
Prevention of Sinonasal Inflammation by a Synthetic 
Glycosaminoglycan

Abigail Pulsipher, PhD1,2,3,*,‡, Xuan Qin, MS1,‡, Andrew J. Thomas, MD1, Glenn D. 
Prestwich, PhD2,3,*, Siam Oottamasathien, MD2,4,*, and Jeremiah A. Alt, MD, PhD1,2,**

1Division of Head and Neck Surgery, Rhinology - Sinus and Skull Base Surgery Program, 
Department of Surgery; University of Utah School of Medicine, Salt Lake City, Utah, USA

2Department of Medicinal Chemistry and Center for Therapeutic Biomaterials, Salt Lake City, 
Utah, USA

3GlycoMira Therapeutics, Inc. Salt Lake City, UT

4Division of Pediatric Urology, Department of Surgery; University of Utah School of Medicine, Salt 
Lake City, Utah, USA

Abstract

Background—Glycosaminoglycans (GAGs) are polysaccharides that are distributed on 

respiratory epithelial cells, endothelial cells, and submucosal glands. Uniquely positioned, certain 

GAGs exhibit anti-inflammatory properties in respiratory diseases and serve important roles in 

repairing mucosal surfaces and modulating mucociliary clearance. We hypothesized that topical 

administration of a synthetic GAG (GM-0111) would prevent sinonasal inflammation in a mouse 

model of rhinosinusitis (RS).

Methods—To test our hypothesis, C57BL/6 mice were intranasally administered fluorescent 

GM-0111, and sinonasal tissues were examined for coating and penetration ability. To test 

therapeutic feasibility, mice (n = 6) were given GM-0111 or hyaluronic acid (HA) (800 μg dose) 

prior to inducing RS with inflammatory molecule LL-37 (115 μg dose). After 24 h, sinonasal 

tissues were harvested for histological and biochemical analysis of inflammatory markers 

(inflammatory cell infiltration, lamina propria (LP) thickening, and neutrophil enzyme 

myeloperoxidase (MPO)) and cell death.

Results—(1) GM-0111 was observed within sinonasal tissues 1 h and 24 h after intranasal 

administration, indicating rapid and effective coating and penetration. (2) GM-0111 prevented 

sinonasal tissues from developing inflammatory changes, with significant reductions in mast cell 

infiltration (p < 0.05), LP thickening (p < 0.001), and MPO levels (p < 0.01) when compared to 
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tissues treated with LL-37 and those pre-treated with HA. (3) GM-0111 reduced cell death within 

sinonasal tissues in contrast to LL-37-treated tissues.

Conclusions—We report a new synthetic GAG (GM-0111) that uniformly coats and penetrates 

into the sinonasal mucosa to prevent sinonasal inflammation and cell death in a mouse model of 

RS.
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Introduction

Glycosaminoglycans (GAGs) are highly charged, heterogeneous polysaccharides that are 

distributed on respiratory epithelial cells, endothelial cells, and submucosal glands and 

within the extracellular matrix (ECM).[1–5] Hyaluronic acid (HA) and sulfated GAGs (e.g., 

heparan sulfate, chondroitin sulfate, and heparin) represent the two main classes of GAGs.

[1,3] With the exception of HA, which is nonsulfated and only exists as a major component 

of the ECM, GAGs are attached to cell surfaces and ECM protein cores to form 

proteoglycans.[2,6,7] Due to their unique position and high anionic character, GAGs 

modulate several important airway functions, including mucociliary clearance,[4] hydration 

and water homeostasis,[8,9] inflammation,[2,9,10] angiogenesis,[11] and tissue repair and 

remodeling of mucosal surfaces.[12] Moreover, accumulating evidence suggests that certain 

GAGs provide a protective mechanism against injury in asthma,[13,14] bronchitis,[15] 

chronic obstructive pulmonary disorder (COPD),[2,16,17] allergic rhinitis,[17] and chronic 

rhinosinusitis (CRS),[18] affording opportunities to develop new therapeutics for upper 

airway inflammatory diseases.[1]

GM-0111 is a synthetic, sulfated HA derivative (Fig. 1) previously demonstrated to be 

effective in attenuating inflammatory responses in rosacea,[19] initial cystitis (IC),[20,21] 

and periodontitis.[22] We therefore hypothesized that GM-0111 could prevent sinonasal 

inflammation in a mouse model of rhinosinusitis (RS). RS is an inflammatory respiratory 

disease that affects up to 16% of the United States population and is in dire need of new 

effective therapies.[23–31] We recently reported that intranasal administration of the 

inflammatory modulating peptide LL-37 causes profound sinonasal mucosal inflammation 

in the mouse with similar clinical signs to human RS,[32] as LL-37 causes cell death in the 

airways [33] and is elevated in sinus epithelial cells [34] and the nasal mucosa cultures of 

patients with RS.[35,36] Employing this model and based on prior evidence, we 

hypothesized that GM-0111 would (1) effectively coat and penetrate the sinuses through 

topical, intranasal delivery and (2) prevent sinonasal inflammation by protecting the 

sinonasal epithelium against inflammatory cell infiltration and cell death.[21,32].
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Materials and Methods

Study Compounds

Hyaluronic acid (HA, ~5.5 kDa) and GM-0111 were supplied by GlycoMira Therapeutics 

(Salt Lake City, UT) and prepared as previously described.[37] LL-37 is a C-terminal 

peptide fragment from human cathelicidin with a sequence of 

LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES and was obtained at >95% purity 

from the DNA/Peptide Synthesis Core Facility at the University of Utah. All study 

compounds were dissolved in NanoPure ddH2O or PBS (pH 7.4) and filtered through a 

sterile 0.22 μm filter before use.

Animals

Male C57BL/6 mice (6–8 weeks old) were purchased from Charles River (Santa Clara, CA) 

and housed in pathogen-free conditions at the University of Utah Laboratory of Comparative 

Medicine. Procedures were performed under the regulation of the Institutional Animal Care 

and Use Committee (IACUC) at the University of Utah (protocol number 14-05006) and 

according to the Guide for the Care and Use of Laboratory Animals.

Synthesis of Fluorescently-Labeled GM-0111 (CF647-GM-0111)

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) (5.4 mg, 0.0284 mmol, 6 eq) 

(Sigma Aldrich, St. Louis, MO) and N-hydroxysuccinimide (NHS; 4.9 mg, 0.0426 mmol, 9 

eq) (Sigma Aldrich, St. Louis, MO) in 0.4 mL of ddH2O were added to a solution of 

GM-0111 (26 mg, 0.00473 mmol, 1 eq) in 2 mL of ddH2O (pH 4.75). The mixture was 

stirred at room temperature and maintained at pH 4.75 with 3 N NaOH for 15 min. Then, 

CF647-hydrazide (1 mg, 0.000945 mmol, 0.2 eq) (Biotium, Carlsbad, CA) was added in 0.1 

mL of ddH2O. The reaction was stirred overnight, in the dark, at room temperature. The 

mixture was then dialyzed against 3 L of 100 mM NaCl (2 × 4 h) and against 3 L of ddH2O 

(1 × 24 h). The dialyzed solution was then lyophilized to afford CF647-GM-0111 as a blue 

powder in 84% yield.

GM-0111 Coating and Penetration Studies

Mice were placed under isoflurane anesthesia. Prior to treatment with GM-0111, mice were 

intranasally given a saline rinse (0.9% NaCl, 10 uL per nare, over 10 min). A total of 40 μL 

CF647-GM-0111 (10 mg/mL, 800 μg dose) was then administered to each nare (10 μL per 

nare, over 40 min, 10 μL for each 10 min interval), released slowly in drops that hung off the 

end of a micropipette tip held directly in front of the nares, allowing the mouse to 

spontaneously breathe in the inoculant. Mice were maintained supine during and following 

inoculations to facilitate retention in the nasal cavity.[32,38] The animals were observed for 

24 h for pain or discomfort and subsequently sacrificed 24 h post-administration for tissue 

processing and fluorescence imaging using a Nikon A1R confocal microscope.

Study Compound Administration

A total of 6 mice were used in each of the following study groups: saline (no treatment 

control, n = 6), LL-37 (inflammation control, n = 6), GM-0111+LL-37 (n = 6), and HA
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+LL-37 (n = 6). Prior to treatment, mice were administered isoflurane anesthesia and 

intranasally given a saline rinse (0.9% NaCl, 10 uL per nare, 10 min). GM-0111 or HA was 

then instilled at a dose of 800 μg (10 mg/mL, 40 μL per nare over 40 min, 10 μL for each 10 

min interval), immediately followed by a single dose of 320 μM LL-37 (40 μL per nare over 

40 min, 10 μL for each 10 min interval, 115 μg total dose).[32] The animals were 

subsequently sacrificed 24 h post-instillation of LL-37, and sinonasal tissues were processed 

for histological, immunohistochemical (IHC), and biochemical analyses.

Tissue Collection

Animals were sacrificed 24 h post-compound administration, and tissues were harvested as 

described. Briefly, heads were bisected in the sagittal plane at the nasal septum, and 

sinonasal tissues were processed for histological or biochemical as previously reported.[32]

Histology and Inflammatory Marker Scoring

To histologically evaluate the degree of inflammation, hematoxylin and eosin (H&E) 

staining was performed on sinonasal tissues from all treatment groups. Stained sinonasal 

tissues were scored for inflammation as previously described using sinonasal tissues from 6 

different animals per treatment group and scoring 5 random fields per tissue (n = 30 

individual scores). Briefly, inflammation was blindly assessed under light microscopic 

examination for inflammatory cell infiltration, LP thickening, and secretory cell hyperplasia, 

using a scoring rubric (degree from 0 to 4) outlined in previous reports and an Olympus BX 

43 light microscope equipped with a Cannon EOS T3 digital camera.[32,39,40]

Myeloperoxidase (MPO) Assay

Sinonasal tissues were processed as mentioned, and neutrophil enzyme MPO assays were 

performed as previously described.[32,41] MPO concentrations in the tissue homogenates 

were determined using a quantitative sandwich enzyme-linked immunosorbent assay 

(ELISA) according to the manufacturer’s protocol (HK210, Hycult Biotech, The 

Netherlands). All samples (n = 6) were run in duplicate.

Mast Cell Tryptase IHC and Mast Cell Counting

Histological sections were deparaffinized by xylene, rehydrated with decreasing 

concentration of alcohol (100%, 95%, and 70%), and prepared for IHC as described 

previously.[20,32] The number of mast cells infiltrating into the tissue were quantified using 

a staining protocol for tryptase (rabbit anti-mast cell tryptase (1:800 dilution, Mast Cell 

Tryptase Antibody, sc-32889, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.); 

biotinylated secondary antibody (1:2000 dilution, goat anti-rabbit IgG-B, sc-2040, Santa 

Cruz Biotechnology, Inc., Santa Cruz, CA); 3,3′-diaminobenzidine (DAB) peroxidase 

substrate). Five randomly selected high-power (400×) fields for each tissue were imaged, 

and the number of mast cells was quantified.[20,32,41] The final results are presented as 

mast cell numbers per mm2 sample.
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TUNEL Analyses

Sinonasal tissues from all sample groups were collected and processed as described above. 

Fragmented DNA within cells in the epithelium (Ep) and submucosa (LP) were visualized 

using a Trevigen®TUNEL (terminal deoxynucleotidyl tranferase dUTP nick end labeling) 

kit (Trevigen Inc., MD), following the manufacturer’s recommended tissue staining 

protocol.

Statistical Analysis

All Likert scale and continuous variables were summarized by the mean and standard 

deviation. Mast cell counts were also summarized by median (IQR) and range. For the 

inflammatory degree scores (i.e., inflammatory cell infiltration, LP thickening, and secretory 

cell hyperplasia), five measurements per mouse (n = 6) were made (n = 30). For mast cell 

counts, we compared LL-37 versus saline using a Wilcoxon rank sum test. MPO and mast 

cells were evaluated across saline and LL-37 concentrations using an ANOVA trend test, and 

then all pair-wise comparisons were made, adjusting p-values using Tukey’s method. For all 

analyses, a p value < 0.05 indicates a statistically significant difference.

Results

GM-0111 Coats and Penetrates the Sinuses

Delivery method and mucosal penetration efficiency have tremendous effects on the efficacy 

of therapies to reduce inflammation in patients with RS.[42,43] Intranasal saline irrigation 

has been shown to increase drug delivery in comparison to the low sinus distribution 

efficiency of other methods, such as nasal sprays and nebulizers.[44–46] We therefore 

examined the ability of fluorescently labeled GM-0111 to be intranasally delivered in saline 

to mice. GM-0111 showed rapid, uniform coating and penetration within the sinonasal 

epithelium (Ep) and submucosa (LP) after 1 h and was even observed 24 h post-instillation, 

indicating good retention (Fig. 2). Additionally, a thick, homogenous coating was evident at 

the air-epithelial lining, indicating that GM-0111 might be a promising candidate for 

preventing sinonasal inflammation by serving as a protective barrier to inflammatory assault.

GM-0111 Prevents Sinonasal Inflammation

Substantial inflammatory changes were observed in the sinonasal tissues from LL-37-treated 

animals when compared to saline-treated animals. H&E staining of LL-37-treated tissues 

demonstrated increased swelling of seromucous glands, mucus secretion (arrow), and the 

presence of polymorphonuclear leukocytes (PMNs) and other inflammatory cell infiltrates 

(box) into the LP when compared to saline-treated animals (Fig. 3A). Histological scoring in 

Fig. 3B confirmed significant increases in inflammatory cell infiltration (9-fold, p < 0.001), 

LP thickening (10-fold, p < 0.001), and secretory cell hyperplasia (26-fold, p < 0.001). In 

contrast, the sinonasal tissues from mice pre-treated with GM-011 showed similar 

morphological characteristics to those from the saline-treated control group (Fig. 3A). 

Significant decreases in inflammatory cell infiltration (2-fold, p < 0.001), LP thickening (2-

fold, p < 0.001), and secretory cell hyperplasia (2-fold, p < 0.001) were observed with 

respect to LL-37-treated tissues, indicating that GM-0111 successfully prevented sinonasal 
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inflammation. HA had a small reductive effect on inflammation, with an average of 0.3-fold 

decrease in inflammatory changes when compared to LL-37-treated mice (p < 0.01).

GM-0111 Reduces Neutrophil and Mast Cell Counts in the Sinuses

We next quantified the levels of neutrophil enzyme MPO via ELISA (Fig. 4A) and the 

abundance of mast cells by IHC staining for mast cell biomarker tryptase (Fig. 4B), as these 

cells are potent mediators of sinonasal inflammation. A significant 17-fold increase in MPO 

level (p < 0.01) and 4-fold increase in mast cells (p < 0.05) were demonstrated in tissues 

treated with LL-37 when compared to those treated saline. HA reduced neutrophil and mast 

cell counts to a small degree, exhibiting approximate 2-fold (p < 0.05) and 0.7-fold 

decreases in MPO levels and mast cell counts, respectively, when compared to LL-37. 

Remarkably, sinonasal tissues pre-treated with GM-0111 showed a significant 7-fold 

reduction in MPO levels (p < 0.01) and 3-fold reduction in mast cells (p < 0.05) with respect 

to LL-37-treatd tissues. Taken together, these data suggest that GM-0111 is a promising 

candidate for preventing sinonasal inflammation by blocking neutrophil and mast cell 

infiltration.

GM-0111 Prevents Cell Death within the Sinuses

We verified whether LL-37 induces cell death in our model using qualitative analysis of 

fragmented DNA in sinonasal tissues via terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL, Fig. 5). Tissues from mice harvested 24 h after being pre-treated with 

GM-0111, followed by LL-37, as well as after being treated with LL-37 alone, were stained 

with TUNEL and compared to saline-treated tissues. Noticeable decreases in TUNEL signal 

were detected in the LP of sinonasal tissues pre-treated with GM-0111 compared to LL-37-

treated tissues, indicating that LL-37 induces cell death and that GM-0111 prevents it.

Discussion

GM-0111 is a synthetic GAG that possesses the structural backbone of HA and is 

chemically sulfated to obtain the potent anti-inflammatory properties of highly sulfated 

GAGs, such as heparin.[37] Heparin has exhibited anti-inflammatory activity in the 

sinonasal mucosa by inhibiting mast cell activation.[15] However, due to its strong anti-

coagulant activity,[49] heparin causes epistaxis,[50] making it less than ideal for patients 

with RS-associated diseases. By contrast, GM-0111 has very low anti-coagulant activity (< 

0.5 U/mg).[37] HA has also exhibited anti-inflammatory properties in upper airway 

inflammatory diseases.[12,16] One pilot study reported the reduction of nasal symptoms in 

patients with CRS using a dosing regimen of HA alone and in combination with nasal 

corticosteroids.[18] A major disadvantage of using HA as a therapeutic, however, is that it is 

easily degraded by endogenous enzymes, which may decrease its activity.[51] Unlike HA, 

GM-0111 is resistant to enzymatic degradation by hyaluronidases and weakly inhibits 

chondroitinases and heparinases, making its in vivo stability optimal for therapeutic effect 

(unpublished data). Moreover, GM-0111 is safe and homogenous in structure, avoiding the 

risk of potential pro-inflammatory mediator contamination, which is common when isolating 

animal-derived heparin and HA.[52,53]
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The desirable structural and biological properties of GM-0111 were indeed manifested in 

this current study, as GM-0111 demonstrated superior anti-inflammatory activity to that of 

HA in preventing sinonasal inflammation in vivo. Based on our data and the evidence 

supporting the anti-inflammatory and protective roles of GAGs in airway mucosal diseases, 

we suggest that GM-0111 prevents sinonasal inflammation through multiple mechanisms of 

action. GM-0111 reduces mast cell and neutrophil infiltration within the sinonasal 

epithelium and submucosa, most likely by protecting the epithelium from cell death and the 

release of pro-inflammatory signaling molecules, such as leukocyte elastase, selectins, 

damage-associated molecular pattern (DAMP) molecules, and pattern recognition receptors 

(PRRs).[54,55] This mechanism is consistent to that of other GAG analogs (e.g., heparin and 

pentosan polysulfate) used to treat ulcerative colitis and IC by acting as urothelial GAG 

layer replenishing agents and providing barriers to further damage by cytotoxic molecules.

[56,57] The rapid, deep, and lasting penetration of GM-0111 into the sinonasal tissues 

suggests that GM-0111 could be providing a protective barrier against inflammatory assault.

[33,56]

Prior investigations have attributed the increased expression of LL-37 mRNA and protein in 

both upper airway epithelial cell cultures and in the human nasal mucosa of patients with 

RS[34–36] to increased cell death and pro-inflammatory signaling[33,48] through 

modulating the production of cytokines, chemokines, ATP, and reactive oxygen species.

[48,58–61] We therefore postulate that LL-37 acts through similar mechanisms to induce the 

observed inflammatory changes, triggered by cell death, within the sinonasal epithelium and 

mucosa. With respect to how GM-0111 might be inhibiting the induction of sinonasal 

inflammation in this model, it is plausible that GM-0111 may be sequestering cationic 

LL-37, neutralizing toxic mediators and protecting against cell death through electrostatic 

interactions due to its highly anionic character. Having a higher degree of sulfation and more 

negative charge than HA, GM-0111 most likely interacts more strongly with cationic LL-37, 

leading to the observed reductions in inflammatory changes and cell death.

Based on our results and the above discussion, we suggest that treatment with GM-0111 

prevents sinonasal inflammation by serving as a protective barrier against inflammatory 

assault and by neutralizing toxic mediators. Both of these mechanisms favor inhibition of 

inflammatory cell infiltration, recruitment of mast cells to the epithelium, and the prevention 

of cell death (Fig. 6).

Although there is a significant advantage of using murine models to study sinonasal 

physiology, there are inherent limitations that should be considered, including but not 

limited to, differing anatomic sinonasal structure and immune response.[62,63] It is 

plausible that LL-37-induced inflammation in the mouse may not accurately reflect the 

multifactorial physiology of the human condition. However, understanding the early 

underpinnings of the inflammatory response in the sinonasal cavity will enable us to design 

strategies to prevent these changes from occurring. Future work aims to expand the 

development of GM-0111 to both prevent and treat persistent and sustained inflammation in 

a chronic inflammatory model of sinonasal inflammation. We are also continuing studies 

that will help us determine which death pathways are being activated by LL-37 and inhibited 
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by GM-0111, as well as the key molecular targets involved in initiating inflammation and 

cell death within the sinuses.

Conclusions

GM-0111, a synthetic GAG, prevents inflammation and cell death within the sinuses in vivo, 

demonstrated by significant reductions in inflammatory cell infiltration, LP thickening, 

secretory hyperplasia, MPO levels, and TUNEL staining. This work provides an opportunity 

to foundationally develop GM-0111 as an effective, translational therapy for preventing and 

treating inflammation in the upper airways, with a specific focus of RS-associated 

inflammation.
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Figure 1. 
GAGs used in this study.
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Figure 2. 
GM-0111 rapidly coats and penetrates the sinuses. Fluorescent confocal images of CF647-

GM-0111 coating and distribution within the sinonasal tissues of mice harvested 1 h (left) 

and 24 h (right) after intranasal delivery in saline. The scale bar represents 2 mm. Lu = 

lumen; Ep = epithelium; LP = lamina propria.
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Figure 3. 
GM-0111 prevents sinonasal inflammation. (A) H&E staining in high- (top panel) and low- 

(bottom panel, dotted circle from top panel) magnification images show marked 

inflammatory changes in sinonasal tissues from LL-37-treated and HA-pre-treated mice 

when compared to saline-treated mice. The sinonasal tissues from mice pre-treated with 

GM-0111 exhibited similar histology to that of the saline-treated control group. Arrows: 

mucus; Boxes: inflammatory cell infiltrates. (B) Histological scoring of LL-treated sinonasal 

tissues demonstrate significant increases in inflammatory cell infiltration, LP thickening, and 

secretory cell hyperplasia when compared to saline-treated tissues (p < 0.001). Tissues pre-

treated with GM-0111 demonstrate significant decreases in these measures when compared 

to LL-37-treated tissues (p < 0.001) and those pre-treated with HA (p < 0.05). The scale bars 

represent 2 mm. Lu = lumen; Ep = epithelium; LP = lamina propria.
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Figure 4. 
GM-0111 reduces neutrophil and mast cell counts within the sinuses. (A) ELISA 

quantification of MPO levels demonstrates a significant 17-fold increase in tissues treated 

with LL-37 when compared to saline groups (p < 0.01). Pre-treatment with GM-0111 

resulted in a significant 7-fold (p < 0.01) reduction in MPO, whereas HA had less of an 

effect (2-fold, p < 0.05) compared to treatment with LL-37. (B) Tryptase IHC (brown stain, 

boxes) and quantification resulted in a significant 4-fold increase in mast cell counts in 

tissues treated with LL-37 compared to saline groups (p < 0.05). Pre-treatment with 

GM-0111 demonstrated in a significant 3-fold (p < 0.05) reduction in mast cells, whereas 

HA had less of an effect (0.7-fold) compared to treatment with LL-37. Scale bar represents 2 

mm. HA = hyaluronic acid; ELISA = enzyme-linked immunosorbent assay; MPO = 

myeloperoxidase; Lu = lumen; epithelium; LP = lamina propria.
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Figure 5. 
GM-0111 prevents cell death in the sinuses. Sinonasal tissues were subjected to TUNEL 

staining (top panels) and referenced to their corresponding bright field images (bottom 

panels). TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling; Lu = 

lumen; Ep = epithelium; LP = lamina propria.
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Figure 6. 
GM-0111 prevents mice from developing RS by coating the sinonasal epithelium and 

providing a protective barrier against inflammatory cell infiltration into the submucosa and 

subsequent mast cell recruitment and cell death, which contribute to the initiation, onset, and 

sustenance of RS-associated diseases.
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