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Abstract

Background: Recent studies have demonstrated that Th2 responses have the ability to 

antagonize Th17 responses. In mouse models of allergic asthma, blockade of Th2-effector 

cytokines results in elaboration of Th17 responses and associated increases in pulmonary 

neutrophilia. While these can be controlled by simultaneous blockade of Th17-associated effector 

cytokines, clinical trials of anti-IL-17/IL-17RA blocking therapies have demonstrated increased of 

risk of bacterial and fungal infections. Identification of minimally effective doses of cytokine-

blocking therapies with the goal of reducing the potential emergence of infection-related 

complications is a translationally relevant goal.

Objective: In the current report, we examine whether combined blockade of IL-13 and IL-17A, 

at individually sub-therapeutic levels, can limit the development of allergic asthma while sparing 

expression of IL-17A-associated anti-microbial effectors.

Methods: House dust mite was given intratracheally to A/J mice. Anti-IL-13 and anti-IL-17A 

antibodies were administered individually, or concomitantly at sub-therapeutic doses. Airway 

hyper-reactivity, lung inflammation, magnitude of Th2- and Th17-associated cytokine production 

and expression of IL-13- and IL-17A-induced genes in the lungs was assessed.

Results: Initial dosing studies identified sub-therapeutic levels of IL-13 and IL-17A blocking 

mAbs that have a limited effect on asthma parameters and do not impair responses to microbial 

products or infection. Subsequent studies demonstrated that combined sub-therapeutic dosing with 

IL-13 and IL-17A blocking mAbs resulted in significant improvement in airway 

hyperresponsiveness (AHR) and expression of IL-13-induced gene expression. Importantly, these 

doses neither exacerbated nor inhibited production of Th17-associated cytokines, or IL-17A-

associated gene expression.
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Conclusion: This study suggests that combining blockade of individual Th2 and Th17 effector 

cytokines, even at individually sub-therapeutic levels, may be sufficient to limit disease 

development while preserving important anti-microbial pathways. Such a strategy may therefore 

have reduced potential for adverse events associated with blockade of these pathways.

Introduction

Mechanistic studies of allergic asthma have demonstrated that excessive production of Th2-

associated cytokines contributes to the pathogenesis of allergic asthma1,2. Indeed, much of 

the pathology observed in allergic asthma can be ascribed to specific effects of the Th2 

cytokines IL-4, IL-5 and IL-13. For example, IL-4 drives increased production of IgE that 

defines an atopic response2–4. In contrast, IL-5 drives the eosinophil-dominant inflammatory 

response that defines most allergic diseases by contributing to eosinophil development/

maturation, enhancing eosinophil survival and inducing the production of eosinophil-

recruiting chemokines5,6. Finally, IL-13 is considered a key effector molecule that can 

induce many of the pathological changes observed in the asthmatic airway, including smooth 

muscle hypertrophy, goblet cell hyperplasia, airway remodeling, and increased airway 

hyperresponsiveness7,8. Based on the expected primacy of these Th2 cytokines in the 

pathogenesis of allergic asthma, blockade of IL-4, IL-5, and IL-13 (or their receptors) is 

actively being investigated for their therapeutic efficacy in the treatment of allergic 

asthma9–17.

However, it is increasingly clear that the Th2 paradigm is insufficient to explain the full 

spectrum of asthma severity. For example, induction of Th1-associated immune responses, 

with or without concomitant Th2 responses, are associated with more severe airway 

pathology and increased resistance to common therapeutic approaches in mouse models of 

asthma and in humans18–20. Similarly, multiple lines of evidence suggest that induction of a 

mixed Th2/Th17 cytokine profile is associated with the development of more severe disease 

pathogenesis. Severe asthmatics display increased numbers of lung-infiltrating IL-17A+ or 

IL-13+/IL-17+ CD4 T cells21–23, increased serum or sputum Th17 cytokine levels23–26, and 

increased frequency of single nucleotide polymorphisms in the genes encoding IL17A and 

IL17F24,27–31. Moreover, Th17 responses may be associated with a “frequent exacerbator” 

phenotype that is associated with increased steroid usage, reduced quality of life, and more 

rapid decline in FEV1/FVC ratios compared to severe asthmatics with a lower frequency of 

exacerbations32. Thus, there is great interest in better understanding how interactions 

between distinct immune responses can contribute to the development of severe disease and 

influence the effectiveness of therapeutic regimens.

While the mechanisms through which IL-17A and IL-17A-secreting cells contribute to the 

development of asthma remain unclear, a number of possibilities have been proposed, 

including induction of negative regulators of glucocorticoid signaling33,34, a direct 

pathogenic role for neutrophils in the development of allergic disease35, or molecular 

synergy between IL-13- and IL-17A-induced intracellular signaling pathways36. Regardless, 

the combined actions of multiple immune pathways likely define unique asthma phenotypes 

that may respond differently to therapeutic interventions. For example, while blockade of 

IL-13 in mouse models has been ascribed a powerful inhibitory role on the development of 
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allergic asthma37–39, recent evidence suggests an antagonistic relationship between Th2 

cytokines and Th17 cells40–43. As such, inhibition of IL-13 in mixed Th2/Th17 mouse 

models of asthma drove increased recruitment of CD4+IL-17A+ T cells and neutrophils to 

the lung and increased expression of IL-17A-driven gene expression40. Combined blockade 

of both IL-13 and IL-17A abrogated the amplified Th17 response and protected the lung 

from increased neutrophil accumulation and increased expression of IL-17A-associated 

genes40. Given the importance of IL-17A in clearance of bacterial and fungal infections44, 

and the role of Th2 responses in controlling parasitic infections45, chronic blockade of these 

pathways may result in increased susceptibility to these sorts of infections. Indeed, bacterial 

and fungal infections are a commonly reported adverse event in clinical trials testing efficacy 

of IL-17A/IL-17RA-blocking therapies46–48. Thus, the goal of the current study was to 

determine if combining blockade of IL-13 and IL-17A, at individually sub-therapeutic 

levels, is sufficient to limit asthma severity with reduced potential for adverse infectious 

events associated with blockade of these pathways in a unique mouse model of mixed Th2/

Th17-associated severe allergic asthma.

Materials and Methods

Mice:

All animals were randomly assigned to treatment groups upon arrival in our animal facility. 

Male A/J mice were purchased from Jackson Laboratories, and housed in an SPF facility at 

Cincinnati Children’s Hospital Medical Center. Animals were housed with a 12 hours light/

dark cycle and free access to food and water. All experiments were approved by the 

CCHMC IACUC.

Assessment of asthmatic phenotype.—Mice were treated with 40 μl PBS, or 200 μg 

house dust mite extract (HDM) (Greer Laboratories, Lenoir, NC) i.t. on days 0, 14 and 21. 

To block the effect of endogenous cytokines throughout the experimental protocol, animals 

were treated with the indicated concentrations of monocloncal antibodies (mAbs) to IL-13 

(CNTO 8666; rat IgG2a), IL-17A (CNTO 8096; rat IgG2a) or an isotype control rat IgG2a 

(CNTO 6601) on days −2, 2, 12, 16, 19 and 23. Bronchoalveolar lavage fluid (BALF) was 

collected in HBSS and cells were placed on slides by cytocentrifugation, and stained with 

Diff-Quik (Dade Behring). Differential cell counts were determined using morphologic 

criteria under a light microscope by evaluation of ≥ 500 cells/slide. Whole lung cells were 

restimulated with HDM for 72 hours and cytokine production was assessed by ELISA using 

mAbs (eBioscience). For IL-4, IL-13 and IL-10, O.D.s were compared to a standard curve to 

obtain absolute concentrations. For IL-17A, O.D. values, minus the plate blank were 

generated for each sample, O.D. values from all replicates were averaged, and this value was 

displayed. To measure AHR, mice were anesthetized with sodium pentobarbital and 

xylazine (100 and 20 mg/mL respectively). Invasive measurements of airway responsiveness 

were made with the Flexivent apparatus (SCIREQ, Montreal, Quebec, Canada). Mouse 

tracheas were cannulated with a 20-gauge blunt needle, and the mice were ventilated at 150 

breaths/min and 3.0 cm H2O positive end-expiratory pressure. Two total lung capacity 

perturbations were then performed for airway recruitment before baseline measurement and 

subsequent methacholine challenges were performed. Dynamic resistance was assessed after 
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exposure to increasing concentrations of aerosolized methacholine (0, 12.5, 25, and 50 mg/

mL). The highest dynamic resistance value with a coefficient of determination of 0.9 or 

greater (as determined by using Flexivent software) was used to determine the dose-response 

curve. Individuals collecting data were blinded as to the experimental group of the animals 

in question. The asthma phenotype of animals from different experimental groups was 

assessed in a random order.

Assessment of anti-microbial responses.—To determine whether low dose anti-

IL-17A inhibits anti-microbial responses, mice were given anti-IL-17A (75 or 200 μg), or 

control IgG2a (200 μg) i.p. and 18 hours later challenged LPS (1 μg) i.t. Inflammatory cells 

in BALF were determined as above. Alternatively, animals were treated with anti-IL-17A 

(75 or 200 μg) or control IgG2a (200 μg) one hour prior to, and 24 hours after intratracheal 

infection with 1 × 106 – 1 × 108 S. pneumoniae. 48 hours after infection, animals were 

sacrificed. Upon sacrifice lungs were harvested to assess pulmonary gene expression by RT-

PCR.

Quantitative real-time PCR:

PCR primer pairs for S14, Alox15, Arg1, Tff2, Cebpb, Cebpd, Bd2, Cxcl1, Cxcl2, Cxcl3 
and Csf3 were designed to span an intronic region to avoid co-amplification of genomic 

DNA. Primer sequences are indicated in Table 1. Gene expression was analyzed by real-time 

PCR using the LightCycler system (Roche) and SYBR green.

Statistical Analysis:

To determine differences between multiple groups, analysis of variance (ANOVA) was used 

with post hoc comparisons using Tukey’s method. Significance was assumed at p < 0.05.

Results:

Blockade of IL-13 completely abrogates HDM-induced AHR with the potential for 
exacerbation of Th17-associated responses

While Th2 responses are central to the pathogenesis of allergic asthma, it is increasingly 

clear that more severe forms of asthma are associated with concomitant development of Th2 

responses and other types of immune responses (e.g. Th1, Th17). Recent work examining 

augmentation of potentially pathogenic Th17 responses in the face of anti-Th2 therapy40 has 

demonstrated the utility of combined approaches to simultaneously block Th2 and Th17 

responses. However, blockade of effector cytokines is not without risk itself – particularly a 

risk of increased infection. As such, we wished to determine whether simultaneous blockade 

of Th2 and Th17 associated cytokines, at doses that fail to individually demonstrate any 

therapeutic (or pathological) effects, would be a useful strategy for treatment of allergic 

asthma. To determine if combined application of sub-therapeutic doses of IL-13 and IL-17A 

blocking antibodies could ameliorate the pathogenesis of Th2/Th17 mediated-asthma we 

made use of HDM-exposed A/J mice. Application of the common human aeroallergen house 

dust mite (HDM) to the lungs on days 0, 14 and 21 in A/J mice drives a mixed Th2/Th17 

response and results in severe lung pathology and airway dysfunction that was recently 
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found to demonstrate increased steroid refractory characteristics compared to other common 

laboratory strains49–52.

To identify sub-therapeutic doses of anti-IL-13, mAbs were administered at doses of 200 μg, 

75 μg, 25 μg, 8 μg, 2 μg and 0.5 μg/injection 48 hours prior to, and 48 hours following each 

HDM exposure. As expected, HDM exposure in A/J mice induced robust AHR associated 

with marked eosinophil accumulation in the BAL fluid, and a smaller, but significant 

accumulation of neutrophils and lymphocytes (Fig 1). Administration of anti-IL-13 at high 

doses (200 μg/injection) completely abrogated HDM-induced AHR (Fig 1A). Similar effects 

were observed at 75 μg and 25 μg of anti-IL-13 (data not shown). Lower concentrations of 

anti-IL-13 (8 μg/injection) only partially reduced AHR (Fig 1A), while doses of 2 and 0.5 μg 

did not influence AHR. In examining the inflammatory response in the BAL (Fig 1B-E), we 

found that IL-13 blockade, at any concentration, did not significantly impact macrophage 

(Fig 1B) or lymphocyte (Fig 1E) recruitment, and eosinophil recruitment was significant 

reduced only at the 200 μg dose (Fig 1C). While there was a trend towards increased 

neutrophil recruitment following blockade of IL-13, this did not reach statistical significance 

(Fig 1D). Thus, IL-13-blockade can abrogate key features of the asthma phenotype in our 

model, but lower doses have limited effect.

To further assess the effects of IL-13 blockade on the magnitude of the T cell immune 

response, total lung cells were restimulated with HDM in vitro for 72 hours and levels of 

Th1- (IFNγ), Th2- (IL-5, IL-10, IL-13) and Th17- (IL-17A) associated cytokines were 

assessed by ELISA. As expected, HDM restimulation of lung cell cultures from in vivo 
HDM-exposed animals induced readily detectable levels of IL-5, IL-10, IL-13 and IL-17A, 

but not IFNγ. Anti-IL-13, at any dose tested, did not significantly impact the production of 

Th1- (data not shown) or Th-2 associated cytokines (Fig 2A). Consistent with previous 

reports of an inhibitory effect of IL-13 on Th17 cells41–43 high doses (200 μg, 8 μg) of anti-

IL-13 blocking significantly elevated production of IL-17A in HDM-restimulated lung cells 

cultures (Fig 2A). Doses lower than 8 μg had no effect on IL-17A cytokine production.

To directly assess the magnitude of IL-13 driven gene expression in the HDM-exposed lung, 

we assessed the production of a panel of IL-13-induced genes (Alox15, Arg1, Tff2) (Fig 2B) 

and IL-17A-induced genes (Cebpb, Cebpd, Bd2) (Fig 2C) in the lung by RT-PCR. As 

expected, blockade of IL-13 with 200μg of anti-IL-13 had a profound effect on IL-13-

induced gene expression, reducing expression of all genes examined close to baseline. 

Similar effects were observed with blockade at 75 μg and 25 μg (data not shown). While 

lower concentrations of anti-IL-13 blocking mAbs tended to decrease expression of these 

genes in a dose-dependent manner, this did not reach statistical significance (Fig 2B). 

Consistent with our observation of increased production of IL-17A in cultures of HDM-

stimulated lung cell cultures, we also observed increased expression of IL-17A-assocated 

genes following administration of anti-IL-13 (Fig 2C). The observation that 8 μg/injection of 

anti-IL-13 partially abrogated AHR, while 2 μg/injection had no impact on allergen-induced 

AHR suggested that the maximal dose of anti-IL-13 that did not alter AHR was somewhere 

between these values. As such we chose 4 μg/injection of anti-IL-13 for subsequent studies.
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Blockade of IL-17A reduces HDM-induced AHR.

To identify sub-therapeutic doses of anti-IL-17A, mAbs were administered at doses of 200 

μg, 75 μg and 25 μg/injection 48 hours prior to, and 48 hours following each HDM 

exposure. Consistent with our previous studies demonstrating a pathogenic role for IL-17A 

in HDM-exposed A/J mice49, the highest dose (200 μg/injection) of anti-IL-17A resulted in 

a significant, but incomplete, reduction in allergen-induced AHR (Fig 3A). Lower doses of 

anti-IL-17A (75 μg, 25 μg/injection) had no effect on AHR. While anti-IL-17A (at any 

dose), had no significant impact on HDM-induced recruitment of macrophages, eosinophils 

or lymphocytes, the highest dose of anti-IL-17A almost completely abrogated neutrophil 

accumulation in the BALF (Fig 3B-E).

Assessment of cytokine production in HDM-restimulated lung cell cultures revealed that in 

vivo blockade of IL-17A had no significant impact on T cell cytokine production (Fig 4A). 

To assess the impact of in vivo IL-17A blockade on pulmonary responses to IL-13 and 

IL-17A, we assessed the expression of IL-13 and IL-17A-induced genes in whole lung tissue 

by RT-PCR. Consistent with a role for IL-17A in augmenting IL-13 responses2,36,49, anti-

IL-17A reduced expression of Alox15, Arg1, and significantly decreased Tff2 mRNA levels 

(Fig 4B) at the highest dose. Not surprisingly, blockade of IL-17A at the highest dose (200 

μg/injection) resulted in significantly reduced expression of IL-17A-associated genes (Fig 

4C). Lower doses of anti-IL-17A did not have a significant effect on expression of IL-17A-

induced genes. As 75μg of anti-IL-17A failed to alter AHR, infiltration of inflammatory 

cells in the BAL, T cell derived cytokine production, or the production of IL-13- or IL-17A-

associated gene expression, this dose of anti-IL-17A was chosen for subsequent 

experiments.

Low dose IL-17A blockade does not impact anti-bacterial responses.

To determine whether low dose anti-IL-17A inhibits anti-microbial responses, mice were 

given anti-IL-17A (75 or 200 μg), or control IgG2a (200 μg) i.p. and 18 hours later 

challenged LPS (1 μg) i.t. Animals were sacrificed at 4, 24 and 48 hours to assess airway 

inflammatory infiltrates and IL-17A-associated gene expression. LPS exposure induced a 

rapid pulmonary inflammation consisting of mostly neutrophils, which peaked at 24 hours 

and started to diminish by 48 hours (Fig 5A-B). High-dose anti-IL-17A significantly 

reduced total inflammatory cells and neutrophils at 24 and 48 hours after LPS challenge (Fig 

5A - B), while 75 μg of anti-IL-17A had no significant impact. 200, μg of anti-IL-17A 

significantly reduced expression of Cebpd (compared to anti-IL-17A (75 μg) animals) and 

Csf3 (compared to control animals) (Fig 5C).

As an alternative approach, animals were treated with anti-IL-17A (75 or 200 μg) or control 

IgG2a (200 μg) one hour prior to, and 24 hours after intratracheal infection with 1 × 106 – 1 

× 108 S. pneumoniae. 48 hours after infection, animals were sacrificed. 200 μg of anti-

IL-17A was associated with significantly decreased pulmonary expression of the anti-

microbial genes Cxcl1 and Cxcl3, and strong trends towards decreased expression of Bd2, 

Csf3, Cebpd, and Cxcl3 (Fig 5E). No differences in mortality were observed (not shown). 

Collectively, these data suggest that the lower doses of anti-IL-17A selected for further study 

are not associated with diminished anti-bacterial responses.
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Administration of sub-therapeutic levels of anti-IL-13 and IL-17A significantly improve lung 
function in HDM-treated A/J mice.

To determine if simultaneous administration of sub-therapeutic doses of anti-IL-13 and anti-

IL-17A had any impact on the asthma phenotype, HDM-sensitized A/J mice were treated 

with 4 μg of anti-IL-13, 75 μg of anti-IL-17A or both antibodies in combination. As 

expected, administration of anti-IL-17A at 75 μg/injection had no impact on AHR (Fig 6A). 

Importantly, 4 μg/injection of ant-iL-13 did not alter AHR (Fig 6A), validating the choice of 

this concentration for these studies. In contrast, compared to animals treated with isotype 

control mAb, co-administration of anti-IL-13 and IL-17A reduced HDM-induced AHR by 

~40% (Fig 6A). Examination of BAL cellularity (Fig 6B-D) demonstrated that combined 

IL-13/IL-17A blockade had limited effect on BAL cellularity (Fig 6B-E). Eosinophils and 

lymphocytes tended to be reduced in all anti-IL-13 treated groups, but this did not reach 

statistical significance (Fig 6C, 6E). Similarly BAL neutrophil levels were reduced in the 

BAL of animals receiving anti-IL-17A, although this only reached statistical significance in 

anti-IL-13 + anti-IL-17A treated animals.

Blockade of IL-13 or IL-17A had limited impact on the production of Th2, or Th17-derived 

cytokines following HDM-restimulation of whole lung cell cultures (Fig 7A), or on the 

frequency of IL-17A+CD4+, IL-13+CD4+, or IL-13+IL-17A+CD4+ T cells in the lungs of 

low dose anti-IL-13, low dose anti-IL-17A, or combined low dose anti-IL-13 + IL-17A 

treated animals (Supplementary Figure 1). In contrast, expression of IL-13-induced genes 

Alox15, Arg1, and Tff2 was significantly reduced in animals treated with anti-IL-13 and 

IL-17A (Fig 7B) consistent with our previously reported synergism between IL-13 and 

IL-17A36,51. Importantly, there was no significant impact of either anti-IL-13 or anti-

IL-17A, alone or in combination, on the expression of Th17-associated genes like Cebpb, 

Cebpd, and Bd2 (Fig 7C). Additional Th17-associated targets that are representative of the 

“Th17 signature” observed elsewhere40 including Cxcl1, Cxcl2, Cxcl3 and Csf3 show 

similar patterns of expression (Supplementary Figure 2). Collectively, these data indicate 

that simultaneous administration of individually sub-therapeutic doses of anti-IL-13 and 

anti-IL-17A has the capacity to limit the development of allergen induced AHR and IL-13-

induced gene expression, with limited impact on the capacity to mount Th17-associated 

responses.

Discussion

While asthma is driven by aberrant Th2 cell responses, it is increasingly evident that severe 

forms of disease are frequently associated with mixed Th2/Th1 or Th2/Th17 

responses18–32,49. Interestingly, recent evidence also suggests that Th2 effector cytokines 

can actively inhibit Th17-associated responses, either at the level of Th17-cell cytokine 

production, or downstream interaction between IL-13 and IL-17A-driven signaling 

pathways36,41–43. Consistent with this observation, blockade of Th2 effector cytokines in 

allergic asthma elevates Th17-associated responses and pulmonary neutrophilia40. Not 

surprisingly, concomitant blockade of Th2- and Th17-associated cytokines limits the 

augmentation of Th17-associated responses that results from blockade of Th2 responses, and 

reverses airway neutrophilia40, suggesting that combining therapeutic approaches may 
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provide additional benefit. However, herein we make the novel observation that concomitant 

blockade of IL-13 and IL-17A, at doses that are sub-therapeutic when administered alone, 

reduce the magnitude of pathological features of asthma (AHR, IL-13-induced gene 

expression) while sparing the IL-17A-dependent responses associated with protection from 

bacterial infections. Importantly, one of the more common adverse events associated with 

blockade of IL-17A/IL-17RA in early clinical trials is the increased susceptibility to 

bacterial or fungal infections46–48. Thus, the demonstration that low dose anti-IL-17A has no 

impact on responses to bacterial products or the response to infection, while maintaining the 

ability to influence asthma severity, is a highly relevant observation emerging from the 

current study – particularly as bacterial or fungal infections are frequent triggers for asthma 

exacerbations53,54. Thus, we argue that exploration of combined, sub-therapeutic dosing 

regimens is an important avenue for future experimental studies.

Similarly, Th2 responses are thought to be critical mediators of anti-parasitic responses45. 

While exacerbation of parasitic responses has not been observed in clinical trials, parasitic 

infections expected to be most impacted are not typically endemic in the US or Europe55, 

where most clinical trials evaluating the efficacy of Th2 targeting therapies for the treatment 

of allergic diseases are currently underway. Regardless, it is encouraging that while 

expression of anti-parasitic mediators (Alox15, Tff2, Arg1)56–58 is reduced in IL-13 + 

IL-17A treated animals, they are not returned to baseline. As IL-17A has not been described 

as a critical mediator of anti-parasitic immunity, it seems unlikely that anti-parasitic 

immunity would be significantly impacted in animals treated with anti-IL-13 and IL-17.

Each gene product tested contributes either to AHR, or anti-microbial responses. Arginase 1 

generates L-ornithine which contributes to airway remodeling and hyperresponsiveness59, 

while decreasing NO, a smooth muscle relaxant60. Elevated arginase activity is associated 

with reduced lung function61,62. Trefoil factor 2 (Tff2) is implicated in organ regeneration 

and healing63, its expression is elevated in asthma, and is required for IL-13 and allergen-

induced AHR56. 15-lipoxygenase (Alox15) catabolizes arachidonic acid, generating lipid 

mediators such as lipoxin and eoxin64. Alox15−/− mice demonstrate reduced airway 

inflammation, Th2 cytokine production and airway remodeling65. Cebpb and Cebpd encode 

C/EBPβ and C/EBPδ which promote synergy between IL-17A and other pro-inflammatory 

cytokines by enhancing mRNA stability66. Bd2 encodes defensin β−2, a bactericidal protein 

stimulated by LPS67 which contributes to clearance of select bacteria68,69. Finally, Cxcl1, 

Cxcl2, and Cxcl3 encode neutrophil-recruiting, while Csf3 encodes G-CSF, a cytokine that 

promotes neutrophil differentiation70. Thus, altered expression of any IL-13 or IL-17A 

induced gene studied may impact allergic or anti-bacterial responses.

While airway inflammation contributes to AHR, inflammation-independent factors such as 

smooth muscle contractility, airway remodeling, mucus hypersecretion, and airway 

remodeling also contribute71–73. Our observation that concomitant IL-13/IL-17A blockade 

significantly reduces AHR, with no impact on airway inflammation suggests that IL-13/

IL-17A blockade targets inflammation-independent components of AHR. Indeed, IL-13 

signaling in epithelial cells is sufficient to induce AHR38, and IL-17A exacerbates AHR 

through augmenting IL-13 responses36. It is possible that IL-13/IL-17A pathways targeted 

are epithelium specific.

Kim et al. Page 8

Clin Exp Allergy. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is also important to note that inhibition of IL-13 with high doses of IL-13-blocking mAb 

did result in enhanced IL-17A production in HDM-restimulated lung cell cultures and 

elevated expression of IL-17A-dependent gene expression in the context of IL-13 blockade. 

The mechanisms responsible for these changes are not entirely clear, however, it has been 

observed that Th17 cells express the IL-13Rα1 and that signaling through this receptor 

inhibits the capacity of Th17 cells to make IL-17A41–43. As such, it is conceivable that 

blocking IL-13 relieves this brake on IL-17A production, allowing for increased capacity for 

IL-17A production. However, we have also observed that concomitant activation of IL-13 

and IL-17A-induced signaling pathways in the same cell results in significant 

downregulation of IL-17A-induced gene expression in cells exposed to both cytokines36. 

Thus the effect on increased expression of IL-17A-induced genes is due to a combined effect 

of both increased IL-17A production, and increased responsiveness of pulmonary cells to 

IL-17A-induced signaling.

One shortcoming of the current study is that the anti-cytokine therapies are administered 

prophylactically, prior to the initiation of disease, rather than in a more therapeutic model. 

While typically viewed as effector cytokines, a number of studies suggest that IL-13 or 

IL-17A can influence the development an adaptive immune response through a number of 

different mechanisms. Blockade of IL-17A during sensitization, has been shown to be 

sufficient to inhibit the development of HDM induced asthma74. Interestingly, IL-17A has 

been demonstrated to enhance dendritic cell differentiation and release from the bone 

marrow75, co-stimulatory molecule expression49 and proinflammatory cytokine 

production74. Thus blocking IL-17A during sensitization may limit the capacity of 

pulmonary dendritic cells (DCs) to drive asthma development. Similarly, ILC2-derived 

IL-13 has been proposed as an important regulator of asthma development through the 

regulation of DC migration from the lung to LN and subsequent induction of Th2 

immunity76,77. However, we did not see significant alteration in the frequency of IL-17A
+CD4+, IL-13+CD4+, or IL-13+IL-17A+CD4+ T cells in the lungs of low dose anti-IL-13, 

low dose anti-IL-17A, or combined low dose anti-IL-13 + IL-17A treated animals (data not 

shown). As such, we feel it is unlikely that the inhibitory effect of combined low dose anti-

IL-13 and anti-IL-17A administration is due to inhibition of T cell immunity. Rather, we 

expect that blockade of IL-17A and/or IL-13 was operant primarily during the effector/

challenge phase of the immune response.

In conclusion, the current study supports published reports demonstrating that combined 

blockade of Th2 and Th17 effector molecules may have improved benefit over blockade of 

Th2 effector cytokines alone, particularly in models of mixed Th2/Th17 asthma. However, 

this study also suggests that the beneficial impact of combined Th2/Th17-targeting 

therapeutic approaches in asthma might still be evident even when the blocking antibodies 

are administered in quantities that were individually unable to impact disease outcomes. In 

addition to the benefits inherent in reducing the dose of administered therapeutic agents 

while retaining efficacy, we also observe that induction of Th17-driven anti-microbial 

responses are impacted to a lesser degree with such sub-therapeutic dosing strategies. As 

pulmonary bacterial and fungal infections are common triggers of asthma exacerbations, 

preserving the capacity to effectively combat these infections may have additional, 

unappreciated clinical benefit in the treatment of severe asthma.
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Figure 1. Blockade of IL-13 abrogates HDM-induced AHR and reduces HDM-induced 
eosinophil accumulation.
Asthma was induced as in Materials and Methods. Anti-IL-13 (0.5, 2, 8, or 200 μg/

injection), or Rat IgG2a (200μg/injection) was administered i.p. 48 hours before, and 48 

hours after each HDM exposure. (A) methacholine-induced AHR was measured by 

Flexivent. BALF was collected, and the number of macrophages (B), eosinophils (C), 

neutrophils (D), and lymphocytes (E) were assessed. Data are mean ± SEM of n = 6–12 

mice from 2 independent experiments. **p < 0.01, ***p < 0.001, and **** p < 0.0001 

versus PBS. † < 0.05 versus isotype.
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Figure 2. IL-13 blockade reduces IL-13-induced gene expression, while increasing Th17 
responses.
(A) Lung cells were restimulated in vitro with HDM and IL-5, IL-10, IL-13, and IL-17A 

production was evaluated by ELISA. (B) Pulmonary expression of IL-13-driven genes 

(Alox15, Arg1, Tff2) and (C) IL-17A-induced genes (Cebpb, Cebpd, Bd2) was assessed by 

RT-PCR analysis. Data are mean ± SEM of n = 6–12 mice from 2 independent experiments. 

*p < 0.05, **p < 0.01, ***p < 0.001, and **** p < 0.0001 versus PBS. † < 0.05 versus 

isotype.
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Figure 3. Blockade of IL-17A reduces HDM-induced AHR and abrogates pulmonary neutrophil 
recruitment.
Asthma was induced as in Materials and Methods.. Anti-IL-17A (25, 75, or 200 μg/

injection), or Rat IgG2a (200μg/injection) was administered i.p. 48 hours before, and 48 

hours after each HDM exposure. (A) methacholine-induced AHR was measured by 

Flexivent. BALF was collected, and the number of macrophages (B), eosinophils (C), 

neutrophils (D), and lymphocytes (E) were assessed. Data are mean ± SEM of n = 7 – 9 

mice in 2 independent experiments. **p < 0.01, ***p < 0.001, and **** p < 0.0001 versus 

PBS. † < 0.05 versus isotype.
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Figure 4. Blockade of IL-17A reduces expression of both IL-13 and IL-17-induced genes.
(A) Lung cells were restimulated in vitro with HDM and IL-5, IL-10, IL-13, and IL-17A 

production was evaluated by ELISA. (B) Pulmonary expression of IL-13-driven genes 

(Alox15, Arg1, Tff2) and (C) IL-17A-induced genes (Cebpb, Cebpd, Bd2) was assessed by 

RT-PCR analysis. Data are mean ± SEM of n = 7 – 9 mice in 2 independent experiments. *p 

< 0.05, **p < 0.01, ***p < 0.001, and **** p < 0.0001 versus PBS. † < 0.05 and †† < 0.01 

versus isotype.

Kim et al. Page 17

Clin Exp Allergy. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Administration of low dose anti-IL-17A does not alter LPS-induced neutrophil 
recruitment, or pro-inflammatory gene expression.
(A-C) Responses to LPS were assessed as in Materials and Methods. The absolute number 

of inflammatory cells (A), and neutrophils (B) were assessed 4, 24 and 48 hours later. (C) 

Expression of IL-17A-induced gene expression was assessed at 24 hrs by RT-PCR. Data are 

shown as mean + SEM of n = 10 – 12 mice. (D-E) Responses to infection with S. 
pneumoniae were assessed as in Materials and Methods. Animals were sacrificed 48 hours 

after infection to assess expression of IL-17A-induced genes. Data are shown as mean ± 

SEM of n = 10 – 12 mice from 3 independent experiments. *p < 0.05 and **p < 0.01 versus 

isotype.
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Figure 6. Administration of sub-therapeutic levels of anti-IL-13 and IL-17A significantly 
improve lung function and limit neutrophil recruitment in HDM-treated A/J mice.
Asthma was induced as in Materials and Methods. Anti-IL-17A (75 μg/injection), anti-IL-13 

(4 μg/injection), anti-IL-17A + anti IL-13, or Rat IgG2a (79 μg/injection) was administered 

i.p. 48 hours before, and 48 hours after each HDM exposure. (A) methacholine-induced 

AHR was measured by Flexivent. BALF was collected, and the number of macrophages (B), 

eosinophils (C), neutrophils (D), and lymphocytes (E) were assessed. Data are mean ± SEM 

of n = 10 – 12 mice from 2 independent experiments. ***p < 0.001 and ****p < 0.0001 

versus PBS. † < 0.05 versus isotype.

Kim et al. Page 19

Clin Exp Allergy. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Simultaneous blockade of IL-13 and IL-17A at sub-therapeutic individual doses 
significantly reduces IL-13-induced gene expression, without impacting expression of IL-17A-
induced genes.
(A) Lung cells were restimulated in vitro with HDM and IL-5, IL-10, IL-13, and IL-17A 

production was evaluated by ELISA. (B) Pulmonary expression of IL-13-driven genes 

(Alox15, Arg1, Tff2) and (C) IL-17A-induced genes (Cebpb, Cebpd, Bd2) was assessed by 

RT-PCR analysis. Data are mean ± SEM of n = 10 – 12 mice from 2 independent 
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experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and **** p < 0.0001 versus PBS. † < 

0.05 and †† < 0.01 versus isotype.
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TABLE 1.

List of mouse primers

Gene Forward sequence Reverse sequence

S14 GAGGAGTCTGGAGACGACGA TGGCAGACACCAAACACATT

Alox15 CGGTCTACTTGTCTCCCTGC CTTGATCCCATCCAGAAGGA

Arg1 CATGAGCTCCAAGCCAAAGT TTTTTCCAGCAGACCAGCTT

Tff2 AGGACTGTGCCAGTCGAAAC CTCGGCAGTAGCAACTCTCA

Cebpb GTTTCGGGACTTGATGCAAT CCCCGCAGGAACATCTTTA

Cebpd TAAGGAGATGGACGCGTTTC GTTAGGCCAACTGTTCTCCG

Bd2 AAGTATTGGATACGAAGCAG TGGCAGAAGGAGGACAAATG

Cxcl1 ACCCAAACCGAAGTCATAGC TCTCCGTTACTTGGGGACAC

Cxcl2 CCAACCACCAGGCTACAGG GCGTCACACTCAAGCTCTG

Cxcl3 CAGCCACACTCCAGCCTA CACAACAGCCCCTGTAGC

Csf3 ATGGCTCAACTTTCTGCCCAG CTGACAGTGACCAGGGGAAC
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