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Abstract

Background: The mechanism of Th2/Th17-predominant and Th27Hlov asthma is unknown.

Objective: To study the immune mechanism of Th2/Th17-predami and Th2/Th17-low

asthma.

Methods: In a previously reported cohort of 60 asthma#tignts, 16 patients were
immunophenotyped with Th2/Th17-predominant asthnth2®? patients with Th2/Th17-low
asthma. We examined BAL leukocytes, cytokines,iatets, and epithelial cell function for

these asthma subgroups.

Results: Th2/Th17-predominant asthma had elevate@]LL6, IL23, C3a and serum amyloid

A (SAA) in BAL, and correlated with IL3 and C3a. Th2/Th17 cells expressed higher levfels o
the IL1 receptor and p-p38 MAPK. Anakinra, an leteptor antagonist protein, inhibited BAL
Th2/Th17 cells. Th2/Th17-low asthma had two didtsubgroups—neutrophilic asthma (45%)
and pauci-inflammatory asthma (55%). This coméchsvith Th2/Th17-predominant and Th2-
predominant asthma, which had neutrophilic asthm&®6 and 0% of patients, respectively.
BAL neutrophils strongly correlated with BAL myeleqoxidase, IL8, ILi, IL6, G-CSF, and
GM-CSF.. Sixty percent of the patients with neplitic asthma had a pathogenic

microorganism in BAL culture, which suggested acdinical infection.

Conclusion: We uncovered a critical role for the [Rpathway in Th2/Th17-predminant
asthma. A subgroup of Th2/Th17-low patients meditrophilic asthma and elevated BAL

IL1a, IL6, IL8, G-CSF, and GM-CSF. lldiwas directly involved in IL8 production and likely
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contributed to neutrophilic asthma. Sixty peragimeutrophilic patients had a subclinical

infection.

Clinical Implications

This study uncovers a critical role for the f_frathway in development of Th2/Th17-
predominant asthma. This subtype of asthma i$ylikebenefit from an IL1 inhibitor-like drug
(e.g. anakinra). Neutrophilic asthma represemstsbdype of Th2/Th17-low asthma. A subgroup
of neutrophilic asthma is associated with subctihinfection and an infection-inducible
cytokine profile. Anti-microbial agents and biolog targeting specific cytokines are likely to

benefit this subgroup of asthma.

Capsule summary

This paper defines the molecular mechanisms ofsiwimypes of asthma—Th2/Th17-
predominant asthma and Th2/Th17-low, neutroph8iti@ma. The paper also delineates

phenotype-specific therapeutic agents that aréylikenefit these two subtypes of asthma.

Key words: Asthma endotype, Th2/Th17-predominant asthmatroghilic asthma, IL1, C3a,
infection

Abbreviations. DAMP: danger-associated molecular pattern; SAkus amyloid A
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Introduction

The variability in clinical manifestation and tresnt response in asthma is considered to result
from its heterogeneous mechanisms (1-3). Therenarey clinical phenotypes of asthma—atopic
(includes both eosinophilic and non-eosinophili@n-atopic, eosinophilic non-atopic, and
neutrophilic (4). It is now generally acceptedtthpic and eosinophilic non-atopic asthma are
mediated by a type 2 immune response (an immupemss that results in production of IL4,

IL5 and IL13, among others) (5). Although Th2 selte considered to play a central role in
atopic asthma, it is likely that other type 2 cytekproducing cells such as type 2 innate

lymphoid cells and CD8 T cells, and NKT cells atemtribute to this phenotype (6-8).

Genome-wide transcriptomic analysis of airway egi#h cells led to identification a Th2-high
and Th2-low endotypes of asthma (5). The Th2-higtogype manifested with increased
expression of IL13 signature genes (periostin, CL@Ad Serpin 2B) in airway epithelial cells.
Their T cells produced increased amounts of ILE2-Tow asthma did not show increased
expression of type 2 cytokines. Another study reggbmcreased expression of NFNCD4

(Thl) cells in a subgroup severe asthma patiefts@8ferentiated T helper cells manifest
plasticity in their phenotype (9). Th2 cells caarsdifferentiate into Th2/Th17 cells. The
presence of dual positive Th2/Th17 has been dextiibthe blood from asthmatic patients (10).
Using flow cytometric detection of BAL cytokine-engssing T cells we recently reported 3
endotypes of asthma—Th2-predomnant, Th2/Th17-pr@tiothand Th2/Th17-low (11). The
Th2/Th17-predominant asthma was characterized dgdminant presence of dual positive
Th2/Th17 cells in bronchoalveolar lavage. Thesa gositive Th2/Th17 cells simultaneously
produced IL4 and IL17. The cytokine milieu thatdes the development of Th2/Th17 cells in
the airways is unknown. In animal studies ThlTsaale associated with neutrophilic asthma

3
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(12, 13). We anticipated a mixed eosinophilic ardtrophilic phenotype in Th2/Th17-
predominant asthma. Instead, we observed incresssgdophils but not neutrophils in BAL
from Th2/Th17-predominant asthma. This study satggka different mechanism for
neutrophilic asthma in humans. The objective of $tudy was to define the cytokine/mediator

milieu that contributes to Th2/Th17-predominant2/h17-low, and neutrophilic asthma.
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Materials and methods

Human subjects. The study subjects were recruited from the ougpatlinics of National

Jewish Health. The study protocol for bronchoscapy BAL was approved by the Institutional
Review Board (IRB). An informed consent was ol#difrom the study subjects. Patients were
allowed to continue their routine medication. Theogical samples for this study (BAL fluid
and cells) were from the same cohort of 60 patigr@swas described in the previously
published paper (11). This cohort consisted of B2-predominant asthma, 16 Th2/Th17-
predominant asthma and 22 Th2/Th17-low asthmangatidn this paper we further analyzed
these existing samples to elucidate the mechanisheadentified endotypes. For experiments
involving anakinra, p38 MAPK signaling and airwgytaelial cells we recruited 20 new
asthmatic patients as outlined in the text. O$¢h20 patients 8 hadTh2/Th17-predominant

asthma, 6 patients had Th2-predominant asthma &ad 6§h2/Th17-low asthma.

Processing of BAL cellsand flow cytometry: Bronchoscopy and BAL were performed as
described previously (11, 14). BAL was processechédiately. Cells were isolated by
centrifugation. Supernatant fluid was aliquotetd ismall samples and frozen. Cells were fixed
immediately in 4% paraformaldehyde and processetlda cytometry as described previously
(12). In a small group of patients cells wereundtl with anakinra (recombinant IL1 receptor
antagonist protein from Prospec, Inc. East BruokwiJ) or medium for 3 days and then

analyzed by flow cytometry.

Airway epithelial cel cultureand function: The human immortalized airway epithelial cell
line BEAS-2B and freshly isolated human bronchpitrelial cells from asthmatic patients

(obtained by bronchial brushing) were grown inBt#BM medium (Lonza) with the addition of
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the growth factor-enriched supplement BEGM (Camphex, East Rutherford, NJ) and the
medium was changed every 3 days as described pstyil5). Before stimulation, cells were
trypsinized and then plated at 4 X101 in a 6-well tissue culture plate. BEAS-2B seltere
stimulated with a subthreshold dose of LPS (ughnl) with and without additional
cytokines/growth factors (Ild, I1L4, IL6, GM-CSF, IL17A, and C3a, 10 ng/ml eadb) the
indicated period of time. Freshly isolated humamnichial epithelial cells were cultured with
IL1a, IL6, GM-CSF, C3a (10 ng/ml each) and their corabons but without LPS for 48 hrs. In
additional experiments cells were cultured with amithout the p38 MAPK inhibitor SB212190

(10 uM). Supernatant was collected and assayed foetetrytokines by ELISA.

ELI1SA: We performed ELISA for the following cytokines amgkdiators: IL&, IL1[3, IL6, IL8,
IL17A, IL21, IL23, G-CSF, GM-CSF, TN, C3a, myeloperoxidase, serum amyloid A, and uric
acid The foregoing cytokines/mediators were assayenhéhluted BAL fluid by ELISA kits or
paired (capture and detection) antibodies as gestpplier’s instruction. GM-SF (sensitivity:
7.8 pg/ml), TNFe (sensitivity: 7.8 pg/ml), IL Iu (sensitivity: 7.8 pg/ml), IL 6 (sensitivity: 7.8
pa/ml), IL 8 (sensitivity: 15.6 pg/ml) and IL 17 &ensitivity: 3.9 pg/ml), and IL21 (sensitivity:
31.3 pg/ml) were from Biolegend (San Diego, CAl); 1B (sensitivity: 3.9 pg/ml), G-CSF
(sensitivity: 31.3 pg/ml), and myeloperoxidase @ity 62.5 pg/ml) were from R&D Systems
(Minneapolis, MN); C3a (sensitivity: 0.32ng/ml) wisem eBioscience (San Diego, CA); Uric
Acid Assay kit (sensitivity: 0.pM) was from Cayman Chemical Company (Ann Arbor, MI)
serum amyloid A kit (sensitivity: 0.41 ng/ml) wasi Abcam (Cambridge, MA) and 1L23

(sensitivity: 3 pg/ml) kit from MyBiosource (San&gjo, CA).
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Statistical Analyses. Comparison between the study groups was done lmpMéhitney U test.
Comparison among multiple study groups was perfdrineKruskal Wallis test. Pearson

correlation coefficient was used to calculate datren coefficient.



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

Results

Th17-inducing cytokine profilein BAL from asthmatic patients

Based upon flow cytometric analyses of the cytolexpression profile of BAL cells from 60
refractory asthmatic patients we previously repbtteee distinct immune endotypes of
asthma—Th2-predominant asthma (the frequency of IL®4 T cells outnumbered that of
IL4/IL17+ CDA4 T cells and the I1L4/IL17- CD4 T cellsy 22 patients, Th2/Th17-predominant
asthma (the frequency of IL4/IL17+ CD4 T cells autibered that of IL4+ CD4 T cells and the
IL4/IL17- CD4 T cells) in 16 patients, and Th2/Thibiv asthma (the frequency of Th2 and
Th2/Th17 cells was below 5% of all CD4 T cellspi patients (11). Flow cytograms
representing each immune endotype are shown iariiee repository figure E1. We were
interested in stability of the Th2/Th17-predominantotype over time. Repeat BAL analysis of
Th2/Th17 cells on 4 asthmatic patients showedttieendotype persisted over a 3-5 year time
period of observation (online repository table We wanted to define the cytokine milieu that
favored the development of dual positive Th2/Thélfsan the airways. A previous study
showed that IL1, IL6, IL21 and IL23 were capablerafucing Th2/Th17 cell differentiation
(10). For this reason we assayed BAL fluid frons tohort of 60 asthmatic patients for these
cytokines. 1L21 was undetectable. & {Figure In) and I1L23 (Figure 1D) were selectively
increased in Th2/Th17-low and Th2/Th17-predomirzathma, respectively. 1B1(Figure 1B)
and IL6 (Figure 1C) were elevated in both Th2/Tipt&dominant asthma and Th2/Th17-low
asthma as compared to Th2-predominant asthma.IL®Hevel was higher in Th2/Th17-

predominant asthma as compared to Th2/Th17-lowresth
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Danger -associated Molecular Patterns (DAMPS) in the airways from the asthma subtypes
Next, we examined the mechanism of increased ptmotucf IL13 and IL6 in Th2/Th17-
predominant asthma. Many environmental toxicamdsice airway stress and trigger the
production of DAMPs (16, 17). DAMPs influence gi@duction of immunomodulatory
cytokines (18-22). We examined 3 DAMPs in BAL froine 3 asthma groups. The selection of
these DAMPs was based upon their documented inn@aein Th2- and Th17-type
inflammation (19-22). C3a and serum amyloid A (§At not uric acid was elevated in both
Th2/Th17-predominant asthma and Th2/Th17-low asttiigure 2A-C). Their levels were

higher in Th2/Th17-predominant asthma as compardcth2/Th17-low asthma.

Clinical correlation of cytokinesand DAM Pswith Th2/Th17

Of the foregoing cytokines and DAMPs, only B.and C3a significantly correlated with
Th2/Th17 cells (Figure 3A & B). C3a also correth{(e=0.69, P<0.001) with ILA (Figure 3C).
Since IL1 strongly correlated with Th2/Th17, we sought ttedaine the expression level of
the IL1 receptor (IL1R) on Th2/Th17 cells ex vivadacompared them with other cells.
Th2/Th17 cells as well as Th17 cells demonstratechighest level of expression of IL1R in
BAL as compared to Th2 cells (Figure 3C). BLActivates multiple signaling pathways, one of
which is the p38 MAPK pathway (23). We observddgh level expression of the
phosphorylated form (activating phosphorylationp88 MAPK in Th2/Th17 and Th17 cells
(Figure 3D). We recognize that p38 MAPK is notafie for IL1[3 and is activated by many
molecules. To define the role of IBRXurther, we cultured BAL cells from moderate tvee
(as per NAEPP EPR3 guidelines) asthmatic patieritsamakinra (recombinant IL1 receptor

antagonist protein, brand name Kineret) and meddud?IL17+ cells. Anakinra inhibited the
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expression of dual IL4/IL17+ CD4 T cells in BAL andose-dependent manner (Figure 3E). In
order to determine if ILR was responsible for p38 MAPK signaling we cultuBl cells from
moderate to severe (as per NAEPP EPR3 guidelistisinatic patients with anakinra for 24 hr
and analyzed the expression of p-p38 in CD4 T ¢silBow cytometry. Anakinra significantly
inhibited p-p38 in a dose-dependent manner (Fig&)e These results in aggregate suggest that
IL1B plays an important role in differentiation/andnagintenance of Th2/Th17 cells in a

subgroup of asthmatic patients.

Th2/Th17-low but not Th2/Th17-predominant asthmaisassociated with increased BAL

neutrophils

In mouse studies a Th17 immune response was assberdh neutrophilic asthma (12, 13). We
anticipated increased airway neutrophils in Th2/-ptedominant asthma. An analysis of BAL
neutrophil counts revealed that Th2/Th17-low asthwtanot Th2/Th17-predominant asthma
was associated with neutrophilic asthma. Th2/TleWw patients had significantly higher
number of BAL neutrophils, 16.1 £ 4.4% as compaced + 1.8% in Th2/Th17-predominant
and 2.5 £ 0.5% in Th2-predominant endotypes (9. 4An analysis of individual data points
indicates clustering and separation of neutropighIpatients from neutrophil-low patients (Fig.
4A). Based upon the clustering pattern of BAL nepihils in these three groups we set a
threshold number of 7 for neutrophilic asthma. Whpplied this threshold number, only 1
patient from the Th2/Th17-predominant asthma anmeerimom the Th2-predominant asthma but
10 patients from the Th2/Th17-low asthma had n@titic asthma. In order to further confirm
neutrophilic inflammation we examined BAL myelopeidase level in the same patients. The

myeloperoxidase level was similarly elevated in /ThA7-low patients as compared to the other

10
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two groups (Figure 4B). The myeloperoxidase léwghly correlated (r=0.89, P<0.001) with the

BAL neutrophil count.

IL8 (CXCLB8) is a chemokine that critically drivesutrophilic inflammation (24-26). We
measured IL8 level in the BAL fluid from the studsoups. IL8 level was highest in the
Th2/Th17-low group and lowest in the Th2-predomtrgmoup (Fig. 4C). The distribution of
individual data points also suggested clusterimdysaparation of IL8-high patients from IL8-low
patients. When we used an arbitrary cut-off pofr200 pg/ml, only 1 patient from the
Th2/Th17-predominant asthma, no patient from th2-predominant asthma and 10 patients
from the Th2/Th17-low asthma groups were high k&, lWhich was similar to that observed for
neutrophils. As expected, BAL IL8 strongly cortteld (r=0.88, P=0.00001) with BAL
neutrophils (Figure 4D) suggesting that IL8 conitéal to neutrophilic inflammation. The
absence of neutrophilic inflammation in the Th2/Tygkedominant group was surprising. Since
IL17 is produced by dual positive Th2/Th17 cell§ijieh also produce high levels of IL4, we
asked if IL4 & IL13 affected LPS induced epithelpbduction of IL8, the major inducer of
neutrophilic inflammation. Both IL4 & IL13 signifantly stimulated IL8 production at low doses
but inhibited this production at high doses in BE2E epithelial cells (Fig. 4E). Our results
agree with a recent report (27), which suggesteadlabitory role of IL4/IL13. We asked if this
relationship existed in vivo. To this goal we meas 1L4 and IL8 in 42 BAL samples obtained
from all three study groups. We found a negatmeeatation between IL4 and IL8 (Figure 4F).
Note that the concentration of IL4 in BAL was relaty low, which is likely due to the dilution
effect of the large volume (120 ml) of saline thais used for BAL. The results provide a
mechanistic explanation for the lack of neutroghiiflammation in IL4-high Th2/Th17-

predominant asthma.

11
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Role of cytokinesand DAM Psin neutrophilic asthma

In addition to IL8 many other cytokines either ditg or indirectly regulate neutrophilic
inflammation. They include Ild & 3, IL6, IL17A, G-CSF, GM-CSF and TNF(28-32). IL1q,
IL1(3 and IL6 were elevated in Th2/Th17-low asthma (FegLA-C). Next, we measured IL17A,
G-CSF, GM-CSF and TNFin BAL from the three study groups. Tbivas undetectable in
BAL from the asthmatic patients. G-CSF and GM-@8Fnot IL17A were elevated in
Th2/Th17 low asthmatic patients as compared to @&ha-Th2/Th17-predominant asthmatic
patients (Figure 5 A-C). Ild, GM-CSF, IL6, G-CSF and C3a (in order of the gjtbrof
correlation) correlated with IL8 (Table 1). G-C3Elq, IL6, GM-CSF and C3a correlated with
BAL neutrophils. ILB, serum amyloid A and uric acid did not correlatehwieutrophils and

IL8.

Effect of cytokinesand DAMPsin IL8 production by airway epithelial cells

Next we studied the effect of the BAL neutrophit@siated cytokines/mediators—I&1IL6,
GM-CSF and C3a (see Table 1) on epithelial IL8 potidn. We used two different cell types—
the immortalized human bronchial epithelial celeiBEAS-2B and freshly isolated human
bronchial epithelial cells from asthmatic patieotsained by bronchial brushing. The freshly
isolated human bronchial epithelial cells spontaisgoproduced significant quantities of 1L8
when cultured in the medium alone (Figure 5D)cdntrast, the BEAS-2B cells required
priming with a subthreshold dose of LPS to indudgproduction. For this reason all BEAS-2B
cultures were performed with the subthreshold @d4d°S. In both cell types Ild was the
strongest inducer of IL8. 1L6 and C3a induced saxtdevels of IL8 production by LPS-primed

BEAS-2B cells whereas only C3a induced low levéld 8 in freshly isolated airway epithelial

12



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

cells. GM-CSF did not induce IL8 in either celpgs. A combination of ILd with the other
biomolecules increased IL8 production but the iaseewas less than additive suggesting that
epithelial IL8 production perhaps reached a péegtke results provide a mechanistic
understanding of induction of neutrophilic inflamtioa by IL6, C3a, and especially, by Il

As mentioned previously, IL1 (botlhh andf) activates p-p38 MAPK as one of the downstream
signaling pathways. To determine if this pathwaswnvolved in IL8 production, we incubated
freshly isolated human airway epithelial cells wiitle p38 MAPK inhibitor SB212190 and then
stimulated with ILb. SB212190 significantly inhibited IL8 producti@Rigure 5E), although

the inhibition was modest suggesting a role foeosignaling pathways. Nonetheless, the result

demonstrated a role for the p38 MAPK pathway indlaktivation of epithelial cells.

Role of infection in neutrophilic asthma

BAL fluid from all study groups including Th2-preaenant, Th2/Th17-predominant, and
Th2/Th17-low groups were cultured for microbial gth (bacteria, fungi, and mycobacteria). In
addition, a sample of the BAL cells and bronchiaidhing was analyzed for atypical infection
(Mycoplasma pneumonia and Chlamydophila pneumamid)respiratory viruses by quantitative
PCR. The foregoing tests were performed as agbane clinical work-up for refractory asthma
at National Jewish Health. We analyzed these aataur study population. None of the patients
from the Th2-predominant and Th2/Th17-predominaatigs was positive for microbial
organisms. The patients from the Th2/Th17-low gravhose BAL neutrophil count was above
7%, showed a higher frequency of microbial presémd¢lee BAL (Table 2). Five of 10 patients
from this neutrophilic subgroup of Th2/Th17-lowlasttics had bacterial growth and one had a

viral infection. None of them was positive for §al, mycobacterial or atypical microorganisms.
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It should be noted that none of patients, who vpestive for bacterial growth, had current or

recent symptoms of an acute infection (fever, leykasis, sore throat, coryza, or myalgia).

Clinical characteristics of neutrophilic and non-neutrophilic Th2/Th17-low asthma

In the previous publication we compared the clihgza of the three study groups (11). In this
paper we compared the clinical data of neurophitid non-neutrophilic asthmatic patients
belonging to the Th2/Th17-low group. We comparge, &ex, body mass index, blood
neutrophils, BAL and blood eosinophils, total Igiergy skin test for environmental allergens,
FEV1(%), FEV1/FVC ratio, PC20 for methacholine, asthma control test (ACT) score (Table
3). There was no significant difference in alldbgarameters between neutrophilic and non-
neutrophilic Th2/Th17-low asthma patients. Botldgtgroups were characterized by low levels
of total IgE, relatively (compared to Th2-predonmihand Th2/Th17-predominant, ref. 11) lower
levels of skin test positivity and blood eosinophiBoth groups had baseline airway obstruction

and low abnormal ACT score.
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Discussion

In this study we investigated putative mechanismBh@/Th17-predominant and Th2/Th17-low
asthma using BAL samples from a previously immurmyhyped cohort of asthmatic patients.
The Th2/Th17-predominant asthma represented 2@¥%edantire cohort of refractory asthma
patients (online repository figure E2). Patientdwilih2/Th17-predominant asthma had elevated
eosinophils and IgE, and advanced median age (Th)s group is largely similar to what has
previously been described as late onset eosino@sthma (online repository figure E3). Here
we show that the Th2/Th17-predminant asthma wascaded with an increased level of [B,1

IL6, IL23, C3a and SAA in BAL. All these biomoldes are known to induce Th17 (9). BR.1

is considered one of the most critical Th17-indgagtokines in humans (33). IB1IL6 and

IL23 have been shown to induce human Th2/Th17 gehNgro (10), which has direct relevance
for this paper. Of these three cytokines onlyfilcbrrelated with Th2/Th17 cells in the airways.
Th2/Th17 cells expressed higher levels of the llabld phospho-p38 MAPK indirectly
supporting a role for ILR. Finally, the blockade of the IL1R by anakinkanret) inhibited the
expression of dual IL4/IL17+ cells in BAL from asthtic patients. The latter data suggests that
IL1[3 is likely to play a causative role in Th2/Th17 depment and/or maintenance. The results
also suggest that IBlinhibition using anakinra or similar drugs suchrimacept and

kanakinumab could benefit this subtype of asthma.

Previous studies showed that C3a induce@I(34) and conversely, IlAlinduced C3a (35)
suggesting the existence of a positive feedbackiitiunder certain circumstances. Variants of
the C3 gene were associated with asthma in Afri¢anbbean people (36). Its level was
reported to be increased in asthma (37) but itvmatear if C3a favored one particular subtype

of asthma. We found that the level of C3a wasdsgin Th2/Th17prdominant asthma. There

15
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was a strong correlation between C3a anglafd a significant correlation between C3a and
Th2/Th17. The results suggest that C3a might darit to Th2/Th17-predominant asthma
through the induction of ILA. IL6 was elevated in Th2/Th17-predominant asthidawever, it
did not correlate with Th2/Th17 cells. IL6 signdisough STAT3. We reported increased
pPSTAT3, which co-localized with pSTAT6 in Th2/Thpredominant asthma patients. We
recognize that pSTAT3 signaling is not specificidd. Nonetheless, its increased level raises

the possibility that IL6 was involved in Th2/Thl&wklopment.

We identified a distinct subgroup of Th2/Th17-lostrana, which was characterized by
increased BAL neutrophils (online repository figl2) and increased frequency of infection.
This group likely represents the previously ideatifneutrophilic asthma (online repository
figure E3) (4). Animal studies suggested that rapltilic asthma was associated with a Th17
immune response (12, 13). Although we and mangrailoups reported increased IL17A in
BAL from asthmatic patients (11, 38, 39), we wenahle to detect increased Th17 cells in BAL
(11). Instead, IL17A was produced by dual posiliv/Th17 cells as well as other cells (gd.

T cells) in asthma. We anticipated that Th2/Thi&dminant asthma would be associated with
neutrophilic asthma. Instead, it was Th2/Th17-&sthma that was associated with neutrophilic
asthma. We provided a mechanistic understandinthi® unexpected finding. We showed IL4
and 1L13 inhibited the production of IL8, a criticaediator of neutrophilic asthma. Our result is
in agreement with the recent reports on the inioibiof proneutrophilic chemokines (27) and
growth factors (40) by type 2 cytokines.

We found a strong positive correlation of BAL IL8tiwBAL neutrophils in Th2/Th17 low,
neutrophilic asthmatic patients. Previous studemonstrated an association of sputum IL8

with neutrophilic asthma (41-43). IL8 frequentlynttions downstream of other cytokines, e.g.
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IL1, IL6 and GM-CSF. IL#, IL6 and, to a lower extent, GM-CSF positively redated with

BAL IL8 and neutrophils. Of these cytokines onlyittstrongly induced IL8 production by
epithelial cells.  The results of this study anchumber of previous studies (42, 44-46) suggest
that IL1a, a mucosal alarmin,plays a central role in orclagisty neutrophilic inflammation in
asthma. This is similar to IL33, another alarniiiggering an ILC2 and /or Th2 type
inflammation (47). Both IL& and IL33 are produced under basal conditions Inyemu

epithelial cells, localized to the nucleus andasésl as a result of epithelial stress. Like 1L33,
IL1a is also produced by hematopoietic cells undeamfhatory conditions, which further
amplifies inflammation. An unexpected findingh® lack of correlation of ILA with

neutrophilic asthma. Our data suggest a diffeaéntigulation of neutrophilic asthma and

Th2/Th17-predominant asthma by thnd IL13, respectively.

In an effort to investigate the mechanism of nepltitic asthma we examined microbial
organisms in the airway fluid and cells. Our stsdiletected a frequent association of bacterial
infection with neutrophilic asthma. We believattthese patients had localized subclinical
infection. This is further supported by the fdwttdespite having elevated neutrophil counts in
the BAL these patients did not have blood neutdgghiThese findings have implications not
only for pathogenesis but also for managementtbhaes. It should be noted that the frequency
of Th2/Th17-low, neutrophilic asthma is relativédyv and represents 16.6% of the entire cohort.
Subclinical infection was present in 55% of theaggmts, which represents 10% of the entire

cohort.

Although prolonged antibiotic therapy has beerdtirerefractory asthma with variable results

(48-50), these studies did not target neutroplghlor IL8-high asthma patients. Our co-
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investigators published a study on refractory asthahere they identified five clinical
phenotypes (14). One phenotype was termed subbaaterial infection which represented 25
of the 58 subjects. A pathogen identification wasded for inclusion into this phenotype. The
group markedly improved both lung function and astlcontrol with prolonged directed
antimicrobial therapy. It is likely that prolongeadtibiotic therapy will be specifically beneficial
to neutrophil-high Th2/Th17-low asthmatic patientis study also raises questions about
subclinical infection in patients with elevatedvealy neutrophils and IL8, who do not show a
positive culture in conventional microbiologicalprpaches due to their low sensitivity. It
would be interesting to determine if PCR or nexteyation sequencing approaches would detect
subclinical infection in many of these culture-niagapatients. It is likely that mild neutrophilic
inflammation of the airways is independent of itii@e and reflects chronic local and/or
systemic inflammation. Significant correlationmiltiple cytokines with BAL neutrophilia
supports this notion. The subgroup of patientt BIAL neutrophilia and without infection is

likely to benefit from therapies targeting IL8, Ilafd IL1o and their receptors.

We recognize limitations of this study. The lowrgde size creates a major problem when
probing a highly heterogeneous disease such amasthihe patient population at National
Jewish Health is highly skewed towards refract@thma. Thus, the frequency of neutrophilic
asthma in our study population may not reflect tifat general population. We studied patients
at a single time point of their chronic illness.ushthe observed abnormalities may not be linked
to the pathogenesis but to the concurrent enviromahéactors and/or infection. The patient
population was of advanced age, which could seadpd@dfect the outcome due to chronic
inflammation. We recognize that phenotypes chawvge age, which may reflect the changing

nature of the underlying mechanism. There arefsignt differences in FEV1, PC20 for
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381

methacholine, blood eosinophils, and medicatioeriakmong study groups as reported
previously (11), which could have affected the gtadtcomes. Although we used the best
available assays and reagents, their sensitivityspecificity are far from being ideal. We
recognize these limitations. Nonetheless, we belibat the results of this study shed new light
on the mechanism of two immune endotypes of asthit&A h17-predominant asthma and

neutrophilic, Th2/Th17-low asthma.
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Figureslegends

Figure 1. Expression of Th2/Th17-inducing cytokines in BAbrh three immunophenotypes of
asthma. BAL fluid from Th2-predominant (N=22), ThR17-predominant (N=16) and
Th2/Th17-low (N=22) asthmatic patients were assdget.1a (A), IL13 (B), IL6 (C) and I1L23

(D) by ELISA. Each symbol represents a singlequdti P values are shown above the graphs.

Figure2. DAMPs in three immunophenotypes of asthma. [€hels of C3a (A), serum
amyloid A (B) and uric acid (C) in BAL were measdiiea Th2-predominant (N=22), Th2/Th17-
predominant (N=16) and Th2/Th17-low (N=22) asthr&ach symbol represents a single

patient. P values are shown above the graphs.

Figure 3. A: Correlation of cytokines and DAMPs with Th2/Thdélls. B: Correlation of IL]3
with Th2/Th17.C: Correlation of IL3 with C3a. D: Expression of IL1 receptor (IL1R) and
phosphor-p38 MAPK in IL4+ (Th2), IL17+ (Th17), ILLA7+ (Th2/Th17) and total cells. BAL
cells from asthmatic patients were analyzed by ftgtometry for expression of CD4, and
intracellular 1L4, IL17, IL1R and p-p38 MAPK. *P<®, N=6. E: Inhibition of Th2/Th17 cells
by anakinra. BAL cells were cultured with increagsconcentrations of anakinra for 3 days and
then analyzed for dual IL4/IL17+ CDA4 T cells bylaytometry. Each symbol represents an
asthmatic patient. P value (on the top of the lgjagas calculated by Kruskal Wallis test. F:
Inhibition of p-p38 MAPK in BAL T cells by anakinraBAL cells were cultured with anakinra
for 24 hours and then examined for expression EB®MAPK in CD4 T cells by flow
cytometry. Each symbol represents an asthmatiergatP value was calculated by Kruskal

Wallis test.
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547  Figure4. BAL neutrophils in various immunophenotypes dhasa. A: BAL neutrophils in

548 Th2-predominant (N=22), Th2/Th17-predominant (N=46yl Th2/Th17-low (N=22) asthma.
549  Flow cytometric detection of IL4+ and IL4/IL17 duyadsitive BAL CD4 T cells was performed
550 and the immunophenotype was assigned as reportefl ihl. B & C: BAL myeloperoxidase
551 (B) and IL-8 (C) in Th2-predominant, Th2/Th17-predonant and Th2/Th17 -low asthm&:

552  Correlation of BAL neutrophils and IL8 in Th2/Th1dw asthmatic patientsE: Effect of type 2
553 cytokines on IL8 production. Airway epithelial eBEAS-2B were cultured with increasing
554  concentration of IL4 and 1L13 for 3 days and th#ure supernatant was assayed for IL8 by
555 ELISA (**P<0.05, N=4). F: Correlation between ILA&IL8 in BAL from all 3 study groups

556 (N=42).

557 Figure5. A-C: Comparison of the levels of IL17A (A), GM-CSF (8)d G-CSF (C) in BAL

558 from Th2-predominant, Th2/Th17-predominant and Th2/7-low asthmatic patient®: Effect
559 of cytokines/mediators on epithelial IL8 productiofreshly isolated human bronchial epithelial
560 cells (HBE) and BEAS-2B cells were cultured witirious cytokines/mediators (10 ng/ml)

561 singly or in combination for 3 days. The BEAS-28|cultures were primed with a

562 subthreshold dose of LPS (0.2§/ml). Culture supernatant was assayed for ILEbMA.

563 *P<0.05 (N=4). E: Freshly isolated human bronchkiathelial cells were cultured with DMSO
564 or SB212190 (1@uM) in the presence of ILd (10 ng/ml) for 3 days. The culture supernatant

565 was assayed for IL8 by ELISA. *P<0.05 (N=3).

566

567
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568 Onlinerepository figure E1: Representative flow cytograms from Th2-predmon@hg/Th17-
569 predminant and Th2/Th17-low asthma. BAL cells wgaited for CD4+ cells and analyzed for
570 expression of IL4 and IL17.

571 Onlinerepository figure 2: Distribution of immune endotypes and neutrophalsthma in a
572  cohort of 60 refractory asthma patients.

573 Onlinerepository figure 3: The approximate relationship between the immumi®gpes and
574  the conventional phenotypes of asthma.
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Table 1. Correlation of BAL neutrophils and IL8 with inflammatory mediators

Variablesin | Correlation (r) | P Correlation (r) | P
BAL with IL8 with BAL

neutrophils
ILla 0.84 <0.0001 | 0.70 <0.0001
IL1b 0.07 NS 0.12 NS
IL6 0.68 <0.001 0.70 <0.0001
IL17A -0.07 NS -0.09 NS
G-CSF 0.43 0.02 0.75 0.001
GM-CSF 0.70 <0.001 0.56 0.001
C3a 0.36 0.03 0.48 0.007
Serum -0.14 NS -0.15 NS
amyloid A
Uric acid 0.03 NS -0.12 NS




Table 2. Infection in Neutrophilic Asthma

Patient | BAL | BAL Mycoplasma, 12 virus Bacterial Fungal | Myco-
# PMN | IL8 Chlamydophila | pand culture culture | bacteria
(%) | (pg/ml) | PCR culture

1 10 200 - - - - -

2 56 141 - Rhinovirus | - - -

3 1 295 - - - - -

4 7 160 - - Pseudomonas | - -
Aeruginosa

5 84 2166 - - Hemophilus | - -
influenza

6 36 801 - - - - -

7 54 1790 - - Hemophilus | - -
influenza

8 1 430 - - Staph. - -
Aureus

9 40 781 - - Staph. - -
Aureus

10 31 566 - - - - -




Table 3. Clinical Characteristics of Neutrophilic and Non-neutrophilic Th2/Th17-low Asthma

Neutrophilic | Non-

Asthma neutrophilic

(N=10) Asthma (N=12)
Variables Median Median P value
BAL neutrophils (%) 335 3.5 <0.0001
F/IM 6/4 8/4 NS
Age 52 54 0.9
BMI 27 255 0.9
Blood Neutrophils (per L) 5.7 4.3 0.8
BAL eosinophils (%) 0 0 0.3
Blood eosinophils (per [1L) 100 100 0.5
Total IgE 235 325 0.9
Skin test/RAST positive (%) | 44% 44% NS
FEV1 (%) 715 74 0.3
FEVUFVC 67 74 0.3
PC20 for methacholine 21 0.8 04
(mg/ml)
ACT score 135 16 0.5
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Environmental stress, pollution, subclinical infection

Alarmins and Danger-Associated Molecular Patterns (DAMPs):
Elevated Elevated
IL-1B,1L-6,IL-23, C3a IL-1a, IL-6, C3a, GM-CSF & G-CSF




Online Repository Table 1

Persistence of Th2/Th17-predminant endotype

Th2/Th17 cell (%)

Patient Number

First bronchoscopy & BAL

Repeat bronchoscopy & BAL (3-5 years
later)

27%

17%

12%

18%

9%

6%

AIWINF

14%

9%




ACCEPTED MANUSCRIPT

Th2-predominant Th2/Th17-predominant Th2/Th17-low

4

04329.9% |  0.9% 10 3 0.1% 0.2%

IL4




Immune Endotype

Th2-predominant asthma _

22 patients (36.6%)

Refractory Asthma  Th2/Th17-predominant asthma _ |

60 patients (100%) 16 patients (26.6%)

et ons N

22 patients (36.6%)

0 10 20 30 0 O 0 40 60
% of the total cohort Neutrophilic Asthma

(% of the endotype)



CCEPTED MANUSCRIP

Conventional phenotypes of asthma

Early-onset Exercise- Late -onset Obesity- .
) . . . Neutrophilic
allergic induced eosinophilic related
S
~-. N

A

b 2
I

-
Pauci-inflammatory

Th2- Th2/Th17-

predominant predominant Th2/Th17-low

Immune endotypes of asthma



