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Asthma affects 10% of the population worldwide and its
prevalence has been increasing over the last decade (1).
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Abstract

Background: STAT3 drives development of Th17 cells and cytokine production
by Th2 and Thl7 cells, which contribute to asthma. Alternative asthma treat-
ments are needed, especially for the Th17 phenotype. We sought to determine
whether C188-9, a small-molecule STAT3 inhibitor, can block Th2 and Th17 cell
expansion and cytokine production to prevent house dust mite (HDM)-induced
airway inflammation and remodeling.

Methods: Three groups of CS57BL/6 mice were treated intranasally (IN) and
intraperitoneally (IP) daily for 3 weeks with the following: (i) vehicle 1 IN and vehi-
cle 2 IP, (i) HDM IN and vehicle 2 IP, or (iii) HDM IN and C188-9 IP. Sections of
lung were stained with Alcian Blue/PAS and examined microscopically. Total (t)
STAT3, STAT3 phosphorylated on Y705 (pSTAT3), IL-17, IL-13, IL-5, and 1L-4
levels were measured in lung protein extracts and serum using Luminex beads. Fre-
quencies of Th2-type and Th17-type lymphocytes were assessed in lungs and bron-
choalveolar lavage fluid (BALF) by multiparametric flow cytometry.

Results: HDM inhalation markedly increased airway goblet cell numbers and thick-
ness of the epithelium and subepithelial smooth muscle layer, which was accompa-
nied in the whole lung by increased pSTAT3, IL-4, IL-5, IL-13, and IL-17, and %
CD4" T cells that produce IL-5, IL-13, and IL-17. HDM inhalation also increased
serum IL-4 and IL-17 levels and increased BALF % CD4 " T cells that produce IL-5
and IL-13. Remarkably, treatment with C188-9 normalized each endpoint.
Conclusion: HDM-induced airway inflammation, remodeling, and Th2/Th17-type cell
accumulation involve STAT3 activation that can be prevented by C188-9 treatment.

Asthma is a heterogeneous disease with multiple variants, the
most widely recognized of which is the Th2 phenotype, char-
acterized by atopy, eosinophilia, and responsiveness to ster-
oids (2-4). However, as many as 10% of patients have the
Th17 phenotype of asthma which is nonatopic, neutrophilic,
and steroid resistant (5-7) resulting in a higher morbidity
and mortality owing to the lack of available effective treat-

mite; HNSCC, head and neck squamous cell carcinoma; IN,
intranasal; IP, intraperitoneal; PBS, phosphate buffer saline; pSTAT,
phosphotyrosylated signal transducer and activator of transcription;
STAT, signal transducer and activator of transcription; tSTAT, total
signal transducer and activator of transcription.
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ments (6, 8). Alternative therapeutic options clearly are
needed for this subset of patients.

Signal transducer and activator of transcription 3 (STAT3)
is essential for Th17 lymphocyte development and cytokine
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production, and its activation is linked to the development of
airway inflammation (9, 10). Upon activation, STAT3 is
recruited to cytokine-activated receptor complexes and
becomes phosphorylated at Tyr (Y) 705. Phosphotyrosylated
(p) STAT3 homodimerizes through reciprocal SH2-pY705
interactions, translocates to the nucleus, and binds to pro-
moters to transcriptionally activate genes that drive Th17 dif-
ferentiation and production of multiple cytokines (11, 12).
STATS3 activation also is involved in Th2 cytokine produc-
tion (13-16), making it an attractive target for asthma
treatment.

C188-9 is a small-molecule probe designed to target the
SH2 domain of STAT3 and prevent activation of STAT3 by
blocking its recruitment to cytokine-activated receptor
complexes, Y705 phosphorylation, and homodimerization
(17-19). Here we demonstrate that STAT3 inhibition with
C188-9 can prevent the development of airway inflammation
by blocking Th2 and Thl17 lymphocyte accumulation and
cytokine production in the lung of mice subjected to the mur-
ine model of house dust mite (HDM)-induced asthma.

Methods
Animals

Male C57BL/6 mice were purchased from Harlan Laborato-
ries (Indianapolis, IN, USA). These mice were housed in a
pathogen-free environment. The Baylor College of Medicine
IACUC approved all aspects of the animal protocols used in
this study.

C188-9 and mouse HDM protocols

C188-9 was obtained from StemMed, Ltd. (Houston, TX,
USA). In plasma and tissue pharmacokinetic studies in mice,
C188-9 achieved a plasma Cy,x of 14.5 uM and a plasma
half-life of 90 min following intraperitoneal (IP) administra-
tion (10 mg/kg), which resulted in plasma levels exceeding
the ICso for inhibition of cytokine-mediated STAT3 activa-
tion (3 uM) for ~3 h (20). C188-9 also was concentrated in
tumor tissue to levels 2.2-fold higher than simultaneously
obtained serum (20). In studies examining the pharmacody-
namics of C188-9 in mice, we determined that constitutively
elevated levels of pSTAT3 in tumor xenografts were reduced
for at least 24 h after administration of CI188-9 (50 mg/kg;
Fig. S1). C188-9 previously was demonstrated not to target
kinases known to activate STAT3 (17). To determine the
specificity of C188-9 for STAT3 vs STATS and STATG,
which also has been implicated in asthma development, we
examined its ability to reduce tyrosine-phosphorylated STAT
protein (pSTAT) levels in two respiratory epithelial tumor
cell lines—head and neck squamous cell carcinoma (HNSCC)
cell lines SQ-20B and SCC-35—that demonstrated increased
levels of pSTAT3, pSTATS, and pSTAT6 (Fig. S2A). In each
cell line, C188-9 decreased the levels of pSTAT3 but not the
levels of pSTATS or pSTAT6 (Fig. S2B).

To examine the effect of C188-9 in a murine model of
asthma, fifty-one mice were divided into three groups of 17
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each (Fig. S3). Mice in each group received intranasal (IN)
and intraperitoneal (IP) treatments for 5 days (Monday
through Friday) per week for 3 weeks, as follows. The first
group [HDM(—) CI188(—)] received vehicle 1 (PBS/10%
DMSO, 25 ul) IN and vehicle 2 (5% dextrose in water con-
taining 10% DMSO and 50% PEG400, 200 ul) by IP injec-
tion. The second group [HDM(+) C188-9(—)] received HDM
extract (1.6 mg/ml in vehicle 1, 25ul) and vehicle 2 (200 ul)
IP. The third group [HDM(+) C188-9(+)] received HDM
extract IN and C188-9 (50 mg/kg in vehicle 2, 200 pl) IP. IN
administration consisted of drop-wise placement of vehicle 1
with or without HDM extract into alternating nostrils of an
isoflurane-anesthetized mouse. Intraperitoneal (IP) injections
were administered to the right lower quadrant of the abdo-
men of mice using a 27-gauge needle.

On the final treatment day, each mouse was killed 1 h after
administration of the last dose of HDM, C188-9, and/or
vehicle. In 10 mice per group, blood was harvested by car-
diac puncture using a 27-gauge needle. Blood was allowed to
clot for 30 min and then centrifuged for 10 min at 1000x g.
Serum was harvested immediately and frozen in aliquots.
Lungs were harvested and split into left and right lungs. Left
lungs were inflated, fixed in 4% paraformaldehyde for 24 h,
and then paraffin embedded. Right lungs were snap-frozen in
liquid nitrogen.

In another set of experiments with seven mice/group, bron-
choalveolar lavage (BAL) was performed, as previously
described (15). After cardiac puncture for terminal collection
of a large blood volume, lungs were harvested sparing the
peritracheal lymph nodes. Lungs were washed twice with
RPMI 1640 (GIBCO; Life Technologies, Carlsbad, CA,
USA), mechanically disrupted, and filtered through a 70-um
cell strainer (BD Falcon; BD Biosciences, Bedford, MA,
USA) to remove major tissue fragments. To isolate the
mononuclear cells, lung single-cell suspensions were layered
onto Ficoll-Paque Premium 1.084 (GE Healthcare, Pitts-
burgh, PA, USA) and centrifuged following the manufac-
turer’s instructions. Cells at the interface were washed twice
with Dulbecco’s PBS, counted, and assessed for viability
using an automated cell counter (Nexcelom Bioscience, Lawr-
ence, MA, USA).

Histological analysis of airway inflammation

Five-micron sections of lungs in paraffin blocks were placed
on slides, stained with Alcian Blue—Periodic Acid-Schiff
(PAS) (Waltham, MA, USA), and examined microscopically
under 400x magnification using an Olympus BX46 micro-
scope (Center Valley, PA, USA). Round airways of equiva-
lent size were randomly selected within each lung section.
Images were captured using an Olympus DP26 camera (Cen-
ter Valley, PA, USA). Olympus cellSens standard software
(version 1.6) was used to take measurements of the digital-
ized images. The number of goblet cells in each airway was
counted and divided by the circumference of the basement
membrane, and the number was multiplied by 100. The
thickness of the epithelial layer and the subepithelial smooth
muscle layer was measured in each airway at four different
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points and the mean thickness was calculated. The investiga-
tor performing the microscopy and image analysis was
blinded to the treatment the mouse received.

Lung and serum analyte measurements

Flash-frozen lung was homogenized, centrifuged, and
supernatants collected as lysates. Protein concentrations
within lysates were determined by Bradford assay. Luminex
bead-based assays were performed in duplicate on lung
lysates (standardized to 1 mg protein/ml) and on serum to
determine the levels of IL-17 (Thl7 cytokine) and Th2
cytokines (IL-13, IL-5, and IL-4). Luminex bead assays
also were performed in duplicate on lung lysates to deter-
mine the levels of pSTAT3 and total (1) STAT3. Analyte
values in lung lysates were normalized to total protein
concentration.

Flow cytometry

Mononuclear cells obtained from BAL fluid and whole-lung
homogenates were re-suspended in complete medium (RPMI
1640, 10%FBS, L-glutamine, penicillin/streptomycin) and
cultured overnight at a density of 0.5-1 x 10° cells/ml in the
presence of house dust mite 5 pg/ml and brefeldin 10 pg/ml
(Sigma, St. Louis, MO, USA). After 12 h, cells were washed,
incubated with Ghost viability dye (Tonbo Biosciences, San
Diego, CA, USA), and incubated with anti-CD3e APC-Cy7
clone 145-2cl1 (Tonbo Biosciences), anti-CD4 PE-CyS5 clone
RM4-5 (BD Biosciences, Bedford, MA, USA), and anti-
CD8a BV785 clone 53-6.7 (Biolegend, San Diego, CA, USA),
as described (21). Cells were washed, fixed, and permeabilized
using BD Cytofix/Cytoperm Fixation/Permeabilization solu-
tion following the manufacturer’s instructions (BD Bio-
sciences). A cocktail of antibodies each targeting a specific
intracellular antigen was added and cells were incubated for
1 h at RT. The cocktail included anti-IL-4 PerCP-eFluor 710
clone 11B11, anti-1L-13 PE-Cy7 Ebiol3A, anti-IL-17A FITC
clone eBiol7B7 (eBioscience, San Diego, CA, USA), anti-
IFN-y AF700 clone XMG1.2, anti-IL-5 PE clone TRFKS5
(BD Biosciences), anti-TNF-o0 BV650 clone MP6-XT22, anti-
1L-2 BV421 clone JEs6-5H4, and anti-IL-22 Alexa Fluor 647
Poly5164 (Biolegend). After staining, cells were washed and
fixed with PFA1%. Cells were examined by flow cytometry
using a BD LSR Fortessa (BD Biosciences) and data
analyzed using FlowJo Software v10.0.7 (Tristar, Ashland,
OR, USA).

Statistical analysis

Histological data, Luminex data, and lymphocyte frequencies
were expressed as means + SEM. One-way analysis of vari-
ance (ANova) followed by Tukey’s multiple comparison test
was used to compare differences between the groups when
analyzing lung histology and serum, lung, and BAL fluid
analyte measurements. All lymphocyte data sets were tested
for Gaussian distribution using Kolmogorov—Smirnov nor-
mality test. ANova followed by Fisher’s LSD or Kruskal-
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Wallis test followed by Dunn’s multiple comparison posttest
were used to compare lymphocyte differences, as appropriate.
Statistical analyses were performed with GraphPad Prism 6
software program (La Jolla, CA, USA). A P value of <0.05
was considered statistically significant.

Results

Airway inflammation and remodeling in mice administered
HDM are accompanied by STAT3 activation; administration
of C188-9 normalized HDM-induced pSTATS3 levels and
reversed airway inflammation and remodeling

It was previously demonstrated that the administration of
HDM IN to C57BL/6 mice (40 pg, 5 times/week for
5 weeks) increased pSTAT3 levels in their lungs and that
this was accompanied by airway inflammation, Th2 lympho-
cyte accumulation, chemokine production, and airway
hyper-responsiveness (15). We administered PBS without or
with HDM IN to 10 C57BL/6 mice (40 pg, 5 times/week
for 3 weeks) to confirm and extend these findings and
determined that the levels of pSTAT3 in lungs from HDM-
treated mice (Fig. 1) were increased sevenfold compared to
PBS-treated mice (P < 0.05); this increase in lung pSTAT3
was accompanied by marked airway inflammation and
remodeling (Fig. 2), including a 35-fold increase in goblet
cells, a sixfold increase in epithelial cell thickness, and a
threefold increase in subepithelial smooth muscle thickness
(P <0.0001 for each). Earlier studies demonstrated that
intranasal administration of two compounds (tyrphostin Al
and SU6656) capable of inhibiting kinases previously shown
to activate STATS3, either alone or in combination, appeared
to diminish HDM-induced increases in pSTAT3 and to
reduce eosinophilic lung infiltration (15). To determine the
effect of C188-9, a compound that specifically targets
STAT3 in respiratory epithelial cells, on HDM-mediated
increase in lung pSTAT3 and remodeling, we co-adminis-
tered C188-9 IP (50 mg/Kg/d) to mice receiving HDM IN.
C188-9 treatment normalized levels of pSTAT3 in lung
lysates of HDM-treated mice (Fig. 1), which was accompa-
nied by prevention of HDM-induced increases in goblet cell
hyperplasia, epithelial thickness, and smooth muscle thick-
ness (Fig. 2).

HDM-induced inflammation and remodeling are
accompanied by increased levels of Th2- and Th17-type
cytokines, which are normalized by C188-9 treatment

Both Th2- and Thl7-type cytokines have been shown to
contribute to HDM-induced airway inflammation and
remodeling in BALB/c mice (22) and in A/J mice (23). To
determine whether Th2-type cytokines (IL-4, IL-5, and IL-
13) and Thl7 type cytokines (IL-17) are increased in
HDMe-induced airway inflammation and remodeling in
C57BL/6 mice and to determine the effect of C188-9 treat-
ment, we measured cytokine levels in protein extracts of
whole lung (Fig. 3) and serum (Fig. 4). HDM increased
the levels of IL-17 by 2.7-fold (P < 0.05), IL-13 by 5.9-fold
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Figure 1 Effect of house dust mite and C188-9 on lung pSTAT3
(A), tSTAT3 (B), and pSTAT3/tSTAT3 (C). Proteins levels were mea-
sured using Luminex beads in lung protein extracts of mice treated
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Figure 2 Effect of house dust mite (HDM) and C188-9 treatment
on airway goblet cell number, epithelium thickness, and subepithe-
lium smooth muscle thickness. Representative photomicrographs
lung sections from control (A), HDM alone (B), and HDM + C188-9
mice (C) were stained with Alcian Blue-PAS and examined at

(P <0.05), IL-5 by 5.8-fold (P < 0.05), and IL-4 by 57-fold
(P <0.5) in protein extracts of whole lung. Increases in
lung IL-17 and IL-4 were accompanied by increases in
serum IL-17 of 4.4-fold (P < 0.05), and in serum IL-4 of
4.6-fold (0.05); the levels of IL-5 and IL-13 were not
increased in serum. Importantly, the levels of each cytokine
examined were reduced to the levels statistically indistin-
guishable from controls in both the lungs (Fig. 3) and the

400x. Number of airway goblet cell number (D), epithelium thick-
ness (E), and subepithelium smooth muscle thickness (F) were
determined. Data presented are mean + SEM of 10 airways per
group. *P < 0.0001; ns, not significant.

sera (Fig. 4) of HDM-treated mice that also received
C188-9.

HDM treatment increased lung Th2-type and Th17-type
cells, which are normalized by C188-9 treatment

To begin to determine the cellular sources of increased
HDM-induced Th-2-type and Thl7-type cytokines and to

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



Gavino et al.

41 15

24

ol
HDM: - + +
c1889: - - + - -

Figure 3 Effect of house dust mite and C188-9 treatment on lung
levels of IL-17 (A), IL-13 (B), IL-5 (C), and IL-4 (D). Th17- and Th2-
type cytokines were measured using Luminex beads in lung
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Figure 4 Effect of house dust mite and C188-9 treatment on serum
IL-17 (A) and IL-4 (B). Th17 and Th2 cytokines were measured using
Luminex beads in serum of mice treated as indicated. Data pre-
sented are mean + SEM. n = 10. *P < 0.05; ns, not significant.

determine whether C188-9 reduced their frequency, we per-
formed flow cytometry of both BAL fluid cells (Fig. 5) and
single cell preparations of lung (Fig. 6) focusing on T cells.
HDM treatment increased the frequency of CD4™ T cells
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Figure 5 Effect of C188-9 treatment on the frequencies of IL-17A, IL-
13, IL-5, and IL-4 expressing CD4™ T cells present in the bronchoalveolar
lavage fluid of house dust mite-treated mice. Frequencies of Th17 and
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protein extracts of mice treated as indicated. Data presented are
mean + SEM. n = 10. *P < 0.05; ns, not significant.

within BAL fluid that produced IL-13 by 5.8-fold (from
0.17 £ 0.09 to 1.04 £ 0.4; P <0.05; Fig. 5B) and IL-5 by
39-fold (from 0.25 4+ 0.11 to 0.99 +0.23; P <0.01;
Fig. 5C); the frequency of CD4" T cells in BAL fluid that
produced IL-17A (Fig. 5SA) or IL-4 (Fig. SD) did not
increase. Interestingly, we found that HDM induced a 3.4-
fold increase in the frequency of CD3-negative cells in BAL
fluid with high side scatter that produce IL-17A (from
13+ 3.3 to 44 £ 10; P <0.05; Fig. S4A) and a 230-fold
increase in high-scatter cells that produce IL-4 (from
0.1 £ 0.06 to 23 + 8.1; P < 0.01; Fig. S4B).

When CD4" T cells within single-cell lung preparations
were analyzed, we found that HDM increased the frequency
of CD4" T cells that produced IL-17A by 12-fold (from
0.19 £ 0.08 to 2.3 £+ 0.88; P < 0.05; Fig. 6A), IL-13 by 5.5-
fold (from 0.23 + 0.06 to 1.28 £+ 0.27, P < 0.001; Fig. 6B)
and IL-5 by 7.4-fold (from 0.15 4+ 0.04 to 1.12 £+ 0.27;
P <0.01; Fig. 6C). Similar to the findings in BAL, we did
not see an increase in the frequency of CD4" T cells that
produced IL-4 in the lungs (Fig. 6D). However, HDM treat-
ment increased the frequency of CD3-negative cells with high
side scatter within lung that produced IL-4 by over threefold
(from 11.6 £ 3.6 to 37.8 + 10.1; P < 0.05; Fig. 6H) and that
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Th2 lymphocytes were measured by flow cytometry in the bronchoalve-
olar lavage fluid of mice treated as indicated. Data presented are mean
+ SEM. n> 6. *P < 0.05, **P < 0.01; ns, not significant.
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Figure 6 Effect C188-9 on the frequency of lung CD4" T cells and
CD3-negative cells producing IL-17A, IL-13, IL-5, and IL-4 in house
dust mite-treated mice. Frequencies of CD4* T cells and CD3-nega-
tive cells producing Th17 and Th2-type cytokines were measured

produced IL-17A by nearly eightfold (from 0.014 £ 0.008 to
0.11 + 0.04; P < 0.05; Fig. 6E); the frequency of CD3-nega-
tive cells that produce IL-13 (Fig. 6F) or IL-5 (Fig. 6G) did
not increase. Thus, while the major cellular sources of HDM-
induced IL-13 and IL-5 were CD4™ T cells present in BAL
fluid and in lungs, the major source of IL-4 was CD3-nega-
tive cells present in BAL fluid and lung. IL-17A was pro-
duced by both cell types: CD4" T cells in lungs and CD3-
negative cells present in BAL fluid. Importantly, C188-9
treatment reduced the frequency of each cytokine-producing
cell that was increased by HDM within both the BAL fluid
and lung to levels statistically indistinguishable from control
(Fig. 5, Fig. 6, and Fig. S4).

Discussion

We demonstrated that airway inflammation and remodeling
in the murine HDM model of asthma are accompanied by
STATS3 activation and by increased lung levels of Th2- and
Th17-type cytokines. Remarkably, systemic administration of
C188-9, a small-molecule inhibitor of STAT3, completely
blocked HDM-induced STAT3 activation and airway inflam-
mation and remodeling. Inhibition of HDM-induced lung
changes by C188-9 was accompanied by normalization of IL-
4, 1L-5, IL-13, and IL-17A cytokine levels, as well as preven-
tion of HDM-induced increases in Th2 cells, Th17 cells, and
IL-4- and IL-17A-producing non-T cells. Blocking both Th2
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by flow cytometry from lungs of mice treated as indicated. Data
presented are mean + SEM. n>6. *P<0.05 **P<0.01,
*#*P < 0.001; ns, not significant.

and Thl7 pathways in mouse asthma models recently has
been shown to be more effective in reducing lung inflamma-
tion compared to blocking one pathway alone, in part, by
preventing compensatory over activity of the reciprocal path-
way (24). Thus, a small-molecule STAT3 inhibitor such as
C188-9 that targets both Th2- and Th17-cytokine production
pathways represents a new therapeutic approach for asthma
that may be especially beneficial.

Mice were given a 2-day holiday from inhalations of
HDM and IP injections of C188-9 in each of the 3 weeks of
the study to promote animal well-being and for investigator
convenience. We reported previously that the plasma half-life
of C188-9 is 90 min in mice following IP administration (20).
Thus, the plasma levels of CI188-9 would be expected to be
reduced below the ICsy for inhibition of cytokine-induced
STAT3 phosphotyrosylation for ~40 of the 48 h. Conse-
quently, the finding of nearly complete normalization of
pSTAT3 levels in the lungs of HDM-treated mice that
received C188-9 (Fig. 1) may appear surprising at first. How-
ever, the high STAT3 binding affinity of C188-9
(4.7 £ 0.4 nM) (20) results in C188-9 accumulation within
cells to levels 2.2-fold over plasma (20) and, subsequently, to
reduction of pSTATS3 levels within tissues for at least 24 h
(Fig. S1). An additional factor potentially contributing to
pSTATS3 levels being reduced in the lungs of C188-9-treated
mice given a drug holiday is that it was accompanied by a
holiday from the STAT3-activating agent, HDM.

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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The role of STATS3 in driving Th17 cell polarization is well
recognized. However, more information has emerged on the
involvement of STAT3 in Th2 inflammation, as our data also
support. Doganci et al. (13) and Finotto et al. (14) showed
that local blockade of IL-6, the canonical interleukin that
activates STAT3 and induces Th17 inflammation, decreased
Th2 responses in mice. Simeone-Penney et al. (15) also
showed that airway epithelium STAT3 knockout mice do not
develop Th2 inflammation when exposed to HDM. Further-
more, they demonstrated that kinase blockade upstream of
STAT3 diminished STAT3 activation and abrogated HDM-
induced lung inflammation. The exact mechanism through
which STAT3 is involved in generating Th2 cytokines is
unknown and is an area of interest. Stritesky et al. (16) may
have shown the most promising link. Their study illustrated
that STAT3 is expressed throughout Th2 development and
that mice with STAT3-deficient T Ilymphocytes do not
develop Th2-type inflammation. They found that STAT3
binds to Th2 cell-associated gene loci (Gata3, Maf, Batf, and
Irf4), thereby stabilizing STAT6-binding and allowing
STAT6 to activate genes necessary for Th2 development.
However, adding to the multifaceted role of STAT3 is a
recent finding that its involvement in Th2 development may
vary depending on where the Th2 cells are located. Lim et al.
(25) demonstrated that in bronchial lymph nodes, STAT3-
deficient T cells do not produce Th2 cytokines while STAT3-
deficient T cells in the airways produce higher levels of Th2
cytokines. Altogether, these findings suggest that the contri-
bution of STAT3 to Th2 development and function in aller-
gic inflammation is expanding and becoming more complex
than previously thought.

Although IL-4 was elevated in lungs and serum of HDM-
treated mice, we were unable to detect significant changes
in CD4" T cells producing IL-4 in their lungs or BAL
fluid. Further analysis of our data shows that CD3-negative
cells with a high side scatter phenotype (Fig. S4B) are produc-
ing IL-4, suggesting that CD4" T cells may not be the pre-
dominant or the only source of IL-4 in the house dust mite
model of airway inflammation. Judging from their high side
scatter phenotype, these cells may represent lung resident
macrophages. Of interest, we also found that a CD3™ low side
scatter population of cells in BAL fluid showed a 5.2-fold
increase in IL-4 production (P < 0.05) that was reduced by
~70% by C188-9 treatment (P < 0.05; data not shown). As
our original aim was to study CD4™ T cells’ responses to
HDM without or with C188-9, we did not include surface
markers in our flow cytometry panels to identify cells other
than conventional T cells. Further studies are necessary to
investigate the effect of HDM without or with C188-9 on
other specific cells that also produce IL-4, such as innate lym-
phoid cells type 2, NK cells, NKT cells, and mast cells.
Regardless of their exact identity, however, our results indi-
cated that C188-9 was able to reverse their HDM-induced
production of 1L-4.

In addition to IL-4, lung non-CD3™ cells also constituted
an important source of IL-17A. Leukocytes of the innate
immune system have been shown to produce IL-17A in
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response to inflammation (26-28). Similar to the production
of IL-4 by these cells, the production of IL-17A induced by
HDM is reversed by C188-9 treatment.

Another important observation we made was that HDM
administered to airways increased serum levels of IL-17A
and IL-4. In parallel with CD4" T-cell frequency determina-
tions in lungs and BAL fluid, we measured lymphocyte fre-
quencies in peripheral blood following HDM administration
and detected a significant increase only in CD4" IL-5" T
cells (data not shown). Importantly, the frequency of IL-
17A- and IL-13-producing CD4" T cells in peripheral blood
was not altered after HDM treatment, reflecting the speci-
ficity of our flow cytometry findings in lung cells and rein-
forcing the idea that T cells analyzed in lung homogenates
represent infiltrating or resident lung lymphocytes and not
contaminating circulating lymphocytes.

The finding that HDM-induced increases in serum IL-4
and IL-17A levels were not accompanied by significant
increases in peripheral blood CD4" T cells producing IL-
17A or 1L-4 suggests that cells infiltrating the lung, or other
leukocytes in the peripheral blood, were the source(s) of these
cytokines rather than circulating lymphocytes. It has been
previously suggested that peripheral blood levels of Th17 and
Th2 cytokines may reflect the cytokine milieu in the lungs
(29), which has raised the possibility of using serum studies
to determine the predominant cytokines in asthmatic lungs
for the purpose of categorizing a patient’s phenotype and
formulating cytokine-targeted therapy. At this time, however,
there are still conflicting reports regarding whether serum
Th17 and Th2 cytokine levels dependably reflect the pul-
monary environment (30-33) with our findings indicating
that this is not the case.

Lastly, it is well established that the murine model of
HDM-induced asthma causes Th2 inflammation, but its
effect on Th17 inflammation has remained inconsistent (34).
Our findings support the conclusion that both pathways of
inflammation are activated in this model, parallel to the find-
ings of other investigators. For instance, Hubeaue et al. (35)
showed that mice develop robust IL-17 responses after sev-
eral weeks of HDM exposure. In the purified OVA-induced
asthma model, which only elicits Th2 responses, Th17 inflam-
mation was activated only after additional exposure to
HDM, further supporting HDM’s ability to induce Thl7
inflammation (36). It appears that the Der p constituent of
HDM induces Th2 responses, while proteases and LPS con-
stituents preferentially activate Th17 inflammation (37).
Thus, the use of lyophilized HDM extract to induce asthma
is validated in our studies as an allergen to examine both
inflammatory pathways of interest.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Administration of CI188-9 IP results in sus-
tained reduction in pY-STAT3 levels in tissue. Levels of
pSTAT3 and GAPDH were determined in lysates of tumor
xenografts (XG) obtained from mice that received vehicle
control or C188-9 (50 mg/kg) IP, as indicated (n = 6), 24 h
prior to sacrifice. The pSTAT3/GAPDH ratio in each tumor
was normalized to the mean of vehicle controls and plotted
for each group; P-value for the difference between groups is
indicated.
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Figure S2. Specificity of C188-9 for STAT3 vs STATS and
STAT6 in human respiratory epithelial cells. In panel A,
levels of pSTAT3 (top panel), pSTATS (middle panel), and
pSTAT6 (bottom panel) were measured in lysates from asyn-
chronous cultures of the indicated HNSCC cell lines and pri-
mary human esophageal epithelial cells (HEEpiC; used as a
negative control). along with levels of GAPDH. Levels of
each pSTAT were normalized to GAPDH; results shown are
the mean + SEM of 2-4 lysates per cell line. A dashed line
indicates the mean of the control cell line; the arrows indicate
two HNSCC cell lines (SQ-20B & SCC-35) whose mean
pSTAT3/5/6 levels were higher than control. In panel B, SQ-
20B cells (top panel) and SCC-35 cells (bottom panel) were
incubated with C188-9 (30 uM) or vehicle control (DMSO)
for the indicated times; lysates were prepared and assayed in
duplicate for pSTAT3/5/6 and GAPDH levels. The results
were normalized to GAPDH and plotted as a percentage of
the time zero level; data shown are mean + SD.

Figure S3. C188-9 and HDM administration protocol.

Figure S4. Effect of C188-9 on the frequency of IL17-A
and IL-4 expressing CD3-negative cells with high side scatter.
Frequencies of CD3-negative cells with high side scatter pro-
ducing IL-17A or IL-4 were measured by flow cytometry
from BAL fluid of mice treated as indicated. Data presented
are mean + SEM. n > 6. *P < 0.05, **P < 0.01; ns, not sig-
nificant.

Figure S5. Flow cytometry gating strategy. Cell suspen-
sions from bronchoalveolar lavage (BAL) fluid and lung were
stained as indicated in the Methods and gated as indicated
for singularity (far-left panel), viability (center-left panel),
and CD3-positivity (center-right panel). CD3 ™" cells were fur-
ther gated for CD4~ and CD8-positivity (far-right panel).
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