL-17A induces 

IFN-γ in a paracrine fashion. Human pneumonic lungs and human neutrophils challenged with L. 
pneumophila exhibited increased numbers of IL-17A producing cells. These findings display a 

novel function of neutrophil-derived IL-17A in antibacterial defense via the induction of IFN-γ in 

a paracrine manner.

Corresponding author: Dr. Samithamby Jeyaseelan (Jey), Louisiana State University, 1909 Skip Bertman Drive, Baton Rouge, LA 
70803; Phone: 225-578-9524; Fax: 225-578-9701; jey@lsu.edu.
@Current address: Department of Environmental Toxicology, Southern University and A&M College, Baton Rouge, LA 708013

The authors have no conflicts of interest.

HHS Public Access
Author manuscript
Mucosal Immunol. Author manuscript; available in PMC 2016 November 01.

Published in final edited form as:
Mucosal Immunol. 2016 May ; 9(3): 718–729. doi:10.1038/mi.2015.95.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

Bacterial pneumonia is a leading cause of mortality, morbidity, and health care costs 

worldwide 1. The intracellular pathogen Legionella pneumophila causes both nosocomial 

and community pneumonia termed Legionnaires’ disease 2, 3. In addition to the mouse 

model of L. pneumophila 4 infection, which mimics Legionnaires' disease in 

immunocompetent individuals, 5, 6 macrophages from the inbred A/J mouse strain are often 

used in studies as they are permissive for growth of L. pneumophila 6, 7 whereas 

macrophages from other inbred mice are not 4.

Recruitment of neutrophils is a hallmark of bacterial pneumonia 8, 9. Neutrophil influx into 

the lung is critical for host defense against L. pneumophila 10, as the selective depletion of 

neutrophils leads to impaired bacterial clearance. Th17 (IL-17-producing) T cell subsets are 

known to be involved in neutrophil migration 11. IL-17A and IL-17F are homodimeric 

cytokines produced by Th17 cells that bind to the same receptors (IL-17RA or 

IL-17RC) 12, 13. Murine IL-17A is the well characterized 21-kDa glycoprotein with 147 

amino acids that shares 63% amino acid homology with human IL-17A (155 aa) 14.

In a recent investigation, Il17a/Il17f−/− mice on a Balb/c background were utilized to show 

that IL-17A/F is important for controlling bacterial burden, inducing neutrophil influx into 

the lung, and for survival in response to L. pneumophila 15. However, to further expand upon 

this initial study, we used: 1) single and double knockout mice on C57Bl/6 background and 

antibody blocking in A/J mice; 2) the role of IL-17A or IL-17F individually or together are 

important for host defense; 3) bone marrow chimeras and adoptive transfer experiments to 

determine which cell types are responsible for IL-17A and IL-17F production; 4) IL-17 

homodimer (IL-17A or IL-17F) or heterodimer (IL-17A/F) to determine which is more 

effective at inducing host resistance; and 5) IL-17-mediates IFN-γ production via paracrine 

manner to induce host defense.

RESULTS

Bacterial infection induces production of IL-17A and IL-17F in lungs

To determine whether bacterial infection regulates the production of IL-17A and IL-17F, we 

performed time course experiments (24, 48, and 72 h) in a well-established mouse model of 

L. pneumophila infection. As shown in Figure S1A, IL-17A and IL-17F along with TNF-α, 

IL-12/IL-23 (p40) and IL-23 (p19) were upregulated at the mRNA level and peaked at 6 h 

postinfection. Since IL-17A and IL-17F can exist as either homo- or heterodimers 16, 17, we 

specifically determined the levels of IL-17A, IL-17A/F, and IL-17F in the lungs following 

infection and found them all to be induced at the protein level in lung tissue, with 

concentrations peaking at 24 h postinfection (Supplemental Fig. 1B). Using specific ELISA 

kits, IL-17A/F expression was detected at much higher levels than either IL-17A or IL-17F 

at all time points (Supplemental Fig. 1B).

Bacterial clearance is dependent on IL-17A, but not IL-17F

While, it was recently reported that deletion of both IL-17A and IL-17F genes (Il17a/
Il17f−/− ; double knockout (DKO) mice) results in impaired L. pneumophila clearance in the 
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lungs, the individual roles of IL-17A and IL-17F with regard to L. pneumophila infection 

remained unclear 15. To this end, we compared wild-type (C57Bl/6), Il17a−/−, Il17f−/−, and 

Il17a/Il17f−/− (DKO) mice. Similar to the findings reported previously 15, we found that 

Il17a/Il17f−/− mice exhibited a higher bacterial burden in the lung and increased 

dissemination at 24, 48, and 72 h postinfection as compared with their WT counterparts. 

Intriguingly, compared to Il17f−/− mice, Il17a−/− exhibited a higher bacterial burden in the 

lung at 48 and 72 h postinfection and enhanced bacterial dissemination (liver CFU) at 24, 

48, and 72 h postinfection (Fig. 1A-B).

Neutrophils are critical to the augmentation of host defense against L. pneumophila 15. 

Attenuated recruitment of total WBCs or neutrophils in airspaces of Il17a−/− and Il17a/
Il17f−/− mice was observed at both 48 and 72 h post-L. pneumophila infection (Fig. 1C-D). 

Furthermore, neutrophil recruitment to the lung parenchyma, as measured by 

myeloperoxidase (MPO) activity in lung homogenates of Il17a−/− mice, was reduced at 24, 

48, and 72 h following L. pneumophila infection (Fig. 1E). Conversely, total WBC and 

neutrophil counts in airspaces and lung parenchyma of Il17f−/− mice were not attenuated 

Il17f−/− mice (Fig. 1C-E) whereas neutrophil recruitment to the lung parenchyma was 

modestly reduced at 48 and 72 h after infection in Il17f−/− mice (Fig. 1E).

Consistent with reduced neutrophil accumulation in the lungs, attenuated levels of 

chemokines (KC/CXCL1, MIP-2/CXCL2, LIX/CXCL5) were observed in Il17a−/− mice 

following L. pneumophila infection (Fig. 1F-H). As compared with control mice, Il17f−/− 

mice exhibited modest or no reduction in either chemokines or cytokines at any of the time 

points examined (Fig. 1F-H). Moreover, lungs obtained from WT (control) mice 

demonstrated moderate suppurative bronchopneumonia whereas Il17a−/− and Il17a/Il17f−/− 

mice displayed only mild suppurative bronchopneumonia at 72 h following L. pneumophila 
infection (Fig. 1I-J). Furthermore, Il17f−/− mouse lungs demonstrated no significant 

difference in histopathological changes as compared to control mice (Fig. 1I-J). These 

results suggest that IL-17A is an importanrt mediator for host defense and that IL-17A 

deficiency plays a dominant role in Il17a/Il17f−/− mice.

Blocking IL-17A attenuates bacterial clearance in permissive (A/J) mice

In order to validate the findings obtained in an L. pneumophila non-permissive host 

(C57Bl/6 strain), we used a permissive host (A/J mice) in which blocking antibodies to 

IL-17A (1 μg/mouse) or IL-17F (1 or 10 μg/mouse) were administered 1 h prior to L. 
pneumophila challenge. Survival experiments in A/J mice using IL-17A Ab (10 μg/mouse) , 

but not IL-17F Ab, following L. pneumophila infection (108 CFU/50 μl/mouse) resulted in 

reduction in survival (Fig. 1K). Intratracheal (i.t.) administration of an IL-17A neutralizing 

antibody increased bacterial burden in the lungs (Fig. 2A) and liver (Fig. 2B) as well as 

decreased recruitment of WBCs and neutrophils to the lungs (Fig. 2C-D). Furthermore, 

blocking IL-17A also reduced chemokine (KC, MIP2) levels (Fig. 2E-F). On the other hand, 

blocking of IL-17F had no significant effect on bacterial clearance, neutrophil influx, or 

chemokine production following infection (Fig. 3A-F).
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IL-17A homodimer rescues the impaired bacterial clearance in Il17a−/− mice

Because IL-17A and IL-17F form not only homodimers, but also a heterodimer (IL-17A/

F) 11, 18, we next asked which is effective in rescuing neutrophil-dependent host defense in 

Il17a−/− mice following L. pneumoniae infection. Each homodimer, the heterodimer, or 

vehicle control (BSA) was administered 1 h post-L. pneumophila infection. Administration 

of a single dose of IL-17A and IL-17A/F, but not IL-17F, augmented bacterial clearance in 

the lungs (Fig. 4A), attenuated bacterial dissemination to liver (Fig. 4B), and enhanced 

neutrophil influx (Fig. 4C-D) and cytokine/chemokine expression in Il17a−/− mice (Fig. 4E-

F). Intriguingly, exogenous IL-17A is much more potent than IL-17A/F in rescuing host 

defense function in Il17a−/− mice following L. pneumophila infection (Fig. 4A-F).

PMNs are the major source of IL-17A and IL-17F in lungs

A critical event in bacterial pneumonia is the migration of circulating neutrophils to the 

inflammed tissues 8, 9, 19. To determine the cell types within the infected lung lesions that 

produce IL-17A and/or IL-17F, we utlized flow cytometry. Our results show increased 

accumulation of IL-17A+ and IL-17F+ T cell subsets (CD4, CD8, γδ and NK1.1+ cells) 

compared to neutrophils in infected lungs at 24 h postinfection, whereas numbers of IL-17A

+ and IL-17F+ neutrophils infiltrating into the lungs were much higher than T cells at 48 and 

72 h post-infection (Fig. 5A). Moreover, the numbers of IL-17F+ neutrophils were slightly 

less than IL-17A+ neutrophils at 48 and 72 h post-infection (Fig. 5A). Furthermore, 

macrophages isolated from the infected lungs did not produce either IL-17A or IL-17F (data 

not shown). We then explored if IL-17A or IL-17F is produced by T cell subsets and 

neutrophils on an individual cell basis upon L. pneumophila stimulation and observed that T 

cell subsets (CD4, γδ, NK1.1, CD8, neutrophils) and neutrophils produce IL-17A at 24 h 

post-infection. Remarkably, T cell subsets produce more IL-17A than neutrophils on an 

individual cell basis (Fig. 5B). However, only γδ cells produce IL-17F following L. 
pneumophila infection (Fig. 5B). Immunocytochemistry was performed on neutrophils 

isolated from L. pneumophila-infected lung homogenates and BALF to assess IL-17A 

expression and ROR-γt, constitutive expression of the transcription factor for IL-17. In 

neutrophils from uninfected lungs (parenchyma or airspace) minimal ROR-γt+ IL-17A 

producing neutrophils were detected whereas neutrophils from infected lungs and BALF 

exhibited substantial ROR-γt+ IL-17A production at 72 h postinfection (Fig. 5C-F). To 

further evaluate the ROR-γt+ IL-17A producing neutrophils we obtained purified neurophils 

from uninfected and infected lungs at 72 h postinfection and using flow cytometry found 

that neutrophils both from infected lung paranchma (Supplemental Fig. 2A) and airspaces 

(Supplemental Fig. 2B) produce IL-17A. Moreover, we found greater expression of IL-17 

receptor A (IL-17RA) than IL-17RC on neutrophils from infected airspaces at 72 h 

postinfection (Supplemental Fig. 2C).

IL-17+ neutrophils rescue impaired host defense in Il17a−/− mice

We generated bone marrow chimeras to assess the contribution of bone marrow-derived 

IL-17A versus stromal cell-derived IL-17A in bacterial clearance, neutrophil accumulation, 

and cytokine/chemokine expression. WT (W) → WT (W) and WT (W) → Il17a−/− (K) mice 

showed efficient bacterial clearance whereas Il17a−/− (K) → WT (W) and Il17a−/− (K) → 
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Il17a−/− (K) mice showed impaired bacterial clearance (Fig. 6A). Moreover, in WT → 

Il17a−/− mice the rescued host defense effects were blocked by addition of 1 μg IL-17A 

blocking Ab (data not shown). These studies suggest that IL-17A-producing, bone marrow-

derived cells predominantly contribute to host resistance. Since IL-17+ neutrophils get 

recruited to the lungs at 48 and 72 h following L. pneumophila infection, we wanted to 

determine the functional significance of these cells during L. pneumophila infection. To 

accomplish this, we adoptively transferred WT or Il17a−/− neutrophils (106 cells/mouse) or 

CD4 T cells (106 cells /mouse) to recipient Il17a−/− mice 1 h postinfection. Bacterial 

clearance, neutrophil accumulation, and cytokines/chemokines including Il-17A were 

reconstituted in WT neutrophils → Il17a−/− mice but not in Il17a−/− neutrophils → Il17a−/− 

mice (Fig. 6B-L). As compared to WT mice, WT CD4+ T cell infusion into Il17a−/− mice 

did not result in substantial differences either in bacterial clearance in the lungs or bacterial 

dissemination to liver (Fig. 6B-C), but increases in neutrophil accumulation (Fig. 6D-F) and 

cytokine/chemokine production (Fig. 6G-L) were observed. However, influsion of 

neutrophils or CD4 T cells did not induce lung injury as determined by histopathology (data 

not shown).

Neutrophil depletion increases CFU and reduces IL-17A, IL-17A/F, and IL-17F production in 
Rag2−/− and Rag2−/−/Il2rg−/− mice

To further explore the role of neutrophils in bacterial burden and IL-17A, IL-17A/F, and 

IL-17F production, we depleted neutrophils from Rag2−/− (lack T and B cells; knockout 

mice - KO) and Rag2−/−/Il2rg−/− mice (lack T cells, B cells, and NK/NKT cells; Double 

knockout mice - DKO). Neutrophil depletion in Rag2−/− and Rag2−/−/Il2rg−/− mice resulted 

in higher bacterial burden in the lungs (Fig. 7A) and reduced IL-17A, IL-17A/F, and IL-17F 

following L. pneumophila infection (Fig. 7E-G), confirming that neutrophils are important 

for bacterial clearance and indeed a major source of IL-17 production. We confirmed 

neutrophil depletion in the airspaces and lung parenchyma by the Ly6G Ab (Fig. 7B-D).

IL-17A is upstream of IFN-γ in bacterial clearance

Il17a−/− mice reconstituted with WT PMNs exhibited enhanced bacterial elimination from 

lungs and liver (Fig. 6B-C) and IFN-γ production in the lungs following bacterial challenge 

(Fig. 6L). Furthermore, IFN-γ is known to be critical for control of L. pneumophila 
multiplication in macrophages and the lungs 20-23. In a mouse kidney ischemia-referfusion 

injury model, IL-17A has been shown to regulate IFN-γ 24. To determine the relationship 

between the IL-17A production and IFN-γ levels in the lung, exogenous recombinant mouse 

IFN-γ (50 ng) was administered i.t. to Il17a−/− mice 1 hour after infection. As compared 

with controls, IFN-γ reduced bacterial burden in the lung (Fig. 8A), dissemination (Fig. 8B), 

enhanced PMN recruitment (Figs. 8C-D), and chemokine expression (Fig. 8E-F). Next, we 

determined the cellular origin of IFN-γ in L. pneumophila-infected lungs and found T cells, 

but not neutrophils or macrophages, to be the major source of IFN-γ in infected lungs 

(Supplemental Fig. 3). On the other hand, administration of exogenous IL-17A (1 μg/mouse) 

in Ifnγ−/− mice 1 h prior to L. pneumophila challenge did not decrease the bacterial burden 

in the lungs or spleen at 72 h post-infection (Supplemental Fig. 4). These results suggest that 

neutrophil-deived IL-17A stimulates IFN-γ production via a paracrine manner and IFN-γ is 

critical to control L. pneumophila infection in the lungs.
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Human neutrophils produce IL-17A

To assess whether IL-17A is expressed in lung tissues during human bacterial pneumonia, 

we performed immunofluorescence staining for IL-17A on lung sections of patients who 

succumbed to bacterial (Gram-negative) pneumonia and from patients who had died from a 

non-pulmonary infection. Although control lung sections indicated a small number of 

lipocalin-2 (Lipo; a neutrophil marker) expressing IL-17A+ cells, lung sections from 

patients who succumbed to bacterial pneumonia showed higher numbers of Lipo+/IL-17A+ 

(double positive) neutrophils (Fig. 9A-B). To confirm that IL-17A producing neutrophils are 

RORγt-positive in response to L. pneumophila infection in humans, we purified neutrophils 

from peripheral blood by negative selection and incubated these cells with L. pneumophila 
for 3 h at an MOI of 1.0. Using immunofluorescence staining, we detected an increase in 

RORγt+IL-17A+ (double positive) neutrophils at 3 h postinfection (Fig. 9C-D). Moreover, 

using flow cytometry, we confirmed that human neutrophils from five healthy donors indeed 

produce IL-17A, but not IL-17F, following L. pneumophila infection (Fig. 9E).

DISCUSSION

The present study was conducted to determine the role of IL-17A versus IL-17F in lung 

inflammation and host defense against L. pneumophila pneumonia. Using two completely 

different approaches, gene-deficient mice on a non-permissive background for L. 
pneumophila growth and IL-17 neutralization on a permissive background for L. 
pneumophila growth, we established a critical role for the IL-17A homodimer and showed it 

is produced primarily by neutrophils during host protection following bacterial challenge. 

Furthermore, we demonstrated that IL-17A is essential for the production of IFN-γ, which 

regulates neutrophil-mediated host defense. Moreover, IL-17F is not only dispensable for the 

induction of host responses but does not show additive, synergistic, or compensatory effects 

with IL-17A in these responses. These findings of interest since both IL-17A and IL-17F are 

produced by neutrophils and T cells in the lungs following infection.

IL-17A has been shown to contribute to host responses to a variety of bacterial and fungal 

agents, such as Klebsiella pneumoniae, Streptococcus pneumoniae, Bordetella pertussis, 

Yersinia pestis, Mycobacterium tuberculosis, and Candida albicans 25. IL-17 is secreted by a 

variety of cells including T helper type 17 (Th17) cells, CD8, and natural killer (NK) cells, 

and as a result induces Th17-type host responses characterized by neutrophil recruitment 

and production of proinflammatory cytokines and chemokines 18, 26. However, in most of 

these studies the role of IL-17F in host defense has not been examined. Previously, a study 

using IL-17A/F-deficient mice infected with L. pneumophila found reduced neutrophil 

migration, survival, and production of proinflammatory cytokines (IL-6 and TNF-α) and 

chemokines (KC, LIX, and MIP-2); however, it is not possible to determine the individual 

contributions of IL-17A and IL-17F from this study. In the current investigation, we 

unequivocally demonstrate the critical role of IL-17A, but not IL-17F in regulating 

neutrophil-mediated host defense against pulmonary L. pneumophila infection.

Bone marrow-derived cells in the lung produce numerous neutrophil chemoattractants, such 

as KC and MIP-2 27, 28, whereas stromal cells, including alveolar epithelial type II cells, 

produce other neutrophil chemoattractants including LIX 29. Our findings are consistent 
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with prior reports of the role of hematopoietic and resident cells during lung inflammation. 

MyD88 expression in hematopoietic cells is more important for LPS-induced expression of 

TNF-α and IL-12p40 30 than is its expression in stromal cells, despite the fact that both 

hematopoietic and resident cell-derived MyD88 signaling are essential for LPS-induced 

neutrophil accumulation 31, 32. On the other hand, MD-2 signaling in both hematopoietic 

and resident cells is essential for neutrophil-mediated inflammation and the expression of 

MIP-2, TNF-α, and IL-6 is mediated by both cell types in the lungs after LPS challenge 33. 

In a similar manner, KC produced by both hematopoietic and stromal cells is important for 

bacterial clearance and neutrophil recruitment to the lung in response to K. pneumonia 
infection 9. In this study, using bone marrow chimeras and adoptive cell transfers we 

specifically identified one hematopoietic cell, the neutrophil, as a key mediator for bacterial 

clearance in the lungs following L. pneumophila infection.

The hallmark of Th17 cells is expression of the cytokine IL-17A 18, 34. Interestingly, Th17 

cells also express IL-17F which shares strong homology to IL-17A 11, 35 and is expressed 

form the same choromosomal region 36. In previous studies, we demonstrated that γδ and 

CD4+ T cells are the key producers of IL-17A in the lungs in response to Gram-negative 

extracellular bacteria, such as E. coli 19. Regarding the source of IL-17A and IL-17F, the 

findings from the current study indicated both T cells (CD4, CD8, NK 1.1 and γδ) and 

neutrophils produce both IL-17A and IL-17F following L. pneumophila infection, while we 

did not observe IL-17A or IL-17F production by macrophages following infection (data not 

shown). Although multiple reports show the production of IL-17A and IL-17F by T cell 

subsets during infection 19, 37, recent studies also demonstrated that IL-17A production by 

neutrophils in the lung during Aspergillus fumigates and Yersinia pestis infection contributes 

to host resistance 38. Additionally, during Y. pestis infection IL-17A produced by neutrophils 

(Ly6G+), and not by γδT or NKT cells, was shown to be important for host protection 39.

Although prior studies have conclusively demonstrated the effects of mouse IL-17A both in 
vitro and in vivo non-infectious models, the comparisons between IL-17A and IL-17F were 

performed using human proteins. The primary conclusion from these studies is that IL-17A 

is more potent to IL-17A/F in the production of inflammatory mediators from epithelial 

cells 40. In a study using eukaryotic-derived IL-17A and IL-17F homodimers and the 

heterodimer showed IL-17A was more potent than IL-17A/F, and IL-17A/F more potent 

than IL-17F in vivo 40. Although our observations confirm this in regard to neutrophil 

recruitment 41, our results also show that IL-17A is more potent to IL-17A/F in rescuing 

bacterial CFU in the lung and liver, neutrophil recruitment and chemokine (KC and MIP-2) 

production in Il-17a−/− mice following L. pneumophila infection. While the mechanistic 

differences between human IL-17 and mouse IL-17 signaling remain unclear, this may be 

mediated via different receptor usage. In this regard, human IL-17A and IL-17F induces 

signaling through two receptors, IL-17RA and IL-17RC 12, whereas mouse IL-17A, 

IL-17A/F, and IL-17F-induced intracellular signaling requires IL-17RA 42. As a 

consequence, receptor binding affinity or avidity may contribute to the differential effect. 

However, several reports suggest that these proteins may not share the same receptor or may 

have different functions mediated via distinct signaling cascades. For instance, Starnes et al
43 demonstrated that IL-17F can induce TGF-β expression in endothelial cells. Furthermore, 

the same report indicated that IL-17A can enhance angiogenesis in tumor cells whereas 
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IL-17F can reduce angiogenesis 43. From our studies, however, IL-17RA is induced at a 

greater level in bacteria-infected neutrophils than IL-17RC, suggesting IL-17RA may be the 

major receptor for IL-17A binding (Supplemental Fig. 2C).

Neutrophils are known to play a critical role in host defense during pulmonary L. 
pneumophila infection via immunomodulation, but not via direct bacterial killing 44, 45. In 

this context, it has been demonstrated that neutrophils produce IL-12 in the lungs to drive a 

Th1-type host response leading to IFN-γ production 15, 46. In addition, it is well established 

that IFN-γ is critical for control of L. pneumophila infection in the lungs 21. In this study, we 

found that neutrophil-derived IL-17 induced IFN-γ drives bacterial clearance. However, we 

did not observe IFN-γ production by neutrophils following L. pneumophila infection 

(Supplemental Fig. 3). These results suggest that IL-17A may induce IFN-γ through 

paracrine manner. The observations from this study somethat differ from those of a prior 

investigation using L. pneumophila in which no differences in IFN-γ expression were seen 

between WT and IL-17A/F deficient mice because individual contribution of IL-17A or 

IL-17F was not examined by the previous study 15. However, in another study using gene-

deficient mice or macrophage-depletion it was shown that IFN-γ is important for 

macrophage-activated protection (M1 phenotype) against Y. pestis although the role of 

neutrophils has not been examined 39. The current study indicated that the IL-17A-IFN-γ 

signaling axis contributes to innate immune responses associated with L. pneumophila lung 

infection in paracrine manner (Supplemental Figure 5). In a previous study, it has been 

shown that infiltrating NKT cells produce IFN-γ within short time (3 hours) of ischemia-

reperfusion injury (IRI) 47. In the same investigation, IFN-γ was primarily produced by 

CD1d-restricted NKT cells and GR-1+ neutrophils in kidney following IRI 47. Therefore, in 

the previous study, CD4+ NKT cells provides an explanation for how T cells, the traditional 

players of the adaptive immune ersponses, play an essential role in innate immunity. 

However, future studies are needed to determine the role of this cell type in producing IFN-γ 

in response to IL-17 during L. pneumophila infection.

Hyper IgE Syndrome (HIES) patients have low levels of IL-17 and have recurrent bacterial 

infections in skin and the lung due to decreased neutrophil recruitment to tissues 48. A recent 

study reported cavitation of Legionella pneumonia in an HIES patient 49, showing the 

critical role of IL-17 in human pulmonary Legionella infections. Further, we found IL-17A+ 

neutrophils in bacterial pneumonic lungs and induction of IL-17A in human neutrophils by 

L. pneumophila infection, validating the results obtained from the preclinical (mouse) 

model.

Overall, the novel observations in this study unveil a previously unrecognized function of 

neutrophils to augment host defense via the IL-17A-IFN-γ axis and thus, establish a 

paradigm shift in the way clinicians and researchers think about the role of neutrophils in 

host defense during bacterial pneumonia followed by sepsis. Moreover, these findings are 

fundamental to the design of improved treatment and/or prevention strategies to control 

bacterial pneumonias. Additionally, these mechanisms might contribute to inflammation and 

host defense in response to infections that are caused or complicated by other bacterial 

pathogens.
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METHODS

Bacterial burden, neutrophil influx, and flow cytometry

Philadelphia 1 strain (ATCC 33152) of L. pneumophila was used 50. The bacterium was 

grown on buffered charcoal-yeast extract (BCYE) agar for 2 days at 37 °C before use. 

Experimental L. pneumophila infection and creation of bone marrow chimeras were 

conducted as described 9, 51. Bacterial numbers in tissues were enumerated by serial 

dilutions whereas neutrophil recruitment to in bronchoalveolar lavage fluid (BALF) and lung 

homogenates were measured by total/differential counts and myeloperoxidase assays, 

respectively 8, 9. BALF and tissue homogenates were used to measure cytokines using 

sandwich ELISA kits for KC (R&D Systems, MN 55413), MIP-2 (R&D Systems), LIX 

(R&D Systems), IL-17A/A (eBioscience, Inc., CA 92121), IL-17A/F (eBioscience, Inc.), 

IL-17F/F (eBioscience, Inc.) and IFN-γ (R&D Systems) based on manufacturer’s protocols. 

CD4, CD8, NK1.1, and total T cells were purified from the spleens of L. pneumophila-

infected C57Bl/6 mice whereas neutrophils were obtained from collagenase-digested lungs 

by negative magnetic selection (StemCell Technologies, Vancouver, Canada) 52. Neutrophils 

were purified from the digested lungs of L. pneumophila-infected mice using an antibody 

cocktail (CD5, CD4, CD45R/B220, TER119, F4/80, CD11c, c-KIT) for negative selection 

whereas γδ cells were isolated by positive selection using PE-conjugated anti-γδ TCR (BD 

Biosciences) as previously described 8.

Animals, in vivo methods, and tissue isolation

Female Il17a−/− (Iwakura), Il17f−/− (Iwakura), Il17a/f−/− (Iwakura), Rag2−/− (Taconic), and 

Rag2/Il-2rg−/− (Taconic), and control female mice on a C57BL/6 background (Taconic and 

Jackson) were used in compliance with institutional animal use regulations. Neutrophil 

depletion in mice was induced by intraperitoneal (i.p.) injection of 50 μg of anti-Ly6G mAb 

(clone IA8; BD Biosciences, CA 95131) or isotype control Ab (clone R35-95; BD 

Biosciences) at 12 h and 2 h prior to pathogen challenge as described earlier 8, 9, 51. IL-17A 

or IL-17F activity was blocked by i.p. administration of 1 μg of anti-IL-17A (monoclonal – 

rat IgG2a, Cat # MAB421/CF; R&D Systems), anti-IL-17F (polyclonal, Cat # AF2057/CF; 

R&D Systems), control Ab for anti-IL-17A (rat IgG2a, cat # MAB006/CF, R&D Systems) 

or control Ab for anti-IL-17F (goat IgG, cat # AB-108-C, R&D Systems) in A/J mice 

(Jackson). Recombinant IL-17A (Cat # 421-ML/CF, R&D Systems), IL-17A/F (Cat # 5390-

IL/CF, R&D Systems), IL-17F (Cat # 2057-IL/CF, R&D Systems), or IFN-γ (Cat # 485-

MI/CF, R&D Systems) was administered intratrachealy (i.t.) at a concentration of 1 μg/

mouse whereas the control mice were administered with PBS supplemented with BSA 

(R&D Sysystems, MN). For adoptive transfer, naïve bone marrow neutrophils or splenic 

CD4+ T cells (106 cells/mouse) were injected via the tail vein. Methods for BALF 

collection, organ harvest, cell isolation (T cells and neutrophils) and histology were 

described in earlier publications 8, 9.

Mouse lung preparation for histopathology

Lung tissue was prepared by intratracheal infusion of pressurized, low-melting agarose 

containing formalin. Isolated tissue was placed in 4% formalin overnight. Five μM sections 

were cut and H&E staining was performed. Slides were scored for inflammation/injury by a 
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Veterinary Pathologist in a blinded fashion (0-4 scale) using a scoring system described by 

Matute Bello et al 53. Further details regarding this method are provided in the online 

supplement.

Immunohistochemistry

In brief, lung sections were deparaffinised, fixed and permeabilized with the buffer 

containing 0.1% Triton X-100 and then blocked with serum. For mouse lungs, sections were 

incubated with anti-IL-17 (rabbit polyclonal, cat # ab91649, Abcam, MA 02139) or ROR-γ 

(rabbit polyclonal, cat # ab78077, Abcam). For human lungs, pneumonic and normal lung 

sections were incubated with anti-IL-17 (rabbit polyclonal, cat # ab136668, Abcam) or 

Liopcalin-2 (rabbit polyclonal, cat # ab41105, Abcam). Rabbit IgG, polyclonal (cat # 

ab27478, Abcam) was used as an isotype control. As a control, Lung sections were washed 

and incubated with Alexa-conjugated secondary antibodies (Invitrogen, CA). Lung sections 

were dehydrated and mounted using Vectashield mounting medium (Vector Laboratories, 

CA). The slides were viewed using a Zeiss Axioskop 2 Plus microscope.

Immunocytochemistry

The method is the same as described in immunohistochemistry, including antibodies used to 

demonstate proteins in lung sections, except we used neutrophils in these experiments.

Bone marrow transplantation

Donor and recipient C57Bl/6 mice between 6-8 wk old were used. Recipient mice were 

gamma-irradiated with two 525-rad doses 3 h apart. Bone marrow cells (8 × 106/mouse) 

were injected into the tail vein of the irradiated recipients, and mice were maintained on 

0.2% neomycin sulfate for the first 3 wks. The reconstituted mice were used for experiments 

6 wks after transplantation. We found that greater than 78-86% of blood leukocytes were 

derived from donor mice at the time the mice were used for experiments. Irradiated mice 

that were not transplanted with donor cells died between days 18 and 20 after irradiation 

(data not shown).

Human ex vivo studies

Peripheral blood was isolated from healthy donors in compliance with institutional 

regulations and neutrophils were purified using negative magnetic selection (StemCell 

Technologies, Vancouver, Canada) 8. These cells were stimulated with 1 MOI of L. 
pneumophila. At 3 h post stimulation, cells were fixed and used for immunofluorescence 

microscopy and flow cytometry.

Statistics

Two-way ANOVA followed by Bonferroni's post hoc analysis was used for multiple 

comparisons. Data were analyzed with the Student’s t-test (between two groups). The results 

are from 2-3 independent experiments. Survival curves were compared by the Wilcoxon 

rank sign test. Unless otherwise stated, all data are expressed as mean and standard error of 

the mean (SE). Statistics were calculated with Prism version 4.0 (GraphPad). Differences 

were considered significant at *P<0.05, **P<0.01 and ***<0.001.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-17A mediates bacterial clearance, cellular recruitment, and cytokine/chemokine 
production following L. pneumophila infection
Whole lung (A) and liver (B) CFU of WT, Il17a−/−, Il17f−/−, and Il17a/Il17f−/− mice 

following L. pneumophila infection (107 CFU/mouse). Lung or liver homogenates at 24, 48, 

and 72 h were used to enumerate the bacterial colony forming units (CFU). C-D. BALF was 

collected at 24, 48, and 72 h post-L. pneumophila inoculation from WT, Il17a−/−, Il17f−/−, 
and Il17a/Il17f−/− mice and cell enumeration was performed to determine total WBC (C) 

and neutrophil (PMN) recruitment (D) to the airspaces. E. Neutrophil recruitment to the lung 

parenchyma was determined by myeloperoxidase (MPO) activity in the lungs of L. 
pneumophila-infected mice. F-H. Chemokine levels in BALF at 24, 48, and 72 h 

postinfection were measured by sandwich ELISA. I-J. Lung sections were prepared at 72 h 

post bacterial infection and were stained with Haemotoxylin and Eosin. These are 

representative sections of 6 mice with identical results at a magnification of 40X (I). Scores 

of 6 histolopathological sections from WT, Il17a−/−, Il17f−/−, and Il17a/Il17f−/− mice were 

performed in a blinded fashion (J). For A-J, n=6-9 mice/group). *, p<0.05; **, p<0.01;***, 

p<0.001; (significance as compared to L. pneumophila-infected C57Bl/6 mice). K. IL-17A 

or IL-17F blocking antibody (10 mg/mouse) administered A/J (control) mice were 

inoculated i.t. with 108 CFUs of K. pneumoniae 1 h post-antibody challenge and mortality 

was monitored up to 10 days (***, p<0.001 by log rank test) (n=10 mice/group).
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Figure 2. Blockade of IL-17A in A/J mice attenuates the host immune response during 
pulmonary L. pneumophila infection
A-B. A/J mice were treated intratracheally with IL-17A blocking antibody (1 μg/mouse) or 

control IgG 1 h before L. pneumophila (107 CFU/mouse) infection. Unlavaged lung (A) and 

liver (B) were isolated and homogenized and bacterial CFUs enumerated. C-D. BALF was 

obtained at 48 and 72 h post-L. pneumophila inoculation from blocking Ab or control Ab-

treated mice, and cell enumeration was performed to determine total WBC (C) and 

neutrophil infiltration (D). E-F. Chemokine levels in BALF were measured by sandwich 

ELISA following infection with L. pneumophila and Ab blockade. (n=6-8 mice/group). *, 

p<0.05; **, p<0.01;***, p<0.001; (significance as compared to L. pneumophila-infected 

C57Bl/6 mice).
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Figure 3. Blockade of IL-17F in A/J mice attenuates the host immune response during 
pulmonary L. pneumophila infection
A-F. A/J mice were treated intratracheally with IL-17F blocking antibody (1 or 10 μg/

mouse) or control IgG 1 h after L. pneumophila (107 CFU/mouse) inoculation. Unlavaged 

lung (A) and liver (B) were isolated and tissues were homogenized. The lung or liver 

homogenates were used to enumerate the bacterial CFU. C2-D2. BALF was obtained post-

L. pneumophila inoculation from Ab treated mice, and cell enumeration was performed to 

determine total WBC (C) and neutrophil recruitment (D). E-F. Chemokine levels in BALF 

were measured by sandwich ELISA following antibody blockade and infection with L. 
pneumophila. For experiments A2-F2, (n=6-8 mice/group). *, p<0.05; **, p<0.01;***, 

p<0.001; (significance as compared to L. pneumophila-infected C57Bl/6 mice). Cont-Ab: 

Isotype-matched control antibody.
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Figure 4. Administration of recombinant IL-17A and IL-17A/F, but not IL-17F, rescues bacterial 
clearance, neutrophil recruitment and cytokine production in the lungs of Il-17a−/− mice 
following L. pneumophila infection
Intratracheal administration of BSA (as control; 1 μg/mouse) or 1 μg/50μl/mouse of rm-

IL-17A, rmIL-17A/F, or rm-IL-17F to L. pneumophila infected IL-17A−/− mice 1 h 

postinfection. BALF and lung tissues were harvested at 72 h after L. pneumophila infection. 

CFU in the lung (A) and liver (B), total leukocytes (WBC) and neutrophils (PMN) in BALF 

(C-D), cytokine/chemokine levels in BALF and lung homogenates (E-F) were quantified at 

72 h postinfection. *Indicates difference between control (BSA) and cytokine administered 

mice. n = 6-10 mice in each group at each time-point. *p < 0.05, **p < 0.01,*** p < 0.001.
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Figure 5. L. pneumophila infection regulates IL-17A and IL-17F production by neutrophils
A. Flow cytometric analysis was performed on cells obtained from whole lung digests at 24, 

48, or 72 h postinfection with L. pneumophila (Lp) (107 CFU/mouse) as described in 

Materials and Methods. Total numbers of IL-17A and IL-17F positive cells from each lung 

following saline challenge or infection. For experiments A-B, a total of 5-8 mice/group were 

used. *, p<0.05; **, p<0.01; ***, p<0.001 (compared with 24 h L. pneumophila infected 

mice). B. CD4, γδ, NK1.1, and CD8 cells were purified from the spleen whereas neutrophils 

were isolated from digested lungs of L. pneumophila-infected mice at 24 h using magnetic 

selection (positive selection for γδ cells; negative selection for CD4, CD8, NK1.1 cells and 

neutrophils). Production of IL-17A and IL-17F was determined by ELISA of the culture 

supernatants following stimulation of 1 × 104 cells with PMA and ionomycin for 5 h. For 

experiment B, a total of 6-8 mice were used to isolate cells. C-F. Neutrophils express 

IL-17A and RORγt following L. pneumophila infection. Neutrophils were purified from the 

lungs (C-D) or BALF (E-F) and stained with antibodies against IL-17A and RORγt. Shown 

is a representative image of 6 slides with similar results and 500 cells were counted in lung 

sections or BALF cytospins and plotted. *, p<0.05; **, p<0.01; ***, p<0.001 (compared 

with samples with saline challenge).
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Figure 6. Neutrophil-derived IL-17A rescues bacterial clearance, cellular recruitment, and 
cytokine expression following L. pneumophila infection
A. Bone marrow chimeras were generated by lethal irradiation of Il17a−/− (knockout mice; 

K) and WT mice (W) and reconstitution with bone marrow cells from K or W mice via tail 

injection. Bacterial CFU in the lungs were enumerated at 72 h post-L. pneumophila 
infection. (n=6 mice/group). B-I. Adoptive transfer of neutrophils or CD4 T cells. Bacterial 

clearance in the lungs (B) and liver (C), leukocyte/neutrophil influx (D-F) and cytokine 

expression (G-L) in BALF or lung homogenates of IL-17A−/− mice 72 h after L. 
pneumophila infection followed by adoptive transfer of cells at 1 h postinfection (106 cells/

mouse). (n=6-9 mice/group). *, p<0.05; **, p<0.01;***, p<0.001.
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Figure 7. Neutrophil depletion in Rag2−/− and Rag2/Ilrg−/− mice enhances bacterial burden and 
reduces IL-17A, IL-17A/F, and IL-17F production following L. pneumophila infection
WT, T cell- and B cell–deficient Rag2−/− (KO) mice or T cell-, B cell-, and NK/NKT cell-

deficient Rag2/Il2rg−/− (DKO) mice were pretreated with neutrophil (Ly6G) depleting mAb 

(IA8) at 12 h and 2 h prior to L. pneumophila infection. Bacterial burdern in the lungs, 

leukocyte/neutrophil numbers and cytokine (IL-17A, IL-17A/F, and IL-17F) levels were 

determined at 72 h postinfection. For A-F, n=6-8 mice/group; *, p<0.05; **, p<0.01;***, 

p<0.001. Cont-Ab: Isotype-matched control antibody.
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Figure 8. Recombinant IFN-γ rescues bacterial clearance, neutrophil recruitment, and 
chemokine expression following L. pneumophila infection in IL-17A KO mice
Mice were i.t. treated with IFN-γ treatment 1 h postinfection with L. pneumophila. Bacterial 

CFU in lungs (A) and spleen (B), leukocyte/neutrophil influx (C-D) and chemokine 

expression (E-F) were determined at 72 h postinfection in control (WT) and IL-17A KO 

mice. n = 5-8/group; *, p<0.05; **, p<0.01;***, p<0.001.
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Figure 9. Human neutrophils produce IL-17A following L. pneumophila infection
Bacterial (Gram-negative) pneumonic or non-pneumonic lung sections were stained with 

lipocalin-2 (lipo; neutrophil-specific) Ab, IL-17A Ab, or control Ab and 500 cells in each 

section were counted. Shown is a representative section of five lungs from 5 pneumonic or 

normal in each group (A) and the mean ± SE of 500 cells from 5 slides (B). Blood was 

obtained from healthy volunteers and neutrophils were purified using negative selection with 

magnetic beads. Neutrophils were stimulated with L. pneumophila at a MOI of 1.0. At 3 h 

postinfection, neutrophils were stained with Abs against RORγt and IL-17A and 

immunofluorescence performed. Shown is a representative image of neutrophils from 5 

healthy individuals (C) and the mean ± SE of 500 cells from 5 slides (D). Production of 

IL-17A and IL-17F by neutrophils following L. pneumophila infection. For A-D, p<0.05; 

**, p<0.01;***, p<0.001. E. Human neutrophils were purified and stimulated with L. 
pneumophila at an MOI of 1.0. At 3 h postinfection, neutrophils were stained with IL-17A 

antibody or IL-17F antibody. The upper panel indicates control or uninfected cells whereas 

the lower panel indicates stimulated cells. Dot plot shows IL-17A and/or IL-17F producing 

cells upon stimulation.
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