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Abstract

Background: The efficacy of heparins and low-MW-heparins (LMWH) against human asthma has been known for
decades. However, the clinical utility of these compounds has been hampered by their anticoagulant properties.
Much effort has been put into harnessing the anti-inflammatory properties of LMWH but none have been used as
therapy for asthma. Sulfated-non-anticoagulant heparin (S-NACH) is an ultra-LMWH with no systemic anticoagulant
effects.

Objective: The present study explored the potential of S-NACH in blocking allergic asthma and examined the poten-
tial mechanism by which it exerts its effects.

Methods: Acute and chronic ovalbumin-based mouse models of asthma, splenocytes, and a lung epithelial cell line
were used. Mice were challenged with aerosolized ovalbumin and administered S-NACH or saline 30 min after each
ovalbumin challenge.

Results: Sulfated-non-anticoagulant heparin administration in mice promoted a robust reduction in airway eosino-
philia, mucus production, and airway hyperresponsiveness even after chronic repeated challenges with ovalbumin.
Such effects were linked to suppression of Th2 cytokines IL-4/1L-5/IL-13/GM-CSF and ovalbumin-specific IgE without
any effect on IFN-y. S-NACH also reduced lung fibrosis in mice that were chronically-exposed to ovalbumin. These
protective effects of S-NACH may be attributed to modulation of the IL-4/JAK1 signal transduction pathway through
an inhibition of STAT6 phosphorylation and a subsequent inhibition of GATA-3 and inducible NO synthase expression.
The effect of the drug on STAT6 phosphorylation coincided with a reduction in JAKT phosphorylation upon IL-4 treat-
ment. The protective effects of S-NACH treatment was associated with reduction of the basal expression of the two
isoforms of arginase ARG1 and ARG2 in lung epithelial cells.

Conclusions: Our study demonstrates that S-NACH constitutes an opportunity to benefit from the well-known anti-
asthma properties of heparins/LMWH while bypassing the risk of bleeding. Our results show, for the first time, that
such anti-asthma effects may be associated with reduction of the IL-4/JAK1/STAT6 pathway.
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Background

The pathogenesis of asthma is complex and multifac-
torial, affecting over 300 million people worldwide [1].
The disease is driven primarily by Th2 lymphocyte-
mediated inflammation and is characterized by pulmo-
nary eosinophilia, Th2 cytokines and allergen-specific
IgE production, mucus hypersecretion, expression of
inflammatory factors such as inducible nitric oxide syn-
thase (iNOS), and airway hyperresponsiveness (AHR)
[2, 3]. Although multiple therapeutic approaches are
currently available, a considerable portion of the asth-
matic population does not respond to standard thera-
pies with the potential of developing uncontrollable
exacerbations of the disease. Therefore, the need for
novel approaches is immense and urgent.

Heparin and its low molecular weight derivatives
(LMWH) are increasingly regarded to harbor anti-
inflammatory traits that may be harnessed therapeuti-
cally against various inflammatory diseases including
asthma [4—6]. In a clinical trial conducted almost two
decades ago, an inhaled form of the LMWH enoxa-
parin was shown to prevent exercise-induced bron-
choconstriction in asthmatics [7], which opened the
possibility for these compounds to be used as thera-
peutic agents against some asthma traits. Recently,
LMWH were reported to suppress allergen-specific
IgE and Th2 cytokine production in mice chronically
exposed to house dust mite extracts [8]. More recently,
Patel et al. demonstrated that LMWH and montelukast
can be combined into an inhalable particulate system
that harbors efficient anti-inflammatory effects against
ovalbumin (OVA)-induced asthma in rats [9]. How-
ever, different LMWH may have opposing effects as
reported for enoxaparin and dalteparin [10]. Whereas
enoxaparin reduced IL-4, IL-5, IL-13, and TNF-a in
phytohaemagglutinin-treated peripheral blood mono-
nuclear cells from asthmatics, dalteparin promoted an
increase in the aforementioned cytokines. Although the
underlying molecular mechanisms by which LMWH
interfere with the process of inflammation has yet to be
fully elucidated, some studies suggested that these hep-
arins may bind directly to several inflammatory media-
tors leading to their neutralization [6, 11]. However, the
major obstacle against the viability of LMWHs against
asthma and other inflammatory disease is their antico-
agulant property and the unacceptable risk for exces-
sive bleeding [4-6].

Several studies have suggested that the anti-inflamma-
tory aspect of LMWH may be different from its antico-
agulant property [6]. This concept prompted a great deal
of effort to formulate LMWH derivatives that maintain
their anti-inflammatory property while losing the antico-
agulant activity.
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Indeed, Shastri et al. [12] isolated two fractions from
the LMWH enoxaparin that were devoid of anticoagulant
properties and demonstrated that these fractions inhib-
ited T cell activation and reduced the release of IL-4,
IL-5, IL-13 and TNF-« in peripheral blood mononuclear
cells that were isolated from asthmatic individuals and
were activated with phytohaemagglutinin, concanavalin-
A or phorbol-esters. Sulfated non-anticoagulant LMWH
(S-NACH) is an oxidized sulfated ultra-LMWH with lim-
ited to no systemic anticoagulant effects [13—15]. This
property of S-NACH hypothetically would permit the
administration of doses that surpass those that promote
anticoagulation by the parent LMWH and thus would
allow much greater anti-inflammatory outcomes with-
out the risk of bleeding complications. In this study, we
investigated whether S-NACH would efficiently block
Th2-induced airway inflammation in acute and chronic
animal models of asthma and determined whether this
potential effect is associated with an interference with
IL-4-induced signal transduction using an in vitro experi-
mental model.

Methods

Animals

Six- to eight-week old C57BL/6] male mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME).
Mice were maintained in a specific pathogen-free facility
at LSU Health Sciences Center (LSUHSC) with unlimited
access to sterilized chow diet and water.

Ovalbumin (OVA) sensitization and challenge

and enhanced pause (Penh) measurement

Mice were sensitized with 100 pug of Grade V chicken
OVA (Sigma-Aldrich, St. Louis MO) mixed with 2 mg
aluminum hydroxide in saline by intraperitoneal (i.p.)
injection twice, once a week as previously described [16,
17]. Mice were then challenged with aerosolized 3% OVA
for 30 min once for the acute model or 3 times per week
for 4 weeks for the chronic model. Administration i.p.
of S-NACH (water soluble) or vehicle (saline) was done
30 min after the OVA challenge. Mice were sacrificed
48 h later for bronchoalveolar lavage (BAL) or lung fixa-
tion and processing. Some mice were subjected to AHR
measurements 24 h after the OVA challenge as described
[16, 17].

Organ recovery, tissue processing, cell staining, Th2
cytokine and OVA-specific IgE assessments, FACS analysis,
and immunohistochemistry (IHC)

Lungs of sacrificed mice were fixed with formalin for his-
tological analysis or subjected to BAL for cell counting
and cytokine assessments as described [16, 17]. Tissue
sections were subjected to hematoxylin and eosin (H&E),
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periodic acid-schiff (PAS), or trichrome staining using
standard protocols as previously described. BAL fluids
were subjected to cyto-spin, and the cells were stained
with Diff-Quik (IMEB Inc, San Marcos, CA) for inflam-
matory cell assessments. Cytokine assessments were
conducted using the Bio-Rad Bioplex system for mouse
according to the manufacturer’s instructions. OVA-
specific IgE levels were quantified with sandwich ELISA
(Serotec, Raleigh, NC) as described previously [16, 17].
The hydroxyproline content in lung tissues was measured
using a commercial assay kit (Quickzyme Biosciences,
Netherlands) according to manufacturer’s instructions.

Mouse splenocyte preparation, cell culture, treatments,
and immunoblot analysis

The human lung cell line (A549) was purchased from
ATCC (Manassas, VA). Splenocytes were isolated from
C57BL/6 mice as described before [16, 17]. Treatment
with IL-4, preparation of protein extracts, and immuno-
blot analysis were conducted using standard protocols.
Antibodies used in this study were to the following pro-
teins: GATA3 (Cell Signaling Technology, 5852, Danvers,
MA) phospho(Y641)-STAT6 (Life Technologies, 700247,
Carlsbad, CA), iNOS (Abcam, ab129372, Cambridge,
United Kingdom), ARGl (BD Biosciences, 610708,
Franklin Lakes, NJ), ARG2 (Santa Cruz Biotechnology,
sc-20151, Dallas, TX), phospho (Y1022, Y1023) JAK1
(ThermoFisher, 44-422G, Waltham, MA), JAK1 (Cell
Signaling Technology, 3332), B-Actin (Santa Cruz Bio-
technology, sc-47778), or GAPDH (Santa Cruz Biotech-
nology, sc-365062).

Data analysis

All data are expressed as mean = standard deviation (SD)
of values from at least 6 mice per group, unless stated
otherwise, or triplicate conditions when cells were used.
All experiments were repeated at least two times. Prism
software (GraphPad, San Diego, CA) was used to ana-
lyze the differences between experimental groups with
one-way analysis of variance, followed by Tukey’s multi-
ple comparison tests. For some results, analysis was con-
ducted using unpaired Student’s ¢-test.

Results

Non-anticoagulant LMWH (S-NACH) efficiently reduces
chronic asthma-like traits in a mouse model of the disease
Multiple challenges of OVA-sensitized mice with aero-
solized OVA promoted major infiltration of inflam-
matory cells into the lungs with a predominance of
eosinophils and macrophages as well as lymphocytes,
albeit to a lower extent. A single i.p. administration of
10 mg/kg S-NACH after each OVA challenge was suf-
ficient to significantly reduce the overall recruitment
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of inflammatory cells to the lung. While eosinophils
were the most sensitive cells to treatment, the effect of
S-NACH on macrophage recruitment was moderate
but statistically significant; however, its effect on T cell
recruitment, although trended lower, was not statisti-
cally significant (Fig. 1a). Figure 1b displays representa-
tive H&E staining of lung sections from OVA-sensitized
and challenged mice with or without S-NACH treatment.
Hypersecretion of mucus is a major hallmark of asthma
and a consistent trait that contributes to the severity
and overall pathogenesis of the disease. PAS staining of
lung sections from OVA-sensitized and challenged mice
revealed a substantial mucus production accompanied
by hyperplasia of epithelial cells (Fig. 1c). Such traits
were dramatically reduced by S-NACH treatment. We
then examined the effect of S-NACH treatment on lung
function by measuring the enhance pause (Pen/) using
whole body plethysmography. While this method does
not measure airway resistance, it does provide an indica-
tion of the sensitivity of the lungs to bronchoconstriction
mediated by methacholine inhalation. The assessment
was conducted after 2 and 4 weeks into the OVA chal-
lenge protocol. Figure 1d shows that S-NACH treat-
ment protected against the bronchoconstrictive effect of
methacholine at the 100 mg/kg dose. Interestingly, when
Penh was measured after 4 weeks of the OVA challenge,
S-NACH treatment provided an even better protection,
and the response of the treated mice was similar to that
observed in control, unchallenged mice.

S-NACH protects against chronic asthma-like traits

by reducing Th2 cytokines and OVA-specific IgE production
without affecting IFN-y levels

Several Th2 and Th1 cytokines were assessed in sera and
BALE. Figure 2a shows that chronic exposure to OVA
induced, as expected, substantial levels of IL-2, IL-4, IL-5,
IL-13, and GM-CSF assessed in BAL fluids of treated
animals. Treatment with S-NACH significantly reduced
the production of these cytokines in the lungs of OVA-
challenged mice. Interestingly, while S-NACH slightly
enhanced the levels of the anti-inflammatory cytokine
IL-10, it did not exert any effect on IL-12 or IFN-y. Fig-
ure 2b shows that S-NACH treatment was effective at
reducing systemic inflammation because the effect of the
drug on the measured pro-inflammatory cytokines was
very potent. In fact, the levels of IL-2, IL-4, IL-5, IL-13,
and GM-CSF were comparable to those detected in con-
trol naive animals. While S-NACH treatment reduced
the anti-inflammatory cytokine IL-10, it did not affect the
levels of the other anti-inflammatory cytokine IL-15 (data
not shown). Moreover, S-NACH treatment did not affect
the levels of IL-12 or the basal levels of IFN-y detected in
both sera and BAL fluids of OVA-challenged mice.
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Fig. 1 C57BL/6J mice were subjected to OVA sensitization followed by three challenges to OVA per week for 4 weeks or left unchallenged. A group
of mice was administered, i.p., 10 mg/kg of S-NACH or saline 30 min after OVA challenge. Penh was recorded 24 h after the last challenge of week

2 and week 4 using a whole body plethysmograph system before and after the indicated concentrations of aerosolized methacholine. Mice were
sacrificed 48 h after the last challenge of week 4. Lungs were subjected to formalin fixation or BAL. a Cells of BALF were differentially stained, and
total cells, eosinophils, macrophages, and lymphocytes were counted. Data are expressed as total number of cells per mouse. Data are mean 4 SD
of values from at least 6 mice per group. Lung sections from OVA-challenged mice that were treated with either saline or S-NACH were subjected to
H&E (b) or PAS staining (c). For b and ¢ Bar=>50 um. Inserts represent a lower magnification of sections with arrows indicating sites of inflammation.
d Penh measurements. Results are plotted as maximal fold increase of Penh relative to baseline and expressed as mean + SEM, n =6 mice per group.
For a and d *difference from control unchallenged mice, p < 0.05; *difference from OVA-challenged mice; p <0.05

MeCh (mg/ml)

Because allergen-specific IgE production is a critical
component of allergic responses including asthma, we
examined the effect of S-NACH treatment on lung and
systemic OVA-specific IgE using ELISA. S-NACH treat-
ment reduced OVA-specific IgE levels by ~50% in BAL

fluids of OVA-challenged mice and to a lesser extent sys-
temically (Fig. 2c). These results suggest that the protec-
tive effect of S-NACH against asthma-like traits may be
associated with a modulation of Th2 cytokines and aller-
gen-specific IgE production.
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Fig. 2 BALF (a) and sera (b) collected from the different mouse groups described in Fig. 1 were assessed for different Th1 and Th2 cytokines using
a multiplex assay. € BALF and sera were assessed for OVA-specific IgE with ELISA. Data are mean = SD of values from at least 6 mice per group.
*Difference from control unchallenged mice, p <0.05; *difference from OVA-challenged mice; p<0.05
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S-NACH administration provides an excellent protection
against acute challenge to OVA in mice

Acute manifestation of asthma symptoms is an impor-
tant aspect of the disease because it often requires a dif-
ferent line of treatment [1]. We therefore examined the
efficacy of S-NACH against an acute exposure to an
allergen using a model of the condition. Figure 3a shows
that a single ip. administration of 10 mg/kg S-NACH
was highly effective at reducing lung cellularity with
a prominent effect on eosinophils, macrophages, and
neutrophils. Unlike in the chronic model, S-NACH sig-
nificantly reduced the number of lymphocytes. These
effects were accompanied by a pronounced reduction
in mucus production and the associated hyperplasia of
epithelial cells as shown in Fig. 3b. An examination of
Th2 and Thl cytokines in BAL fluids (Fig. 3c) and sera
(Fig. 3d) of OVA-challenged animals revealed that the
increase in IL-2, IL-4, IL-5, IL-13, and GM-CSF upon an
acute exposure to OVA was significantly reduced upon
treatment with S-NACH. Consistent with the effect of
S-NACH treatment in the chronic model, it did not exert
any inhibitory effects on IL-10 or IFN-y. The levels of
the chemokine KC (CXCL1) increased upon OVA chal-
lenge in sera of animals, S-NACH treatment significantly
reduced the levels of this chemokine. S-NACH treatment
also reduced OVA-specific IgE levels in both BAL fluids
and sera of OVA-challenged mice (Fig. 3e). Overall, our
findings suggest that the protective effect of S-NACH
against asthma-like traits may be associated with a
modulation of Th2 cytokines and OVA-specific IgE both
locally in the lung and systemically upon an acute or
chronic exposure to OVA.

S-NACH reduces lung fibrosis as measured by collagen
deposition in lungs of chronically exposed mice

Collagen deposition is a hallmark of lung remodeling
upon chronic exposure to allergens. Given the observa-
tion that S-NACH blocked airway inflammation and
mucus production upon chronic exposure to OVA,
we examined whether the drug also blocked pulmo-
nary fibrosis. Figure 4a shows that chronic OVA chal-
lenge induced substantial collagen deposition in lungs of
mice. Such collagen deposition was significantly lower in
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S-NACH treated mice that were subjected to repeated
exposures to OVA. This finding was confirmed by meas-
uring the level of hydroxyproline (Fig. 4b), an established
measure for collagen content in tissues.

The protective effect of S-NACH against Th2-mediated
inflammation and fibrosis may be associated

with a modulation in the IL-4/STAT6 pathway

The IL-4/JAK/STAT6 pathway is a major driver of many
of the processes associated with Th2 inflammation [2, 3].
STAT6 is phosphorylated upon IL-4-receptor stimula-
tion by JAK kinases and then translocated to the nucleus
after homodimerization. STAT6 serves as a transcription
factor for various genes including gata-3 [18, 19]. It is
noteworthy that GATA-3 is the master regulator of the
IL-4/IL-5/IL-13 cytokine locus [20]. We thus examined
whether the mechanism by which S-NACH interferes
with Th2 cytokine production stems from a modulation
of IL-4/JAK/STAT6 signal transduction and GATA-3
expression. Figure 5a shows that an in vitro treatment
of mouse splenocytes with IL-4 induced an increase in
GATA-3 above baseline levels as assessed with immu-
noblot analysis, and that treatment with 50 pg/ml
S-NACH prevented such increase. Figure 5b shows that
the modulation of GATA-3 by S-NACH treatment may
be associated with reduced phosphorylation of STAT6 at
tyrosine-641. The reduction in STAT6 phosphorylation
in S-NACH-treated cells coincided with a decrease in the
activity of JAK1 as assessed by its phosphorylation level
at tyrosine-1022 and -1023 (Fig. 5¢).

We have recently shown a close association between
iNOS expression and lung inflammation and fibrosis
in a model of severe asthma [21, 22]. Furthermore, an
increase in arginase activity was shown to contribute to
airway remodeling in animals [23]. Figure 5d shows that
IL-4 induced modest levels of iNOS in the human lung
epithelial cell line A549 and that treatment of the cells
with S-NACH reduced the expression of the protein. This
effect of the drug coincided with reduced phosphoryla-
tion of STAT6. Figure 5e shows that S-NACH treatment
was also effective at reducing IL-4-induced GATA-3
expression in A549 cells as well as the endogenous levels
of ARG1 and ARG2.

(See figure on next page.)

mice; p <0.05

Fig. 3 Mice were subjected to OVA sensitization followed by a single challenge or left unchallenged. Mice were administered, i.p., 10 mg/kg
S-NACH or saline 30 min after OVA challenge. Mice were then sacrificed 48 h later and lungs were subjected to formalin fixation or BAL. a Cells of
BALF were differentially stained, and total cells, eosinophils, macrophages, and lymphocytes were counted. Data are expressed as total number of
cells per mouse. Data are mean = SD of values from at least 6 mice per group. b Lung sections from OVA-challenged mice that were treated with
either saline or S-NACH were subjected to PAS staining; Bar =50 um. BALF (c) and sera (d) collected from the different mouse groups were assessed
for different Th1 and Th2 cytokines using a multiplex assay. @ BALF and sera were assessed for OVA-specific IgE with ELISA. Data are mean =+ SD of
values from at least 6 mice per group. For (a), (c), (d), and e *difference from control unchallenged mice, p < 0.05; “difference from OVA-challenged
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Fig. 4 Lung sections of mice that were subjected to chronic OVA challenge with or without S-NACH administration were subjected to trichrome
staining (a) Bar=50 um. Equal weight of lung tissue from the two groups was processed for hydroxyproline assessment as described in the
“Methods” section. b The hydroxyproline contents were measured using a commercial assay kit. Data are mean £ SD of values from at least 6 mice
per group. *Difference from OVA-challenged mice, p<0.05

Discussion

Our results show that the sulfated LMWH, S-NACH,
was highly effective at blocking different asthma traits in
mice. The anti-inflammatory properties of S-NACH were
observed in both an acute and a chronic model of the dis-
ease. We also provided evidence that S-NACH may be

JAK1 phosphorylation with a consequent reduction in
STAT6 phosphorylation, which resulted in significant
reduction in the expression of GATA-3, the master reg-
ulator of the IL-4/IL-5/IL-13 gene locus. We also found
that S-NACH blocks fibrosis potentially through a
downregulation of iNOS, ARGI1, and ARG2. These

results may represent an important advance in consid-
ering the potential use of S-NACH and the concept of

blocking Th2 inflammation, in part, by blocking IL-4-me-
diated signal transduction. Indeed, S-NACH reduced

(See figure on next page.)

Fig.5 a Splenocytes isolated from naive C57BL/6 mice were stimulated with 10 ng/ml of mouse IL-4 for 0, 8, or 12 h in the absence or presence of
50 pg/ml S-NACH. Protein extracts were then prepared and subjected to immunoblot analysis with antibodies to GATA-3 or actin. b Splenocytes
were treated as in (a) but collected after 0 min, 15 min, 45 min, 3 h, or 6 h of treatment. Protein extracts were then prepared and subjected to
immunoblot analysis with antibodies to the phosphorylated form of STAT6 (p-STAT6) or GAPDH. ¢ Protein extracts from splenocytes that were
treated in a manner similar to those described in (b) were subjected to immunoblot analysis with antibodies to the phosphorylated form of JAK1
(p-JAKY), JAKT, or GAPDH. d A549 cells were treated with 10 ng/ml of human IL-4 for the indicated time intervals in the presence or absence of

50 pg/ml S-NACH. Protein extracts were prepared and subjected to immunoblot analysis with antibodies to iNOS, pSTAT6, or GAPDH. e A549 cells
were treated as in (d) for 24 h. Protein extracts were subjected to immunoblot analysis with antibodies to GATA-3, ARG1, ARG2, or GAPDH
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non-anticoagulant LMWH in anti-inflammatory diseases
such as asthma. It is noteworthy that unlike the conven-
tional LMWH, S-NACH can be envisioned to be used
at relatively higher doses than its parent compounds. It
is important to note that in the chronic model, S-NACH
was delivered i.p. only 3 time a week; we predict that if
the drug were administered on a daily basis and perhaps
in an inhaled form, the protective effects would be much
more pronounced.

We acknowledge that our study is not sufficient to pro-
vide a comprehensive understanding of the mechanism
by which S-NACH mediates the modulation of Th2-
inflammatory responses. We do know that LMHW have
been tested in asthma models similar to the two used
in the current study [9, 24, 25]; however, it is not clear
whether S-NACH exerts its effects exactly as do the par-
ent compounds. It is possible that the modifications may
play a role in the modulation process. However, Shas-
tri et al. showed that two fractions from the LMWH
enoxaparin without any targeted modification reduce
Th2 cytokine release in peripheral blood mononuclear
cells from asthmatic individuals [12] suggesting that the
moiety within LMWH that exhibits the anticoagulant
property is different from the one that displays the anti-
inflammatory trait. Undoubtedly, determining the exact
mechanism of action of S-NACH requires additional
experimentation. This study is the first to report that
S-NACH and maybe the parent LMWH interfere with
IL-4-associated signal transduction by reducing JAK1
and STAT6 phosphorylation. S-NACH was very efficient
at reducing GATA-3 in IL-4-treated splenocytes and the
lung epithelial cell line A549, this modulation may be
directly linked to the effect of S-NACH on STAT6 phos-
phorylation given the fact that activated STAT6 drives
the expression of GATA-3. The effect on GATA-3 may in
turn explain the simultaneous effects of S-NACH treat-
ment on IL-4, IL-5, and IL-13 in mice acutely or chroni-
cally challenged with OVA. These results are consistent
with those reported by Huang et al. [26] using a house
dust mite extract-based model of asthma. Unlike that
study, which reported a modulatory effect of LMWH
on both Thl and Th2 cytokines, our study showed that
S-NACH was more selective against Th2 cytokines
because it did not affect IFNy levels after OVA exposure
either acutely or chronically. To study the mechanism
by which S-NACH reduces Th2 cytokine production in
immune cells, a splenocytes-based cell culture model was
utilized. We show that S-NACH treatment was effective
at preventing the increase in GATA3 above baseline lev-
els. It is important to note that we cannot deduce from
these results that S-NACH prevents Th2 cell differen-
tiation. While stimulation with IL-4 alone increased
GATAS3 above baseline levels in this model, these levels
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may not be sufficient to promote Th2 cell differentiation
as TCR stimulation is required [27]. Additional studies
are required to determine whether S-NACH treatment
directly interferes with Th2 cell differentiation by incu-
bating naive CD4" T cells in Th2-skewing culture con-
ditions including TCR-stimulating antibodies (anti-CD3
and anti-CD28) and antibodies to IL-12 in the presence
of IL-4 [17]. Another possible mechanism worth men-
tioning that was not addressed in the current study is the
potential of S-NACH interfering with antigen presenta-
tion or B cell function given the findings that the drug
was efficient at reducing IgE production both in the acute
and chronic models of asthma.

S-NACH treatment appeared to block fibrosis in the
chronic asthma model, which we believe may be asso-
ciated with its anti-inflammatory effect. However, we
recently showed that for inflammation and fibrosis to
co-exist, expression of iNOS is required [21]; indeed, in a
model similar to the one used in the current study, iNOS
gene deletion blocked lung fibrosis but not inflammation.
The persistence of inflammation in iNOS™'~ mice that
were chronically exposed to OVA was attributed, in part,
to increased levels of ARG1 and ARG2. S-NACH treat-
ment blocked expression of IL-4-induced expression of
iNOS in lung epithelial cells and reduced the basal levels
of Argl and Arg2. It is tempting to correlate the effects
of sulfated LMWH to the effects on iNOS and arginases;
however, more experimentation is necessary to deci-
pher the exact mechanism by which S-NACH exerts its
effects.

One of the limitations of this study is the utilization
of Penh. Although Penh measurement does not exactly
reflect lung resistance, it provides an indication that
S-NACH treatment may protect lung function during
allergen exposure. AHR can be affected by numerous fac-
tors including inflammation and lung smooth muscle cell
contractility [28]. Given our results, we can only conclude
that S-NACH protected against lung dysfunction, in part,
by reducing inflammation. To examine whether S-NACH
affects lung smooth muscle cell function, more precise
experimentation is required. An additional limitation of
the present study is the use of OVA as an inducer of Th2
inflammation. Although OVA is widely used for proof of
concept experiments, future studies need to include the
use of allergens that are more relevant to human asthma,
such as house dust mite extracts cockroach extracts, and
spores from Aspergillus species [29].

Conclusion

The efficacy of LMWH in blocking some or all asthma
traits is certain given the positive results of numerous
studies exploring this possibility in clinical trials and
preclinical models of the disease The initial studies
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showing such potential were reported several decades
ago [30, 31]; see detailed review by Mousavi et al. [4].
However, the utility of these heparins as a monother-
apy or adjuvant therapy has been severely hampered
by the anticoagulant aspect of the drugs and the high
risk of uncontrolled bleeding. The results attained in
this study demonstrate the efficacy of S-NACH against
asthma and present S-NACH as a viable alternative to
take advantage of the known effects of LMWH against
asthma in humans.

Abbreviations

LMWH: low molecular weight heparin; S-NACH: sulfated-non-anticoagulant
heparin; INOS: inducible NO synthase; STAT6: signal transducer and activator
of transcription 6; Arg1: arginase 1; OVA: ovalbumin; AHR: airway hyperrespon-
siveness; Penh: enhance pause.

Authors’ contributions

MG and JW did, equally, a large part of the work, participated in the design

of the experiments and the writing of the manuscript; SI, HL, KP. and 1B
participated in the animal studies and immunohistochemistry; SM: generated
S-NACH, provided input on the design of the experiments and data interpreta-
tion as well as edited the manuscript; HB: provided the support for the study,
designed the study, participated in some of the experiments, and finalized the
writing of the manuscript. All authors read and approved the final manuscript.

Author details

"The Stanley S. Scott Cancer Center, LSU Health Sciences Center-New Orleans,
1700 Tulane Ave, New Orleans, LA 70112, USA. 2 The Department of Micro-
biology and Immunology, Faculty of Pharmacy, Al-Azhar University, Cairo,
Egypt. * The Pharmaceutical Research Institute, Albany College of Pharmacy
and Health Sciences, Rensselaer, NY, USA. * Vascular Vision Pharmaceuticals
Co,, Rensselaer, NY, USA.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Human subjects: Not applicable.

Animals: Experimental protocols were approved by the LSUHSC Animal
Care and Use Committee (IACUC) and were carried out in accordance with
regulations and guidelines on the care of welfare of laboratory animals.

Funding

This work was supported, in part, by Grant HL072889, P30GM 106392 (overall
PD: Dr. D. Kapusta), and P30GM114732 (overall PD: Dr. A Ochoa) from the NIH
to AH.B and by Vascular Vision Pharmaceuticals Co. to SM.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 2 July 2018 Accepted: 25 August 2018
Published online: 01 September 2018

Page 11 of 12

References

1. Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet.
2017;391:783-800.

2. Barnes PJ. Therapeutic approaches to asthma-chronic obstruc-
tive pulmonary disease overlap syndromes. J Allergy Clin Immunol.
2015;136:531-45.

3. Barnes PJ. Cellular and molecular mechanisms of asthma and COPD. Clin
Sci (Lond). 2017;131:1541-58.

4. Mousavi S, Moradi M, Khorshidahmad T, Motamedi M. Anti-inflammatory
effects of heparin and its derivatives: a systematic review. Adv Pharmacol
Sci. 2015;2015:507151.

5. Oduah El, Linhardt RJ, Sharfstein ST. Heparin: past, present, and future.
Pharmaceuticals (Basel). 2016;9:38.

6. Alaez-Verson CR, Lantero E, Fernandez-Busquets X. Heparin: new life for
an old drug. Nanomedicine (Lond). 2017;12:1727-44.

7. AhmedT, Gonzalez BJ, Danta I. Prevention of exercise-induced broncho-
constriction by inhaled low-molecular-weight heparin. Am J Respir Crit
Care Med. 1999;160:576-81.

8. FulLS,TsailJ, Chen Y], Lin HK, Tsai MC, Chang MD. Heparin protects
BALB/c mice from mite-induced airway allergic inflammation. Int J Immu-
nopathol Pharmacol. 2013;26:349-59.

9. Patel B, Rashid J, Gupta N, Ahsan F. Low-molecular-weight heparin-coated
and montelukast-filled inhalable particles: a dual-drug delivery system for
combination therapy in asthma. J Pharm Sci. 2017;106:1124-35.

10. Shastri MD, Stewart N, Eapen M, Peterson GM, Zaidi ST, Gueven N, Sohal
SS, Patel RP. Opposing effects of low molecular weight heparins on the
release of inflammatory cytokines from peripheral blood mononuclear
cells of asthmatics. PLoS ONE. 2015;10:e0118798.

11. Hirsh J, Raschke R, Warkentin TE, Dalen JE, Deykin D, Poller L. Heparin:
mechanism of action, pharmacokinetics, dosing considerations, monitor-
ing, efficacy, and safety. Chest. 1995;108:2585-75S.

12. Shastri MD, Stewart N, Horne J, Zaidi ST, Sohal SS, Peterson GM, Korner H,
Gueven N, Patel RP. Non-anticoagulant fractions of enoxaparin suppress
inflammatory cytokine release from peripheral blood mononuclear cells
of allergic asthmatic individuals. PLoS ONE. 2015;10:e0128803.

13. Phillips PG, Yalcin M, Cui H, Abdel-Nabi H, Sajjad M, Bernacki R, Veith J,
Mousa SA. Increased tumor uptake of chemotherapeutics and improved
chemoresponse by novel non-anticoagulant low molecular weight
heparin. Anticancer Res. 2011;31:411-9.

14. SudhaT, Phillips P, Kanaan C, Linhardt RJ, Borsig L, Mousa SA. Inhibitory
effect of non-anticoagulant heparin (S-NACH) on pancreatic cancer cell
adhesion and metastasis in human umbilical cord vessel segment and in
mouse model. Clin Exp Metastasis. 2012,29:431-9.

15. Alshaiban A, Muralidharan-ChariV, Nepo A, Mousa SA. Modulation of
sickle red blood cell adhesion and its associated changes in biomark-
ers by sulfated nonanticoagulant heparin derivative. Clin Appl Thromb
Hemost. 2016;22:230-8.

16. Ghonim MA, Pyakurel K, Ibba SV, Al-Khami AA, Wang J, Rodriguez P,

Rady HF, El-Bahrawy AH, Lammi MR, Mansy MS, et al. PARP inhibition by
olaparib or gene knockout blocks asthma-like manifestation in mice by
modulating CD4(+) T cell function. J Transl Med. 2015;13:225.

17. Ghonim MA, Pyakurel K, Ju J, Rodriguez PC, Lammi MR, Davis C,
Abughazleh MQ, Mansy MS, Naura AS, Boulares AH. DNA-dependent
protein kinase inhibition blocks asthma in mice and modulates human
endothelial and CD4 T-cell function without causing severe combined
immunodeficiency. J Allergy Clin Immunol. 2015;135:425-40.

18. Chatila TA. Interleukin-4 receptor signaling pathways in asthma patho-
genesis. Trends Mol Med. 2004;10:493-9.

19. Haque SJ, Sharma P, Interleukins and STAT signaling. Vitam Horm.
2006;74:165-206.

20. Zheng W, Flavell RA. The transcription factor GATA-3 is necessary
and sufficient for Th2 cytokine gene expression in CD4 T cells. Cell.
1997,89:587-96.

21. Naura AS, Zerfaoui M, Kim H, Abd ElImageed ZY, Rodriguez PC, Hans CP, Ju
J, Errami Y, Park J, Ochoa AC, Boulares AH. Requirement for inducible nitric
oxide synthase in chronic allergen exposure-induced pulmonary fibrosis
but not inflammation. J Immunol. 2010;185:3076-85.

22. Ibba SV, Ghonim MA, Pyakurel K, Lammi MR, Mishra A, Boulares
AH. Potential of inducible nitric oxide synthase as a therapeutic
target for allergen-induced airway hyperresponsiveness: a critical



Ghonim et al. J Transl Med (2018) 16:243

23.

24.

25.

26.

connection to nitric oxide levels and PARP activity. Mediators Inflamm.
2016;2016:1984703.

Maarsingh H, Dekkers BG, Zuidhof AB, Bos IS, Menzen MH, Klein T, Flik G,
Zaagsma J, Meurs H. Increased arginase activity contributes to airway
remodelling in chronic allergic asthma. Eur Respir J. 2011,38:318-28.
Ogawa T, Shimizu S, Shimizu T. The effect of heparin on antigen-induced
mucus hypersecretion in the nasal epithelium of sensitized rats. Allergol
Int. 2013,62:77-83.

Patel B, Gupta N, Ahsan F. Low-molecular-weight heparin (LMWH)-loaded
large porous PEG-PLGA particles for the treatment of asthma. J Aerosol
Med Pulm Drug Deliv. 2014;27:12-20.

Huang JN, Tsai MC, Fang SL, Chang MD, Wu YR, Tsai JJ, Fu LS, Lin HK, Chen
YJ, Li TW. Low-molecular-weight heparin and unfractionated heparin
decrease Th-1, 2, and 17 expressions. PLoS ONE. 2014;9:2109996.

27.

28.

30.

31

Page 12 of 12

Cook KD, Miller J. TCR-dependent translational control of GATA-3
enhances Th2 differentiation. J Immunol. 2010;185:3209-16.

Amrani Y, Tliba O, Deshpande DA, Walseth TF, Kannan MS, Panettieri RA
Jr. Bronchial hyperresponsiveness: insights into new signaling molecules.
Curr Opin Pharmacol. 2004;4:230-4.

Sagar S, Akbarshahi H, Uller L. Translational value of animal models of
asthma: challenges and promises. Eur J Pharmacol. 2015;759:272-7.
Boyle JP, Smart RH, Shirey JK. Heparin in the treatment of chronic obstruc-
tive bronchopulmonary disease. Am J Cardiol. 1964;14:25-8.

Fine NL, Shim C, Williams MH Jr. Objective evaluation of heparin in the
treatment of asthma. Am Rev Respir Dis. 1968,98:886—7.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Sulfated non-anticoagulant heparin blocks Th2-induced asthma by modulating the IL-4signal transducer and activator of transcription 6Janus kinase 1 pathway
	Abstract 
	Background: 
	Objective: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Ovalbumin (OVA) sensitization and challenge and enhanced pause (Penh) measurement
	Organ recovery, tissue processing, cell staining, Th2 cytokine and OVA-specific IgE assessments, FACS analysis, and immunohistochemistry (IHC)
	Mouse splenocyte preparation, cell culture, treatments, and immunoblot analysis
	Data analysis

	Results
	Non-anticoagulant LMWH (S-NACH) efficiently reduces chronic asthma-like traits in a mouse model of the disease
	S-NACH protects against chronic asthma-like traits by reducing Th2 cytokines and OVA-specific IgE production without affecting IFN-γ levels
	S-NACH administration provides an excellent protection against acute challenge to OVA in mice
	S-NACH reduces lung fibrosis as measured by collagen deposition in lungs of chronically exposed mice
	The protective effect of S-NACH against Th2-mediated inflammation and fibrosis may be associated with a modulation in the IL-4STAT6 pathway

	Discussion
	Conclusion
	Authors’ contributions
	References




