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Allergens are molecules that elicit a hypersensitive inflammatory response in sensitized
individuals and are derived from a variety of sources. Alt a 1 is the most clinically import-
ant secreted allergen of the ubiquitous fungus, Alternaria. It has been shown to be a
major allergen causing IgE-mediated allergic response in the vast majority of Alternaria-
sensitized individuals. However, no studies have been conducted in regards to the innate
immune eliciting activities of this clinically relevant protein. In this study, recombinant Alt
a 1 was produced, purified, labeled, and incubated with BEAS-2B, NHBE, and DHBE
human lung epithelial cells. Alt a 1 elicited strong induction of IL-8, MCP-1, and Gro-
a/b/g. Using gene-specific siRNAs, blocking antibodies, and chemical inhibitors such
as LPS-RS, it was determined that Alt a 1-induced immune responses were dependent
upon toll-like receptors (TLRs) 2 and 4, and the adaptor proteins MYD88 and TIRAP.
Studies utilizing human embryonic kidney cells engineered to express single receptors
on the cell surface such as TLRs, further confirmed that Alt a 1-induced innate immunity
is dependent upon TLR4 and to a lesser extent TLR2.

Keywords: Alternaria, allergen, innate immunity, toll-like receptors, mold, fungus-host interaction

INTRODUCTION

Besides being a common cause of allergic rhinitis, sensitivity to the airborne fungus Alternaria alter-
nata is believed to be a common cause of allergic/atopic asthma. Epidemiological studies from loca-
tions worldwide indicate that Alternaria sensitivity is closely linked with the development of asthma
and up to 70% of mold-allergic patients have skin prick test (SPT) reactivity to Alternaria (1-3).
Alternaria sensitivity has been shown to not only be a risk factor for asthma but can also directly lead
to the development of severe and potentially fatal asthma often more than any other fungus (1-5).
In addition, Alternaria sensitization has been determined to be one of the most important factors in
the onset of childhood asthma in the southwest desert regions of the US and other arid regions in the
world (2, 6, 7). Alternaria spores are ubiquitous, routinely found in atmospheric surveys in the US
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and in other countries and are the most frequently encountered
fungal spore type (8). Airborne spore counts are often 1,000-fold
greater than pollen counts, and exposures are often longer in
duration. Indeed, it has long been speculated that this type of
exposure may be partially responsible for both the chronic nature
and severity of asthma in Alternaria-sensitized individuals (9).
Indeed, in a survey by the National Institute of Environmental
Health & Safety of 831 homes, containing 2,456 individuals, it
was found that the prevalence of current symptomatic asthma
correlated with increasing indoor Alternaria concentrations (3).
Higher levels of Alternaria antigens in the environment signifi-
cantly increased odds of having had asthma symptoms during the
preceding year, more so than other examined antigens.

Although some research has been performed on the physi-
ological and molecular identification of Alternaria allergens,
approximately three major and five minor allergenic proteins
have been described to date (10, 11). In general, the biological role
of these allergens and other fungal products in the development
of allergy and asthma is poorly understood. There is clearly a need
to elucidate the role of Alternaria immunoreactive proteins and
other molecules in the development of asthma from mechanistic
perspectives.

Many of the known Alternaria allergens are intracellular pro-
teins with clinically relevant homologs being reported in other
fungi with known functions such as enolase, ribosomal proteins,
nuclear transport factor, and aldehyde dehydrogenase to name a
few (11-13). Alta 1, the major allergen produced by Alternaria spp.
namely A. alternata, is a relatively small (157 amino acids) secreted
protein with no clear function in fungal metabolism or ecology
(14, 15). Its protein sequence and P-barrel structure is unique
among fungal allergens with no known cross reactivity to other
allergens (16-20). Diagnosis of A. alternata sensitization is often
hampered by the variability and complexity of fungal extracts, and
thus simplification of the diagnostic procedures with purified aller-
gens has been investigated. Currently, in some allergy clinics in the
US, pure Alt a 1 protein is often used to assess sensitization in SPTs
in lieu of total fungal extract because it produces the same reaction
as total antigen extracts in the majority (80-90%) of human subjects
(21-23). Furthermore, Alt a 1, either in its natural or recombinant
form, is sufficient for a reliable diagnosis of A. alternata sensitization
and induces skin prick reactivity comparable with that produced
by commercially available A. alternata extract (21-23).

In this study, we investigated and report for the first time the
innate immunostimulatory activities of Alt a 1 in human bron-
chial epithelial cells. We found Alt a 1 has potent cytokine and
chemokine inducing activity. Moreover, this activity was found to
be dependent upon toll-like receptors (TLR2 and TLR4) and asso-
ciated signaling pathways. This study is the very first in regards to
defining the potential role of a single purified Alternaria product or
protein in innate immunity. Results of these studies are discussed.

MATERIALS AND METHODS

Vector Construction and Transformation

of Pichia pastoris
An Alt a 1 ¢cDNA harboring vector (pGAPZ, Thermo Fisher
Scientific, Waltham, MA, USA) for expression in P. pastoris was

provided as a generous gift from Dr. Martin Chapman (Indoor
Biotechnologies, Charlottesville, VA, USA). Briefly, the pGAPZ-
Alt a 1 vector contained a 6x poly-histidine tag for purification
via immobilized metal ion affinity chromatography (IMAC) and
allowed for zeocin to be used for selection. The pGAPZ-Alt a 1
plasmid was transformed into P. pastoris GS115 (Thermo Fisher
Scientific, Waltham, MA, USA) via heat shock and plated on
media containing zeocin according to the manufacturer’s proto-
cols (Thermo Fisher Scientific, Waltham, MA, USA). Next, as per
the manufacturer’s protocols, zeocin-resistant P. pastoris colonies
were then screened for the presence of Alta 1 using colony-based
PCR using forward primer 5’'-gtctggaagatctccgagttttacggacg-
caag-3’ and the reverse primer 5'-cttgcgtccgtaaaactcggagatcttcca-
gac-3'. Positive colonies were selected and used for downstream
expression and production of rAlta 1 in P. pastoris GS115.

Protein Expression and Purification

The rAlta 1 protein was expressed in P. pastoris GS115 according
to the manufacturer’s instructions (Thermo Fisher Scientific,
Waltham, MA, USA) and purification followed a typical IMAC
protocol (Qiagen Inc., Valencia, CA, USA). Briefly, yeast was
grown in 500 mL yeast extract peptone dextrose broth at 22°C
while shaking at 180 RPM. After 60 h, the culture media was
separated into cells and supernatant by centrifuge at 5,000 X g for
10 min. The supernatant was then buffer exchanged with 2 L of
lysis buffer (50 mM NaH,PO,, 500 mM NaCl, 30 mM Imidazole,
pH 8.0). After concentrating to 25 mL, supernatant was then
applied to NiNTA resin (Qiagen Inc., Valencia, CA, USA) that
had been washed and equilibrated in lysis buffer per manufac-
turer’s protocols. Four column volumes of lysis buffer were flowed
through the column. Next, 5 mL elution buffer (50 mM NaH,POs,
500 mM NaCl, 50 mM imidazole, pH 8.0) was applied to the
column. Elution buffer with increasing imidazole concentrations
(100, 150, and 200 mM, respectively) was then applied. rAlt a 1
protein eluted at 200 mM imidazole concentration.

Purity was assessed via 15% SDS-polyacrylamide gel elec-
trophoresis. As expected, the rAlt a 1 protein appeared to be a
heterodimer consisting of 14.4 and 17 kDa bands under denatur-
ing conditions. Amicon Ultra Centrifugal Filters MWCO 10 kDA
(Sigma-Aldrich, St. Louis, MO, USA) were used to concentrate
proteins, and proteins were buffer exchanged with endotoxin-free
PBS, pH 7.4 (Thermo Fisher Scientific, Waltham, MA, USA) for
downstream endotoxin removal and applications. Approximately
20 mg/L of rAlt a 1 was typically obtained following purification.

Endotoxin Removal and Quantification
of rAlta 1

Even though protein was produced in yeast, potential endotoxin
contamination was removed from purified Alta 1 using endotoxin
removal columns (Detoxi-Gel endotoxin removing columns,
Thermo Fisher Scientific, Waltham, MA, USA). Briefly, resin was
equilibrated in 1% sodium deoxycholate followed by five volume
washes of PBS. 1 mL of protein was loaded onto the column and
incubated for 1 h. Protein was eluted by addition of endotoxin-
free PBS, pH7.4 (Thermo Fisher Scientific, Waltham, MA, USA).

Quantification of endotoxin levels was performed using an
enzyme-linked immunosorbent assay (ELISA) Kit (Biomatik,
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ON, Canada). Briefly, 50 uL of protein was assessed following the
manufacturer’s protocol. Samples were run in duplicate in 96-well
plate format and were read on a Versa MAX ELISA Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA) at room tem-
perature. Measurements at ODys were corrected against values
obtained at ODs; following the manufacturer’s suggestions.
A standard curve was generated for each reading and generated
using R software. Endotoxin/LPS concentration was determined
using the standard curve and tabulated in ng/mL of LPS.
Experiments were performed at least five times/protein prepara-
tion. In all experiments, purified rAlt a 1 contained below the
detectable limit of endotoxin (<0.01 ng/mL). After testing for
homogeneityofvariances, Tukey’sHSDwasperformedandadjusted
(if applicable).

Membrane-Based Cytokine Arrays

Human cell culture supernatants were assayed for general secre-
tion of different cytokines and chemokines using the RayBio
C-Series Human Cytokine Antibody Array C1 per manufactur-
er’s protocols (RayBiotech, Norcross, GA, USA). BEAS-2B cells
were grown in DMEM + 1% Pen/Strep/10% FBS. NHBE/DHBE
were grown in BEGM media per the manufacturer’s protocols
(Lonza, Walkersville, MD, USA). Cells were incubated at
37°C/5% CO,. Approximately 4 X 10° BEAS-2B (ATCC CRL
9609, Manassas, VA, USA) or 4 x 10° NHBE/DHBE (Lonza,
Walkersville, MD, USA) cells were starved for 4 h prior to the
addition of 50 pg rAlt a 1 and incubated for 24 h. Supernatants
were collected and used in downstream experiments per the
manufacturer’s protocols (RayBiotech, Norcross, GA, USA).
Briefly, membranes were blocked with the blocking buffer and
then washed. The membranes were then treated with the sam-
ples for 2 h at RT shaking at 90 RPM. After an additional wash,
the biotinylated antibody cocktail was used to cover the mem-
branes. After a 2-h incubation at RT with shaking at 90 RPM
another wash step was conducted. Afterward, the membranes
were covered with horseradish peroxidase streptavidin concen-
trate and incubated for 2 h at RT with shaking at 90 RPM. The
membranes were then washed and signals were detected using
chemiluminescence. Briefly, membranes were washed with
two detection buffers provided by RayBiotech (Norcross, GA,
USA) and exposed continuously from 5 to 600 s with images
taken at multiple intervals in between using BioRad Chemi Doc
CRS+ System with Image Lab Software (BioRad, Berkeley, CA,
USA). Images were then exported with no correction or image
modification.

Enzyme-Linked Immunosorbent Assays

Enzyme-linked immunosorbent assays were performed using
Human IL-8, MCP-1, and GRO (a/b/g) ELISA MAX (BioLegend,
San Diego, CA, USA) kits. Supernatants from cells treated with
rAlt a 1 were examined following the manufacturer’s protocol.
Samples were runin duplicatein 96-well plate formatand wereread
on a Versa MAX ELISA Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA) at room temperature. Measurements at
OD.s were corrected against values obtained at ODs; following
the manufacturer’s suggestions. A standard curve was generated
for each reading and generated using R software. Cytokine/

chemokine concentrations were determined using the standard
curve and tabulated in pg/mL. Experiments were performed
at least five times. After testing for homogeneity of variances,
Tukey’s HSD was performed and adjusted (if applicable).

Human Embryonic Kidney (HEK) 293
Cells Engineered to Express TLRs

and Measurement of NF-kB Activity

Human embryonic kidney 293-Blue hTLR4 cells expressing
TLR4, MD2/CD14 co-receptor genes and a secreted embryonic
alkaline phosphatase (SEAP) reporter gene under control of an
IL-12 promoter and HEK-Blue Null 2 cells lacking TLR4 recep-
tor but expressing the IL-12 promoter and SEAP reporter gene
(Invivogen, San Diego, CA, USA) were seeded in a 96-well plate.
The final volume of culture media was 200 pL DMEM + 1%
Pen/Strep/10% FBS. After 16 h at 37°C/5% CO,, the media was
removed from the cells. Cells were then starved for 2 h in 200 uL
DMEM + 1% Pen/Strep. Cells were pretreated with 5 ng/mL
ultrapure LPS-RS (Invivogen, San Diego, CA, USA), 10 pg/mL
anti-hTLR4-IgG or 10 pg/mL mouse IgG 1 control antibody
(antibodies from Invivogen, San Diego, CA, USA) for 1 h. Then
cells were treated with 1 ug rAlt a 1. Cells were then incubated at
37°C/5% CO, for 24 h. Afterward 20 pL of the cell supernatant was
added to 180 uL QUANTI-Blue reagent (Invivogen, San Diego,
CA, USA). After incubation for 3 h at 37°C, the plate was read at
655 nM (VersaMax ELISA microplate reader) at RT. After testing
for homogeneity of variances, Tukey’s HSD was performed and
adjusted (if applicable).

Human embryonic kidney 293-Blue hTLR2 cells expressing
TLR2 and CD14 co-receptor genes and an SEAP reporter gene
under control of the interferon (IFN); minimal promoter were
seeded in a 96-well plate, final volume was 200 uL DMEM + 1%
Pen/Strep/10% FBS. After 16 h at 37°C/5% CO,, the media was
removed from the cells. Cells were then starved for 2 h in 200 uL
DMEM + 1% Pen/Strep. Cells were pretreated with 10 pg/mL
human IgA2-control, 10 pg/mL anti-hCD14-IgA, and 1 pg/mL
Mab-hMD2 (all from Invivogen, San Diego, CA, USA), for
2 h. Then cells were treated with 1 pg rAlt a 1. Cells were then
incubated at 37°C/5% CO,, for 24 h. Afterward 20 pL of the
cell supernatant was added to 180 uL QUANTI-Blue reagent
(Invivogen, San Diego, CA, USA). After incubation for 3 h at
37°C, the plate was read at 655 nM (VersaMax ELISA microplate
reader) at RT. After testing for homogeneity of variances, Tukey’s
HSD was performed and adjusted (if applicable).

Human embryonic kidney 293-Blue hTLR5 cells expressing
TLR5 gene and an SEAP reporter gene under control of an AP-1
promoter were seeded on a 96-well plate. Cells were treated with
100 ng/mL of FLA-ST Ultrapure (Invivogen, San Diego, CA,
USA) or 1 pg rAlt a 1. This purified flagellin from Salmonella
typhimurium is detected by TLR5 resulting in MyD88-mediated
NF-kB activation. Cells were incubated overnight at 37°C/5%
COs. After incubation, 20 pL of the cell supernatant was added
to 180 uL QUANTI-Blue reagent (Invivogen). After incubation
for 3 h at 37°C, the plate was read at 655 nM (VersaMax ELISA
microplate reader) at RT. After testing for homogeneity of vari-
ances, Tukey’s HSD was performed and adjusted (if applicable).
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Blocking Antibodies in BEAS-2B Cells

2.5 %X 10° BEAS-2B cells were plated in 1 mL DMEM + 1% Pen/
Strep/10% FBS. After 24 h, 10 pug/mL of either anti-hTLR2-IgA,
10 pg/mL anti-hTLR4-IgG, 10 pg/mL human IgA2-control, or
10 pg/mL mouse-IgG1-control (all from Invivogen, San Diego,
CA, USA) was added. After 2 h, 100 pg rAlt a 1 was added. Cells
were then incubated for 24 h at 37°C/5% CO,. Supernatants were
then collected and assayed for cytokines via ELISA as described
previously.

Gene Knockdown Using siRNAs

in BEAS-2B Cells

3.0x 10°BEAS-2B cellswere seeded and cultured to 70% confluency
in 24-well plates containing DMEM with 10% EBS. The cells were
then transfected with 10 nM of either scrambled control, TLR2,
TLR4, TIRAP, or MyD88 siRNAs (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in serum-free Opti-MEM medium (Invitrogen,
Carlsbad, CA, USA) using Lipofectamine RNA iMAX Reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocols. After 24 h, cells were treated with either 50 ug rAlta 1
or where appropriate, 5 ng/mL of LPS (Sigma-Aldrich, St. Louis,
MO, USA). To determine efficacy of gene silencing, western blot
analysis was performed 24 h after transfection.

Statistical Analysis

Data are expressed as means and SDs. Data were tested for homo-
geneity of variances and appropriated analysis of variances tests
were performed and adjusted accordingly. Downstream analysis
of all numerical data utilized R software and packages. Packages
used for analyzing data included Coin, Car, Drc, Multcomp, and
Sandwich (24-28).

RESULTS

Alt a 1 Induces Innate Immune Responses
in BEAS-2B Bronchial Epithelial Cells

To initially characterize the innate immune response induced by
rAlta 1 in bronchial epithelial cells in vitro, we used human cytokine/
chemokine arrays harboring antibodies corresponding to 23 target
molecules. Our results indicated that Alt a 1 induced the secretion
of several cytokines and chemokines in BEAS-2B human bronchial
epithelial airway cells—primarily MCP-1 (CCL2), IL-8, and GRO-
a/b/g (CXCL1/2/3) (Figure 1). Similar results were obtained in
experiments using NHBE and DHBE cells (data not shown). There
were no marked differences between responses in BEAS-2B, NHBE,
and DHBE cells. There was some indication that IL-15 may also be
inducible by Alta 1 in our array studies but was not explored further.
After finding that rAlt a 1 induces the secretion of several
innate immune cytokines and chemokines via array blots,
determining if there was a time-dependent secretion of IL-8 in
BEAS-2B cells was conducted via ELISA assay (Figure 2). The
goal of this experiment was to characterize the temporal aspects
of IL-8 secretion and to determine if 24 h post treatment was opti-
mal for supernatant collection. Human cells were incubated with
Alt a1 for time periods ranging from 15 min to 24 h. Significant
increases of IL-8 secretion occurred after cells were incubated
with Alta 1 for 12 h. However, 24 h was the time point at which
IL-8 secretion was the highest (Figure 2A). We also determined if
Alta 1 induces IL-8 in a dose-dependent manner and found this
to be the case (Figure 2B). We found very strong induction of
IL-8 with as little as 10 pg of rAlt a 1 with a maximum induction
using 150 pg of protein. This indicates Alt a 1 is quite potent at
inducing IL-8 in BEAS-2B cells even at lower concentrations.

.. .- Altal
- . " B POS POS NEG NEG |GCSF |GM-CSF |GRO a/b/g |GRO alpha
TR EEET Y POS POS NEG NEG |GCSF |GM-CSF |GRO a/b/g |GRO alpha
= .Y 7 IL-1alpha |IL-2 IL-3 IL-5 IL-6 IL-7 IL-8 IL-10
. i - s ® IL-1alpha [IL-2 IL-3 IL-5 IL-6 IL-7 IL-8 IL-10
P » P IL-13 IL-15 IFN-gamma MCP-1 MCP-2 MCP-3 |MIG RANTES
> . . IL-13 IL-15 IFN-gamma IMcp-1 McP-2 [Mcp-3  [MIG RANTES
5 . . TGF-beta 1 [TNF alpha [TNF beta BLANK [BLANK [BLANK |BLANK POS
TGF-beta 1 [TNF alpha [TNF beta BLANK BLANK BLANK |[BLANK POS
- . . PBS Treated Cells
- . POS POS NEG NEG |[GCSF |GM-CSF |GRO a/b/g |GRO alpha
s b aHowm POS POS NEG NEG |[GCSF |GM-CSF |GRO a/b/g |GRO alpha
v + + » » » » [L-1alpha [IL-2 IL-3 IL-5 IL-6 IL-7 IL-8 IL-10
s &' . ~ » [IL-1alpha (IL-2 IL-3 IL-5 IL-6 IL-7 IL-8 IL-10
- » . » » |L-13 IL-15 IFN-gamma |[MCP-1 [MCP-2 [MCP-3 |MIG RANTES
. ° - IL-13 IL-15 IFN-gamma (MCP-1 [MCP-2 IMCP-3 [MIG RANTES
4 . TGF-beta 1 [TNF alpha [TNF beta BLANK |BLANK |[BLANK |BLANK POS
TGF-beta 1 [TNF alpha [TNF beta BLANK |BLANK |[BLANK |BLANK POS
FIGURE 1 | Cytokine profiling of rAlt a 1 treated BEAS-2B cells. 5.0 x 10° BEAS-2B cells were treated with 50 pg rAlt a 1 or 50 plL of endotoxin-free, sterile
PBS (negative control). Cytokine array blots (top left) and corresponding maps of targets (top right) derived from cells treated with rAlt a 1, cytokine array blot
(bottom left) and corresponding map of targets derived from cells treated with PBS (bottom right). Comparisons were made between the two blots and cytokines
and chemokines highlighted in blue are those that were found to be qualitatively stronger in cells treated with rAlt a 1.
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FIGURE 2 | Temporal and dose dependency of Alt a 1 induced IL-8 in
BEAS-2B cells. (A) 2.0 x 10° BEAS-2B cells were grown in RPMI + FBS + 1%
Pen Strep. Cells were starved for 6 h prior to induction with rAlt a 1 or
endotoxin-free sterile PBS. The starve media consisted of RPMI + 1% Pen
Strep without FBS. Cells were treated with 50 pg rAlt a 1 for the specified
time. Supernatants were collected and assayed via BIOLEGEND IL-8
ELISAMAX. After testing for homogeneity of variances, Tukey’s HSD was
performed and adjusted ("p < 0.001). Data are represented as mean (SD).
Comparisons were made between rAlt a 1 treated and untreated cells
(PBS-treated 24 h control). (B) 5 x 10° BEAS-2B cells were grown in
RPMI + FBS + 1% Pen Strep. They were then starved for 6 h. The starve
media was RPMI + 1% Pen Strep. Cells were treated with rAlt a 1 or PBS
(O pg) for 24 h. Media was collected and assayed via BIOLEGEND IL-8
ELISAMAX. Data are represented as mean (SD). Comparisons were made
between Alt a 1-treated and control PBS-treated cells (*p < 0.001).

Additional ELISA assays were next used instead to quantify
and confirm the levels of secreted cytokines/chemokines,
MCP-1 (CCL2), IL-8, and GRO-a/b/g (CXCL1/2/3). Human
BEAS-2B cells were treated with rAlta 1 for 24 h (Figure 3). The
ELISA results confirmed the cytokine array blots and showed that
levels of human IL-8, MCP-1, and GRO-a/b/g were significantly
increased in rAlt a 1 treated cells.

Gene Knockdown Approaches Using
siRNAs Indicate Alt a 1 Induction of Innate
Immune Responses Is Dependent Upon
TLR Signaling in BEAS-2B Cells

To determine the potential role of known pattern recognition
receptors (PRRs) such as TLRs and associated signaling pathways
in Altal-induced innateimmune responses in bronchial epithelial
cells (BEAS-2B), a gene knockdown approach using siRNAs was
used initially. A suite of gene-specific siRNAs (MyD88, PI-3-K,
TIRAP, TLR2, TLR3, TLR4) or scrambled control siRNA (scRNA)
were transfected into BEAS-2B cells, then treated with rAlta 1 for

24 h. We confirmed knockdown of target genes using quantitative
reverse transcription PCR. We typically obtained >70% gene-
specific knockdown efficiency (data not shown). Supernatants
were then collected and assayed for IL-8 levels. These cells showed
no consistent reduction in IL-8 secretion when PI-3-K and TLR3
were knocked down (data not shown). In repeated experiments,
Alt a 1-treated cells showed decreased IL-8 secretion following
incubation with siRNAs corresponding to MyD88, TIRAP, TLR2,
and TLR4, compared to scRNA controls (Figure 4). We found
that silencing of TLR4 resulted in complete abolishment of Alt a
1 induced IL-8 when compared to scRNA control treated cells. In
comparison to silencing of TLR4, the effect of silencing TLR2 was
statistically significant but was not as robust in these experiments.
Interestingly, akin to our results with TLR4-specific siRNAs, we
found that silencing of TIRAP or MyD88 resulted in virtually
complete abolishment of Alt a 1 induced IL-8 when compared
to scRNA control treated cells indicating the importance of these
adaptor proteins downstream of TLR-receptors. Collectively, this
data indicated that Alt a 1-induced innate immune responses are
dependent upon these receptors and downstream adaptors in
BEAS-2B cells (Figure 4).

Blocking Antibody and Antagonist
Approaches Demonstrate Alt a 1 Induction
of Innate Immune Responses Is
Dependent Upon TLR Signaling in BEAS-
2B Cells

We confirmed the results of our siRNA gene knockdown experi-
ments using TLR2 and TLR4 blocking antibodies. In preliminary
experiments using TLR4 blocking antibodies, results indicated
that TLR4 is important for Alt a 1 induction of MCP-1 (CCL2),
IL-8, and GRO-a/b/g (CXCL1/2/3) in BEAS-2B cells (data not
shown).

Next we incorporated control antibodies (non-blocking), and
TLR4 and TLR2 specific blocking antibodies (Figure 5). Blocking
TLR4 resulted in a much more pronounced reduction in Alt a
1-induced IL-8 compared to blocking TLR2. We also examined
if combining TLR2 and TLR4 blocking antibodies would have an
additive effect in regards to dampening Alt a 1 induced IL-8 and
found this to be the case. Pretreating cells with both TLR2 and
TLR4 blocking antibodies completely abolished Alt a 1-induced
IL-8 but was not statistically significant when compared to
blocking TLR4 alone and may warrant further investigation.
Collectively, these results suggested that Alt a 1-induced IL-8 in
BEAS-2B cells is primarily dependent upon TLR4 with a minor
contribution from TLR2.

Engineered HEK 293 Cells Demonstrate
Alt a 1-Induced NF-kB Signaling Is TLR 2
and 4 Dependent

To further examine the importance of TLR4 in the initiation of
the innate immune response to Alt a 1, we used HEK 293 cells
engineered to express specific cell surface receptors such as TLR2,
TLR4, or TLR5. These cells are also engineered with a reporter
system whereby an NF-kB-dependent gene promoter is fused to a

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1507


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Hayes et al.

Alt a 1 Induced Innate Immunity

jE~ 2500- *
= 20004

g [
) 15004

=

= 10001

©

€ 500

>

T 0 ' '

Control Alta1
*

T

) -
§ 1500 *
g ——
- 1000+
o
2
po 500+ —
©
£
T 0' T
Control Alta1
-3 100~
E
S 801
2
O  60A
14
O 40
c
©
€ 204
S
I 0-
Control

FIGURE 3 | Induction of cytokines and chemokines in BEAS-2B cells treated with Alt a 1. 5.0 x 10° human BEAS-2B cells were treated with 50 g rAlt a 1
for 24 h. Supernatant was collected and cytokine/chemokine levels were determined using BIOLEGEND ELISAMAX [MCP-1 (CCL2), IL-8, and GRO-a/b/g
(CXCL1/2/3)]. Data are represented as mean (SD). After testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (*p < 0.001).

Alta1

gene encoding a secreted form of alkaline phosphatase (SEAP). In
initial experiments, HEK-Blue hTLR4 cells were used to determine
if Alta 1 could activate NF-kB signaling via TLR4 (Figure 6). We
first optimized the systems using cells treated with a TLR4-specific
agonist LPS (ultrapure TLR4-specific LPS-EB) and this resulted in
high levels of SEAP (Figure 6A). This activity could be reduced
when cells were pretreated with a TLR4 antagonist (LPS-RS which
binds to TLR4 but does not induce a downstream signal), or with
TLR4 blocking antibodies (Figure 6A).

Using this system, cells were pretreated with antibodies and
then treated with rAlt a 1. Directly supporting our data from
experiments with TLR4-specific siRNAs and blocking antibodies
in BEAS-2B cells, the HEK-hTLR4 cells but not corresponding
HEK-null control cells were responsive to rAlt a 1 (Figure 6B).
Furthermore, this response could be almost completely abolished
by directly blocking the TLR4 receptor using both TLR4 block-
ing antibodies and the TLR4 antagonistic ligand, LPS-RS. Non-
blocking control antibodies had no effect on rAlt a 1-induced
SEAP. We also performed similar experiments in hTLR2 HEK-blue
cells. Results of these experiments indicated that Alt a 1 induced
SEAP activity was dependent upon TLR2 (Figure 6C).

The specific mechanism for how Alt a 1 triggers both TLR2 and
TLR4 is unclear. One explanation could lie in the requirement of
co-receptor molecules for the receptors, such as CD14 and MD2.
Experiments focusing upon co-receptor molecules for both TLRs
were explored in HEK-hTLR2 and HEK-hTLR4 cells. CD14 associ-
ates with both TLR2 and TLR4 upon signaling. Another receptor,
MD2, is more specific to TLR4. Therefore, we tested to see if these
adaptors/co-receptors may be important for signaling using CD14
and MD2 blocking antibodies first in hTLR4 HEK-blue cells.

When CD14 was blocked in hTLR4 HEK-blue cells, signaling
appeared to be reduced only slightly and was not statistically

significant (Figure S1 in Supplementary Material). This suggested
that Alt a 1 may trigger immunity in a CD14-independent man-
ner to a large degree through TLR4. Results of these experiments
also suggested that MD2 may not be important for the ability of
Alt a 1 to signal through TLR4.

By contrast, blocking CD14 in HEK-hTLR2-blue cells treated
with Alt a 1 appeared to cause a small but significant reduction in
SEAP (Figure S2 in Supplementary Material). This indicated CD14
may be required for optimal signaling by Alta 1 via TLR2. Blocking
MD2 had no effect on HEK-hTLR2-blue cells treated with Alta 1
indicating unlike CD14, MD2 is most likely not involved in Alta 1
induced signaling via TLR2.

Finally, we investigated the MyD88-dependent TLR5 receptor
using a similar approach. To ensure that the conditions of our sys-
tem were compatible with HEK-hTLRS5 cells, we first used bacte-
rial flagellin from S. typhimurium (FLA-ST), a canonical ligand for
TLR5 as a positive control. As expected, FLA-ST induced robust
TLR5-dependent SEAP activity. In contrast to HEK-hTLR2 and
HEK-hTLR4, HEK-hTLRS5 cells treated with Alt a 1 showed no
response indicating that Alt a 1 does not trigger a TLR5-MyD88-
dependent response (data not shown).

DISCUSSION

Alt a1 is the most relevant allergen from the fungus A. alternata.
Over 90% of patients sensitized to Alfernaria typically have
specific IgE to Alta 1, indicating that it is a major allergen (29, 30).
Sequence and structural studies have indicated that Alta 1is a
species-specific allergen with no known cross reactivity with
other allergens. Its sequence and f-barrel structure is unique
among fungal allergens (16-20). Insights into its function have
been hypothesized. Because Alt a 1 localizes to the cell wall of
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FIGURE 4 | Alt a 1 induces signaling in BEAS-2B cells via toll-like receptor (TLR)2, TLR4, MyD88, and TIRAP. 3.0 x 10* human BEAS-2B cells in DMEM + 10%
FBS were cultured to 70% confluency in 24-well plates. The cells were transfected with 10 nM of either scrambled control or gene-specific SiRNAs in serum-free
Opti-MEM medium using Lipofectamine RNA iMAX Reagent according to the manufacturer’s protocols. After 24 h, cells were treated with either 50 ug rAlt a 1 or an
equivalent volume of PBS. Media was collected and assayed via BIOLEGEND IL-8 ELISAMAX. Data are represented as mean (SD). After testing for homogeneity of
variances, Tukey’s HSD was performed and adjusted (if applicable) (‘o < 0.001). (A) TLR2, (B) TLR4, (C) MyD88, and (D) TIRAP.
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spores, it has been predicted to play a role in the stability of the
spore (31). Alternaria spores isolated from schools, libraries, and
offices have been shown to be capable of secreting detectable levels
of Alta1(32). On plants, this protein may play a role in the patho-
genesis of Alternaria spp. (33). This protein has the potential to
bind quercetin/flavonol like molecules of plant and fungal origin
(34). Alt a 1 has been shown to be localized in the cytoplasm
and cell wall of spores and secreted extremely rapidly in media of
physiologically relevant pH especially slightly acidic conditions
(34). This suggests that following spore inhalation, Alt a 1 may
be secreted into the airways quite rapidly. Based on these recent
secretion studies it is possible that all individuals are chronically
exposed to Alt a 1 even in the absence of fungal colonization of
the airways. Studies examining the importance of Alt a 1 beyond
the scope of its capability of being used in diagnostic procedures
have not been conducted (21).

In this study, we report for the first time that Alt a 1 induces
innate immune responses in bronchial epithelial cells in vitro.
A combination of cell lines and primary cells (BEAS-2B, NHBE,
DHBE) with complementary experimental approaches were used
to determine that at least some aspects of Alt a 1 signaling are
dependent upon PRRs and adaptor molecules including TLR2,
TLR4, MYD88, and TIRAP. Moreover, this is the first study to
show that a single, highly purified molecule from Alternaria
induces innate immune responses.

Previously, most immunological studies surrounding Alternaria
have employed potent extracts consisting of a complex mixture of
proteins and speculatively other molecules from Alternaria which
could include mycotoxins, other secondary metabolites, and cell
wall fragments such as chitin, mannans, and f-1,3-glucans. The
complexity and inconsistency of extract composition has made
it challenging to define specific components contributing to the
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FIGURE 5 | Alt a 1 primarily induces innate immunity through toll-like
receptor (TLR)4 in BEAS-2B cells. 2.5 x 10° BEAS-2B cells were grown in
RPMI + FPS + 1% Pen Strep. Cells were washed 24 h before use. They
were then starved for 6 h. The starve media was RPMI + 1% Pen Strep.
Some cells were pretreated with 10 pg/mL anti-hTLR2-IgA, 10 pg/mL
anti-hTLR4-1gG, 10 pg/mL human IgA2-control, or 10 pg/mL mouse-IgG1-
control for 1 h, then given 50 pg rAlt a 1. Cells incubated for 24 h. Media was
collected and assayed via BIOLEGEND IL-8 ELISAMAX. Data are
represented as mean (SD). After testing for homogeneity of variances,
Tukey’s HSD was performed and adjusted (if applicable) (p < 0.001). The
anti-hTLR2-IgA Alt a 1 treatment was compared to the Alt a 1-IgG treated
control. The anti-hTLR4-IgG treatment was compared to the Alt a 1-IgG
treated control. Altal + TLR2/4 treatment is significant when compared to
the Alt a 1-IgG treated control or Altal + hTLR2 and is designated with an
asterisk. However, Altal + hTLR2/4 is not significant when compared to
Altal + TLR4.

proinflammatory nature of these products. It is widely accepted
that different culture and extraction conditions can lead to the
variability in airway cell response to extracts (22, 35). In addi-
tion, extracts can have widely different allergen content (36).
Expression of fungal allergens can even vary by strain (37).

It has been reported in several studies that protease activities
in Alternaria extracts, especially serine, aspartic, and cysteine
protease activity, are potent inducers of cytokines in vitro and
in vivo (38-40). Using inhibitors, it was preciously shown that
serine proteases activity from Alternaria induced TSLP and
IL-33, potentially playing an important role in the development
of allergic inflammation, airway disease, and severe asthma exac-
erbations (38). Aspartic protease activity was shown to activate
eosinophils leading to degranulation (39). Aspartic protease
activity was shown to induce the release of several other cytokines,
including IL-6 and IL-8 (40). Despite the evidence for the role
of Alternaria proteases found in extracts to be potent inducers
of cytokines, no single purified protease has been identified and
correlated with these activities. It is important to note that Alt a
1 has not been reported to possess any protease activity. Alta 1’s

enzymatic activity has been reported to be primarily esterase and
phosphatase (14). While extracts have clearly defined a potential
role that proteases play in the immune response of the airway
to fungi, they have not allowed for the determination of the
role that individual proteins of Alternaria, such as Alt a 1 may
play in the context of allergic inflammation, sensitization, and
development of more complex disorders such as asthma (41). It is
interesting to speculate how Alt a 1 may contribute to the overall
inflammatory response of Alternaria spores and hyphae in the
context of other proinflammatory molecules found in Alternaria
including proteases mentioned above, chitin, glucans, mannans,
and other yet to be identified molecules. In this regard, we have
created Alt a 1 knockout (KO) and overexpression mutants in
A. alternata and have recently initiated in vitro and in vivo experi-
ments comparing these mutants and wild-type (WT) spores for
their ability to induce immune responses. Preliminary data from
our lab indicate that mutant spores lacking Alt a 1 induce an
overall lower innate immune response when compared to WT
spores both in vitro (BEAS-2B cells) and in mouse in vivo models
(Rumore et al., unpublished). Moreover, Alt a 1 overexpression
mutants (secreting ~2.5 times as much Alt a 1 compared to WT)
induce a dramatically higher innate immune response in these
systems compared to Alt a 1 KO mutants or WT spores. Future
experiments investigating the role of Alta 1 in adaptive immunity
in vivo are certainly warranted using these tools.

Although tremendous progress has been made over the past
few decades regarding determining the mechanistic aspects of
allergic inflammation, more research needs to be performed in
innate immunity and its role in sensitization and exacerbation
aspects of allergic diseases. Published studies have increasingly
made it clear that TLRs are key players in innate immunity to a
growing number of allergens. For example, the dust mite allergen,
Der p 2, has been shown to mimic the activity of human and
mouse MD?2 in the presence of LPS to trigger a response through
TLR4 (42) in vitro and in vivo. Der p 2 has been shown to induce
TLR2-MYD88-dependent mediated innate immune signaling in
nasal fibroblasts (43). In this study, we found the induction of
several cytokines and chemokines by Alt a 1 in bronchial epi-
thelial cells including GRO-a/b/g (CXCL1/2/3), IL-8, and MCP-1
(CCL2) and this was TLR2/4, MyD88, and TIRAP dependent.
These cytokines and chemokines have been shown in many studies
to play a role in monocyte, neutrophil, and fibroblast recruitment
and angiogenesis in asthma and innate allergic inflammation
(44-46). Studying if other cytokines and chemokines such as
TSLP, IL-33, and IL-25 are induced by Alt a 1 and/or in different
cell types may be the subject of future research. Our preliminary
data strongly suggest that Alt a 1 is capable of inducing the release
of IL-33 from NHBE cells and warrants further investigation in
the future (data not shown).

More specifically, using gene knockdown approaches and
complementary studies with blocking antibodies, we found that
the ability of Alt a 1 to induce a potent cytokine response was
dependent upon TLR2, TLR4, MyD88, and TIRAP. Treatment of
engineered HEK-Blue Null, TLR2, TLR4, and TLR5 cells with Alt
a 1 showed that TLR2 and TLR4-associated NF-kB signaling but
not TLR5 is activated. Furthermore, incubation with TLR4 block-
ing antibodies and LPS-RS caused the abolishment of signaling
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FIGURE 6 | Alt a 1 activates toll-like receptor (TLR)2/4-dependent NF-kB signaling in engineered human embryonic kidney (HEK) cells. 2.5 x 10* HEK-Blue hTLR4
(A,B), HEK-Blue hTLR2 (C), and HEK-Blue null cells (A=C) were plated in 96-well plates in 200 uL DMEM + 1% Pen/Strep/10% FBS. After 16 h at 37°C/5% COx,
the media was removed from the cells. Cells were then starved for 2 h in DMEM + 1% Pen/Strep. (A) Cells were pretreated with 5 ng/mL ultrapure LPS-RS,

10 pg/mL anti-hTLR4-IgG, or 10 pg/mL mouse IgG 1 control for an hour. Then cells were treated with 5 ng/mL ultrapure LPS-EB. Cells incubated with treatments in
the incubator for 24 h. Afterward 20 pL of the cell supernatant was added to 180 uL QUANTI-Blue reagent. After incubation for 3 h at 37°C, the plate was read at
655 nM room temperature. Data are represented as mean (SD). After testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (if applicable)
(*p < 0.001). Comparisons shown are against LPS-EB ("p < 0.001). (B) Cells were pretreated with 5 ng/mL ultrapure LPS-RS, 10 pg/mL anti-hTLR4-1gG, or

10 pg/mL mouse IgG 1 control for an hour. Then cells were treated with 1 pg rAlt a 1. Cells incubated with treatments in the incubator for 24 h. Afterward, 20 pL

of the cell supernatant was added to 180 uL QUANTI-Blue reagent. After incubation for 3 h at 37°C, the plate was read at 655 nM room temperature. Data are
represented as mean (SD). After testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (if applicable) ("p < 0.001). Comparisons shown
are against Alt a 1 + IgG ("p < 0.001). (C) Cells were treated with 1 pg rAlt a 1. Data are represented as mean (SD). After testing for homogeneity of variances,
Tukey’s HSD was performed and adjusted (if applicable) (o < 0.001). Comparisons shown are against (A) LPS-EB, (B) Alt a 1 alone or Alt a 1 + IgG, and

(C) Alt a 1 untreated null and hTLR2 cells and Alt a 1 treated null cells.

in both HEK-Blue TLR4 and human bronchial epithelial airway
(BEAS-2B) cells. In contrast to studies with Der p 2, the MD2
mimic that presents LPS to TLR4, our studies suggest that Alt a
1 does not function as an MD2 mimic because it is structurally
unrelated to MD2 or Der p 2. Furthermore, we had virtually
undetectable amounts of LPS in our protein preparation. LPS was
a requirement for Der p 2 signaling via TLR4 (42).

In addition to MD2 and CD14, another important protein in
TLR4 signaling is lipopolysaccharide-binding protein (LBP). LBP
is mainly found in the serum and has been found to facilitate TLR4
signaling by carrying LPS to the receptor. In a study by Kato et al.
comparing gene expression profiles in the presence and absence
of serum, it was found that induction of cytokines like IL-8 and
members of the GRO family in PBMCs was not dependent upon
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LBP being present, however, a subset of IFN-inducible genes was
dependent upon LBP (47). The data from this study suggested
that MyD88-dependent genes did not require LBP to be present
but IRF-3 associated genes required LBP. In our experiments, we
starved cells of serum prior to challenges with Alt a 1 and other
ligands thus, most likely removing the vast majority of LBP pre-
sent but still observed TLR4- and MyD88-dependent expression
of cytokines like IL-8. If Alt a 1 functions as an LBP mimic, one
would most likely not detect this in the context of our experimen-
tal design. As mentioned previously, we did not detect LPS in our
protein preparations thus most likely ruling out the possibility
that Alta 1 could be an LPS carrier or binding protein mimicking
MD2, CD14, or LBP. However, it is important to point out that even
though our experiments using engineered HEK cells indicated
that MD2 and CD14 are probably not major components of Alt a
1 induced signaling, overexpression of TLR2 and TLR4 receptors
could mask the role of CD14 and MD2. Future experiments in
BEAS-2B or other cell types are warranted to further elucidate the
role of these adaptors in Alt a 1 induced immunity.

Another possibility to consider is contamination of our Pichia-
produced protein preparations with ligands that may activate
TLR2. However, there are no reports of Pichia-produced proteins
harboring contaminants that activate TLR2. It has been shown
that the allergen Der p 21 can induce IL-8 in BEAS-2B cells in
a TLR2-dependent manner (48). However, rDer p 21 protein
preparations used in this study were analyzed by MS and the
authors did not report any contamination. The authors speculated
that because Der p 21 is predicted to be a lipid binding protein
it may carry an unknown ligand to TLR2. In the context of our
study, it is possible that Alt a 1 directly binds to and activates
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