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ABSTRACT
Background: HSPGs are glycoproteins containing covalently attached heparan sulfate (HS) chains
which bind to growth factors, chemokines, etc., and regulate various aspects of inflammation
including cell recruitment. We previously showed that deletion of endothelial N-acetylglucosamine
N-deacetylase-N-sulfotransferase-1 (Ndst1), an enzyme responsible for N-sulfation during HS biosyn-
thesis, reduces allergic airway inflammation (AAI). Here, we investigated the importance of O-sulfation
mediated by uronyl 2-O-sulfotransferase (Hs2st) in development of AAI relative to N-sulfation.
Methods: Mice deficient in endothelial and leukocyte Hs2st (Hs2stf/fTie2Cre+) or Ndst1 (Ndst1f/fTie2Cre+)
and WT mice were challenged with Alternaria alternata and evaluated for airway inflammation. Traf-
ficking of murine eosinophils on lung endothelial cells was examined in vitro under conditions of flow.
Results: Exposure to Alternaria decreased expression level of Hs2st in WT mice while level of Ndst1
remained unchanged. Compared to WT mice, Alternaria-challenged Hs2stf/fTie2Cre+ mice exhibited
significantly increased eosinophils in the bone marrow, bronchoalveolar lavage fluid [BALF] and lung
tissue associated with persistent airway hyperresponsiveness, airway mucus hypersecretion and ele-
vated Th2 cytokines. In contrast, Alternaria-challenged Ndst1f/fTie2Cre+ mice exhibited a marked reduc-
tion in airway eosinophilia, mucus secretion and smooth muscle mass compared to WT counterparts.
While BALF eotaxins were lower in Alternaria-challenged Hs2stf/fTie2Cre+ relative to WT mice, they
were not reduced to background levels as in allergen-challenged Ndst1f/fTie2Cre+ mice. Trafficking of
murine eosinophils under conditions of flow in vitro was similar on Hs2st-deficient and WT endothelial
cells. Expression of ZO-1 in Hs2st-deficient lung blood vessels in control and allergen-challenged mice
was significantly lower than in WT counterparts. Conclusions: Our study demonstrates that allergen
exposure reduces expression of Hs2st; loss of uronyl 2-O-sulfation in endothelial and leukocyte HSPG
amplifies recruitment of eosinophils likely due to a compromised vascular endothelium resulting in
persistent inflammation whereas loss of N-sulfation limits eosinophilia and attenuates inflammation
underscoring the importance of site-specific sulfation in HSPG to their role in AAI.

Introduction

Allergic airway inflammation (AAI) is associated with
increased pulmonary recruitment of inflammatory
cells, especially eosinophils, along with elevated levels
of Th2 cytokines, pro-inflammatory chemokines and
growth factors that together contribute to the overall
pathogenesis of disease including the development of
bronchoconstriction and airway hyperresponsiveness
(AHR).1 Heparan sulfate proteoglycans (HSPGs) are
ubiquitously expressed glycoproteins containing cova-
lently attached heparan sulfate (HS) chains2 and con-
stitute the most abundant sulfated glycosaminogly-
cans in the lung parenchyma.3 Patients with asthma
exhibit elevated levels of proteoglycans, including small
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HSPG, with levels correlating to severity of disease
and AHR.4,5 Further, we6 and others5 have demon-
strated increased HSPG expression in the airways in
animal models of allergic asthma. Because of their
ability to bind to growth factors and their recep-
tor tyrosine kinases as well as chemokines, inter-
leukins, enzymes, extracellular matrix components
and plasma proteins via their HS chains, HSPGs are
critically involved in various physiological processes
such as normal development and growth control,
cell signaling and morphogenesis, cellular crosstalk,
organization of basement membrane barriers, nutri-
tional metabolism, injury and wound repair,7 and
antibacterial innate immunity.8 Further, these sulfated
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glycans play an important role in regulating molecu-
lar and cellular events during inflammatory responses9

by participating in leukocyte trafficking on inflamed
endothelium, transendothelial migration and extrava-
sation to sites of inflammation.10,11

We have previously shown that targeted inactivation
of endothelial N-acetylglucosamine N-deacetylase-N-
sulfotransferase-1 (Ndst1), an enzyme that is respon-
sible for N-deacetylation/N-sulfation of N-acetyl
glucosamine residues of the HS backbone,12 result-
ing in reduced overall sulfation leads to decreased
eosinophil recruitment, inflammation and airway
remodeling in experimental models of acute and
chronic allergic asthma.6,13 These studies clearly indi-
cate a pro-inflammatory role for endothelial-expressed
HSPG, and specifically the importance of N-sulfation,
in the development of AAI. Since the pattern of sul-
fation of the glycan residues of the HS backbone is a
crucial determinant of HSPG function in biological
processes, we examined the role of heparan sulfate
2-O-sulfotransferase (Hs2st), another enzyme in the
HS biosynthetic pathway which catalyzes the transfer
of sulfate to the C2-position of selected hexuronic
acid residues within the HS chain,12 during exper-
imental AAI in the current study. We demonstrate
that allergen exposure reduces expression of Hs2st
in the lungs and that altered 2-O-sulfation in the HS
backbone of endothelial HSPG in mice deficient in
leukocyte and endothelial Hs2st leads to enhanced
recruitment of eosinophils associated with persistent
airway inflammation during allergic asthma.

Materials and methods

Mouse model of AAI, sample collection and analysis

Hs2stf/fTie2Cre+ and Ndst1f/fTie2Cre+ mice fully
backcrossed on C57Bl/6 background were gener-
ated as described previously.14,15 Hs2stf/fTie2Cre+,
Ndst1f/fTie2Cre+ and wild-type (WT) C57BL/6 mice
(male and female, 8–12 weeks) were administered with
50 µg of an extract of the fungal allergen Alternaria
alternata (Greer® Laboratories, Inc., Lenoir, NC) in
50 µl PBS or with PBS alone (control) intranasally
on days 0, 3 and 6 under anesthesia as described
previously.16 Mice were sacrificed 24 h after the last
challenge. Bronchoalveolar lavage fluid (BALF), lungs,
blood and bone marrow (BM) were collected. Dif-
ferential cell counts were determined as described

previously.17 BALF supernatants were stored at -
80ºC for later analysis. Right lungs were snap-frozen
and left lungs were perfused with 4% paraformalde-
hyde to preserve pulmonary structure, fixed in 4%
paraformaldehyde and paraffin-embedded. All animal
studies were performed following standards and pro-
cedures approved by the Institutional Animal Care and
Use Committee at the University of Minnesota.

Measurement of airway responsiveness

Pulmonary function was assessed by invasive tech-
nique in control and Alternaria-challenged WT and
Hs2stf/fTie2Cre+ mice using FinePointeTM RC system
(Buxco, Wilmington, NC) as described in our previous
studies.18 Changes in pulmonary resistance (RL) and
dynamic lung compliance (Cdyn) were monitored con-
tinuously in response to saline followed by increasing
concentrations of inhaled methacholine (3–50 mg/ml)
nebulized for 18–20 seconds and expressed as percent
baseline following each dose of methacholine.

Lung histology

Paraffin-embedded tissue sections (4 µm thick) were
stained with Harris Modified Hematoxylin and Shan-
don Instant Eosin (H & E, Thermo Fisher Scientific
Co., Pittsburgh, PA) to determine cellular infiltration.
Analysis of lung tissue for infiltrated eosinophils was
performed by immunohistochemical staining of sec-
tions for eosinophil-specific major basic protein (MBP)
with rat mAb against murine MBP as described in our
previous studies.13 Positively stained cells (reddish
brown) in the lung sections were counted (at 400 ×
magnification) in randomly selected non-overlapping
fields and expressed as the average number of MBP-
positive cells/microscopic field. In addition, the num-
ber of blood vessels with MBP-positive eosinophils
adherent on the endothelium was enumerated in
each lung section and expressed as a percentage of
the total number of blood vessels (excluding very
small vessels). Next, the number of MBP-positive cells
adherent on the endothelium in each of these blood
vessels was counted and expressed as number of adher-
ent eosinophils per vessel as described previously.17

Expression of the tight junction protein ZO-1 in the
vascular endothelium of peribronchial blood vessels
was evaluated by immunofluorescent staining with
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rabbit polyclonal antibodies against ZO-1 (10 μg/ml,
Santa Cruz Biotechnology, Inc.) with rabbit IgG as a
control antibody. The number of peribronchial blood
vessels in non-overlapping microscopic fields of the
entire section was counted under a confocal micro-
scope (FLUOVIEW FV1000/BX61, Olympus, Melville,
NY, at 600 × magnification) and the number of these
vessels positive for expression of ZO-1 was identi-
fied. Results were expressed as percent ZO-1-positive
blood vessels. To detect airway mucus production,
deparaffinized lung sections were stained with Peri-
odic acid-Schiff ’s (PAS) reagent (Sigma Chemical Co.).
PAS-positive areas (dark pink) in horizontally sec-
tioned airways were quantitated using ImageJ image
analysis software19 and expressed as μm2 PAS-positive
area/100 μm basement membrane length (BML).18

Expression of α-smooth muscle actin (α-SMA) was
evaluated by immunohistochemistry using mAb
against α-SMA (0.25 μg/ml, Sigma-Aldrich) and area
of the positively-stained (brown) peribronchial smooth
muscle layer was quantitated from captured images
using ImageJ image analysis software as described.20 To
determined perivascular inflammation, inflammatory
infiltrates around all peribronchial blood vessels in H
& E stained lung sections were assessed (at 400 × mag-
nification). The maximum number of rows of inflam-
matory cells in the perivascular space was counted for
each vessel. In all cases, stained slides were examined
using a Nikon Microphot EPI-FL microscope and
images were captured with an Olympus DP71 camera.

Measurement of lung cytokines and chemokines

Th1 (IL-2, IFN-γ )/Th2 (IL-4, IL-5, IL-13) cytokine
and TNFα levels in BALF were determined by flow
cytometry using CBA Flex Set kits (BD Biosciences)
according to the manufacturer and as described in our
previous studies.18 Results were expressed as pg/ml
BALF. Eotaxin-1(CCL11) and eotaxin-2 (CCL24) in
the BALF were measured using ELISA kits (R & D
Systems, Minneapolis, MN) according to the manu-
facturers’ recommendations.

Quantitative real-time PCR (qPCR)

Total RNA was extracted from cells with TRIzol® and
reverse-transcribed into cDNA using the iScriptTM

cDNA synthesis kit (Bio-Rad, Hercules, CA) according
to the manufacturer’s protocol. Expression levels of

Ndst1 and Hs2st in the lung tissue were measured by
qPCR using previously published primers specific for
each.21 qPCR was performed using iTaqTM Universial
SYBR® Green Supermix 200 (Bio-Rad) and carried
out in a iQTM5 multicolor real-time PCR detection
System (Bio-Rad). After initial denaturation, condi-
tions for gene amplification were as follows: 50 cycles
with 45 sec at 92ºC followed by 45 sec at 55°C each
cycle. The amount of Ndst1 or Hs2st mRNA in each
sample was calculated based on its threshold cycle, Ct,
suggested by the software (IQTM5 Optical System soft-
ware) after subtraction of the Ct of the housekeeping
gene GAPDH. Results are expressed as fold change in
expression relative to expression in control lungs.

Western blot

Lung tissue was homogenized in radioimmunopre-
cipitation assay (RIPA) buffer and total protein in
the supernatants was measured (BCA Protein Assay
Kit, Thermo Fisher Scientific Co.). Expression of
Hs2st in lung lysates was evaluated using a 10%
SDS polyacrylamide gel with 80 µg protein loaded
per lane. After transfer to PVDF membrane, mAb
against Hs2st (2 µg/ml, R and D Systems, Minneapo-
lis, MN) followed by HRP-conjugated goat anti-mouse
IgG (0.2 µg/ml, Jackson ImmunoResearch Labora-
tories, Inc, West Grove, PA) were used for detec-
tion of Hs2st. HRP-conjugated anti-mouse β-actin
(0.04 µg/ml, Santa Cruz Biotechnology, Inc.) was used
to monitor levels of β-actin expression in lung tissue
as an internal control. Bound antibodies were detected
using WesternBright ECL HRP substrate (Advansta
Corporation, Menlo Park, CA) and bands were visu-
alized on X-ray films. Intensity of the detected band for
Hs2st (∼42 kDa band22) was quantified using ImageJ
image analysis software and the expression level was
normalized against that of β-actin.

Flow chamber studies

Eosinophils were cultured from BM of WT mice
as described previously.23,24 Lung endothelial cells
isolated from WT and Hs2stf/fTie2Cre+ mice as
described previously15 were cultured to confluence
on gelatin-coated glass coverslips. Cells were treated
with murine TNFα (50 ng/ml, BD Pharmingen) for
6 h at 37°C prior to placement in the flow chamber
for dynamic flow studies (1 ml/min; wall shear stress
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∼1.0-2.0 dynes/cm2) as described previously.13,14

BM-derived murine eosinophils were perfused into
the flow chamber for a period of 5 min. Interaction
of the infused eosinophils with endothelial cells from
WT versus Hs2stf/fTie2Cre+ mice on the cover-slips
was observed using a Leitz Wetzlar inverted micro-
scope and recorded for subsequent offline analysis to
manually determine the number of interacting cells.25

Statistical analysis

Data are presented as mean ± SEM. For in vitro stud-
ies, statistical significance between groups was deter-
mined using a two-tailed unpaired Student’s t-test. For
in vivo studies, a two-tailed test was used to establish
a statistically significant difference in recruitment of
total inflammatory cells between allergen-challenged
WT and Hs2stf/fTie2Cre+ or Ndst1f/fTie2Cre+ mice.
A one-tailed test was used for all other analyses. A
p value � 0.05 was considered as significant.

Results

Allergen challenge alters expression of Hsst
We have previously demonstrated that Ndst1 plays a
pro-inflammatory role during allergic asthma, wherein
inactivation of leukocyte and endothelial Ndst1
decreased airway eosinophil recruitment, inflam-
mation and remodeling in experimental models of
acute and chronic ovalbumin (OVA)-induced allergic
asthma.6,13 Expression levels of HSPG biosynthetic

enzymes can vary under inflammatory and pathologi-
cal conditions.26–28 We first examined lung expression
level of Ndst1 and Hs2st in a murine model of AAI
induced by a physiologically relevant fungal allergen
Alternaria alternata. Analysis of lung tissue from
control and Alternaria-challenged WT mice by qPCR
revealed a significant reduction in Hs2st mRNA in
lungs of Alternaria-challenged mice compared to the
control group (Fig. 1, A). Expression of Ndst1 mRNA,
on the other hand, was not altered. Evaluation of
Hs2st at the protein level by Western blot analysis of
lung tissue lysates followed by densitometry confirmed
decreased expression of Hs2st in Alternaria-challenged
mice compared to control mice (Fig. 1, B).

Divergent airway cellular inflammation in
Hsstf/fTieCre+ versus Ndstf/fTieCre+ mice in
response to allergen challenge
To further understand the significance of decreased
Hs2st expression noted in Alternaria-challenged
mice and examine the relative importance of Hs2st-
mediated 2-O-sulfation versus Ndst1-mediated N-
sulfation to the role played by endothelial and
leukocyte HSPG in eosinophil recruitment during
AAI, mice deficient in expression of endothelial
and leukocyte Hs2st (Hs2stf/fTie2Cre+) or Ndst1
(Ndst1f/fTie2Cre+) were used. Hs2stf/fTie2Cre+,
Ndst1f/fTie2Cre+ and WT mice were challenged with
Alternaria and evaluated for AAI. As expected, WT
mice-challenged with Alternaria exhibited an increase
in the total number of inflammatory cells in the BALF

Figure . Allergen challenge alters expression of Hsst. (A) Hsst and Ndst gene expression in the lungs of Alternaria-challenged WT mice
by qPCR. Alt: Alternaria. (B) Hsst protein expression in lungs of control and Alternaria-challenged WT mice by Western blot analysis using
mAb against Hsst. A representative Western blot with Hsst expression in two mice from each group (PBS, PBS, Alt, Alt) is shown below
graph. Data represent mean ± SEM. n = – mice/group in A and – mice/group in B. ∗p < . in A versus control (PBS-challenged)
mice.
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compared to control mice. Interestingly, the number
of inflammatory cells in the BALF of Alternaria-
challenged Hs2stf/fTie2Cre+ mice was significantly
higher compared to Alternaria-challenged WT mice
(Fig. 2, A). Consistent with this finding, histological
evaluation showed that peribronchial inflammation
in response to allergen challenge was amplified in
Hs2stf/fTie2Cre+ mice relative to corresponding WT
mice (Fig. 2, B). On the other hand, the number of
cells in the BALF as well as peribronchial inflamma-
tion in Alternaria-challenged Ndst1f/fTie2Cre+ mice
was markedly reduced compared to WT counterparts
(Fig, 2, C and D). Differential cell counts indicated
that the number of allergen-induced eosinophils in the
BALF of Hs2stf/fTie2Cre+ mice was significantly higher
compared to WT mice (Fig. 2, E), while the number
of eosinophils in Ndst1f/fTie2Cre+ mice was drastically
lower (Fig. 2, F). No significant differences were noted
with respect to the number of macrophages, neu-
trophils and lymphocytes between allergen-challenged

Hs2stf/fTie2Cre+ or Ndst1f/fTie2Cre+ mice and corre-
sponding WT mice.

Hsstf/fTieCre+ mice have increased eosinophilia
while Ndstf/fTieCre+ mice exhibit decreased
eosinophilia after allergen challenge
We next examined eosinophil infiltration in the
lung tissue by immunohistochemical staining for
eosinophil-specific MBP. Very few MBP-positive cells
were detected in the lung tissue of PBS-exposed con-
trol Hs2stf/fTie2Cre+, Ndst1f/fTie2Cre+ and WT mice
(Fig. 3, A and B, upper panels). WT mice exhibited
notable infiltration of eosinophils around airways
and peribronchial blood vessels after exposure to
Alternaria (Fig. 3, A, left middle and lower panels).
Compared to allergen-challenged WT mice, allergen-
challenged Hs2stf/fTie2Cre+ mice showed enhanced
eosinophil infiltration in the lungs (Fig. 3, A, right
middle and lower panels). Consistent with our previ-
ous finding of decreased OVA-induced eosinophilia

Figure . Divergent airway cellular inflammation in allergen-challenged Hsstf/fTieCre+ and Ndstf/fTieCre+ mice. (A) Total cell counts in
the BALF of control and Alternaria-challenged Hsstf/fTieCre+ mice relative to corresponding WT mice. (B) H & E staining of lung tissue
from mice identified in A. Representative image for each group is shown. Arrows indicate infiltrating inflammatory cells. Scale bar,  µm.
(C) Total cell counts in the BALF of control and Alternaria-challenged Ndstf/fTieCre+ mice relative to corresponding WT mice. (D) H & E
staining of lung tissue from mice identified in C. Representative image for each group is shown. Arrows indicate infiltrating inflammatory
cells. Scale bar, µm. (E and F) Differential cell counts in the BALF of control and Alternaria-challenged Hsstf/fTieCre+ and Ndstf/fTieCre+
mice relative to corresponding WT mice, respectively. Eos; eosinophils, Macros; macrophages, Neu; neutrophils, Lymphs; lymphocytes.
Data represent mean ± SEM. n = – mice for PBS groups and n = – mice for Alternaria groups ∗p < . in A, < . in B, < . in E
and < . in F versus Alternaria-challenged WT mice.
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Figure . Allergen-challenged Hs2stf/fTie2Cre+ mice exhibit increased airway eosinophilia. (A and B) Infiltrated eosinophils
in lung tissue of control and Alternaria-challenged Hsstf/fTieCre+ and Ndstf/fTieCre+ mice, respectively, relative to corresponding WT
mice detected by immunohistochemical staining for MBP (stained dark brown). Representative image for each group is shown. Black
arrows; eosinophils around airways, red arrows; eosinophils around peribronchial blood vessels. Scale bar,  µm. (C) Quantitation of
MBP-positive cells in randomly selected non-overlapping microscopic fields of lung tissue sections from control and Alternaria-challenged
Hsstf/fTieCre+ (left panel) and Ndstf/fTieCre+ mice (right panel) relative to corresponding WT mice at  × magnification. (D and E)
Percentage of eosinophils in the BM of control and Alternaria-challenged Hsstf/fTieCre+ and Ndstf/fTieCre+ mice, respectively, relative
to corresponding WT mice determined based on cell morphology after Hema staining. Data represent mean ± SEM. n = – mice/group
in C, – mice for PBS groups and – mice for Alternaria groups in D and E. ∗p < . (left panel) and < . (right panel) in C, < . in
D versus Alternaria-challenged WT mice.

in Ndst1f/fTie2Cre+ mice,13 Ndst1f/fTie2Cre+ mice
challenged with Alternaria exhibited significantly
reduced pulmonary eosinophilia compared to WT
counterparts (Fig. 3, B, lower panels). Quantitaion
of MBP-positive cells in the lung tissue confirmed
the enhanced eosinophilia in allergen-challenged
Hs2stf/fTie2Cre+ and the marked reduction in
eosinophilia in Ndst1f/fTie2Cre+ mice versus cor-
responding WT mice (Fig. 3, C, left and right pan-
els, respectively). Along with the amplified airway
eosinophilia in allergen-challenged Hs2stf/fTie2Cre+

mice, a significantly higher number of eosinophils

were detected in the BM of these mice relative to
allergen-challenged WT mice (Fig. 3, D). In contrast,
the number of BM eosinophils after allergen challenge
was similar in Ndst1f/fTie2Cre+ and WT mice (Fig. 3,
E).

Persistent AHR, airway mucus hypersecretion and
airway smooth muscle hypertrophy/hyperplasia in
allergen-challenged Hsstf/fTieCre+ mice
AHR is one of the hallmark features of allergic asthma.
To assess airway responsiveness, pulmonary resis-
tance and dynamic lung compliance in response to
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increasing concentrations of aerosolized metha-
choline was evaluated in Alternaria-challenged
Hs2stf/fTie2Cre+ and WT mice. RL and Cdyn in con-
trol mice of both genotypes were similar. Allergen-
challenged Hs2stf/fTie2Cre+ mice displayed elevated
AHR with increased RL and decreased Cdyn which
was similar to that noted in WT counterparts
(Fig. 4, A). This is in contrast to Ndst1f/fTie2Cre+

mice13; while AHR was not assessed in Alternaria-
challenged Ndst1f/fTie2Cre+ mice in the current
study, our previous studies using OVA-challenged
Ndst1f/fTie2Cre+ mice have shown that AHR in
these mice is significantly lower than in WT mice.
AHR can be brought on by structural changes in the
airways such as increased mucus production that

contributes to airflow obstruction.29 Along with per-
sistent AHR, allergen-challenged Hs2stf/fTie2Cre+

exhibited increased airway mucus secretion similar to
that observed in allergen-challenged WT mice (Fig. 4,
B and C). On the contrary, airway mucus production
in Alternaria-challenged Ndst1f/fTie2Cre+ mice was
almost completely inhibited and markedly lower than
in corresponding WT mice (Fig. 4, D and E). Another
contributory factor to AHR is airway smooth muscle
hypertrophy/hyperplasia.30 Although airway smooth
muscle mass in Alternaria-challenged Hs2stf/fTie2Cre+

and Ndst1f/fTie2Cre+ mice was lower than in corre-
sponding WT mice (Fig 5, A and B), the reduction
in airway smooth muscle hypertrophy in Alternaria-
challenged Hs2stf/fTie2Cre+ mice was small unlike

Figure  Persistent AHR and airway mucus in allergen challenged Hs2stf/fTie2Cre+ mice. (A) Measurement of pulmonary resis-
tance (RL) and dynamic lung compliance (Cdyn) in mechanically ventilated control and Alternaria-challenged Hsstf/fTieCre+ and WT mice
following exposure to increasing concentrations of aerosolized methacholine (MCh). (B and C) Airway mucus secretion in control and
Alternaria-challenged Hsstf/fTieCre+ and WT mice assessed by PAS staining (stained dark-pink, black arrows) and quantitation of the
PAS-positive area, respectively. A representative image for each group is shown in B. Scale bar,  µm. (D and E) Airway mucus secretion
in control and Alternaria-challenged Ndstf/fTieCre+ and WT mice assessed as described in B and quantitation of the PAS-positive area,
respectively. A representative image is shown for each group in D. Scale bar,  µm. Data represent mean ± SEM. n = – mice for PBS
groups and – for Alternaria groups ∗p < . in E versus Alternaria-challenged WT mice.
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Figure . Persistent airway smooth muscle hypertrophy in allergen-challenged Hs2stf/fTie2Cre+ mice. (A and B) Airway
smooth muscle mass in control and Alternaria-challenged Hsstf/fTieCre+ and Ndstf/fTieCre+ mice, respectively, relative to correspond-
ing WT mice assessed by immunohistochemical staining for α-SMA (stained brown, black arrows). A representative image for each group
is shown. Scale bar,  µm. (C) Quantitation of the α-SMA-stained area in control and Alternaria-challenged Hsstf/fTieCre+ (left panel)
and Ndstf/fTieCre+ mice (right panel) relative to corresponding WT mice. Data represent mean ± SEM. n = – mice for PBS groups and
– mice for Alternaria groups. ∗p < . (left panel) and < . (right panel) in C versus Alternaria-challenged WT mice.

Alternaria-challenged Ndst1f/fTie2Cre+ mice wherein
airway smooth muscle mass was reduced to levels
noted in control mice (Fig. 5, C, left and right panel,
respectively). Thus, increased airway mucus produc-
tion and airway smooth muscle mass in Alternaria-
challenged Hs2stf/fTie2Cre+ mice along with the
increased cellular inflammation may contribute to
persistent AHR as noted in allergen-challenged WT
mice.

Cytokine and chemokine levels in
allergen-challenged Hs2stf/fTie2Cre+ mice

AAI is driven by elevated levels of Th2 cytokines in the
lungs.31 Our previous studies have shown that OVA-
challenge induces IL-5 in Ndst1f/fTie2Cre+ mice but at
significantly lower levels compared to corresponding
WT mice.13 IL-4 and IL-13 levels on the other hand
were found to be similar in both groups of allergen-
challenged mice. In the current study, Alternaria-
challenge induced IL-5 to a similar level in allergen-
challenged Hs2stf/fTie2Cre+ mice and WT mice (Fig. 6,
A). Level of IL-4, IL-13 and the pro-inflammatory

cytokine TNFα were also similar in these two groups.
Eotaxin-1 and -2 are critical players in eosinophil
recruitment and pulmonary eosinophilia.32 We antic-
ipated that eotaxin levels in Hs2stf/fTie2Cre+ mice may
be higher than in WT mice in response to allergen
exposure and thus lead to increased eosinophilia as
noted in Figs. 2 and 3. Exposure to Alternaria induced
expression of eotaxin-1 and -2 in the BALF of WT
and Hs2stf/fTie2Cre+ mice but not in Ndst1f/fTie2Cre+

mice. However, level of both chemokines was signif-
icantly lower in allergen-challenged Hs2stf/fTie2Cre+

mice compared to corresponding WT mice (Fig. 6,
B and C). This suggests that the amplified airway
eosinophilia in allergen-challenged Hs2stf/fTie2Cre+

mice relative to WT mice may not be linked to eotaxin
levels alone.

Eosinophil rolling on Hs2st-deficient endothelial cells

Under conditions of shear flow, eosinophil traffick-
ing involves a multi-step paradigm mediated by cell
adhesion molecules on leukocytes and endothelial
cells of which rolling is an initial step.33 In previous
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Figure . Th1-Th2 cytokines and eotaxins in BALF. (A) Th-Th cytokine and TNFα levels in BALF of control and Alternaria-challenged
Hsstf/fTieCre+ and WT mice. (B and C) Eotaxin- and eotaxin- levels, respectively, in the BALF of control and Alternaria-challenged
Hsstf/fTieCre+ (left panels) and Ndstf/fTieCre+ mice (right panels) relative to corresponding WT mice. Data represent mean ± SEM.
n = – mice for PBS groups and – mice for Alternaria groups. ∗p < . (left panel) and < . (right panel) in B and < . in C versus
Alternaria-challenged WT mice.

studies, WT neutrophils were found to roll with lower
velocity and in greater numbers on Hs2stf/fTie2Cre+

endothelial cells than on WT cells and thus resulting in
increased accumulation during acute inflammation.14

We examined whether a similar phenomenon might be
responsible for the amplified eosinophilia in allergen-
challenged Hs2stf/fTie2Cre+ mice. Unlike neutrophils,
the number of rolling cells and rolling velocity of WT
eosinophils was similar on WT and Hs2stf/fTie2Cre+

mouse lung endothelial cells under shear stress in
flow chamber assays (Fig. 7, A). This is in contrast
to eosinophil rolling on Ndst1f/fTie2Cre+ mouse lung
endothelial cells, wherein WT eosinophils have been
shown to exhibit significantly reduced rolling on
mutant cells relative to WT endothelial cells.13 Further,

in the current study, blood vessels in the lungs of
allergen-challenged Hs2stf/fTie2Cre+ mice supported
cell adhesion to the vessel wall in a manner similar to
WT mice while blood vessels in the lungs of allergen-
challenged Ndst1f/fTie2Cre+ mice did not. The number
of blood vessels with adherent eosinophils (MBP-
positive cells) and number of adherent eosinophils
per blood vessel in the lungs of allergen-challenged
Hs2stf/fTie2Cre+ and WT mice were similar, while they
were significantly lower in Ndst1f/fTie2Cre+ mice than
in corresponding WT mice (Fig. 7, B-D).

As indicated earlier, infiltration of eosinophils was
noted not only around airways but also peribronchial
blood vessels after exposure to Alternaria. To deter-
mine whether a breakdown in endothelial barriers
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Figure . Eosinophil rolling and adhesion to Hs2stf/fTie2Cre+ endothelium. (A) Eosinophil rolling on cultured primary mouse
lung endothelial cells (MLEC) from WT and Hsstf/fTieCre+ mice assessed in vitro in a flow chamber under shear stress of – dynes/cm.
(B and C) Quantitation of the number of lung blood vessels with adherent eosinophils (MBP-positive cells, left panels) and the number of
adherent eosinophils in the blood vessels (right panels) in Alternaria-challenged Hsstf/fTieCre+ and Ndstf/fTieCre+ mice relative to corre-
sponding WT mice, respectively. (D) Representative images of adherent eosinophils (black arrowheads) in lung blood vessels of Alternaria-
challenged Hsstf/fTieCre+ and Ndstf/fTieCre+ mice relative to corresponding WT mice. (E) Quantitation of ZO--positive peribronchial
blood vessels in control and Alternaria-challenged Hsstf/fTieCre+, Ndstf/fTieCre+ and WT mice. – vessels were analyzed/mouse. (F)
Semi-quantitative analysis of perivascular inflammation in lung sections from Alternaria-challenged Hsstf/fTieCre+ versus corresponding
WT mice. The maximum number of rows of inflammatory cells around each peribronchial blood vessel (total number of blood vessels, 
for Hsstf/fTieCre+ and  for WT mice) was counted at  × magnification for each group. A representative image for each group is
shown. Data represent mean ± SEM. Combined data of n =  independent experiments is shown in A. n = – mice/group in B and C and
– mice/group in E and F. ∗p < . (left panel) and < . (right panel) in C and <. in E and F versus Alternaria-challenged WT mice.
#p < . versus control (PBS) WT in E. NS; Not statistically significant.

might contribute to increased eosinophil recruitment,
we examined expression of the endothelial tight junc-
tion protein ZO-1 in peribronchial blood vessels of
allergen-challenged Hs2stf/fTie2Cre+, Ndst1f/fTie2Cre+

and WT mice. The number of ZO-1-positive peri-
bronchial blood vessels was lower in Alternaria-
challenged WT mice compared to control mice (Fig. 7,
E, left and right panels). Interestingly, the number
of ZO-1-positive peribronchial blood vessels in con-
trol (non-allergen exposed) and Alternaria-challenged

Hs2stf/fTie2Cre+ mice was significantly lower than in
WT counterparts (Fig. 7, E, left panel). These data sug-
gest that the vascular endothelium in Hs2stf/fTie2Cre+

mice may be defective/compromised. In contrast, the
number of ZO-1-positive peribronchial blood vessels
in control and allergen-challenged Ndst1f/fTie2Cre+

mice was essentially similar to that observed in their
WT counterparts (Fig. 7, E, right panel). Additionally,
semi-quantitative analysis of perivascular inflamma-
tion around blood vessels in H&E stained lung tissue
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sections from allergen-challenged Hs2stf/fTie2Cre+ and
WT mice indicated increased inflammation around
peribronchial blood vessels in allergen-challenged
Hs2stf/fTie2Cre+ relative to WT mice (Fig. 7, F), fur-
ther supporting the notion of a compromised vascu-
lar endothelium caused by decreased ZO-1 expres-
sion which could potentially lead to increased cellular
extravasation and lung tissue inflammation.

Discussion

HSPGs play a multifunctional role in inflamma-
tion largely due to their highly diverse HS chains
that interact with a variety of ligands, including
pro-inflammatory mediators such as cytokines,
chemokines and growth factors.10,11 Increased HSPG
deposition has been noted in patients with asthma4,5

and in experimental models of allergic asthma5,6 cor-
relating with disease severity. HS chains of HSPGs
can be highly heterogeneous with respect to length
as well as the degree and pattern of sulfation, which
are critical determinants of ligand binding and func-
tional role during inflammation.12,34 In the current
study, we found that expression of Hs2st (mRNA and
protein) is decreased in WT mice after exposure to
Alternaria alternata, while expression of Ndst1 was
unaltered. Expression levels of HSPG biosynthetic
enzymes are known to be altered during inflammatory
conditions. For example, inflammatory cytokines such
as IFNγ and TNFα can induce Ndst1 expression in
endothelial cells increasing sulfation of HS along with
a corresponding increase in sequestration of RANTES
at the apical surface of endothelial cells and leukocyte
chemotaxis.26 In the context of AAI, previous studies
have shown that expression of xylosyltransferase-1,
β1,3-glucuronosyltransferase-1, chondroitin-4, and
chondroitin-6 sulfotransferase genes is increased in
OVA-challenged rats.5

To further understand the significance of decreased
Hs2st expression observed in our study, we used
mice lacking endothelial and leukocyte Hs2st or
Ndst1. The most striking finding was the divergent
outcome on cellular inflammation in the lungs of
these mice. Allergen-challenged Hs2stf/fTie2Cre+

mice demonstrated significantly increased cellu-
lar inflammation, specifically of eosinophils, while
allergen-challenged Ndst1f/fTie2Cre+ mice exhib-
ited minimal cellular inflammation with markedly
reduced airway eosinophils compared to respective

allergen-challenged WT mice. Along these lines, our
collaborative studies have previously shown that
targeted disruption of endothelial Hs2st enhances
neutrophil recruitment during acute inflammation.14

On the other hand, inactivation of endothelial Ndst1
resulted in decreased neutrophil infiltration in a similar
model.15 These divergent findings in Hs2stf/fTie2Cre+

versus Ndst1f/fTie2Cre+ mice in inflammation models
were found to be due to altered HS-ligand interac-
tions.14,15 Although eosinophil recruitment in the
lungs of Alternaria-challenged Hs2stf/fTie2Cre+ mice
was significantly higher than in corresponding WT
mice, other pathophysiological features of allergen-
induced inflammation such as AHR, airway mucus
secretion, smooth muscle mass and Th2 cytokine
levels were comparable between the two groups. In
contrast, Alternaria-challenged Ndst1f/fTie2Cre+ mice
had marked attenuation of airway mucus secretion
and smooth muscle proliferation relative to WT mice.
Further, our previous studies have shown that AHR
and IL-5 are both significantly lower in allergen-
challenged Ndst1f/fTie2Cre+ mice, albeit in a model
of OVA-induced allergic asthma.13 Based on obser-
vations in WT mice, OVA13 and Alternaria induce
a similar immune response at least with respect to
the prominent antigen-induced responses, i.e., AHR,
eosinophilia, elevated Th2 cytokines and eotaxin-1,
airway mucus hypersecretion and smooth muscle
hypertrophy.

Since eotaxins play a dominant role in eosinophil
recruitment in experimental asthma32 and Alternaria-
challenged Hs2stf/fTie2Cre+ mice exhibited exagger-
ated airway eosinophil recruitment relative to cor-
responding WT mice, we anticipated that levels of
eotaxin-1 and/or eotaxin-2 in these mice might be
elevated compared to WT counterparts. Surprisingly,
levels of both chemokines in allergen-challenged
Hs2stf/fTie2Cre+ mice were lower than in WT mice
but not reduced to background levels as noted in
allergen-challenged Ndst1f/fTie2Cre+ mice. While they
may not be entirely accountable for the increased
eosinophilia, eotaxin-1 and -2 levels in allergen-
challenged Hs2stf/fTie2Cre+ mice were substantially
higher than in control mice and may contribute in
part to overall eosinophil recruitment. While endothe-
lial HSPGs bind to and present various chemokines
on the luminal surface to facilitate leukocyte trans-
migration,10 studies have shown that eotaxin binds
selectively to heparin but not to HS.35 Since Hs2st
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expression in endothelial cells and myeloid cells is tar-
geted in Hs2stf/fTie2Cre+ mice, changes in eosinophil
HS or other leukocyte HS could contribute to some
of the effects noted. For example, reduced eotaxin
levels observed in airways of Alternaria-challenged
Hs2stf/fTie2Cre+ and Ndst1f/fTie2Cre+ mice may be
due to reduced expression of this chemokine by
Hs2st- or Ndst1-deficient inflammatory cells (e.g.,
Th2 cells, alveolar macrophages) or by other eotaxin-
producing cells such as epithelial cells and fibrob-
lasts affected indirectly by the mutation. Along these
lines, we have previously shown that Ndst1-deficient
eosinophils express significantly lower amounts of
TGFβ1 mRNA relative to WT eosinophils upon
activation.6

In addition to chemokine presentation, HSPG also
function as ligands for L-selectin.10 Neutrophils have
been shown to roll with reduced velocity in greater
numbers on Hs2st-deficient endothelial cells than
on WT cells under flow (in vitro) due to stronger
binding of neutrophil L-selectin to mutant endothe-
lial cells, thus contributing to increased neutrophil
accumulation during acute inflammation.14 Unlike
neutrophils, we found that BM eosinophils did not
differ in rolling velocity or the number of rolling
cells on Hs2st-deficient endothelial cells relative to
WT cells under flow in the current study. On the
other hand, eosinophils exhibit reduced rolling on
endothelial cells from Ndst1f/fTie2Cre+ mice com-
pared with WT cells under flow in vitro and in vivo
correlating with decreased airway eosinophil recruit-
ment as shown in our previous studies.13 We exam-
ined whether eosinophils adhered in greater num-
bers in lung blood vessels of allergen-challenged
Hs2stf/fTie2Cre+ mice which could facilitate enhanced
recruitment. Eosinophil adhesion to the vessel wall in
the lungs of allergen-challenged Hs2stf/fTie2Cre+ mice
was similar to that noted in WT mice while eosinophil
adhesion to lung blood vessels of allergen-challenged
Ndst1f/fTie2Cre+ mice was significantly lower both in
terms of the number of blood vessels with adherent
cells and number of adherent eosinophils per blood
vessel.

Overall, deficiency of endothelial Hs2st does not
appear to affect eosinophil rolling under flow or adhe-
sion to allergen-challenged lung blood vessels and yet
results in exaggerated recruitment in the lung tissue
despite lower eotaxin-1 and -2 levels. A contributory
factor may be decreased endothelial barrier function

in Hs2stf/fTie2Cre+ mice that innately and after aller-
gen exposure express reduced levels of endothelial
ZO-1 relative to WT mice. Compromised endothe-
lial barrier function, together with persistent levels
of eotaxin-1 and -2 in allergen-challenged airways,
may facilitate increased inflammatory cell (includ-
ing eosinophils) recruitment and transmigration to
extravascular spaces as observed in these mice. While
little is known regarding the effect Hs2st or Ndst1 defi-
ciency may have on endothelial junction proteins that
preserve barrier function of the vascular endothelium,
our study suggests that Hs2st, but not Ndst1, may play
a role in regulating ZO-1 expression. Treatment of
endothelial cells with a heparinase to reduce HSPG has
been shown to abolish shear stress-induced expres-
sion of ZO-1 and VE-cadherin suggesting that HSPG
can play a role in regulating expression of junction
proteins.36 Tight junction proteins are highly regulated
by cytokines and growth factors37,38 several of which
bind to and mediate their effects via HSPG. Thus
modified HSPG structure due to Hs2st deficiency may
alter cytokine/growth factor binding and affect tight
junction protein expression.

Another factor contributing to exaggerated
eosinophil recruitment in allergen-challenged
Hs2stf/fTie2Cre+ mice is the increased proliferation
of eosinophils in the BM of these compared to cor-
responding WT mice. Previous studies have shown
that stromal HSPG containing higher 6-O-sulfation
on the glucosamine residues are more supportive
of hematopoiesis because of their ability to bind
both matrix components and cytokines important
for hematopoiesis, including IL-3,39 a cytokine that
promotes differentiation of eosinophils in the BM.40

Inactivation of Hs2st (which functions downstream of
Ndst1 during HS biosynthesis) in endothelial cells has
been shown to result in increased 6-O-sulfation and
N-sulfation of glucosamine residues with decreased
2-O-sulfation of uronic acid residues in endothelial
HSPG14 Thus, Hs2st-deficient endothelial cells in the
BM of allergen-challenged Hs2stf/fTie2Cre+ mice may
be more supportive of eosinophil differentiation result-
ing in increased generation of mature eosinophils. This
notion is further supported by the observation that
the number of eosinophils in the BM of allergen-
challenged Ndst1f/fTie2Cre+ mice was similar to WT
mice. Finally, activation of ERK (1/2) is an important
signaling event required for cell migration41,42 and
airway recruitment during allergic inflammation.43
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Hs2st knock-down results in hyperactivation of ERK
signaling associated with increased migration of glial
cells in the corpus callosum of the embryo in mice.44

On the contrary, deletion of Ndst1 is associated with
loss of ERK activation (phospho-ERK expression) in
lacrimal gland cells.45 Albeit in different tissues/cell
types, these studies suggest that Hs2st and Ndst1
exert opposing regulator effects on ERK signaling.
While speculative, increased eosinophil recruitment
to the lungs in allergen-challenged Hs2stf/fTie2Cre+

mice may in part be due to hyperactivation of ERK
(1/2) while inhibition of ERK (1/2) activation may
contribute to the decreased airway eosinophilia in
allergen-challenged Ndst1f/fTie2Cre+ mice. Clearly,
additional studies examining how Hs2st or Ndst1 defi-
ciency affects signaling mechanisms in eosinophils and
endothelial cells in the context of allergic inflammation
are required.

Our study demonstrates that allergen exposure
reduces expression of Hs2st in the lungs and changes
in the overall sulfation pattern of endothelial HSPG
caused by loss of Hs2st facilitates amplified airway
recruitment of eosinophils likely due to decreased
endothelial barrier function resulting in persistent
inflammation. On the other hand, loss of endothelial
N-sulfation limits eosinophil-endothelial interactions
leading to attenuated airway eosinophilia and inflam-
mation. These findings clearly underscore the impor-
tance of site-specific sulfation in endothelial HSPG to
their role in eosinophil recruitment and outcome of
Alternaria-induced AAI.
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