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Abstract

Individuals that present with difficult-to-control asthma and sensitivity to one or more fungal species are categorized as a subset
of severe asthma patients belonging to a group herein referred to as severe asthma with fungal sensitization (SAFS). We have
previously reported the identification of numerous cytokines and chemokines that were elevated in human asthmatics that were
sensitized to fungi vs. nonfungal sensitized asthmatics. Here, we show that the unique chemokine CX3CL1 (fractalkine) is ele-
vated in both bronchoalveolar lavage fluid and sputum from human asthmatics sensitized to fungi, implicating an association
with CX3CL1 in fungal asthma severity. In an experimental model of fungal-associated allergic airway inflammation, we demon-
strate that the absence of CX3CR1 signaling unexpectedly resulted in a profound impairment in lung function. Histological
assessment of lung tissue revealed an unrestricted inflammatory response that was subsequently characterized by enhanced
levels of neutrophils, eosinophils, and inflammatory monocytes. Neutrophilic inflammation correlated with elevated IL-17A, proin-
flammatory cytokines (TNF-a, IL-1a, and IL-1f), neutrophil survival factors (granulocyte colony-stimulating factor), and neutrophil-
targeting chemokines (CCL3 and CCL4). Eosinophilia correlated with elevated type 2 responses (IL-5 and IL-13) whereas inflam-
matory monocyte levels correlated with elevated type 1 responses (IFN-y and CXCL9) and survival factors (macrophage colony-
stimulating factor). Despite enhanced inflammatory responses, the immunoregulatory cytokine IL-10 and the natural inhibitor of
IL-1 signaling, IL-1RA, were significantly elevated rather than impaired. Regulatory T-cell levels were unchanged, as were levels of
the anti-inflammatory cytokines IL-35 and IL-38. Taken together, the CX3CL1/CX3CR1 axis preserves lung function during fungal-
associated allergic airway inflammation through a nonclassical immunoregulatory mechanism.
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INTRODUCTION

Asthma is an increasing health concern affecting more
than 25 million individuals in the United States and more
than 300 million individuals worldwide. In 2006, a new
asthma phenotype termed “severe asthma with fungal sensi-
tization” (SAFS) was described for individuals whose asthma
was poorly controlled and who were sensitized to Alternaria,
Aspergillus, Cladosporium, and/or Penicillium (1). Common
characteristics in individuals having SAFS include younger
onset of disease, higher IgE levels, higher steroid usage, and
more frequent exacerbations and hospitalizations (2, 3).
Studies have also shown that exposure to Penicillium,
Aspergillus, and Cladosporium before the development of
asthma symptoms is associated with increased risk of respi-
ratory complications, whereas exposure to Alternaria was
associated with an increased risk of exacerbation of current
asthma (4). Likewise, a meta-analysis of studies conducted
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in the U.S. report a strong relationship between fungi in
homes and respiratory health effects (5). Finally, data col-
lected in Europe from 8 birth cohorts consisting of >31,000
children found that exposure to fungi during the first 2 yr of
life was associated with increased risk of developing asthma
(6). Individuals with SAFS often present with difficult-to-
control asthma, due in part, to their robust association with
neutrophilia (7). Unlike eosinophils, neutrophils and associ-
ated responses such as Th17/type 17 responses often do not
respond to treatment with corticosteroids (8) and require a
different strategy to manage. Thus a growing area of interest
is the identification of factors that contribute to immunopa-
thogenesis in allergic asthma, particularly SAFS, and deter-
mining whether such factors could be viable therapeutic
targets.

We have previously reported an immune mediator profile
of bronchoalveolar lavage fluid (BALF) from asthmatics that
were sensitized to fungi compared with asthmatics that were
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atopic but not sensitized to fungi (9). From this analysis, we
observed multiple mediators that were significantly higher
in fungal (+) asthmatics compared with fungal (-) asth-
matics, including various growth factors, chemokines, and
cytokines. Among these, we identified IL-7 as a potential
immunopathogenic factor in human asthma and experimen-
tal fungal-associated allergic airway inflammation (9). In
addition, we have also recently identified the IL-1 signaling
pathway as a potential contributor to immunopathogenesis
in human fungal asthma and showed that treatment with
the IL-1 receptor antagonist (IL-1IRA) ameliorates asthmatic
disease in an experimental animal model (10). An additional
mediator we observed to be elevated in fungal-sensitized
asthmatics was the unique chemokine (C-X3-C motif) ligand
1 (CX3CL1). CX3CL1 exists as both a soluble and membrane-
bound molecule and is the only known ligand for chemokine
(C-X3-C motif) receptor 1 (CX3CR1). The soluble form func-
tions as a chemotactic factor for cells expressing CX3CR1
while the membrane-bound form serves to arrest circulat-
ing CX3CR1" leukocytes and allow for diapedesis into sites
of inflammation. In the current report, we sought to clarify
the role of CX3CL1 in fungal-associated allergic airway
inflammation.

MATERIALS AND METHODS

Subjects, Sputum Induction and Processing, and
Luminex Analysis

Patients with mild to severe asthma were comprehen-
sively characterized according to the National Heart, Lung,
and Blood Institute (NHLBI) Severe Asthma Research
Program (SARP) phenotype protocol at Wake Forest School
of Medicine as previously described (11), and a description of
this cohort was recently reported (12). The sputum induction
method was adopted from the NHLBI Asthma Clinical
Research Network and used in SARP (13). Bronchoalveolar
fluid (BALF) and sputum samples were derived from both
the SARP 1 and 2 cohorts. Per SARP protocol, BALF and spu-
tum were not collected within a week of each other. Sputum
was processed immediately after collection, and cell cyto-
spins were stained for differential counts of at least 500 non-
squamous cells/subject slide. Total white blood cell count in
sputum was determined via trypan blue staining and enu-
meration using a hemacytometer. Cell-free supernatants
were aliquoted and stored at —80°C before use in Luminex
analyses (see below). Biospecimens were randomly selected
without a priori selection based on asthma severity, rather
than based on whether they were skin test positive or nega-
tive for Alternaria, Aspergillus, and/or Cladosporium. Sputum
supernatants were assayed for different inflammatory cyto-
kine, chemokine, and growth factor protein concentrations
using Milliplex Human Cytokine/Chemokine Panels I, II, III,
and IV (cat nos. HCYTOMAG-60K-PX41, HCYP2MAG-62K-
PX23, HCYP3MAG-63K, and HCY4MG-64K-PX21, respec-
tively; MilliporeSigma). Standards for determination of linear
curve plus two control samples representing high and low lev-
els of each cytokine/chemokine were included in each assay.
Human subjects were enrolled with informed consent under
approved Wake Forest School of Medicine Institutional
Review Board (IRB) BGO01-425 (Wake Forest University
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IRB). Human samples were analyzed under University of
Alabama (UAB) IRB X130827009 (UAB IRB for Human
Use).

Mice

Wild-type (WT) CBL/6 and B6.129P2(Cg)-Cx3cr1™™Lit/y
mice (Cx3cr1-/- mice), 6-8 wk of age, were obtained from The
Jackson Laboratory. All animals were housed in a specific
pathogen-free, Association for Assessment and Accreditation
of Laboratory Animal Care-certified facility and handled
according to National Institutes of Health Public Health
Service Office of Laboratory Animal Welfare Guide for Care
and Use of Laboratory Animals (8th ed.) after review by
the UAB and Tulane Institutional Animal Care and Use
Committees (IACUC). All animal research was conducted
under approved UAB IACUC Protocols 10199 and 20236 and
approved Tulane IACUC Protocols 217 and 412.

Fungal-Associated Allergic Airway Inflammation Model

Aspergillus fumigatus isolate 13073 (ATCC) was main-
tained on potato dextrose agar for 5-7 days at 37°C. Conidia
were harvested by washing the culture flask with 50 mL of
sterile PBS supplemented with 0.1% Tween 20. The conidia
were then passed through a sterile 40-um nylon membrane
to remove hyphal fragments and were enumerated on a he-
macytometer. The repeated A. fumigatus exposure model
was employed as previously described (10). Briefly, mice
were lightly anesthetized with isoflurane and administered
1x 107 live A. fumigatus conidia in a volume of 50 uL of PBS
intratracheally. After resting for 7days, mice were chal-
lenged intratracheally with 1 x 10° live A. fumigatus conidia
in 50 pL of PBS daily for 5 consecutive days (days 7, 8, 9, 10,
and 11), allowed to rest for 2 consecutive days (days 12 and
13), and then challenged intratracheally with 1 x 10° live A.
fumigatus conidia in 50 uL of PBS daily for 3 consecutive
days (days 14, 15, and 16). Twenty-four hours after the last A.
fumigatus challenge (day 17), mice were euthanized for anal-
ysis via ketamine/xylazine (Vet One) overdose and aortic
exsanguination.

Whole Lung Cytokine and Chemokine Analysis, Lung
Cell Isolation and Culture, and Real-Time PCR

Following euthanization, the right lung was homogenized
in PBS supplemented with Complete Mini protease inhibitor
tablets (Roche Diagnostics), clarified by centrifugation
(12,000 g for 10 min at 4°C), and stored at —80°C. From lung
homogenate supernatants, IL-33, IL-1RA, CCL17, CCL22, IL-
35, and IL-38 levels were quantified by ELISA (R&D Systems).
For lung cell isolation, the lungs were collected and minced
in IMDM media (MilliporeSigma) supplemented with 1x
penicillin-streptomycin-glutamine (Mediatech), 10% heat-
inactivated FBS (Invitrogen), and 0.4 mg/mL polymyxin B
(Thermo Fisher Scientific), followed by incubation for
60 min with tissue culture grade type IV collagenase (1 mg/
mL; MilliporeSigma) in a 37°C orbital shaker at 100 rpm. The
cell suspension was filtered through sterile 70-um and 40-
um nylon filters, and red blood cells were lysed with ACK
buffer (Lonza) to create single-cell preparations. One million
cells in a volume of 200 uL were cultured overnight with 1
million A. fumigatus conidia (1:1), followed by collection and
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clarification of supernatants. Supernatants from lung digest
cells were analyzed for protein levels of 32 cytokines and
chemokines using the Luminex-based Milliplex multiplex
suspension cytokine array (MilliporeSigma), according to the
manufacturer’s instructions. The data were analyzed using
Bio-Plex Manager software (Bio-Rad). Lung digest cell super-
natants were also used to quantify levels of IL-22 by ELISA
(R&D Systems). Twenty-four hours after the last challenge,
the left lungs were collected, homogenized in Trizol, and
RNA isolated, and Muc5ac and Gob5 gene expression was
quantified by real-time PCR and normalized to HPRT.

Lung Cell Flow Cytometry

Lung cells were isolated via BAL or by enzymatic digestion
of whole lungs as previously described (9, 10). Cells were
washed, and Fc receptors were blocked with Mouse BD Fc
Block (BD Biosciences) at 4°C for 20 min. Thereafter, cells
were stained with a single-color LIVE/DEAD Fixable Dead
Cell Stain (Invitrogen), followed by labeling with specific
immune cell surface markers. The following staining param-
eters were employed: eosinophils as CD45" CD11b " Siglec
F' Ly-6G™ using anti-CD45 (BioLegend, cat no. 103115, clone
30-F11), anti-CD11b (BioLegend, cat no. 101237, clone M1/70),
anti-Siglec F (BioLegend, cat no. 155507, clone S17007L), and
anti-Ly-6G (BioLegend, cat no. 127621, clone 1A8); neutro-
phils as CD45* CD11b " Ly6G* Siglec F~ using anti-CD45, anti
CD11b, anti-Ly-6G, and anti-Siglec F; inflammatory monocytes
as CD45 " CD11b " CD11c-CCR2 " F4/80-Ly6C * using anti-CD45,
anti-CD11b, anti-CD11c (BioLegend, cat no. 117308, clone N418),
anti-CCR2 (BioLegend, cat no. 150605, clone SA203Gl1), anti-
F4/80 (BioLegend, cat no. 123146, clone BM8), and anti-Ly6C
(BioLegend, cat no. 128012, clone HK1.4); T-regulatory cells as
CD457CD3"CD4"CD25%"FoxP3™ using anti-CD45, anti-CD3
(BioLegend, cat no. 100216, clone 17A2), anti-CD4 (BioLegend,
cat no. 100422, clone GK1.5), anti-CD25 (BioLegend, cat no.
101903, clone 3C7), and anti-FoxP3 (BioLegend, cat no. 126419,
clone MF-14); IM1 as CD11c lo MHCII lo, IM2 as CD1ic lo MHCII
hi and IM3 as CD11c hi MHCII hi [anti-CDl1c, BioLegend, cat no.
117308, clone N418; and anti-major histocompatibility complex
(MHC) II, BioLegend cat no. 107630, clone M5/114.15.2]. Samples
were acquired using a 4-laser, 20-parameter analytic BD
LSRFortessa, and data were analyzed using FlowJo software
(Tree Star, Inc.). Unstained lung leukocytes served as a control
for background fluorescence and gating. Appropriately stained
UltraComp eBeads (Thermo Fisher Scientific) served as single-
color controls.

Pulmonary Function Assessment

Individual anesthetized A. fumigatus-exposed mice were
intubated, and each animal was attached to a computer-con-
trolled volume ventilator (flexiVent; SCIREQ). Regular breath-
ing was set at 150 breaths per minute, with volume and
pressure controlled by the flexiVent system based on individ-
ual animal weights. Positive end-expiratory pressure was set
to 2cmH,0 and measured during each breath stroke. The sin-
gle-frequency forced oscillation technique was employed
to measure total/dynamic lung resistance (Rrs). The low-
frequency/broadband forced oscillation technique was
employed to measure Newtonian resistance (Rn; also
known as airway hyperreactivity) All measurements were
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collected at baseline and after a linear dose response with meth-
acholine challenge (10-40 mg/mL), as previously described (9,
10). Lung function was also assessed in naive WT and mutant
mice, which confirmed no baseline anomalies and no differen-
ces between groups (data not shown).

Statistics

Data were analyzed using GraphPad Prism Version 7.0 sta-
tistical software (GraphPad Software). Comparisons between
groups when data were normally or not normally distributed
were made with the two-tailed unpaired Student’s ¢ test,
two-way-ANOVA or the Mann-Whitney U test, respectively.
Significance was accepted at a value of P < 0.05.

RESULTS

Human Asthmatics Sensitized to Fungi Have Elevated
CX3CL1 Levels in BALF and Sputum

Previous studies from our laboratory have reported that
human asthmatics who are skin test positive for fungi dem-
onstrate lung function measurements indicative of more
severe disease [e.g., decreased forced expiratory volume in
1s (FEV,) and concentration of methacholine producing 20%
drop in FEV; (PC20)] and increases in measurements of
atopic disease (e.g., elevated serum IgE and blood eosinophil
numbers) compared with subjects who were skin test nega-
tive (9). As part of this report, we undertook an analysis of
sputum and BAL fluid from those patients in an effort to
identify potential biomarkers of fungal asthma severity. We
identified 12 mediators in BAL and have initiated mechanis-
tic pursuits on several, such as IL-7 and various IL-1 family
members (9, 10). One of the mediators identified in BAL fluid
was the chemotactic protein CX3CL1 (9). Here, we extend
this analysis and show that fungal-sensitized asthmatics ex-
hibit increased levels of CX3CL1 in both BALF (Fig. 14) and
induced sputum (Fig. 1B). Thus CX3CL1 may function as a
biomarker of disease pathology in fungal-associated allergic
asthma.

Signaling through CX3CR1 Preserves Lung Function
during Experimental Fungal-Associated Allergic Airway
Inflammation

Given the correlation between increased CX3CL1 levels in
fungal-sensitized asthmatics and the increased severity of
disease we have reported in these individuals (9, 10), we
sought to determine the contribution of CX3CL1 in an experi-
mental fungal-associated allergic airway inflammation ani-
mal model. We show that mice deficient in the receptor for
CX3CL1 (Cx3cr1-/- mice) exhibited a profound increase in
central airway resistance (airway hyperresponsiveness; Rn;
Fig. 2A) as well as total lung resistance (Rrs; Fig. 2B) when
compared with WT control mice. There was no difference in
lung function between naive WT and Cx3cr1-/- mice (Fig. 2,
A and B). Histological analysis of lung sections from
Cx3crl-/- mice revealed an increase in inflammatory cells
surrounding both blood vessels and the airways as well as
infiltration into the alveolar spaces (Fig. 2C, 4th image; naive
Cx3cr1-/- mice, 2nd image) over that observed in WT mice
(Fig. 2C, 3rd image; naive WT mice, 1st image). Periodic acid-
Schiff staining also revealed an increase in mucus within the
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Figure 1. Human asthmatics sensitized to fungi have elevated CX3CL1 levels in bronchoalveolar lavage fluid (BALF) and sputum. BALF or sputum was
collected from subjects with atopic asthma who were sensitized (BALF, n=29; sputum, n=55) or were not sensitized (BALF, n=30; sputum, n=83) to
fungi. CX3CL1 was quantified in clarified BALF (A) and sputum (B) supernatants by MilliPlex. Data were normalized to the total protein content (BALF) or
total white blood cell count (WBC; sputum) of each sample and are expressed as mean pg/mg protein or mean pg/total WBC (each symbol represents
a single subject). P values were assessed using a two-tailed Student’s t test: *P < 0.05, **P < 0.01. Graphical data in A were previously reported in

table format as mean pg/mg protein + SE and the range provided in Ref. 9.

airways, leading to complete occlusion in some instances, in
Cx3cri1-/- mice (Fig. 2D, 4th image; naive Cx3cr1-/- mice, 2nd
image) compared with WT mice (Fig. 2D, 3rd image; naive
WT mice, 1st image). However, analysis of Muc5ac and Gob5
mRNA expression did not reveal an increase in expression in
Cx3cr1-/- mice (Fig. 2E). Thus these data indicate that
CX3CL1 plays an unexpected protective role in fungal-associ-
ated allergic airway inflammation.

The Absence of CX3CR1 Signaling Results in Increased
Neutrophil Infiltration and Associated Responses during
Fungal-Associated Allergic Airway Inflammation

The intriguing finding that signaling through CX3CRI1
appeared to be beneficial for limiting fungal asthma severity
prompted further interrogation of the immunologic factors
underlying the increases in airway and lung resistance, cell
infiltration, and mucus production. We have previously
reported that reduction in neutrophils, a central effector
against A. fumigatus and often associated with steroid resist-
ant asthma, is associated with improvement in the severity
of fungal-associated allergic asthma (10, 14). Results show
that Cx3cr1-/- mice demonstrated a fourfold increase in neu-
trophils in the airway compared with WT mice (Fig. 3A). The
enhanced levels of neutrophils correlated with numerous
factors associated with neutrophil recruitment and prolifera-
tion, including IL-17A (Fig. 3B), granulocyte colony-stimulat-
ing factor (G-CSF) (Fig. 3C), the chemokines CCL3 and CCL4
(Fig. 3D), and the proinflammatory cytokine TNF-« (Fig. 3E).
We have previously shown that signaling through the IL-1 re-
ceptor via IL-1o and IL-1p is required for optimal neutrophil
recruitment to the lung during fungal asthma and that dys-
regulation of this signaling leads to an increase in neutro-
philic infiltration (10). In turn, IL-1a and IL-1B were also
elevated in Cx3cr1-/- mice (Fig. 3E). Levels of IL-7, which we
have previously reported to drive IL-17A production during
fungal asthma (9), were not different between WT and
Cx3cr1-/- mice (1.2+0.22 and 1.32+0.19 pg/ml for WT and
Cx3cr1-/- mice, respectively; P = 0.68). Thus signaling via
CX3CRI1 is critical for regulating the amount of neutrophils
in the lungs via the regulation of proinflammatory cytokine
and neutrophil-targeting chemokine levels.

L396

CX3CR1 Signaling Regulates the Magnitude of Type 2
Responses during Fungal-Associated Allergic Airway
Inflammation

Allergic asthma is generally considered to be a type 2-
dominant, eosinophilic disease process. In turn, we have
shown that IL-1 signaling also drives eosinophil recruitment
in our model (10); therefore, the elevated levels of IL-1o and
IL-1B we observed in Cx3cr1-/- mice indicate the possibility
of eosinophil involvement in disease exacerbation. Similar
to neutrophils, we observed a threefold increase in eosino-
phils in the absence of CX3CL1 signaling (Fig. 4A). This
correlated with a small, but significant, increase in the eosin-
ophil survival factor (and type 2 cytokine) IL-5 (Fig. 4B). The
type 2 cytokine IL-13, but not IL-4, was also elevated in asth-
matic Cx3cri-/- mice (Fig. 4C). However, there were no dif-
ferences in the pro-eosinophil chemokine CCL11 (Fig. 4D). In
contrast, CCL5, which may also function in eosinophil
recruitment, was increased in Cx3cri-/- mice (Fig. 4E).
Interestingly, the pro-type-2 cytokine IL-33 and the pro-aller-
gic chemokines CCL17 and CCL22, which we have previously
reported as biomarkers of fungal asthma severity (9, 14), and
are recognized biomarkers in human allergic bronchopulmo-
nary aspergillosis (16, 17), were not different between WT
and Cx3cr1-/- mice (Fig. 4F). Thus signaling via CX3CR1 may
function in suppressing some aspects of type 2-mediated
pathogenesis in fungal-associated allergic asthma.

The Absence of CX3CR1 Signaling Results in Increased
Type 1 Responses during Fungal-Associated Allergic
Airway Inflammation

Recent studies have implicated a role for IFN-y associated
type 1 responses in severe asthma pathogenesis and cortico-
steroid insensitivity (18, 19). In turn, we have also shown that
IL-1 signaling drives severity of experimental fungal asthma,
which correlated with increased type 1 responses (10).
Results show that type 1 responses, specifically the produc-
tion of IFN-y and the IFN-y associated chemokine CXCL9,
were elevated in Cx3cr1-/- mice (Fig. 5A). IFN-y is one of two
cytokines approved to treat invasive fungal infections and
one mechanism of action is thought to be the activation of
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Figure 2. Signaling through CX3CR1 preserves lung function during experimental fungal-associated allergic airway inflammation. C57BL/6 [wild-type
(WT)] and CX3CR1-deficient (Cx3cri-/-) mice were chronically exposed to Aspergillus fumigatus as described in MATERIALS AND METHODS. Twenty-four
hours after the last organism challenge, airway (A; Newtonian) resistance and total lung resistance (B) was analyzed via mechanical ventilation using the
flexiVent pulmonary function system. A and B illustrate cumulative data from 2 independent studies (n=4-5 mice per group per study). Data expressed
as means = SE. *P < 0.05 and ***P < 0.001, respectively (two-way ANOVA). Representative hematoxylin and eosin (C)- and periodic acid-Schiff (D)-
stained lung sections from both naive (st and 2nd images) and asthmatic (3rd and 4th images) WT mice (Ist and 3rd images) and Cx3cri-/- mice (2nd
and 4th images). Original magnification: x10. Bar=100 um. Twenty-four hours after the last challenge, the left lungs were collected and homogenized in
Trizol, RNA was isolated, and Muc5ac and Gob5 gene expression was quantified by real-time PCR and normalized to HPRT (E). E illustrates cumulative
data from 2 independent studies (n=4-5 mice per group per study). Data expressed as means + SE. *P < 0.05 (two-tailed Student’s t test).

monocytes (20). To this end, we observed a threefold
increase in inflammatory monocytes in the lungs of asth-
matic Cx3cr1-/- mice (Fig. 5B). This increase was not associ-
ated with increases in the classic inflammatory monocyte

chemokine CCL2 (Fig. 5C) (21). However, macrophage col-
ony-stimulating factor (M-CSF), which functions as a sur-
vival factor for monocytes (22), was increased in the lungs
of asthmatic Cx3cri-/- mice (Fig. 5D). Thus signaling via
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CX3CR1 may function in suppressing some aspects of type 1-
mediated pathogenesis in fungal-associated allergic asthma.

Anti-Inflammatory Mechanisms Are Not Impaired in the
Absence of CX3CR1 Signaling during Fungal-Associated
Allergic Airway Inflammation

The observation that Cx3crl-/- mice demonstrated worse
lung function in the presence of profound increases in
inflammatory cell recruitment and inflammatory mediator
production indicated the possibility that induction of one or
more immunoregulatory pathways required CX3CR1 signal-
ing. Results in Fig. 6A show, however, that T-regulatory cells
were not affected by the absence of CX3CR1 during experi-
mental fungal asthma. In contrast, the immunoregulatory
cytokine IL-10 was significantly elevated, rather than attenu-
ated, in Cx3cri1-/- mice (Fig. 6B). We have recently reported
that mice deficient in the natural inhibitor of IL-1 receptor
signaling, IL-1 receptor antagonist (IL-1RA), had type 1 and
type 17 responses that were associated with neutrophilic
inflammation and increased airway hyperreactivity (10).
However, likely owing to increased IL-1o and IL-1B levels, IL-
1RA levels were similarly elevated in Cx3cr1-/- mice (Fig. 6C).
The IL-12 family cytokine IL-35, another immunoregulatory
cytokine often produced by T-regulatory cells (23), was not
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0O
WT  Cx3crf-~ WT  Cx3cri-~ WT  Cx3cri-/-
IL-1a

IL-1B

different between WT and Cx3cr1-/- mice (Fig. 6D). Finally,
the IL-1 family cytokine IL-38, which functions in an antago-
nistic manner after receptor binding (24), was also not differ-
ent between WT and Cx3cr1-/- mice (Fig. 6E). Thus major
immunoregulatory pathways are not negatively affected by
the absence of CX3CR1 signaling.

Modulation of Interstitial Macrophage Populations in
the Absence of CX3CR1 Signaling during Fungal-
Associated Allergic Airway Inflammation

Recent studies have identified additional resident tissue
macrophage subsets in the lung (25-27). These populations,
termed interstitial macrophages (IMs), have different tran-
scription profiles and were shown to be located either in the
interstitium of the bronchovascular bundles or along nerve
fibers (25-27). In one report, three different IM populations
were differentiated by expression of CD11c, CD206, and MHC
II (26). A second report identified two IM populations sepa-
rated by CX3CR1 and MHC II expression (25). Finally, a third
report identified two IM populations based on CD206 expres-
sion (27). As these three reports appear to have overlapping
populations, we characterized the three populations differ-
entiated by CD11c, CD206 and MHC II (26). Results showed
that the IM1 population (CD11c lo MHCII lo) was significantly
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increased in Cx3crl-/- mice (Fig. 7A). In contrast, the IM2
population (CD11c lo MHCII hi) was significantly lower in
Cx3cr1-/- mice (Fig. 7B). The IM3 population (CD1lc hi
MHCII hi) trended higher in Cx3cr1-/- mice (P = 0.12, Fig. 7C).
Alveolar macrophages also trended higher in Cx3cr1-/- mice,
but were not significantly different than WT mice (5.77 x
10*+2.71 x 10* vs. 1.77 x 10°£6.9 x 10* in WT vs. Cx3crl-/-
mice; P = 0.09). As the IM2 population has been shown to
have immunoregulatory characteristics (25), the possibility
exists that lower levels of this IM subset may result in the
hyperinflammatory state observed in Cx3cri-/- mice during
fungal-associated allergic airway inflammation.

DISCUSSION

We have previously described positive correlations between
several immunologic factors and the severity of disease in
human asthmatic sensitive to fungi as well as their contribu-
tions to disease pathology in an experimental animal model
of fungal-associated allergic airway inflammation (9, 10). In
the current report, analysis of sputum and bronchoalveolar la-
vage fluid from fungal-sensitized asthmatics identified the
chemokine (C-X3-C motif) ligand 1 as an additional potential
immunological factor associated with allergic (fungal) asthma
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pathogenesis. CX3CL1 has not been widely studied in in vivo
models of allergic asthma. In fact, a lone report using
Leishmania homolog of activated C kinase (LACK) as an aller-
gen has shown that Cx3cri-/- mice or mice treated with anti-
CX3CR1 antibody exhibited decreased airway resistance and
suppression of T-helper type 2 responses (28). Similar findings
were also observed in when more common allergens such as
ragweed and house dust mite were employed (28). In vitro
studies have shown that CX3CL1 production by airway
smooth muscle cells can be induced by IFN-y and TNF-« (29)
leading to mast cell recruitment (30). Another study has
shown that airway smooth muscle cell production of CX3CL1
is dependent on expression/function of the intermediate-con-
ductance Ca?*-activated K* (Kca) channel Kg,3.1, which
was insensitive to glucocorticoid treatment (31). Altogether,
although the data are somewhat limited, CX3CL1 signaling
appears to function in an immunopathogenic manner in
asthma.

Much to our surprise, data presented here show a com-
plete opposite role for CX3CL1 signaling in fungal asthma.
The gold standard for experimental asthma models is the
ability to measure changes in pulmonary function, specifi-
cally airway hyperresponsiveness (AHR). Our initial assess-
ment of pulmonary function of Cx3cr1-/- mice following our

L399

Downloaded from journals.physiology.org/journal/ajplung (093.048.145.061) on February 5, 2023.


http://www.ajplung.org

(}) CX3CL1TIN FUNGAL ASTHMA

10000

g @
1000 @ @
g o

*
£
[eos)

G -

%

pg/ml
(lung digest cells)

100
88 = %
@
o o
10 T T T T T T
WT Cx3cr1-/- WT Cx3cr1-/- WT Cx3cri-/-
IFN-y CXCL9 CXCL10
10000
_Z o o©
E3 1000 (©) cQo—
27 o
85 go
O g) 100
=
10 T T
WT Cx3cr1-/-

B

g _ 1x10°g *k

oY o

= 80

Sc

¥ qxq004 0o o

g (o)

£ 00%66 ©

= o

<L

C

= 1x108 . :
WT Cx3cr1-/-

D 100

M-CSF pg/mi
(lung digest cells)
)

o

OO

O‘ (0]
O

1

WT Cx3cri-/-

Figure 5. The absence of CX3CR1 signaling results in increased type 1 responses during fungal-associated allergic airway inflammation. A: C57BL/6
[wild-type (WT)] and CX3CR1-deficient (Cx3cr1-/-) mice were chronically exposed to Aspergillus fumigatus as described in MATERIALS AND METHODS.
Twenty-four hours after last challenge, right lungs were collected and enzymatically digested and unfractionated lung cells were cocultured with A. fumi-
gatus conidia for 24 h at a cell-to-organism ratio of 1:1. IFN-y, CXCL9, and CXCL10 levels were quantified in lung digest cell culture supernatants by
MilliPlex. A illustrates cumulative data from 3—4 independent studies (n=3-5 mice per group per study). *P < 0.05 (two-tailed Student’s t test). B: 24 h af-
ter the last organism challenge, lung cells were isolated by bronchoalveolar lavage, enumerated, Fc-blocked, stained with a live/dead staining kit, and
stained for inflammatory monocytes (CD45", CD11b ™, Ly-6C ™", CCR2 ™). B illustrates cumulative data from 2 independent studies (n=4-5 mice per
group per study). C and D: CCL2 (C) and macrophage colony-stimulating factor (M-CSF; D) levels were quantified in lung digest cell culture supernatants
by MilliPlex or ELISA. C and D illustrate cumulative data from 3-4 independent studies (n=3-5 mice per group per study). **P < 0.01 (two-tailed

Student’s t test).

model of A. fumigatus-induced allergic airway inflammation
revealed increased airway hyperresponsiveness in the ab-
sence of CX3CR1, a finding in direct contradiction to the
report on LACK antigen and other reports suggesting loss of
CX3CR1 ameliorates disease pathology (28). A difference,
however, between our study and others is that we measure
total lung resistance (Rrs) and Newtonian resistance (Rn) via
direct cannulation of the trachea and using a computer-con-
trolled ventilator while other studies employed an indirect
method of assessing AHR by measuring enhanced pause
(Penh) via whole body plethysmography, a controversial
method for assessing AHR (32, 33). To better visualize why
CX3CR1 deficiency resulted in worse pulmonary function
during fungal asthma, we analyzed lung sections for evi-
dence of inflammation and mucus production. Histological
analysis of Cx3cr1-/- mice confirmed pathological changes
consistent with increased AHR including a dramatic inflam-
matory cell infiltration around the airways and in the alveo-
lar spaces.

We next sought to better characterize the exacerbated
immune response observed in Cx3cr1-/- mice during fungal
asthma. Neutrophils are thought to be a significant contribu-
tor to fungal asthma severity (7, 34). Our previous work has
shown that recognition of fungal beta-glucans via Dectin-1
contributed to neutrophil inflammation and worse severity
of fungal-associated allergic airway inflammation/fungal
asthma (14). We have subsequently reported that levels of
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the pro-neutrophil inflammatory cytokines IL-17A and IL-22
correlate with fungal asthma severity (35). More recently, we
have shown that IL-1R1 signaling drives neutrophilic
responses during fungal asthma (10). This has led us to col-
lectively hypothesize that a Dectin-1 — IL-1o/f — IL-1R1 —
IL-17A — G-CSF axis supports neutrophilic inflammation
during severe fungal-associated allergic airway inflamma-
tion (10). Unfortunately, while it would be of interest to
directly interrogate the role of neutrophils in airway hyper-
reactivity during our live organism fungal asthma model,
this is not feasible, as the experimental manipulation of neu-
trophil levels (e.g., depletion) results in the development of
invasive fungal infection (36). Nevertheless, data pre-
sented here demonstrate that in the absence of CX3CL1
signaling, we observed augmented neutrophil numbers
in parallel with increased levels of IL-10/B, IL-17A, and G-
CSF. This suggests that CX3CL1 is critical for regulating
the detrimental neutrophilic axis during fungal asthma.
A study examining lung infection with Francisella tular-
ensis has demonstrated increased neutrophils levels in
the lungs of Cx3cri-/- mice (37) suggesting that a regula-
tory effect of CX3CL1 signaling on neutrophil levels in the
lungs is not limited to fungi. However, respiratory syncy-
tial virus (RSV) infection in Cx3cri-/- mice is character-
ized by impaired neutrophil recruitment (38); albeit this
observation may be age dependent, as newborn Cx3cri-/-
mice demonstrate exacerbated neutrophil recruitment
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upon RSV challenge (39), further supporting a regulatory
role for CX3CL1.

Our data suggest that neutrophils are not the only cell
type in the allergic lung impacted by CX3CL1 signaling.
Eosinophils are a hallmark of allergic asthma (40) and are a
well-recognized biomarker of allergic bronchopulmonary as-
pergillus (ABPA) (41). Indeed, eosinophil deficiency has been
shown to result in a marked improvement in fungal asthma
severity (42). We have previously reported that in our model
of fungal-associated allergic asthma, eosinophil levels may
(9, 10) or may not (14, 35) correlate with severity. This is
likely a result of the mixed inflammatory response generated
in our model of fungal-associated allergic airway inflamma-
tion/fungal asthma (i.e., type 1, 2 and 17 responses, increased
IgE levels, and increased neutrophils and eosinophils) (14).
However, we have reported that eosinophils recognize,
respond to, and Kkill A. fumigatus and are required for lung
clearance (43); thus these cells are undoubtedly a factor in
our model of fungal asthma. Similar to neutrophils, eosino-
phil levels were higher in the absence of CX3CL1 signaling.
We found that the primary chemokine supporting eosinophil
recruitment, CCL11, was not increased in Cx3cri-/- mice.
Likewise, other chemokines that often associate with allergic
asthma and ABPA specifically, such as CCL17 and CCL22 (16,
17), were not different between WT and Cx3cri-/- mice.
However, other chemokines, such as CCL5/RANTES, may
play a role in eosinophil recruitment (44) and CCLS5 was ele-
vated in Cx3cri-/- mice. Instead, type 2 responses, and
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specifically the eosinophil survival factor IL-5, were elevated.
However, the increase in IL-5, while significant, was moder-
ate and may not fully explain the threefold increase in eosin-
ophil numbers in Cx3cri-/- mice. Nevertheless, IL-5 has
become an attractive and efficacious target against eosino-
phil-driven allergic asthma (45). Inflammatory monocytes
were an additional cell population that were increased in the
allergic lung in the absence of CX3CL1 signaling, which corre-
lated with increased IFN-y and CXCL9 levels. Inflammatory
monocytes are critical for CD4 T cell responses (21) and may
also serve as a source of CXCL9 (46) during A. fumigatus ex-
posure; thus, the increase in these cells may explain why
these type 1 mediators are elevated. Monocyte development
also requires M-CSF (47, 48), and the increase in this growth
factor in Cx3cr1-/- mice could explain the increase in these
cells during fungal asthma.

The observation that the absence of CX3CL1 signaling
results in the enhancement of multiple immune responses
(type 1, type 2, type 17, and proinflammatory) suggested that
an immunoregulatory pathway was missing or impaired. We
first examined CD4 T regulatory cell numbers in the airway
as well as IL-10 production by lung digest cells. Despite
observing no differences in T-regulatory cell numbers, IL-10
was surprisingly higher in Cx3cri-/- mice. We speculate this
is a result of the exacerbated inflammatory responses in the
absence of CX3CL1 signaling. Alternatively, IL-10 may be
produced by myeloid-derived suppressor cells (49), which
resemble neutrophils in the lung, a cell population that was
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elevated in the lungs of asthmatic Cx3cr1-/- mice. We next
examined whether there was a defect in IL-1RA production,
as we have previously reported that the absence of IL-1RA
results in worse fungal asthma severity due to enhanced
type 1 and type 17 responses (10). However, IL-1IRA was
increased rather than decreased, and we suspect this is due
to elevated levels of IL-1o and IL-1p levels, which are known
to also induce IL-1RA as a mechanism of self-regulation (50).
IL-35 is an additional regulatory cytokine primarily associ-
ated with Tregs that can regulate inflammation during aller-
gic asthma (51). A recent study has shown that IL-35 levels
were significantly lower in human subjects with eosinophilic
asthma compared with neutrophil or paucigranulocytic
asthma (52). However, we have previously reported that IL-
35 mRNA levels were not modulated by the absence of
Dectin-1 during fungal asthma (14) and, likewise, IL-35 pro-
tein levels were not different in the absence of CX3CR1 sig-
naling in the current study. IL-38 is an IL-1 family member
that has recently been shown to modulate eosinophil recruit-
ment as well as Th17 responses during asthma (53). Although
eosinophils numbers and IL-17A levels were both enhanced
in the absence of CX3CL1 signaling, this was not due to lower
IL-38 levels. Collectively, although signaling via the CX3CL1/
CX3CR1 axis is beneficial for regulating multiple immune
responses that contribute to airway hyperresponsiveness,
the immunoregulatory pathway(s) induced by this axis
appears unique and is a focus of ongoing studies.

Recent studies have begun to characterize and elucidate
the roles of nonalveolar resident tissue macrophages in the
lung. Gibbings et al. (26) identified three interstitial macro-
phage (IM) populations via expression of CD11c, CD206, and
MHC II. By RNA-seq, all three of these populations expressed
CX3CR1, yet have distinct gene signatures. Chakarov et al.
(25) identified two IM populations via differential expression
of CX3CR1 and MHC II. The CX3CR1 hi population was also
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MHC II hi but was CD206 lo/neg, which is suggestive of being
the same as the Gibbings IM2 population. The Chakarov
CX3CR1hi MHC IT hi CD206 low/neg population was thought
to be more immunoregulatory based on IL-10 production
(25). Finally, Schyns et al. (27) identified two IM populations
separated by CD206 expression, of which the CD206 neg
population was stated to overlap with the CX3CR1 hi MHC II
hi population in Chakarov and the IM2 population in
Gibbings. The Schyns CD206 high population is thought to
overlap with Gibbings IM1. Although the putative IM2 immu-
noregulatory population was significantly lower in Cx3cr1-/-
mice, IL-10 levels were actually higher in Cx3cri-/- mice.
This suggests that the IM2 population is not immunerogula-
tory via IL-10 production, nor are the other mechanisms we
documented earlier, during fungal asthma. The Schyns
CD206 high population (similar to the Gibbings IM1 popula-
tion) was shown to produce CXCL1 and CXCL10 (27). We
further found that the Gibbings IM1 population was signifi-
cantly higher in Cx3cr1-/- mice, and although we demon-
strated that CXCL1 and CXCL10 trended higher in Cx3cr1-/-
mice, they were not significant. Ongoing studies will con-
tinue to investigate these relatively rare and unique cells
during fungal asthma.

In summary, we have identified CX3CL1 as a putative bio-
marker of disease severity in human asthmatics that were
sensitized to fungi. Interrogating the role of CX3CL1 signal-
ing in experimental fungal-associated allergic airway inflam-
mation revealed this pathway to regulate multiple immune
responses. In the absence of CX3CL1 signaling, exacerbated
type 1, type 2, and type 17 immune responses correlated with
poorer lung function. Although appearing to function in an
immunoregulatory capacity, CX3CL1 signaling did not pro-
mote various pathways known to modulate type 1, type 2,
and/or type 17 immune responses. Understanding how the
CX3CL1/CX3CR1 axis controls lung inflammation and lung
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function during fungal-associated allergic airway inflam-
mation could reveal a novel therapeutic approach to limit
disease severity in those asthmatics sensitize to fungal
organisms.
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