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Role of Glycosaminoglycans in Infectious Disease
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Abstract

Glycosaminoglycans (GAGS) have been shown to bind to a wide variety of microbial pathogens,
including viruses, bacteria, parasites, and fungi in vitro. GAGs are thought to promote
pathogenesis by facilitating pathogen attachment, invasion, or evasion of host defense
mechanisms. However, the role of GAGs in infectious disease has not been extensively studied in
vivo and therefore their pathophysiological significance and functions are largely unknown. Here
we describe methods to directly investigate the role of GAGs in infections in vivo using mouse
models of bacterial lung and corneal infection. The overall experimental strategy is to establish the
importance and specificity of GAGs, define the essential structural features of GAGs, and identify
a biological activity of GAGs that promotes pathogenesis.
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1 Introduction

Despite significant improvements in hygienic conditions and prophylactic and therapeutic
interventions, infectious diseases continue to be a major global health problem. Infections
killed approximately 9.3 million people worldwide in 2010, accounting for 18 % of all
global deaths [1]. Lower respiratory infections, in particular, are associated with high
mortality (fourth leading cause of death) and killed approximately 2.8 million people
worldwide in 2010 [1]. Several infectious diseases are also associated with significant
morbidity. For example, corneal infections afflict approximately 500,000 patients globally
[2] and can lead to reduced visual acuity, irreversible scarring, and blindness [3-5].
Furthermore, infections often exacerbate and dysregulate the host’s inflammatory response,
resulting in serious acute and chronic inflammatory complications [6-9]. In addition,
infection by several pathogens can lead to malignant disease, such as gastric cancer by
Helicobacter pylori [10], cervical cancer by human papillomavirus virus (HPV) [11], and
liver cancer by hepatitis B and C viruses (HBV and HCV) [12]. A major gap in our
scientific knowledge centers on how pathogens interact with host components and modulate
or subvert their activities to promote pathogenesis in vivo.

Glycosaminoglycans (GAGSs) have been shown to interact with a wide variety of pathogens,
including viruses, bacteria, parasites, and fungi [13-15]. GAG—pathogen interactions have
been implicated in many steps of pathogenesis, including host cell attachment and invasion,
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infection of neighboring cells, and dissemination and infection of distant tissues [14, 16]. In
cell-based assays, many viruses, including HSV [17], HPV [18], HBV [19], HCV [20], and
enterovirus [21], have been shown to bind to cell surface heparan sulfate (HS) and utilize
HS as a receptor for their initial attachment to host cells. Several bacteria, such as H. pylori
[22], Pseudomonas aeruginosa [23], and Borrelia burgdorferi [24], similarly bind to cell
surface HS for their attachment. HS interactions have also been proposed to promote host
cell invasion of intracellular pathogens, such as HSV [25], Neisseria gonorrhoeae [26], and
Listeria monocytogenes [27], and to facilitate the dissemination of Mycobacterium
tuberculosis [28] and replication of Toxoplasma gondii [29]. Furthermore, several bacterial
pathogens have been shown to induce the release of dermatan sulfate (DS) from the
extracellular matrix (ECM) [30] or HS from the cell surface [31-34] and exploit the ability
of solubilized GAGs to counteract cationic antimicrobial factors or neutrophil-mediated host
defense mechanisms. In addition, several pathogens have been shown to subvert HS to
prevent detection by immune mechanisms [35, 36]. Altogether, these data suggest that
GAG-pathogen interactions and the ability of pathogens to subvert GAG functions are
important virulence mechanisms for a wide variety of microbes.

GAGs are unbranched polysaccharides composed of repeating disaccharide units. GAGs
include HS, heparin, chondroitin sulfate (CS), DS, keratan sulfate (KS), and hyaluronan
(HA), each with unique disaccharide units and chemical linkages. Except for HA, all GAGs
in vivo are found covalently conjugated to specific core proteins as proteoglycans, and
expressed ubiquitously on the cell surface, in the extracellular matrix (ECM), and in
intracellular compartments. Biosynthesis of GAGs on proteoglycans is initiated with the
assembly of a tetrasaccharide linkage region, which is attached to specific Ser residues in
core proteins. An unmodified GAG precursor is polymerized and then extensively modified
in the Golgi. For example, in HS biosynthesis, the unmodified HS precursor is sequentially
modified by N-deacetylase N-sulfotransferases (NDSTSs), C5 epimerase, 2-O-
sulfotransferase (20ST), 60STs, and 30STs [37, 38]. These reactions do not go to
completion, resulting in a highly heterogeneous mature HS chain. Importantly, the unique
and complex sulfation patterns of GAGs enable them to bind specifically to many
biomolecules and regulate diverse biological processes [39-41]. For example, efficient
FGF-2 binding by HS requires N-sulfated glucosamine and 2-O-sulfated iduronic acid in a
decasaccharide sequence, whereas antithrombin 111 binding by HS and heparin requires a
central trisulfated (N-, 6-O-, and 3-O-sulfates) glucosamine residue in a minimal
pentasaccharide sequence [42]. Several GAG—pathogen interactions are also dictated by
GAG modifications. For instance, HCV envelope glycoproteins E1 and E2 require both and
N- and 6-O-sulfate groups for efficient interaction with HS [43], whereas Chlamydia
trachomatis OmcB interacts with 6-O-sulfated HS domains [44]. These observations suggest
that microbes subvert specific GAG modifications to promote their pathogenesis, but
whether GAG modifications are indeed important in vivo has yet to be determined. In fact,
our knowledge of the role of GAGs in infections is mostly derived from cell-based
experiments performed in vitro, and their physiological significance, relevance, and function
in infectious diseases have yet to be determined.
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There are diverse animal models to study the role of GAGs in infections in vivo, but each
has its own advantages and disadvantages. Studies using invertebrates, such as
Caenorhabditis elegans and Drosophila melanogaster, and lower vertebrates, such as Danio
rerio (zebrafish), are simple and cost-effective, and have yielded valuable mechanistic
information about host—pathogen interactions and innate immune responses to infections
[45-47]. Mutant organisms lacking various GAGs, GAG modification enzymes, and
proteoglycans have also been generated, and methods to specifically knockdown the
expression of certain genes are established [48-50]. However, the lower organisms lack
particular organs (e.g., lungs) and the structure and function of some organs do not closely
resemble those of humans. The invertebrates also lack adaptive immunity.

Larger mammalian species, such as rabbits, dogs, and monkeys, have also been used and
they too have generated much significant information about pathogenic and host defense
mechanisms in vivo. Several drawbacks of these mammalian models include a relative slow
rate of reproduction, high cost of maintenance, lack of specific experimental reagents to
precisely determine molecular mechanisms, and ethical issues. Rodent models, in particular
mouse models, are used frequently because of their small size, relative rapid reproduction
cycle, relative cost-effectiveness, ease of handling, and abundant availability of specific
experimental tools, including various transgenic mouse lines in which a particular gene is
overexpressed or has been ablated globally or in a cell-specific manner. The availability of
many inbred mouse strains (e.g., C57BL/6, BALB/c) also allows researchers to study
genetically identical cohorts and reduces experimental variability from genetic variations.
Furthermore, mice are readily amenable to experimental prophylactic and therapeutic
approaches, and their immune system is well characterized. However, mice are not humans,
and results from mouse studies should also be interpreted with caution when relating to
human diseases. Regardless, for the above reasons, mice are currently the most frequently
used animals to study mechanisms of various human diseases in vivo. Here we describe
experimental approaches to study the role of GAGs in mouse models of bacterial lung and
corneal infections. A method to investigate the role of GAGs in bacterial killing by innate
antimicrobial factors is also described. The primary focus is on HS because a large number
of microbes have been proposed to subvert HS and HSPGs for their pathogenesis, but the
methods described below can be readily adapted to study the role of other GAGs and
proteoglycans.

2 Materials

2.1 Intranasal Lung Infection Assay

1. Mice: Mice are used at the age of 5-10 weeks (see Note 1). Inbred wild-type (Wt)
mice are available from several vendors (see Note 2).

1AI animal experiments must be approved by the local Institutional Animal Care and Use Committee (IACUC) and comply with
federal guidelines for research with experimental animals.

C57BL/6 and BALB/c are the most frequently used inbred strains in mouse models of infectious disease. However, there are strain-
specific differences in the susceptibility to infection. For example, BALB/c mice are highly susceptible to S. aureus corneal infection,
whereas C57BL/6 mice are relatively less susceptible [83, 84]. Another note of caution is that the BL/6 strains from JAX and Charles
River have different origins, hence they are genetically different and the designation “BL/6J” is used for Wt mice on the C57BL/6
background from JAX. Also, when comparing the response of Wt and KO mice, one should use Wt littermates obtained from het
crosses of the KO line unless the KO line has been backcrossed =10 times onto a particular background (i.e., congenic).

Methods Mol Biol. Author manuscript; available in PMC 2015 October 29.
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Tryptic soy broth (TSB) and tryptic soy agar (TSA): Powder stocks, premade
solutions, and premade plates are available from several vendors. When using
powder stocks, sterilize resuspended broth by autoclaving.

Bacteria: S. aureus strain 8325-4 (see Note 3). Strain 8325-4 can be stored short
term on TSA slants or plates at 4 °C, or long term in 40 % glycerol/TSB at —80 °C.

Inoculation materials: Micropipette and tips are from general supply vendors.
Sterilize tips by autoclaving.

Surgical tools: Fine scissors and forceps. Sterilize surgical tools by autoclaving.

Phosphate-buffered saline (PBS), pH 7.4: Premade tablets and concentrated stock
solutions are available from several commercial sources. Sterilize PBS by
autoclaving or filtering through a sterile 0.22 um filter.

Tissue straining medium: Dulbecco’s modified Eagle’s medium (DMEM) with 10
% fetal bovine serum (FBS). Do not add antibiotics to the medium (i.e., penicillin
and streptomycin).

Cell strainer (70 um mesh size), plunger from a 5 ml syringe, polystyrene petri
dishes (i.e., ones for pouring bacterial plates, not for cell culture), and
polypropylene microcentrifuge tubes are from general supply vendors. Sterilize
microfuge tubes by autoclaving; others are sold as sterile supplies.

TSB containing 0.1 % (v/v) Triton X-100: Mix autoclaved TSB with Triton X-100
and filter sterilize.

Spectrophotometer: A conventional spectrophotometer and disposable plastic
cuvettes are used to measure the turbidity of bacterial suspensions.

2.2 Effect of GAGs and GAG Antagonists in Bacterial Lung and Corneal Infection

1.

GAGs: Purified GAGs are available from several commercial sources (see Note 4).
Make concentrated stock solutions in autoclaved deionized water or neutral buffer
(e.g., PBS) and store at 4 °C for short-term storage or at —80 °C for long-term
storage.

GAG antagonists: Many general inhibitors of GAGs are available from commercial
sources. These include the cationic compounds such as protamine and surfen, and
polysulfated anionic compounds such as carrageenans and suramin, among others
[14, 51]. Make concentrated stock solutions in autoclaved deionized water or
neutral buffer and store at 4 °C for short-term storage or at —80 °C for long-term
storage.

3we frequently use S. aureus strain 8325-4 for our studies because methods to genetically manipulate this laboratory strain are
established. However, other S. aureus strains, including clinical isolates, can also be genetically modified and they are available from
ATCC. In fact, it is important to confirm key data with at least two different strains to exclude the possibility of strain-specific effects
for any pathogen under study.

The tissue source of GAGs should be considered. For example, most commercial HS is isolated from bovine or porcine tissues.
Although we found that porcine HS and heparin potently enhance bacterial infection in mouse corneas (Fig. 1 and [34]) and lung [31],
they may not be active in other tissue compartments.
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2.3 Effects of GAG Lyases and GAG Derivatives in Bacterial Lung and Corneal Infection

1

GAG lyases: Heparinase I, 11, and I11, chondroitinases A, B, C, AC, and ABC,
hyaluronidase, and keratanase are available from commercial sources. Make
concentrated stock solutions in autoclaved neutral buffer and store small aliquots at
—80 °C. Do not repeat freeze-thaw.

GAG derivatives: Desulfated heparin compounds, oversulfated heparin, heparin
oligosaccharides, CS oligosaccharides, oversulfated CS, DS oligosaccharides and
oversulfated DS and HA oligosaccharides, among others are available from
commercial sources (see Note 5). Make concentrated stock solutions in autoclaved
deionized water or neutral buffer and store at 4 °C for short-term storage or at —80
°C for long-term storage.

2.4 Use of Transgenic Knockout (KO) Mice in Intranasal Lung and Corneal Infection

1.

Global KO mouse lines: Several global KO mouse lines lacking genes for specific
GAG modification enzymes or proteoglycan core proteins have been published. For
HS modification enzymes, mice lacking Ndst2 [52], Ndst3 [53], Hs6st2 [54], or
Hs3stl [55] are viable. Global ablation of other HS modification enzymes results in
either embryonic (e.g., Extl, HS6st1) or perinatal (e.g., Ndst1, Glce, Hs2st)
lethality. For HSPGs, global KO mice lacking syndecan-1 (Sdcl) [31, 56], Sdc3
[57], Sdc4 [58], glypican-1 (Gpcl) [59], Gpc3 [60], Gpc4 [61], serglycin (Prgl)
[62], or collagen XVIII (Col18al) [63] are viable. Global ablation of other HSPG
core protein genes are either embryonic lethal (e.g., agrin, perlecan) or currently
not available (e.g., syndecan-2). Contact the corresponding principal investigator
for availability of these mice (see Note 6).

Conditional KO mouse lines: Several conditional KO lines for GAG modification
enzymes have been published. For HS, mice harboring a floxed construct of Ext1
[64], Ndst1 [65], Hs2st [66], or Hs6stl [66] have been generated and ablated in
various cell types by crossing with cell-specific Cre reporter lines. These floxed
conditional mice can be crossed with other Cre reporter mice to ablate GAG
modification enzymes in certain cells or tissues. Contact the corresponding
principal investigator for availability of these mice.

2.5 Scarified Corneal Infection

1

2
3.
4

Sterile 29 G syringe needles.
Stereomicroscope.
Fine scissors and forceps. Sterilize by autoclaving.

TSB containing 0.1 % (v/v) Triton X-100. Sterilize by filtering.

SMethods to chemically desulfate heparin are established and can be performed in-house [85-87]. Alternatively, GAGs from mutant
CHO cells lacking certain GAGs and GAG modifications [68, 88] can be isolated and tested in the infection assays.

When using global or conditional KO mice to establish the teoglycan, the off-target effects of the mutation must be carefully
considered. For example, ablation of Hs2st in endothelial cells increases N- and 6-O-sulfation of endothelial cell HS and results in
enhanced neutrophil infiltration [89]. Increased or decreased innate immune responses may have profound effects on the outcome of

infection.
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5. Microfuge tubes. Sterilize by autoclaving.

6. GAGs, GAG antagonists, GAG lyases, and GAG derivatives. Prepare as described
in Subheadings 2.2 and 2.3.

2.6 Antimicrobial Peptide Killing Assay

3 Methods

1. Bacteria: P. aeruginosa strain PAOL. PAOL can be stored short term in a TSA slant
or plate at 4 °C or long term in 40 % glycerol/TSB at —80 °C.

2. LL-37. Make concentrated stock solutions in deionized water or neutral buffer and
store at 4 °C for short-term storage or at —80 °C for long-term storage.

3. PBS, TSB, TSA plates.
4. Microcentrifuge tubes. Sterilize by autoclaving.

5. GAGs and GAG derivatives. Prepare as described in Subheadings 2.2 and 2.3.

We describe here procedures of mouse models of S. aureus lung and corneal infection.
These general methods can also be used to study pathogenic mechanisms of other microbial
pathogens proposed to subvert GAGs for their pathogenesis. We also describe approaches to
adapt these procedures to determine the significance of GAGs and to identify essential GAG
modifications, and to characterize how GAGs modulate antimicrobial factors. The role of
GAGs in vivo is initially probed by exogenous administration of GAG antagonists or
purified GAGs. If GAGs promote infection, addition of GAG antagonists will inhibit
pathogenesis and result in reduced tissue bacterial burden and other parameters of infection.
General GAG biosynthesis inhibitors (e.g., xyloside, chlorate) have been used in studies in
vitro, but these are not recommended for use in vivo because of their strong toxicity.
Exogenous administration of excess GAGs should also reduce the tissue bacterial burden by
inhibiting bacterial attachment if the GAG under study binds to the pathogen and facilitates
attachment. On the other hand, if the GAG under study promotes pathogenesis by inhibiting
host defense, then administration of the particular GAG should enhance bacterial virulence
by interfering with bacterial eradication. An example of the latter mechanism is shown
where addition of HS or heparin, but not CS-A or heparosan, promotes S. aureus corneal
infection (Fig. 1b).

GAG lyases and GAG derivatives are used to determine the essential structural features of
GAGs that promote infection. Several GAG lyases selectively digest certain GAGs or
regions in GAGs. For example, bacterial heparinase | and 111 digest sulfated and low
sulfated regions of HS, respectively [67], thus allowing determination of whether sulfated or
low sulfated HS domains are important in infection. Many selectively modified or size-
defined GAG derivatives are also available, and these reagents are used to determine
essential GAG modifications and minimum active size of GAGs. For example, if N-sulfate
groups of HS/heparin promote infection by inhibiting host defense mechanisms, bacterial
virulence will be enhanced upon addition of intact heparin or 2-O- or 6-O-desulfated
heparin, but not N-desulfated heparin.

Methods Mol Biol. Author manuscript; available in PMC 2015 October 29.
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The response of Wt and KO mice lacking genes for certain GAG biosynthesis and
modification enzymes, or proteoglycan core proteins is compared to establish the
physiological significance and relevance of certain GAGs, GAG modifications, and
proteoglycans in infections. An example is shown where Sdc1-/- mice significantly resist S.
aureus corneal infection relative to Wt mice (Fig. 1a), indicating that syndecan-1 is an
important HSPG that promotes S. aureus pathogenesis in the cornea. Furthermore, S. aureus
does not bind to syndecan-1 [34] and addition of exogenous HS or heparin markedly
increases bacterial infection in the injured Sdc1-/- cornea (Fig. 1b, c), suggesting that HS
chains of syndecan-1 promotes S. aureus corneal infection by interfering with host defense
mechanisms.

Lastly, a method to explore the underlying biological mechanisms of how pathogens subvert
GAGs is described. The in vivo studies should suggest whether GAGs are promoting
infection by serving as an attachment site, facilitating dissemination, or inhibiting host
defense mechanisms. Because many studies have examined the role of GAGs as attachment
sites for viruses [68-70], bacteria [24, 71, 72], and parasites [73, 74], and microbial binding
and attachment assays are established, these will not be discussed in this review. Instead, we
describe a method to study whether GAGs interfere with the antibacterial activity of cationic
antimicrobial peptides. Several studies suggest that pathogens not only subvert GAGs as
attachment sites, but also as soluble effectors that counteract cationic antimicrobial peptides
[31, 75-79]. Several potent antimicrobial peptides with broad activity towards many
microbes have been identified, including the human cathelicidin LL-37 [80]. Here, we
describe a method to measure the ability of HS to specifically inhibit the killing of P.
aeruginosa by LL-37 (Fig. 2).

3.1 Intranasal Lung Infection Assay

1. Preparation of infectious inoculum. Grow 10 pl of S. aureus (strain 8325-4) from
the glycerol stock overnight in 5 ml TSB at 37 °C with agitation. The next day,
dilute the overnight culture and regrow 3-5 ml of the overnight culture in 30 ml
TSB to mid-log growth phase (OD 600 nm: ~0.7) (see Note 7). Estimate the
bacterial concentration by turbidity (i.e., based on the predetermined growth curve).
Wash sufficient number of bacteria needed for the experiment by centrifuging at
10,000 x g for 5 min, resuspending bacteria in PBS, and centrifuging at 10,000 x g
for 5 min. Discard supernatant and resuspend the bacterial pellet in PBS to the
desired concentration. Plate out serial dilutions of the inoculum on TSA plates.
Count number of colonies on the following day to determine the exact infectious
dose. We generally infect with 107-10° cfu of S. aureus in 20 pul PBS per mouse.

2. Anesthetize mice with a mixture of ketamine (80-100 mg/kg) and xylazine (5-10
mg/kg) via intraperitoneal (i.p.) injection (see Note 8). Pinch a toe and see that

TThe expression level of S. aureus virulence factors is regulated by growth phase [90]. In general, adhesin expression is high during
early to mid-log growth, whereas exotoxin expression is high during late-log to stationary growth. The in vivo virulence of each
bacterial species and strains at different growth phases should be determined in pilot studies.

An alternate anesthetic to ketamine/xylazine is isoflurane. Isoflurane anesthesia (2—4 %) is given by inhalation, with scavenging by
either house vacuum or fume hood. Recovery from isoflurane anesthesia is faster than ketamine/xylazine, thus it is possible to increase
the volume of the infectious inoculum up to ~50 pl in the intranasal lung infection assay.

Methods Mol Biol. Author manuscript; available in PMC 2015 October 29.
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there is no withdrawal reaction to confirm that a stable plane of anesthesia has been
achieved to minimize variations in the inhalation of the infectious dose.

3. Slowly infect each nostril with 10 pl of the infectious inoculum using a
micropipette (see Note 9). You are infecting too fast if you see expulsion of the
inoculum from the nose (i.e., bubbles forming through the nostrils).

4. At various time points, euthanize mice by anesthesia followed by cervical
dislocation. Carefully isolate the whole lung with fine scissors and forceps (see
Note 10).

5. Weigh lungs and place in a 100 mm petri dish with 3 ml of DMEM with 10 % FBS
(see Note 11). In the petri dish, strain lungs through a 70 um filter using a plunger
of a 5 ml polypropylene syringe. Wash the strainer once with 1 ml DMEM with 10
% FBS to remove loosely attached strained tissues.

6. Transfer 1-2 ml of the strained tissue mixture to microcentrifuge tubes and
centrifuge at 10,000 x g for 10 min. Discard supernatant and resuspend pellet in
500 pl TSB containing 0.1 % Triton X-100.

7. Incubate for 30 min at room temperature with vigorous vortexing every 10 min to
lyse host cells and to recover both intracellular and extracellular bacteria. S. aureus
and most bacteria are not lysed by 0.1 % Triton X-100.

8. Prepare serial dilutions of the detergent extract in TSB and plate onto TSA plates.

9. Incubate overnight at 37 °C and count the colonies the following day. Based on the
dilutions at steps 6 and 8, back calculate the bacterial burden per mg of lung tissue.

90ther routes of lung infection are inhalation, intratracheal, and peroral. Each route has its own advantages and disadvantages. Mice
are obligate nose breathers; therefore, intranasal administration under anesthesia leads to lung infection and not gastric infection.
However, deposition of bacteria can be variable because the inoculum is given in small volumes to avoid drowning of anesthetized
mice. There is less experimental variability in intratracheal administration, but this method is invasive. The inhalation method is not
invasive, does not require anesthesia, and uniform dosing can be achieved, but this method requires costly aerosol exposure systems
and additional protective measures to protect personnel performing the assay and in the vicinity. The peroral approach mimics
oropharyngeal aspiration, which is the route that causes aspiration pneumonia, and the procedure is simple. However, deposition of
bacteria is asymmetric and nonuniform. We use the intranasal method because it is simple and cost-effective, and the drawbacks
associated with variable dosing can be overcome with experience.

The procedure described in Subheading 3.1 measures the lung bacterial burden, but this method can be easily adapted to assess
other key parameters of lung infection. For example, prior to isolation of lung lobes (Subheading 3.1, step 4), lungs can be lavaged
with 1-3 ml of PBS to collect bronchoalveolar lavage (BAL) fluids [31]. BAL fluids can be used to assess inflammatory parameters,
such as total protein (measure of lung injury, edema) by Bradford or BCA (Kkits available from Bio-Rad), cytokine levels by ELISA
(Biolegend, Peprotech, R&D Systems), and leukocyte infiltration by differentially staining cytospun slides for leukocyte subsets by
Giemsa (Fisher). Lungs can also be inflated, fixed, and processed for histopathological analyses [31]. Lung sections can be stained
with hematoxylin and eosin to assess inflammation or Gram’s solution to visualize bacteria (see Fig. 1c), or immunostained to
examine the expression of specific inflammatory factors (e.g., cytokines) and accumulation of leukocyte subsets (e.g., neutrophils,
macrophages, lymphocytes). Lung lobes can also be homogenized to prepare total lung homogenates, which can be used to measure
mRNA and protein levels of molecules relevant to infection.

Straining lung tissues in DMEM with 10 % FBS prevents nonspecific adhesion of bacteria to plastic surfaces.

Methods Mol Biol. Author manuscript; available in PMC 2015 October 29.
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and GAG Antagonists in Intranasal Lung Infection (See Note 12)

To assess the effects of exogenous GAGs, dilute GAGs in PBS to the desired
concentration. The dose of GAGs should be chosen based on preliminary titration
experiments. For example, in studies examining the effects of heparin on intranasal
P. aeruginosa lung infection [31], the dose of 35 ng per mouse was chosen based
on preliminary experiments testing the ability of 10-300 ng of heparin to enhance
P. aeruginosa lung virulence.

When co-administering GAGs with bacteria, resuspend washed bacteria in step 1
of Subheading 3.1 in the GAG solution. Proceed to steps 2-9 of Subheading 3.1 to
determine the effects of exogenous GAGs on the lung bacterial burden. A PBS only
control should be included in the assay as well as several other GAGs to serve as
specificity controls.

The effects of treating mice with GAGs before or after infection can also be
examined using this method. However, because intranasal infection of adult mice
must be performed under anesthesia, any treatment before or after infection
requires additional anesthesia. In these experiments, a control group treated
identically with vehicle should be included.

To assess the effects of GAG antagonists, such as protamine, dilute antagonists in
PBS to the desired concentration and resuspend the washed bacteria in step 1 of
Subheading 3.1 in the GAG antagonist solution. Proceed to steps 2-9 of
Subheading 3.1 to determine the effects of GAG antagonists on the lung bacterial
burden (see Note 12).

Lyases and GAG Derivatives in Intranasal Lung Infection (See Note 12)

Dilute GAG lyases in PBS to the desired concentration. The effective dose should
be selected based on preliminary titration experiments. In studies examining the
effects of heparinase 11 and chondroitinase ABC on intranasal P. aeruginosa
infection, we found that 0.3 mU per mouse of heparinase Il and chondroitinase
ABC effectively removes HS and CS from the surface of airway epithelial cells.
Moreover, we found that heparinase Il significantly attenuates bacterial virulence in
newborn lungs, whereas chondroitinase ABC had no effect, indicating that HS
specifically promotes P. aeruginosa lung infection in newborn mice [31].

Resuspend the washed bacteria in step 1 of Subheading 3.1 in the GAG lyase
solution. Proceed to steps 2-9 of Subheading 3.1 to determine the effects of GAG
lyases on the lung bacterial burden.

To assess the effects of GAG derivatives, such as desulfated heparin compounds
and HS oligosaccharides, dilute the derivatives in PBS to the desired concentration

12Off-target and adverse effects of test compounds (e.g., GAGs and derivatives, GAG antagonists, GAG lyases) on the bacteria and
host should be determined. For adverse effects on the host, parameters such as weight loss, blood leukocyte counts (by CBC analysis),
tissue injury (by histopathology or serum chemistry), and BAL total protein should be assessed in mice administered with test
compounds only. The effects of test compounds on bacterial growth and viability should also be determined. For example, protamine
has antibacterial activity at high concentrations in vitro (=50 pg/ml) and it can also induce allergic inflammatory responses in vivo

[91].
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and resuspend the washed bacteria in step 1 of Subheading 3.1 in this solution.
Proceed to steps 2-9 of Subheading 3.1 to determine the effects of exogenous
GAG derivatives on the lung bacterial burden (see Note 13).

3.4 Use of Transgenic KO Mice in Intranasal Lung Infection

1

To compare the response of Wt and KO mice lacking certain GAGs, GAG
modification enzymes, or proteoglycans to i ntranasal bacterial infection, proceed
to steps 1-9 of Subheading 3.1 using the control Wt mice and experimental KO
mice (see Note 10 to assess other parameters of infection).

3.5 Scarified Corneal Infection Assay

1

Prepare mid-log growth phase S. aureus (strain 8325-4) as described in Subheading
3.1, step 1. We generally infect an eye with 107-10° cfu in 5 pl PBS. Plate out
serial dilutions of the inoculum on TSA plates. Count number of colonies on the
following day to determine the exact infectious dose.

Anesthetize mice as described in Subheading 3.1, step 2.

A single vertical scratch is made with a 29 G needle in one of the corneas without
penetrating beyond the superficial stroma under a dissecting microscope (see Note
14). The other eye serves as an uninjured control.

Carefully infect the scarified cornea topically with an inoculum of up to 5 pl using
a micropipette. This volume will fill the entire ocular surface, but uninjured regions
in the cornea and conjunctiva are not infected even with a high bacterial dose.
Avoid volumes larger than 5 pl as they may not be retained by the surface tension
of the ocular surface and spill over, resulting in variable results.

Treat mice with an analgesic, such as buprenorphine (0.1 mg/kg, subcutaneously,
once). This is required by the IACUC to alleviate pain from the scratch injury.

At various time points, euthanize mice by anesthesia followed by cervical
dislocation. Enucleate eyes with fine forceps.

Isolate the cornea from the sclera with fine scissors and forceps under a
stereomicroscope (i.e., a basic dissecting microscope) and place the isolated
corneas in microfuge tubes with 200 pl TSB containing 0.1 % Triton X-100.

Incubate for 30 min at room temperature with vigorous vortexing every 10 min.

Prepare serial dilutions of the detergent extract and plate onto TSA plates. Incubate
overnight at 37 °C and count the colonies the following day to determine the
bacterial burden per cornea (see Note 15).

13An alternate route to intranasal administration of test compounds is intravenous (i.v.) injection through the tail vein. However,
because larger amounts of test compounds are required and i.v. administration is associated with unforeseen systemic effects, we
recommend the local, intranasal route for the lung infection assay and local, topical route for the corneal infection assay.

Injury to the corneal epithelium is required to establish infection because intact corneas are highly resistant to infection. The degree
of infection can be controlled by the number and size of scratches.
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To examine the effects of GAGs, GAG antagonists, GAG derivatives, or GAG
lyases, dilute the test reagents in PBS to the desired concentration and resuspend
the washed bacteria in this solution (see Note 16). The effective dose of the
reagents should be determined in preliminary titration experiments. Proceed to
steps 2-9, Subheading 3.5 (above) to determine the effects of the reagents on the
corneal bacterial burden. Results from studies examining the effects of HS, heparin,
CS-A, and heparosan on S. aureus corneal infection in Sdc1—/— mice are shown
(Fig. 1b).

To compare the response of Wt and KO mice lacking certain GAGs, GAG
modification enzymes, or proteoglycans, proceed to steps 1-9, Subheading 3.5
(above) using control Wt mice and experimental KO mice. Results from studies
comparing the response of Wt and Sdc1—/— mice on the BALB/c background to S.
aureus corneal infection are shown (Fig. 1a).

3.6 Antimicrobial Peptide Killing Assay

1

Grow 10 pl of P. aeruginosa (strain PAO1) from the glycerol stock in 5 ml TSB
overnight at 37 °C with agitation. The next day, dilute the overnight culture and
regrow 3-5 ml of the overnight culture in 30 ml TSB to mid-log growth phase.
Estimate the bacterial concentration by turbidity (i.e., based on the predetermined
growth curve), spin down sufficient number of bacteria needed for the assay at
10,000 x g for 5 min, wash bacteria with PBS, and resuspend the washed bacteria
to the desired concentration in PBS. Plate out serial dilutions of the resuspended
bacteria onto TSA plates and count the number of colonies the following day to
determine the exact bacterial concentration.

Dilute LL-37 (see Note 17) to the desired concentration in PBS. LL-37 has been
reported to effectively kill P. aeruginosa at the dose range of 0.1-10 ug/ml [81,
82].

Dilute GAGs and GAG derivatives to the desired concentration in PBS.

Incubate bacteria and LL-37 in the absence or presence of GAGs and GAG
derivatives for 2 h at 37 °C.

Make serial dilutions and plate out onto TSA plates. Incubate overnight and count
the colonies the following day to determine the proportion of bacteria killed by

15The procedure described in Subheading 3.5 measures the corneal bacterial burden. However, this method can be easily adapted to
measure other parameters of corneal infection [34]. For example, ocular surface fluids from infected mice can be collected by
consecutively incubating with 5 pl of 1 % N-acetylcysteine in PBS for 5 min (to break mucous layer of tear film) and 5 pl of PBS. The
recovered ocular surface fluid can be used to measure levels of inflammatory (e.g., cytokines) and host defense (e.g., antimicrobials)
factors. The infected corneas can also be processed for histopathological analyses. Eye sections can be stained with hematoxylin-
eosin, Gram’s solution (see Fig. 1c), or immunostained for inflammatory factors or leukocyte subsets. Corneal homogenates can also
be used to measure mMRNA and protein levels of molecules relevant to infection. However, because of the small size, several corneas
will have to be pooled to obtain sufficient amounts for these studies.

Mice can also be treated with GAGs or GAG-related reagents before or after infection. However, pre- or posttreatment requires
additional anesthesia to prevent blinking during topical administration of these reagents.

The bacterial killing assay described here is for the human cathelicidin LL-37, but this method can be used to determine the effects
of GAGs on other antimicrobial peptides, such as a- and 3-defensins and other cathelicidins (CRAMP, PR-39) [31].
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LL-37. HS, but not CS-A, CS-C, or DS, potently inhibits the killing of P.
aeruginosa by LL-37 at doses =15 pg/ml (Fig. 2a).
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Fig. 1.

Syndecan-1 promotes S. aureus corneal infection in an HS-dependent manner. (a) Corneas
of anesthetized Wt and Sdc1—/— mice on the BALB/c background were scratched with a 29
G needle and infected topically with 1 x 10° cfu of S. aureus strain 8325-4. The corneal
bacterial burden was quantified at 10 h postinfection. Data shown are mean + S.E. (n=9 in
Wt and n=6 in Sdc1—/— group). (b) Scarified Wt and Sdc1—/— corneas were infected with 1
x 109 cfu of 8325-4 with or without 200 ng of HS or heparin (HP), or 500 ng of CS-A (CS)
or heparosan (H), and the corneal bacterial burden was quantified at 10 h postinfection. Data
shown are mean = S.E. (n=11 in PBS, n=10 in HS, n=7 in HP, n=4 in CS, and n=5in H
group). (c) Paraffin-embedded eye sections of infected Wt and Sdc1—/— mice were Gram
stained (arrowhead indicates injured areas). Note the increased number of Gram-positive
cocci in Wt cornea infected with S. aureus only and Sdc1—/— cornea co-infected with S.
aureus and HS compared to Sdc1—/— cornea infected with S. aureus only
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Fig. 2.

HS specifically inhibits the killing of P. aeruginosa by LL-37. (a) P. aeruginosa (103 cfu)
was incubated with LL-37 (3 ug/ml) in 30 ul PBS for 2 h at 37 °C in the absence or presence
of increasing doses of CS-A, CS-C, DS, or HS. Bacterial killing was determined by plating
out serial dilutions. Data shown are mean + S.E. (n=4 in each group). Note the significantly
increased inhibitory activity of HS at doses =15 pg/ml compared to other GAGs. (b) P.
aeruginosa was incubated with LL-37 (3 pg/ml) (LL-37 group), preincubated with HS (20
pg/ml) for 30 min, washed free of HS, and then incubated with LL-37 (Pre-HS group), or
co-incubated with LL-37 and HS (Co-HS group) for 2 h at 37 °C in a microfuge tube.
Bacterial killing was determined by plating out serial dilutions. Data shown are mean + S.E.
(n=4 in each group). This experiment shows that HS does not inhibit LL-37 activity by
binding to the bacteria, but rather by directly binding to LL-37 and inhibiting its
antibacterial activity
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