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ABBREVIATIONS

AFM atomic force microscopy

ELISA enzyme-linked immunosorbent assay

FRAP fluorescence recovery after photobleaching

GAG glycosaminoglycan

GPI glycosylphosphatidylinositol

HA hyaluronan

HABP HA-binding protein (the G1-IGD-G2 portion of aggrecan)

IEX ion-exchange chromatography

M molecular mass
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MALLS multiangle laser light scattering
NMR nuclear magnetic resonance

OA osteoarthritis

PAGE polyacrylamide gel electrophoresis
PMN polymorphonuclear leukocytes

RA rheumatoid arthritis

RNS reactive nitrogen species

ROS reactive oxygen species

SEC size-exclusion chromatography
TAE Tris—acetate—lEDTA buffer
TBE Tris—borate—-EDTA bufter

UVB ultraviolet light with wavelength of 280-315nm

1. INTRODUCTION

Hyaluronan (hyaluronic acid, HA) is an extracellular polysaccharide of
the glycosaminoglycan family. It has a simple repeating disaccharide sequence,’
poly[(1—4)-B-D-glucopyranosyluronic acid-(1— 3)-2-acetamido-2-deoxy-p-
p-glucopyranosyl], with no evidence of heterogeneity or branching” (Fig. 1).
The pK, of the carboxylate group is about 3.2, making HA a polyanion with a
charge spacing of nearly 1 nm at physiological pH. HA is the only glycosami-
noglycan that is not covalently attached to a protein core. It is synthesized by
hyaluronan synthase enzymes embedded in the plasma membrane, and it is
extruded directly to the extracellular space.” > In normal healthy tissues, HA
is polydisperse in size,” with an average molecular mass (M) of about
6000kDa, corresponding to a chain length of about 15,000nm. The cross-
sectional diameter of a chain is only about 0.5nm, but the molecule adopts
a rapidly changing expanded random coil conformation with a large effective
hydrodynamic diameter in physiological saline solutions.” There is growing
evidence for the existence of low-molecular-mass HA fragments in biological
fluids and tissues, under inflammatory or other pathological conditions, and
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during development and remodeling processes.
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Fig. 1 Hyaluronan (HA) structure is a repeating disaccharide unit of poly[(1—4)-B-p-
glucopyranosyluronic acid-(1—3)-2-acetamido-2-deoxy-f-p-glucopyranosyl].
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HA is found widely distributed in vertebrate tissues and fluids, and it also
occurs as a protective disguise in some bacteria.'' In synovial fluid of artic-
ular joints, HA is present at sufficiently high concentration to provide a vis-
coelastic cushion to protect adjacent tissues, and it also acts as a lubricant
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between cartilage surfaces. In the vitreous humor of the eye, HA sup-
ports and maintains a network of collagen fibers, protecting ocular tissues
and maintaining a clear visual path between the lens and retina.'® In solid
tissues, the content of HA varies widely.” Tissues such as cartilage and skin
have extensive extracellular matrices in which HA serves to bind and orga-
nize proteoglycans, providing a highly hydrated network to resist tissue
compression.'” Near the surface of cells, the pericellular matrix contains
HA noncovalently tethered to cell-surface receptor proteins, where it serves
to bind proteoglycans and maintain the osmotic and biomechanical proper-
ties of the cellular microenvironment.'® HA affects the partition, transport,
and binding interactions of proteins near the cell surface.'””” Through its
interaction with receptor proteins, HA contributes to homeostatic control
of cellular signaling pathways of importance in proliferation, migration, dif-
ferentiation, tissue repair, tumor development and metastasis, and response
to inflammation.'"*' The simple covalent and conformational structure of
HA, previously considered to serve only a protective mechanical function, is
now associated with an extraordinary number of physiological functions.
This versatility depends on difterential cell signaling as a function of HA size
and protein interactions.””> >

Purified HA provides a noninflammatory and nonimmunogenic bio-
material.” >’ The current medical applications of HA are primarily based
on its physicochemical properties. Solutions of unmodified HA exhibit
high viscosity and elasticity, while shear thinning allows facile delivery
through a narrow syringe needle. HA is used in ophthalmic surgery to
cushion and protect the cornea during cataract extraction and intraocular
lens replacement. Solutions of HA, in the presence or absence of additional
chemically cross-linked HA, are delivered by intraarticular injection to
relieve pain in patients with osteoarthritis. HA or its chemically cross-
linked or derivatized forms are used for tissue augmentation, hydration,
separation, and repair. Recent evidence for the cell-signaling properties
of HA, including the observation that the beneficial properties of HA
can continue long after the injected material has been eliminated from a
tissue, suggests that new medical applications will be developed to leverage
HA signaling and to direct desired changes in cell behavior and tissue
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properties.
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This chapter will describe experimental evidence concerning the struc-
ture and biological content of HA and its differences in healthy vs patholog-
ical conditions, with the goal of highlighting potential new diagnostic and
therapeutic applications.

2. HA IN THE SOLID STATE AND AT SURFACES

X-ray diffraction studies of stretched fibers of HA reveal extended
helices containing two, three, or four disaccharides per helical repeat.” "
The structures of the fully protonated acid form and the sodium and calcium
salts of HA are single helices, but a double helical form was observed for a
partially protonated potassium salt, and for the rubidium or ammonium salts
of HA.”*”? For NaHA, the rise per disaccharide residue in a threefold helix
is ca. 0.85—0.95 nm, close to the fully extended length of ca. 1 nm. All other
forms are similarly extended (0.82—0.98 nm per disaccharide), reflecting the
inherently limited conformational freedom and the presence of stabilizing
hydrogen bonds at the glycosidic linkages.

HA deposited on surfaces and imaged under vacuum by electron micros-
copy”"*’ or in air by using the tapping mode of atomic force microscopy
(AFM)”" * shows a marked tendency for self-association unless bound pro-
teins block HA—HA contact (Fig. 2). In part, this reflects poor adhesion of
HA to the atomically flat surfaces used in AFM, such as weakly anionic mica

or hydrophobic graphite. If deposited on mica in the presence of low
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Fig. 2 AFM images of HA showing chain aggregation and formation of twisted fibrils
when dried on a mica surface. This figure has been adapted with permission from
Cowman, M. K.; Spagnoli, C; Kudasheva, D.; Li, M.; Dyal, A.; Kanai, S.; Balazs, E. A. Extended,
Relaxed, and Condensed Conformations of Hyaluronan Observed by Atomic Force Micros-
copy. Biophys. J. 2005, 88, 590—602. Copyright 2005, The Biophysical Society.
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concentrations of NaCl or MgCl,, and trapped in a thin layer of partially
structured water at the surface, single chains of HA can adopt loosely helical
coiled structures (Fig. 3A—C) that provide useful models for understanding
HA conformation in solution. Partially condensed (pearl necklace) forms
with almost uniformly spaced condensed balls are also commonly found
due to weak surface attraction (Fig. 3D), but also because these are entro-
pically favored structures for any crowded or poorly solvated polymer.’

Fig. 3 AFM images of HA trapped in a thin layer of water on a mica surface showing
relaxed coil and partially condensed forms. Bar equals 200 nm. Images A, B, and D are
reproduced with permission from Cowman, M. K, Spagnoli, C,; Kudasheva, D.; Li, M.;
Dyal, A.; Kanai, S.; Balazs, E. A. Extended, Relaxed, and Condensed Conformations of
Hyaluronan Observed by Atomic Force Microscopy. Biophys. J. 2005, 88, 590—602. Copy-
right 2005, The Biophysical Society. Image C is reproduced with permission from
Cowman, M. K,; Spagnoli, C,; Kudasheva, D. S.; Matsuoka, S.; Balazs, E. A. Influence of Envi-
ronment on Hyaluronan Shape. In Hyaluronan: Structure, Metabolism, Biological Activi-
ties, Therapeutic Applications; Balazs, E. A., Hascall, V. C,, Eds. Matrix Biology Institute:
Edgewater, NJ, 2005; Vol. 1, pp. 79-87. Copyright 2005, Matrix Biology Institute.
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3. HA IN DILUTE AND IN CROWDED SOLUTIONS

The medically important physicochemical properties of HA solutions
are dependent on chain stifftness and length and the relatively low concen-
tration above which nonideality effects due to mutual crowding of the mac-
romolecules can be observed. These properties will be addressed first in
terms of isolated chains in dilute solution, and then in terms of the effects
of mutual macromolecular crowding observed in semidilute solutions.

In dilute solution HA chains are sufficiently separated that there is very
little perturbation of the chain dimensions or dynamics due to neighbor

50

interactions. Light-scattering data®’ " indicate that high-molecular-mass
HA adopts a worm-like chain in aqueous solution, with a radius of gyration
that increases as the molecular mass to approximately the 0.6 power (M"°).
Nuclear magnetic resonance studies’’ > show that intramolecular hydrogen
bonds spanning the glycosidic linkages are weak and dynamically formed
and broken. >C NMR relaxation studies show that segmental motions of
the polymer chain occur on the nanosecond timescale.

Measurement of the reduced viscosity (equal to the specific viscosity
divided by the concentration, 7,,/¢) as a function of concentration, and
extrapolation to zero concentration, allows determination of the intrinsic
viscosity ([57]), which is a measure of the specific volume, V,, in cm”/g, occu-
pied by HA chains. For short HA chains with molecular mass less than about
37.5kDa, the intrinsic viscosity depends on HA molecular mass to approx-
imately the 1.2 power (M '), whereas for longer chains intrinsic viscosity
depends on M (Fig. 4).*7*%>>°! This reflects a change in the chain
hydrodynamic properties from nearly rod-like to weakly coiled, effectively
spherical, forms. Alternative methods for analyzing the experimental data for
intrinsic viscosity show that it can be quantitatively matched by the worm-

. . 6264
like coil model,” ™ ®

where the chain stiftness is characterized by a persis-
tence length of about 4.5nm. Chains shorter than about 20 persistence
lengths behave rod-like, but longer chains can be modeled hydrodynami-
cally as spheres. Using the measured intrinsic viscosity and the nonfree-
draining ball model for HA, the effective hydrodynamic diameter for HA
chains of different molecular mass can be calculated as shown in Table 1.
This reveals an important aspect of HA structure in dilute aqueous salt solu-
tion. The diameter of an isolated HA chain grows rapidly with molecular
mass such that the physiologically relevant 6000 kDa HA occupies a spher-

ical domain (time- and ensemble-averaged) with a diameter of about
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Fig. 4 Experimental dependence of intrinsic viscosity on molecular mass for HA in
0.15M NaCl solution. Low-molecular-mass HA behaves like a rod-like, free-draining
chain. Longer HA chains act like nonfree-draining sphere-like coils. This figure has been
adapted with permission from Cowman, M. K.,; Matsuoka, S. The Intrinsic Viscosity of
Hyaluronan. In Hyaluronan; Kennedy, J. F., Phillips, G. O., Williams, P. A., Hascall, V. C,
Eds.; Woodhead Publishing Ltd.: Cambridge, 2002; Vol. 1, pp. 75-78. Copyright 2002,
Woodhead Publishing Ltd.

Table 1 Example Dimension of Ball-Like HA Chains in Physiological Saline Solution

M L (nm) [y] (cm?/g) V,(cm3/g) (r*)"? (nm) ¢, for Coil Overlap (pg/cm?)
1%x10° 250 290 120 52 8600
5x10° 1250 1100 420 140 2400
1x10° 2500 1800 730 210 1400
3x10° 7500 4400 1800 400 570
6x 10° 15,000 7700 3100 600 320

Adapted from Cowman, M. K.; Matsuoka, S. The Intrinsic Viscosity of Hyaluronan. In Hyaluronan;
Kennedy, J. F., Phillips, G. O., Williams, P. A., Hascall, V. C., Eds.; Woodhead Publishing Ltd.:
Cambridge, 2002; Vol. 1, pp. 75-78 with permission.

600 nm, which is far larger than compactly folded globular protein diameters
of a few nm. The occupied space is filled with solvent, and the density of
chain segments within the domain is low (AFM images show artificially
broadened and exaggerated chain segment width due to probe tip profile),
but the expanded coil domains start to interfere with each other at even low
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concentration. The concentration at which chains would fill the solution
and be forced to overlap domains is only 320pg/cm’ for the 6000kDa
HA. For comparison, the concentration of HA in synovial fluid is about
2500 pg/cm’. Fig. 5 depicts a model for the crowding and overlapping of
high-molecular-mass HA chains at such concentrations. The most impor-
tant features of HA structure that lead to the low concentration for coil over-
lap are the naturally high molecular mass of HA and the chain stiffness
leading to a large effective domain in solution.

The ability of polymers to crowd other macromolecules is explained by
19:65°67 developed this

theory to explain gel-filtration chromatography, in which the partition of

the theory for excluded volume. Ogston and Laurent

globular proteins between a matrix containing randomly oriented rod-like
polymers vs free solution determines the elution of the proteins from a col-
umn. The globular proteins can approach a segment of rod-like polymer
until their surfaces touch, where the separation distance is equal to the
sum of the radius of the sphere plus the radius of the cylindrical rod
(Fig. 6). In an isolated polymer chain with an expanded coil conformation
and a large hydrodynamic domain, the globular proteins can penetrate to the
extent that they can find space between segments of the polymer chain. The
available space decreases quickly as the density of polymer segments increases
(Fig. 7) and is dependent on the size of the globular protein. A larger protein
has a lower probability of finding space. The Ogston—Laurent expression for
this probability of finding space is (Eq. 1)

Fig. 5 Conceptual representation of coil overlap for 6000 kDa HA chains at (A) coil over-
lap point of approximately 320 ug/cm?, where chains just touch, and (B) higher concen-
tration of approximately 2500 pg/cm? as found in normal human knee joint synovial
fluid.
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Fig. 6 Model for steric exclusion of a globular protein by an HA molecule. (A) The ability
of small globular proteins to penetrate most of the hydrodynamic domain of an HA
polymer. (B) The size of the excluded volume for a globular protein in the presence
of a linear polymer as crowding agent. The cross-section of the cylindrical excluded
domain has a radius equal to the sum of the radius of the crowding polymer and
the thickness of a cylindrical shell determined by the radius of the globular protein. This
figure has been reproduced with permission from Cowman, M. K.; Hernandez, M.; Kim, J. R.;
Yuan, H.; Hu, Y. Macromolecular Crowding in the Biomatrix. In Structure and Function of
Biomatrix. Control of Cell Behavior and Gene Expression; Balazs, E. A., Ed.; Matrix Biology
Institute: Edgewater, NJ, 2012; pp. 45—66. Copyright 2012, Matrix Biology Institute.

Fig. 7 Model proposed by Laurent for crowding of a spherical particle by a randomly
oriented suspension of rods. The sphere is excluded from a cylindrical volume surround-
ing each rod, with radius equal to the sum of the rod and sphere radii. Overlapping of
excluded volumes from multiple rods severely limits the space available to the sphere.
This figure has been reproduced with permission from Laurent, T. C. History of a Theory.
J. Chromatogr. A 1993, 633, 1-8. Copyright 1993, Elsevier Science.

P=exp(—nL(r.+ r,)z) (1)

where the probability P is exponentially decreased as the excluded volume
(due to the volume occupied by the cylindrical rods of radius 7, and the
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inaccessible shell around each rod, with a thickness determined by the radius
r, of the spherical protein probe) increases. A larger protein is excluded to a
greater extent. The excluded volume increases with an increase in concen-
tration of the polymer rods (L, length per unit volume), but does not depend
on the length of individual rods or, equivalently, the molecular mass of poly-
mers used to create the matrix.

The Ogston—Laurent excluded volume theory is extremely successful in
understanding gel-filtration chromatography, but it is equally applicable to
understanding the partition, stability, and interactions of proteins in physi-
ologically important matrices. The equilibrium distribution of a globular
protein between a matrix of polysaccharide (such as HA) or protein (such
as collagen) polymers vs free solution is thus dependent on the mass concen-
tration of the crowding polymers and the size (related to molecular mass) of
the globular protein.'” Excluded volume effects also alter protein association
equilibria such that crowding favors associated forms.”” If a native oligomer
must be dissociated prior to fibrillar aggregation as occurs for some amyloid
protein aggregation processes, the crowding effect disfavors the initial disso-
ciation of native oligomers, but favors their subsequent aggregation into
fibrils. Native protein folding is stabilized in the crowded intracellular and
extracellular environments. Similarly, DNA denaturation and strand separa-
tion require an increase in volume, and crowding by added polymers there-
fore favors the native state.

The concept of excluded volume or macromolecular crowding can be
generalized to the case of mutual crowding by identical polymers (Fig. 8).

7,14,68-72
Matsuoka and Cowman ’

extended the expression (Eq. 1) of Ogston
and Laurent for probability of finding space by considering the hydrody-
namic volume occupied by all other polymer coils to be excluded to neigh-
bor chains. In that case, the excluded volume can be expressed as the
occupied volume fraction, ¢, of the solution. From the Stokes—Einstein
equation for the specific viscosity of a suspension of spheres, specific viscosity

depends on the volume fraction as follows:
Ny =2.5¢ = c[n] (2)

Because the specific viscosity of a dilute solution is equal to the product
of the concentration, ¢, and the intrinsic viscosity, [#], it follows that the
occupied volume fraction can be expressed as 0.4¢[#]. Using that expression
to replace the excluded volume term in the Ogston—Laurent equation
(Eq. 1), the probability for a polymer coil to find space is
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Fig. 8 Mutual crowding of HA molecules based on the effective hydrodynamic volume
of each polymer being modeled as a sphere. This figure has been adapted with permission
from Cowman, M. K.; Hernandez, M.; Kim, J. R.; Yuan, H.; Hu, Y. Macromolecular Crowding in
the Biomatrix. In Structure and Function of Biomatrix. Control of Cell Behavior and Gene
Expression; Balazs, E. A, Ed.; Matrix Biology Institute: Edgewater, NJ, 2012; pp. 45—66.
Copyright 2012, Matrix Biology Institute.

P = exp(—¢) = exp(—Kc[n]) k' =0.4 (3)

The probability of finding space can also be expressed as the ratio of free
volume to total volume and then further expressed in terms of the ratio of
the real concentration to an effective concentration, ¢ of polymer chains
based on free space:

Ve  mass o Viee _ ¢

P 4

Viotal Vietal ~ mass Ceff

Since the effective concentration will determine the behavior of a
crowded polymer solution, we now express the effective concentration in
terms of the probability of finding space and the excluded volume

cggrzl—i:cexp(k/c[n]) K=0.4 (5)

Eq. (5) states that the physicochemical properties of a polymer solution
are subject to nonideality effects due to mutual macromolecular crowding
when the effective concentration exceeds the real concentration due to vol-
ume exclusion or a reduction in available space. This concept provides a
simple nonideality correction for analysis of data obtained by physicochem-
ical methods such as viscosity, colloid osmotic pressure, and light scattering.
Replacing ¢ with ¢,;7in Eq. (2) yields:

Ny = o] = clnlexp(K'cn]) &' = 0.4 (©)
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Expanded as a power series and truncating to keep only the first four
terms, Matsuoka and Cowman proposed the semiempirical relation shown
below:

L W) | (¥eln)®

/
i 0 K =0.4 (7)

Ny =cln]| 1+ K cln]

A graph of Eq. (7) for polymer solution specific viscosity as a function of
concentration and intrinsic viscosity (which reflects both polymer molecular
weight and coil expansion) is shown in Fig. 9. If mutual macromolecular
crowding were absent, the ideal behavior curve would be followed. In a real
polymer solution, the nonideality contribution due to crowding causes a
nearly exponential increase in specific viscosity as the overlap between poly-
mer domains increases. Keeping the first four terms of the power series was
proposed on the basis of the agreement with experimental observations for

1,000,000
—4— Hyaluronan experiment
100,000 -
-~ Matsuoka—Cowman equation
10,000 1 —— Nonideality contribution
1000 - —=— |deal behavior

100 -

Specific viscosity

10

016 T
0.1 1 10 100
clnl

Fig. 9 The specific viscosity of HA, measured at low shear rate, depends on concentra-
tion and intrinsic viscosity in a predictable way. Experimental data for HA in physiolog-
ical NaCl solution obtained by Berriaud and coworkers are well matched by the
Matsuoka—Cowman equation. The equation is the sum of the contribution expected
for an ideal dilute solution, and the nonideality contribution due to excluded volume.
This figure has been reproduced with permission from Cowman, M. K, Schmidt, T. A.;
Raghavan, P.; Stecco, A. Viscoelastic Properties of Hyaluronan in Physiological Conditions.
F1000Res 2015, 4, 622. Copyright 2015, the authors.
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HA in neutral aqueous salt solution. Subsequently, the same equation was
found to successfully match the specific viscosity behavior for multiple rigid,
semiflexible, and flexible polymers in good solvents.”” This shows that the
behavior of HA is not unusual, except that the very high molecular mass of
HA and the correspondingly large intrinsic viscosity cause the nonideality to
be observed at relatively low concentrations. For example, the high viscosity
of normal human knee joint synovial fluid reflects an HA concentration of
ca. 2.5mg/cm” and the ca. 6000kDa average molecular mass for the HA
(corresponding to an intrinsic viscosity of 7700cm’/g), for which the coil
overlap parameter (] would be 19 and the specific viscosity would be
approximately 2100. As a comparison, a commercial preparation of HA for
use in treatment of osteoarthritis pain might have HA with an average molec-
ular mass of 1000kDa and a concentration of 10mg/cm®, resulting in a coil
overlap parameter of 18, closely similar to the normal synovial fluid HA.

A useful aspect of the mutual macromolecular crowding theory for vis-
cosity is the ability to quantitatively relate specific viscosity of semidilute HA
solutions to the concentration and intrinsic viscosity (and thus molecular
mass) of the HA. Measurement of the specific viscosity at low shear rate (thus
avoiding shear-induced distortion of the HA hydrodynamic shape and vol-
ume) for a semidilute HA solution of known concentration has been dem-
onstrated to allow successful determination of HA molecular mass without
extrapolating data to zero concentration.””

The effect of HA on tissue hydration via control of the colloid osmotic
pressure is also well explained by the mutual macromolecular crowding
theory. Substituting ¢,z for ¢, the expression for osmotic pressure is given
in Eq. (8):

r 1 s Lo (K] ()’ [ » _

A graph of the osmotic pressure for HA is shown in Fig. 10, with the
predicted osmotic pressure due to crowding compared with experimental
data obtained by Laurent and Ogston.”* In this case the use of the first three
terms of the nonideality correction matches the experimental data well. It is
worth noting that the expanded expression for osmotic pressure resembles a
virial expression with coefficients representing nonideality, because the
mutual macromolecular crowding theory is essentially a theory for virial
coeflicients in polymer solutions. The prediction for the second virial coef-
ficient contains the ratio [5]/M. Considering the M"® dependence of the
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Fig. 10 Experimental colloid osmotic pressure for 1500 kDa HA in aqueous salt solution
reported by Laurent is well matched by prediction from the Matsuoka—Cowman equa-
tion using the first three terms of the polynomial. This figure has been adapted with per-
mission from Cowman, M. K,; Matsuoka, S. Experimental Approaches to Hyaluronan
Structure. Carbohydr. Res. 2005, 340, 791-809. Copyright 2005, Elsevier Ltd.

intrinsic viscosity for HA, the virial coefficient is predicted to depend on
M~ which has been experimentally confirmed.” Light-scattering data
extrapolated to zero angle can similarly be corrected for nonideality due to
crowding.”'

An interesting aspect of the mutual macromolecular crowding theory is
the evident connection between the thermodynamic properties of osmotic
pressure and light scattering with the hydrodynamic properties of polymer
solution viscosity.

The relaxation time of a polymer chain is another measure of its size,
expressed as [17] M, the molar volume. It is also affected by the eftective vis-
cosity of the local environment through which the chain moves, and there-
fore by crowding.”' A long relaxation time causes shear thinning, a
reduction in the solution viscosity when chain rearrangement is slow relative
to distortion (chain extension) caused by shearing (Fig. 11). It also causes a
transition from viscous to elastic behavior under cyclic distortion as a func-
tion of increasing rate of change (Fig. 12).”> The effect of increased local
viscosity due to crowding on relaxation time for a polymer is expressed

in terms of an effective viscosity, as follows:
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Fig. 11 Shear rate dependence of the viscosity of a polydisperse HA sample with
viscosity-average molecular mass of 1700kDa at a concentration of 5mg/cm? in phys-
iological saline at 25°C. Data from three consecutive runs are shown. This figure has been
reproduced with permission from Cowman, M. K, Chen, C. C,; Pandya, M., Yuan, H.
Ramkishun, D.; LoBello, J.; Bhilocha, S.; Russell-Puleri, S.; Skendaj, E.; Mijovic, J.; Jing, W.
Improved Agarose Gel Electrophoresis Method and Molecular Mass Calculation for High
Molecular Mass Hyaluronan. Anal. Biochem. 2011, 417, 50—56. Copyright 2011, Elsevier Inc.
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Fig. 12 Master curves for the elastic modulus (G') and the viscous modulus (G”) of a
solution of 2800kDa HA, as a function of the frequency of displacement. This figure
has been reproduced with permission from Gibbs, D. A, Merrill, E. W.; Smith, K. A.;
Balazs, E. A. Rheology of Hyaluronic Acid. Biopolymers 1968, 6, 777—791. Copyright
1968 John Wiley and Sons Inc.



16 Mary K. Cowman

Table 2 Matsuoka—Cowman Predicted Scaling Factors for HA in Semidilute Saline
Solution: Comparison With Experiment
Scaling Factors in Semidilute Solution

Hyaluronan
Predicted (for Hyaluronan, Experiment
Property [7] oc M °80) Experiment References
Specific viscosity c4[i7]4 (= c4M3'2) OFHIMIH0 76802
Relaxation time EPM (=M EM? 81,82
Elastic modulus M (=M ) A02E0 81,82
Second virial MM~ (=M ") MO 50

coefficient

Reproduced from Cowman, M. K. Mutual Macromolecular Crowding as the Basis for Polymer Solution
Non-ideality. Polym. Adv. Technol. 2017, 28, 1000—-1004 with permission

roc T[] M (exp(K'cln])) ©)

and expansion of the exponential term as a power series gives

112
o (kz‘) M + ... (10)

2 )M+ K cly)*M +
T T [1] c[n]

For a semidilute HA solution, the third term is a good match for the con-
centration and molecular mass dependence of the relaxation time as mea-
sured by shear thinning or the deformation rate for the transition from
viscous to elastic behavior (Table 2).°""“ % Furthermore, because the elastic
modulus, G,, is equal to the viscosity divided by the relaxation time, the
mutual macromolecular crowding theory also allows prediction of the elastic

modulus dependence.

4. HA SELF-ASSOCIATION

The observation of a double helical form of HA in the solid state by
X-ray diffraction suggests that HA chains can have mutual affinity, at least
under unusual ionic conditions. Furthermore, as shown in Fig. 2, HA depos-
ited on mica or graphite surfaces has a strong tendency for self-association.
Multistranded cable-like aggregates are frequently observed, especially if
oriented by flow during deposition or if exposed to air.

In contrast, the equilibrium state of well-dissolved high-molecular-mass
HA in neutral aqueous salt solutions in vitro and in biological fluids in vivo
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does not show evidence for the presence of aggregates or intermolecular self-
association. The physicochemical properties related to rheology, osmotic
pressure, and light scattering can be quantitatively matched by the simple
theory for mutual macromolecular crowding of independent molecules
(Figs. 9—12 and Table 2).””" Similarly, measurements of the diffusion coef-
ficient of HA by boundary relaxation in an ultracentrifuge,”” or under qui-
escent conditions by confocal fluorescence recovery after photobleaching
(confocal FRAP)*"™ fit a model for semidilute polymer solution behavior
without any evidence for chain—chain association.

The situation is less clear for low-molecular-mass HA, corresponding to
HA less than about 40kDa, which adopts a more rod-like conformation in
dilute solution (Fig. 4). There have been numerous reports that solutions of
low-molecular-mass HA are prone to aggregation,”” and substantial losses
can occur on filtration. Evidence that short HA chains can easily aggregate in
0.15M NaCl solution (but notin 0.15 M KCl solution) has been obtained by
light scattering and other methods.*”

These apparently conflicting observations can be rationalized in terms
of a weak, enthalpically favorable affinity of HA chains for each other in
physiological saline solution, offset by the entropic loss accompanying asso-
ciation. For high-molecular-mass HA in solution, considerable configura-
tional entropy would be lost by adoption of the fibrillar aggregates. For
rod-like short HA chains, the entropic penalty for association is lower,
and association is more favorable.

Protein binding to HA in vivo can tip the balance toward self-
association. HA assembles into cables/fibers in tissues under inflaimmatory
conditions in which HA content is significantly increased relative to that

.. 8791
of the normal condition.

HA-—protein interactions are critical to the for-
mation of these fibrillar assemblies. The protein TSG-6 binds noncovalently
to HA,”* """ and dimerization of TSG-6 can link HA chains together.”””*
TSG-6 also catalyzes covalent modification of HA by transfer of the heavy

. 97-101
chains of Ial,
02,103

and those heavy chains self-associate to link HA chains

together.' HA-binding proteoglycans such as versican may also be

included in the fibrillar assemblies.””

5. HA SIZE AND WHY IT MATTERS

In vivo, the extracellular matrix is continually modified by synthesis,
degradation, and removal by transport of its protein and glycosaminoglycan
(GAG) components. It is not a static environment. Changes in the content,
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size, and composition of the GAGs have been found to influence such
processes as development, aging, inflammation, tissue repair, and disease ini-
tiation and progression.

5.1 High-Molecular-Mass HA Is the Physiological Protector
of Cells

There are three known hyaluronan synthase enzymes, HAS1, HAS2, and
HAS3." The enzymes are localized in the plasma membrane and directly
export the growing HA chain to the extracellular environment. All three
enzymes are capable of synthesizing high-molecular-mass HA (up to about
1000kDa), but only HAS2 has been reported to be able to synthesize HA as
large as 6000kDa, which is the most commonly reported average size for
newly synthesized HA found in healthy tissues.'"*'"

At the cell surface, HA is noncovalently bound to the integral membrane
receptor protein CD44." "' The intrinsic binding affinity between HA
and CD44 is relatively low, but a single high-molecular-mass HA chain
"2 This higher affinity

multivalent interaction results in clustering of CD44 proteins.''” (HA chains

can bind multiple CD44 proteins simultaneously.

that are linked into aggregates by virtue of binding to TSG-6 dimers or mod-
ification by the dimerizing heavy chains of Ial have further enhanced bind-
ing affinity for CD44.”>” """ A similar observation has been made for
HA binding to LYVE-1, an HA receptor found on lymphatic endothelial
cells.""”) CD44-tethered HA serves as a scaffold for assembly of proteogly-
cans such as versican, as well as other HA-binding proteins. The proteogly-
cans have additional binding interactions with multiple proteins. The net
effect of the multiplicity of interactions is the creation of a complex peri-
cellular matrix network.

As is predicted by the theory for mutual macromolecular crowding, the
presence of high-molecular-mass HA and other large macromolecular com-
plexes at the cell surface affects the biomechanical and osmotic properties of
the pericellular matrix. The excluded volume effect controls/reduces the
equilibrium concentration of proteins near the cell surface and alters associ-
ation equilibria, favoring greater association and more compact structures.
The HA-based matrix further acts as a protective alternate target for reactive
oxygen and nitrogen species (ROS/RNS) generated during inflammation
and limits penetration of those species to the cell membrane.

Cell-signaling pathways are highly dependent on the status of the peri-
cellular matrix and the HA component. CD44 clustering in the presence of
high-molecular-mass HA activates protective signaling. This is true for both
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normal and tumor cells.”"""'® The presence of high-molecular-mass HA
provides a protective coat for the cell.

Under stress due to injury, infection, or sterile inflammation, the HA
synthase enzymes can be upregulated and activated, resulting in increased
levels of HA. This is a defense mechanism but, in excess, can have multiple
consequences. Excess HA, especially when bound to proteins such as TSG-6
and the heavy chains of Ial, can aggregate into cable-like fibrillar assemblies
that must be eliminated before inflammation can be fully resolved.®

Excess HA also drives the formation of microvilli that extend from the
cell surface and shed microvesicles into the extracellular matrix.'™""" "'
These HA-coated plasma membrane-derived extracellular vesicles can carry
nucleic acids and proteins to other cells. The role of increased HA synthesis
in cell-cell communication, especially in relation to creation of the tumor
microenvironment, is only beginning to be revealed. We propose that
the driving force for the formation of the microvilli is the dramatic increase
in osmotic pressure associated with high HA concentration, as predicted by
mutual macromolecular crowding theory. Transport of water across the cell
membrane to the HA matrix shrinks the cell volume slightly relative to the
available plasma membrane surface, and this may directly result in the for-
mation of microvilli.

The defensive excess production of HA has a metabolic cost. Cells that
produce HA at a high rate can deplete stores of glucose and UDP-GIcNAc.
(The reverse is also of interest—excess glucose can be reduced by the
*2712% Where high levels of HA have been asso-
ciated with pathological states, it is important to note that HA may not be a

increased synthesis of HA.'

base cause of the pathology, but that the defensive process of producing it at
high levels may lead to a weakened state. Exogenous HA used therapeuti-
cally may be helpful in reducing the metabolic burden associated with cell-
surface protection.

5.2 Low-Molecular-Mass HA Stimulates Defensive Cellular
Responses

Because high-molecular-mass HA represents the protective homeostatic
state, any process that degrades HA may stimulate a response. HA degrada-
tion by enzymatic or nonenzymatic mechanisms results in the presence of
HA fragments. A great deal of interest now surrounds low-molecular-mass
HA.*%721241257133 The fragments of HA have been widely reported to
signal both directly and indirectly via cell-surface receptor proteins such

as CD44, RHAMM, TLR2, TLR4, and MD-2. HA-mediated CD44
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Fig. 13 The clustering of CD44 receptors at the cell surface is disrupted when HA is
degraded under inflammatory conditions. The cell signaling of CD44 can be altered
by declustering, and also by its increased availability for interaction with other receptor
proteins such as RHAMM, TLR4, and TLR2.

clustering has been shown to be disrupted when HA size is reduced. The
declustered state affects CD44 interactions on the cytoplasmic face of the
plasma membrane, but it also may be permissive for extracellular face
CD44 interactions with other cell-surface receptor proteins (Fig. 13). There
is some disagreement in the literature regarding whether HA fragments can
bind directly to TLR2 or TLR 4, or whether they signal through the TLRs
by a secondary mechanism such as CD44 declustering. By either mecha-
nism, the presence of HA fragments has been proposed to act as a danger
signal. The signaling can lead to the expression of inflaimmation mediators
and poorly controlled chronic inflaimmation. Alternatively, it can lead to
defensive cellular responses mediated by the TLRs. This issue is far from set-
tled, because HA fragments do not always have proinflammatory or other
signaling effects, and the medical use of hyaluronidase enzyme does not

: 134-136
cause an 1nﬂammatory response.

5.3 Mechanisms for HA Degradation

5.3.1 Hyaluronidases
Two hyaluronidases found in vertebrates, Hyall and Hyal2, have long been
considered the primary degradative enzymes for HA, but both have acidic

137,138

pH optima. HA must be internalized by cells for degradation by Hyall

in lysosomes. Hyal2 has often been cited as the principal cell-surface
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degradative enzyme for HA in most tissues. GPI-anchored Hyal2 is found
colocalized with CD44 at the cell surface in lipid rafts'>” '*" and can be shed
into the extracellular environment.'*” It has only weak activity at neutral
pH, but may function at the cell surface when colocalized with NHE1,
which acidifies the local microenvironment at the surface of tumor cells.'*’
Both Hyall and Hyal2 are endoglycosidases, catalyzing random hydrolytic
cleavage of the f-(1—4)-glucosaminidic linkages of HA. Increased expres-
sion of Hyal2 has been observed in many pathological conditions.
Recently, two other proteins have been identified that may play the most
critical roles in degradation of tissue HA. CEMIP, also called KIAA1199 or
HYBID, is an HA-specific binding protein that has not been shown to
directly cleave HA, but is active in HA degradation by a mechanism that
appears to involve HA internalization via the clathrin-coated pit pathway

44140 TMEM?2 s a newly discovered integral membrane pro-

of live cells.
tein that acts as an HA-specific hyaluronidase with a pH optimum of about
6-7."*" 1t can degrade high-molecular-mass HA into small fragments. This
enzyme now appears most likely to be the primary degradative enzyme for
extracellular HA, reducing its size prior to internalization for complete deg-
radation in the lysosomes.

PH-20 hyaluronidase, also called SPAM1, is known as the testicular
hyaluronidase, although it can be expressed at low levels in other tissues.
It is a GPI-anchored protein and is active at neutral pH.'**">"
human PH-20 (thPH-20) has been commercialized for medical use, primar-

R ecombinant

ily to enhance delivery of chemotherapeutic agents by degrading HA, which
surrounds tumor cells and exerts a high osmotic pressure causing compres-
sion of blood vessels.'”""'”* The same preparation of thPH-20 has also been
reported to be of value in improving mobility for patients with severe muscle
stiffness following cerebral injury where the PH-20 may function by dis-
rupting gel-like HA and HA—protein deposits that can build up and reduce

sliding between layers of the fascia in muscle.' ™'’

5.3.2 Degradation of HA by ROS/RNS
HA is susceptible to degradation by hydroxyl radicals, peroxynitrite, and
hypochlorite anion, all of which can be created in vivo and are increased

8155155 A valuable function of HA is the protection

during inflammation.
of cellular proteins, lipids, and nucleic acids from ROS/RNS by acting as an
alternate target and limiting penetration of the reactive species to the cell
surface. Inflammation is therefore associated with the potential for reduction

in HA molecular mass, and the production of bioactive “danger signal”
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fragments. The effects of ROS and RNS on HA are also of interest with
respect to the isolation and purification of HA in laboratory environments.
Therapeutic HA production must be performed under conditions that min-
imize HA degradation. Similarly, analysis of tissue HA size can only be accu-
rate when the HA size is not decreased by degradation during purification
and analysis.

Mechanisms for production of ROS/RNS in biological systems have

been reviewed by Halliwell and Gutteridge'>*">’

and are briefly summa-
rized here.
Hydroxyl radicals. In the presence of iron(Il) or copper(I), hydroxyl rad-

icals can be created from hydrogen peroxide by the Fenton reaction'>* '’

Fe’" + H,O, — Fe>* + OH™ +'OH

In this reaction, iron (or copper) can be catalytic. The oxidized Fe" can
be reduced back to Fe*" by reaction with superoxide anion (O5"):

Fe’* + O, = Fe? + O,

Alternatively, Fe’™ can be reduced to Fe** by additional hydrogen
peroxide:

Fe?' + H,0, —» Fe?  + O, " +2H"

Fe®* can also be reduced to Fe*" by ascorbic acid and other species, inclu-
ding hydroquinone, merthiolate, sodium dithionite, dihydroxymaleate, nitric
oxide, and cysteine or proteins containing cysteine in the reduced state.
Photochemical reduction of iron complexes has also been reported.

Iron chelators can have either positive or negative effects on the ability of
iron to cause the formation of ROS. When the effect is to increase ROS
production, it may derive from an increase in solubility of iron in the solu-
tion. This effect has been reported for EDTA'®""'* and even phosphate
anion. EDTA has also been reported to form a photoreducible complex with
Fe®*. Other chelators sequester the iron and make it unable to participate in
ROS production. These include deferoxamine, bathophenanthroline, and
diethylenetriaminepentaacetic acid (DETAPAC). These latter agents are
highly valuable additives for isolation of intact HA.'®

The source of the iron can be impurities in the solution associated with
contact with metal, or the iron can be liberated in tissues from degraded
heme or ferritin.'””'°"'** The source of superoxide anion in biological
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systems is activated PMNs (polymorphonuclear leukocytes).'®” Dismutation
of two superoxide anions can create hydrogen peroxide. Hydrogen peroxide
can also be created by photochemical means.

In the absence of transition metal ions, hydroxyl radicals may be gener-
ated from superoxide anion by superoxide dismutase of activated PMNs,
creating hydrogen peroxide,'*® followed by further reaction of hydrogen
peroxide with superoxide anion by the Haber—Weiss reaction, although
the relevance of this latter reaction to physiological conditions has been
questioned,'”” and myeloperoxidase and catalase can scavenge hydrogen

. 1167
peroxide ':

027' + 027. + 21—1Jr — 02 + H202
O, " +H,O, — 0, +OH™ +'OH

Hydroxyl radicals can be scavenged by a large number of agents includ-
ing mannitol, thiourea, uric acid, and dimethyl sulfoxide.

The degradation of HA by hydroxyl radicals and its protection by free-
radical scavengers are well documented.”'*”"'”" The fragmentation reac-
tion occurs randomly. Not only are glycosidic linkages cleaved, but there
is the possibility of other structural changes including ring opening. Thus,
HA fragments that are generated by ROS may not have the same biological
effects as HA fragments created by enzymatic cleavage.'”

Peroxynitrite. Peroxynitrite can be generated by reaction of nitric oxide,
produced by the nitric oxide synthase enzymes (NOS), with superoxide

anion, released by activated PMNs' 7>

NO" + O, " — ONOO™

195,196

The pK, of peroxynitrite is about 6.8, resulting in formation of

peroxynitrous acid, the reactivity of which suggests formation of hydroxyl

radicals by homolytic fission,'””'”® although this is disputed and an alternate
mechanism involving a vibrationally excited state that acts as if it has two

radical ends has been proposed'”” "'
ONOO™ +H" — ONOOH — ONO' +'OH

Increased expression of NOS is common in inflaimmatory disease pro-
cesses. Our laboratory was the first to demonstrate degradation of HA by
peroxynitrite, and this has subsequently been reaffirmed by several

groups 155,202-204
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Hypochlorite ion. Hypochlorite ion can be generated by myeloperoxidase
enzymes of PMNs™”:

H202 +ClIT - OCI + HzO

Methionine blocks this reaction. Hypochlorite anion may function by
participating in production of hydroxyl radicals.'® HA degradation by

hypochlorite ion has been documented.”” "’

5.3.3 Degradation of HA by Other Chemical and Physical Means
HA can be hydrolyzed in acid or alkali.””® *'* HA can be degraded by heating
under pressure, complicating sterilization in an autoclave,”” but solutions of
HA in physiological saline are stable under boiling for 30 min.”” Over longer
time periods at elevated temperature, HA can be degraded in solution or in
the solid state.”"”*"*

HA chains can be broken by physical shearing and sonication.”' > "% HA
can also be degraded by freeze-drying,”'” although this may require the pres-

220,221

ence of the free acid form.
HA can be degraded by short-wavelength UV (ca. 185-300nm)

222,223

irradiation, 7 although it is stable to sunlight (with a lowest wavelength

at the earth’s surface of about 292nm), unless in the presence of ozone.”
HA is also degraded by pulse radiolysis with high-energy electrons, pro-

177,225,226

duced by gamma irradiation, and by exposure to X-ray radiation

at doses relevant to radiotherapy.””’

6. EXPERIMENTAL DETERMINATION OF HA CONTENT
AND SIZE IN VIVO

Because the content and size of HA can have important effects on nor-
mal and pathological processes, there has been strong interest in docu-
menting those factors. The goal is to leverage that knowledge to develop
diagnostic and therapeutic approaches to disease management. Here we
describe the methods used to obtain that data and then summarize some rel-
evant findings.

6.1 Isolation Methods

The isolation of HA is most commonly performed by processes that are
based on the techniques historically used for extraction and purification
of DNA™~ because glycosaminoglycans are polyanions with solubility
properties that are qualitatively similar to DNA and RNA. The key steps
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in those DNA isolation procedures are (1) denaturation and removal of pro-
tein, for example, by shaking/mixing with chloroform and subsequent cen-
trifugal separation of aqueous and organic layers, and (2) precipitation of
DNA with ethanol or acetone. Thus, Balazs in his 1979 US Patent™" iso-
lated ultrapure hyaluronan (HA) from rooster comb by a method that closely
mimicked the older DNA isolation methods.

In current protocols for isolation of HA from solid tissues, > *%2712¢
the protein denaturation and removal step with chloroform is commonly
replaced or augmented by proteolytic digestion. Lipid removal may be
accomplished by initial defatting of the tissue in acetone and ethanol. To
remove DNA and RNA, enzymatic degradation of nucleic acids is com-
monly employed. Thus, multiple enzymatic digestions and solvent changes
with removal of low-molecular-mass components by dialysis or precipita-
tion are required. Isolation of HA from native biological fluids or cell culture
conditioned medium follows similar steps.”*'"*!2%277:23%

Our current laboratory protocols™'*>'?° (Fig. 14) for isolation of intact
HA from skin or milk usually involve overnight protease digestion, multiple
CHCI; extractions, two overnight dialysis steps, and two overnight ethanol
precipitations. Even after all these steps, impurities remain. Further purifi-
cation using anion-exchange chromatography on spin columns eluted with
a step gradient of NaCl, followed by dialysis and drying by centrifugal evap-
oration (or ethanol precipitation), and redissolution are employed.

Because HA is highly susceptible to degradation by hydroxyl radicals
generated in the presence of trace levels of contaminating Fe(II) or Cu(l),
and this problem is exacerbated by the presence of ascorbic acid or other
redox-active molecules that can regenerate the active metal ion species,
HA isolation is best performed in the presence of an effective chelator such
as deferoxamine, but not EDTA.

6.2 Specific Quantification Methods

If quantification of HA and other GAGs is desired, but the polymers do not
need to be left intact, isolation protocols are followed by enzymatic degra-
dation to disaccharides or small oligosaccharides, then chromatographic,
electrophoretic, and/or mass spectrometric analysis can be employed.”” >
These methods are sensitive and quantitative.

Specific quantification of intact HA polymers in the presence of
remaining impurities can be accomplished by ELISA or ELISA-like

231,234,237,252-264 . .
assays. 7= “"" Because there is no antibody for HA, these assays
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Note:

Example HA Isolation Protocol for 7-10 mL Milk

Spiking fluid or solid tissues with monodisperse HA (also acts as a carrier) before

isolation can check for HA degradation during isolation.

1.

Note:

To remove lipids, put 7—10 mL milk in a 15-mL centrifuge tube. Centrifuge at 4000 x g, 5
min. Place tube in freezer for 2 h to solidify the layers. Remove from freezer and scoop
out the lipid layer while the aq layer is still frozen.

. Add ca. 200 pL of proteinase K stock solution (25 pg/uL) to make the final concentration

1 ng/uL. Incubate 65°C overnight.

Centrifuge 4000 x g, 5 min; keep aq layer. (Remove last of lipid layer.)

Dialyze vs 2 L H,O overnight using a 10-mL 2 kDa MWCO dialysis membrane.
Change H,0 2x during first 4 h.

Concentrate to 400 pL by centrifugal vacuum concentrator.

Fractionate on strong anion-exchange mini spin column, wash with 0.1 M NaCl and 0.2
M NaCl, then elute HA with 0.4 M NaCl followed by 0.7 M NaCl (or 0.7 M NaCl, only.
Sulfated GAGs elute at >1 M NaCl.)

Remove NaCl by dialysis against 1-2 L H,O overnight, changing H,O 2x during first 4
h, or by precipitating HA with 4 vol ethanol.

Example HA Isolation Protocol for 60—100 mg Skin

Spiking fluid or solid tissues with monodisperse HA (also acts as a carrier) before

isolation can check for HA degradation during isolation.

1.

©ON oA WD

10.
11.
12.
13.
14.

15.
Fig. 14

Add 400 pL of 0.15 M Tris pH 8.3, 0.15 M NaCl, 0.01 M CaCl,, 5 mM deferoxamine
mesylate, 0.1% SDS, 7 U proteinase K/mg tissue; incubate 55°C overnight.
Centrifuge 18,000 x g, 5 min; keep supernatant.

Add NaCl to 2 M.

Add equal vol CHCI; and shake.

Centrifuge 18,000 x g, 10 min; keep upper aq layer.

Dialyze to 0.1 M NaCl, 2 h, using MINI dialysis units 7000 MWCO.

Precipitate HA with 4 vol ethanol overnight at —20°C.

Centrifuge 18,000 x g, 20 min; keep pellet.

Dissolve in 100 pL of 50 mM Tris pH 8, 20 mM NaCl, 50 U Benzonase; incubate 37°C for 4
h.

Repeat steps 3-8.

Dissolve in 30 uL H,0.

Optionally, boil to denature any remaining protease, then repeat steps 9—11.

Add H,0 and 2 M NaCl to make 400 pL in 0.1 M NaCl.

Fractionate on strong anion-exchange mini spin column, washing with 0.2 M NaCl
(removes junk), then elute HA with 0.7 M NaCl (sulfated GAGs elute at >1 M NaCl).
Remove NaCl by dialysis or by precipitating HA with 4 vol ethanol.

Example HA isolation protocols for use with biological fluids or solid tissues.

are based on the use of HA-specific binding proteins. For example, the
aggrecan proteoglycan binds HA highly specifically. Either the intact pro-
teoglycan or a terminal fragment called G1-IGD-G2, often referred to as
HA-binding protein (HABP), may be used. The Link protein, also called
CRTL1 or HAPLNI, and several other HA-specific proteins are similarly

useful.

The assay format is usually microplate-based and can be a sandwich

or competitive type.
Sandwich ELISA-like assays for HA may have HABP or other specific
binding protein immobilized on a surface to which HA in a sample can bind.
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Fig. 15 HA detection by a commercial ELISA kit employing sandwich assay format is
inaccurate for low-molecular-mass HA. The apparent concentration measured for differ-
ent HA samples with an actual concentration of 30 ng/mL (horizontal line) depends on
HA size, below about 150kDa. Short HA chains bound to a surface are difficult to probe
with a specific detector protein. This figure has been adapted with permission from
Yuan, H.; Tank, M.; Alsofyani, A.; Shah, N.; Talati, N.; Lobello, J. C.; Kim, J. R, Oonuki, Y.;
de la Motte, C. A.; Cowman, M. K. Molecular Mass Dependence of Hyaluronan Detection
by Sandwich ELISA-Like Assay and Membrane Blotting Using Biotinylated Hyaluronan Bind-
ing Protein. Glycobiology 2013, 23, 1270—1280. Copyright 2013, the authors.

Bound HA is detected by addition of suitably labeled detector protein, such
as biotinylated HABP, that can be quantified by addition of streptavidin
conjugated to an enzyme reporter. The sensitivity of sandwich assays is
high, with a detection limit as low as 0.05ng of HA. Unfortunately, the
sandwich assay format poorly detects HA with molecular mass less than
about 150kDa****%" (Fig. 15). This phenomenon has been attributed to
uninterrupted binding of short HA chains to the surface without formation
of loops that are required for accessibility to the biotinylated detector
protein.

Competitive ELISA-like assays are preferred for detection of HA, because
the HA—protein binding step occurs in solution rather than at a surface.
Unbound HABP is detected by its binding to HA or an antibody on a surface.
In competitive ELISA-like assays, HA ranging in size from that of a long
polymer to a decasaccharide (the minimum size for binding of HA to HABP)
is detected equally, but the sensitivity is usually lower than that of sandwich
assays, with reported detection limit in the competitive assays being about 1 ng.
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6.3 Methods for Molecular Mass Analysis

Commonly employed physicochemical methods to analyze average molec-
ular mass and molecular mass distribution require HA to be nearly pure and
dissolved in a neutral aqueous salt solution (usually NaCl) with an ionic
strength of at least 0.1.” The weight-average molecular mass can be deter-
mined by light scattering using data extrapolated to zero angle and zero
concentration. A closely similar viscosity-average molecular mass can be
obtained by determination of intrinsic viscosity measured at, or extrapolated
to, low shear rate. As we have seen above (Fig. 9), it is also possible to deter-
mine viscosity-average molecular mass from low-shear viscosity data for a
semidilute solution of known concentration using the nonideality correc-
tion predicted by mutual macromolecular crowding theory.”” For determi-
nation of HA molecular mass distribution, a method for fractionation of the
HA by molecular mass is coupled with concentration determination and
light scattering or viscosity analysis. SEC-MALLS (size-exclusion chroma-
tography with multiangle laser light scattering) 1s widely used to analyze HA
samples in which the molecular mass ranges up to about 2000-5000kDa,

72,265
> In choos-

depending on the chromatographic column separation range.
ing the appropriate columns, it is important to bear in mind that the expanded
coil conformation of HA occupies a much larger hydrodynamic volume than
a globular protein of the same molecular mass, and nonideality eftects can be
significant at even low concentration.

The physicochemical methods have been successfully applied to the
analysis of HA in synovial fluid, where the concentration is high, ca.
2-3mg/mL, and purification from contaminating globular proteins and
small molecules is easily accomplished. In other fluids and tissues, the levels
of HA are lower, and purification is often incomplete. The most commonly
used methods for analysis of HA isolated from fluids and tissues are based on
chromatographic or gel electrophoretic separation of HA by size, followed
by sensitive or specific quantification. Size-exclusion chromatography can
be coupled with detection by labeled HA-specific binding protein, or with
detection by an ELISA-like assay.” 2" 2%

precalibrated with HA samples of low polydispersity and known average

The columns must be

molecular mass determined by a primary method such as light scattering.
Gel electrophoretic separation methods similarly require coelectrophoresis

of HA standards with known molecular mass and low degree of polydis-

2,73,163,270,271

persity. If the HA sample is nearly pure, or contaminated only
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with molecules not bound to HA and having sufficiently different electro-
phoretic mobility, gels can be stained with a dye such as Stains-All,
and densitometric scans can be used to determine HA molecular mass dis-
tribution and calculate weight- and number-average molecular mass.
Alternatively, blotting or electrophoretic transfer of the separated HA to
a positively charged nylon membrane allows specific detection of HA with
a labeled binding protein.”’” Unfortunately, HA attachment to the cat-
ionic surface limits accessibility to detector proteins, and blotting methods
do not accurately detect HA with a molecular mass of less than about
150kDa.”"’

The choice of gel matrix for electrophoretic separation of HA is dic-
tated by the size range of interest.””*’" Agarose gels containing 0.5% aga-
rose in Tris—acetate—EDTA (TAE) buffer can be used to separate HA from
about 200kDa to over 6000kDa. The electrophoretic mobility is linearly
related to the logarithm of the HA molecular mass, and densitometric
scans of stained gels allow accurate determination of molecular mass dis-
tribution and weight-average molecular mass. Fig. 16 shows the electro-
phoretic separation of two polydisperse commercial samples of pure HA
on 0.5% agarose in TAE. The coelectrophoresed HA standards were
nearly monodisperse chemoenzymatically synthesized HA (Select-
HA™), for which the HA molecular masses were determined by SEC—
MALLS. Fig. 17 shows the molecular mass distribution of the polydisperse
HA obtained from the densitometric scan using the HA standards to create
a calibration plot relating electrophoretic mobility to molecular mass. The
calculated weight-average molecular mass was 1900 kDa, closely similar to
the reported 1700kDa viscosity-average molecular mass of the sample.
The peak in the densitometric curve corresponded to a molecular mass
of about 2100kDa.

For analysis of HA samples in the 5-500kDa range, higher con-
centrations of agarose can be used in a Tris—borate—EDTA (TBE) buffer,
where the borate slightly reduces the agarose gel network pore size and
gives better pH stability during the run and improved compatibility with
postelectrophoretic staining. Alternatively, polyacrylamide gels in TBE
with a gradient in polyacrylamide concentration from 4% to 20% are
widely used and available commercially as precast gels. Sample loads are
usually 0.5—1.0 pg for polyacrylamide gels, and 1.0-2.5 pg for agarose gels.
Fig. 18 shows the polyacrylamide gel electrophoresis (PAGE) result for the
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Fig. 16 The molecular mass distribution of high-molecular-mass HA was analyzed by
electrophoresis on a 0.5% agarose gel with detection by Stains-All dye. Low polydisper-
sity HA standards (Select-HA) created by chemoenzymatic synthesis appeared as dis-
crete bands, but HA isolated from tissue or bacterial sources appeared highly
polydisperse. The viscosity-average molecular mass of the two polydisperse samples
is indicated. This figure has been adapted with permission from Cowman, M. K,
Chen, C. C; Pandya, M.; Yuan, H.; Ramkishun, D.; LoBello, J.; Bhilocha, S.; Russell-Puleri, S.;
Skendaj, E.; Mijovic, J.; Jing, W. Improved Agarose Gel Electrophoresis Method and Molecular
Mass Calculation for High Molecular Mass Hyaluronan. Anal. Biochem. 2011, 417, 50-56.
Copyright 2011, Elsevier Inc.

analysis of several commercially available, polydisperse, pure HA samples
with low-average molecular mass. The viscosity-average molecular mass of
each sample is indicated in the figure.

The best choice of gel type and concentration depends on the range of
sizes in an HA sample. Fig. 19 shows densitometric scans of four polydis-
perse samples calibrated to molecular mass by coelectrophoresis of nearly
monodisperse HA standards. A 3% agarose gel in TBE buffer was used for
the 112 and 59kDa samples. A 4% agarose gel in TBE was used for the
37kDa HA sample. For the 22kDa HA, a 4%—20% polyacrylamide gel
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Fig. 17 Quantification of HA molecular mass distribution was achieved by densitomet-
ric analysis of a stained agarose gel following electrophoresis. The densitometric data
for an unknown sample were calibrated using coelectrophoresis of low polydispersity
HA standards of known size to convert migration distance to HA molecular mass. This
figure has been reproduced with permission from Cowman, M. K.; Chen, C. C,; Pandya, M.;
Yuan, H.; Ramkishun, D.; LoBello, J.; Bhilocha, S.; Russell-Puleri, S.; Skendaj, E.; Mijovic, J.;
Jing, W. Improved Agarose Gel Electrophoresis Method and Molecular Mass Calculation
for High Molecular Mass Hyaluronan. Anal. Biochem. 2011, 417, 50-56. Copyright
2011, Elsevier Inc.

R LA T | )| |\ || ) (T
LoLadder 112 59
N——
N 37
110 81 22
6
- 58
- -
30 '
- ‘

Fig. 18 The molecular mass distribution of low-molecular-mass HA was analyzed by
electrophoresis on a 4%—20% gradient polyacrylamide gel with detection by Stains-
All dye. Low polydispersity HA standards (Select-HA) created by chemoenzymatic syn-
thesis appeared as discrete bands. HA samples obtained by controlled degradation of
high-molecular-mass bacterial HA appeared highly polydisperse. The viscosity-average
molecular masses of the polydisperse samples are indicated. This figure has been
adapted with permission from Bhilocha, S.; Amin, R; Pandya, M.; Yuan, H.; Tank, M.;
LoBello, J.; Shytuhina, A.; Wang, W.; Wisniewski, H. G.; de la Motte, C.; Cowman, M. K. Aga-
rose and Polyacrylamide Gel Electrophoresis Methods for Molecular Mass Analysis of 5- to
500-kDa Hyaluronan. Anal. Biochem. 2011, 417, 41—49. Copyright 2011, Elsevier Inc.
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Fig. 19 The best electrophoretic gel choice depends on the molecular mass range pre-
sentin an HA sample. Densitometric profiles presented for several polydisperse HA sam-
ples with low-average molecular mass are labeled with the viscosity-average molecular
mass for each sample indicated above the corresponding profile. The gel types used
were as follows: 3% agarose for 112- and 59-kDa HA, 4% agarose for 37-kDa HA, and
4%—20% polyacrylamide for 22-kDa HA. Absorbance data were scaled to the same max-
imum height in each profile for facile comparison. This figure has been adapted with per-
mission from Bhilocha, S.; Amin, R.; Pandya, M.; Yuan, H.; Tank, M.; LoBello, J.; Shytuhina, A.;
Wang, W.; Wisniewski, H. G.; de la Motte, C.; Cowman, M. K. Agarose and Polyacrylamide Gel
Electrophoresis Methods for Molecular Mass Analysis of 5- to 500-kDa Hyaluronan. Anal.
Biochem. 2011, 417, 41—49. Copyright 2011, Elsevier Inc.

in TBE was used. The gel composition choice was made to ensure that all
of the HA in a given sample was within the linear calibration range for the
gel used.

It is not always possible to use nonspecific staining of electrophoretic gels
to determine HA molecular mass distribution. Contaminants that migrate
similarly to HA and that bind cationic dyes can be present. As an alternative
approach, a combination of ion-exchange chromatography (IEX) for frac-
tionation and ELISA-like assay for quantification can be used.'*> Although
[EX is most commonly employed to separate sulfated glycosaminoglycans
from nonsulfated HA or chondroitin, it is possible to fractionate HA by size
over a size range from oligosaccharides to approximately 100kDa, as the
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Fig. 20 Fractionation of HA by ion-exchange chromatography. A polydisperse HA sam-
ple was fractionated by stepwise elution from an anion-exchange spin column using
seven NaCl solutions of increasing concentrations, then analyzed by electrophoresis
on a 4%—20% gradient polyacrylamide gel. Lane 1: untreated polydisperse HA, 4 ug; lane
2: mixture of equal portions of the isolated IEX fractions (recombined), 4 ug if no loss
occurred; lane 3: Select-HA molecular mass markers of 495, 310, 214, 110, and 30kDa
in addition to purified 7.6- to 10-kDa HA; lanes 4—10: HA eluted with 0.800, 0.440,
0.416, 0.400, 0.360, 0.330, and 0.300 M NaCl solutions, respectively. This figure has been
reproduced with permission from Yuan, H.; Amin, R.; Ye, X.; de la Motte, C. A.; Cowman, M. K.
Determination of Hyaluronan Molecular Mass Distribution in Human Breast Milk. Anal. Bio-
chem. 2015, 474, 78—88. Copyright 2015, Elsevier Inc.

affinity of anionic HA for the cationic resin is dependent on total charge.
Longer chains require elution with salt solutions of increasing ionic strength.
A step gradient of NaCl from 0.30 to 0.80 M NaCl can be used to elute HA
fractions of increasing molecular mass. Fig. 20 shows the PAGE analysis of
HA fractions obtained by step gradient elution from a spin IEX column.
A set of seven low polydispersity fractions were obtained. Coupling the
IEX fractionation with a sensitive ELISA-like assay (Fig. 21) allows specific
determination of HA and is suitable for detecting the presence of low-
molecular-mass HA in biological samples containing total HA at low
concentration.
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Fig. 21 Scheme for determination of HA molecular mass distribution by ion-exchange
fractionation and specific HA quantification. HA was fractionated according to molec-
ular mass using stepwise elution from an anion-exchange column with solutions of
increasing salt concentrations. HA in each fraction was quantified by competitive
ELISA-like assay. This figure has been reproduced with permission from Yuan, H.,
Amin, R, Ye, X, de la Motte, C. A.; Cowman, M. K. Determination of Hyaluronan Molecular
Mass Distribution in Human Breast Milk. Anal. Biochem. 2015, 474, 78—88. Copyright 2015,
Elsevier Inc.

6.4 Experimental Findings on HA Content and Size

There are multiple studies correlating changes in HA content and size with
tissue remodeling and inflammatory pathological processes.

6.4.1 HA in Biological Fluids

The concentration of HA in biological fluids can sometimes be determined
without purification using specific detection as by ELISA-like assay. If the
HA is bound to proteins such as aggrecan or versican, it will be incompletely
detected unless the bound protein is enzymatically digested prior to assay.
HA in synovial fluid, blood serum, and milk has low levels of bound protein,
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but HA in conditioned medium from cultured cells can have significant
bound protein and must be treated with a protease prior to assay. For the
most accurate determination of HA molecular mass, it is usually preferred
to remove protein, lipid, and small-molecule contaminants prior to analysis
by chromatographic or electrophoretic methods.

Normal human knee joint synovial fluid contains HA at a concentration
of about 2-3mg/mL.">"

(RA), the concentration can be reduced, especially in the presence of effu-
13,267,272

In osteoarthritis (OA) or rheumatoid arthritis

sion that increases synovial fluid volume. The average molecular
mass of the HA in normal humans is near 6000—7000kDa,'*?%”*"" but
can be significantly reduced in OA or RA due to inflammation. Fig. 22
shows the molecular mass distribution of HA in normal and OA patient
synovial fluids as determined by agarose gel electrophoresis.”””’ The OA
patient fluids were highly variable in the extent of HA molecular mass reduc-
tion. The combination of the HA concentration and molecular mass in syno-
vial fluid places this fluid in the semidilute solution regime where viscosity
depends on ([7] to the 3rd to 4th power due to macromolecular crowding.
The loss of viscosity can then be substantial. For the OA synovial fluids, mod-
est reductions in average molecular mass (e.g., from 6000 to 4000kDa,
corresponding to an intrinsic viscosity decrease from 7700 to 5500 mL/g)
and concentration (e.g., from 2.5 to 1.5mg/mL) would cause a significant
drop in the coil overlap parameter (from ca. 19 to 8), leading to a nearly
18-fold drop (from ca. 2100 to 120) in specific viscosity of synovial fluid.
The normal HA concentration in human serum is usually less than about

40ng/mL. It is elevated in hepatic cirrhosis,”’” in rheumatoid arthritis,”*"*"*

260 . .. 255260

™ and in osteoarthritis. """
. - . . 253,275-277 . :

associated with an increase in serum HA. The size of the HA in

in ankylosing spondylitis, Untreated cancer is
normal and RA blood serum is low to moderate, averaging about
100-500kDa.**”*"*?’" The presence of (undefined) low-molecular-mass
HA in serum of cancer patients has been suggested to be useful in differen-
tiating metastatic from nonmetastatic breast cancer.”’” In contrast, patients
with Wilms™ renal tumors had high levels of high-molecular-mass HA
(ca. 2000kDa).””’

Normal human urine contains HA at a concentration of about
100-300ng/mL,>"" and it is mainly low to moderate in molecular mass,
although bladder cancer patients also showed the presence of high-
molecular-mass HA.?”’

Human milk has a low concentration of HA, decreasing from about
800ng/mL in the first week after birth to about 200 ng/mL at >60 days
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Fig. 22 Electrophoretic analysis of the molecular mass distribution of HA in human
synovial fluid (SF) from normal and osteoarthritic (OA) patients. Normal: human SF
obtained from young healthy volunteers; OA-high/medium/low: osteoarthritis patient
SF patterns representative of three classes of samples. The percentage of HA with M
greater than 4MDa was 61% (normal), 61% (OA-high), 45% (OA-medium), and 27%
(OA-low). In analysis of 39 OA patient SF, the average fraction of HA >4MDa was
48+ 15%, similar to the OA-medium-type sample. This figure has been reproduced with
permission from Cowman, M. K,; Lee, H. G.; Schwertfeger, K. L.; McCarthy, J. B, Turley, E. A.
The Content and Size of Hyaluronan in Biological Fluids and Tissues. Front. Immunol. 2015,
6, 261. Copyright 2015, the authors.

postpartum.”* The HA component of milk contributes to defense of the
infant’s intestinal epithelium against microbial infection via interaction with
CD44 and TLR 4 receptors, resulting in the expression of the antimicrobial
peptide human p-defensin 2.>* The size distribution of the HA is critical to
this effect. About 95% of milk HA is moderate in molecular mass, averaging
about 440kDa, based on agarose gel electrophoretic analysis (Fig. 23).'*
This size of HA can provide multivalent binding to clustered CD44 at
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Fig. 23 Molecular mass distribution for human milk HA by 1% agarose gel electropho-
resis. Lanes 1 and 2: Select-HA standards. Lane 3: approximately 2.5 g of HA, obtained
as the highest-molecular-mass fraction of milk HA after elution from an IEX column;
lane 4: the same sample as in lane 3 but after specific hyaluronidase digestion. The
bands migrating faster than the 100-kDa HA standard are impurities and do not con-
tain any HA. This figure has been reproduced with permission from Yuan, H.; Amin, R.;
Ye, X.; de la Motte, C. A.,; Cowman, M. K. Determination of Hyaluronan Molecular Mass
Distribution in Human Breast Milk. Anal. Biochem. 2015, 474, 78—88. Copyright 2015,
Elsevier Inc.

the cell surface. It is more difficult to analyze for the presence of bioactive
lower-molecular-mass HA in milk without complete purification. Using
biotinylated HABP to bind HA and magnetic beads bearing streptavidin
to pull down the complex, a very low level of HA with a molecular mass
of about 35kDa was discovered (Fig. 24).'*> In analysis of milk from
20 unique donors using the IEX-ELISA method, the presence of the
low-molecular-mass HA was confirmed (Fig. 25). The HA fragments can
act as danger-associated molecular patterns, critical to both the stimulation
of TLR4 receptors and the antimicrobial peptide production so important
for infant health.
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Fig. 24 Low-M HA isolated from human milk was analyzed by 4%—20% polyacrylamide
gel electrophoresis. Lane 1: LoLadder containing HA molecular mass markers 495, 310,
214,110, and 30kDa in addition to purified 7.6- to 10.0-kDa (average ca. 9.0kDa) HA;
lane 2: milk HA from a 0.425M NaCl elution from IEX captured by specific binding to
bVG1 and streptavidin-coated magnetic beads. This figure has been reproduced with per-
mission from Yuan, H.; Amin, R.; Ye, X.; de la Motte, C. A,; Cowman, M. K. Determination of
Hyaluronan Molecular Mass Distribution in Human Breast Milk. Anal. Biochem. 2015, 474,
78-88. Copyright 2015, Elsevier Inc.

6.4.2 HA in Tissues
The tissue with the highest HA content is cartilage. Human articular carti-
lage contains about 5002500 pug HA per g wet tissue.”~ The HA serves to
organize the aggrecan proteoglycans of the extracellular matrix, resulting in a
highly hydrated supporting network responsible for the compression resis-
tance properties of cartilage. The HA is synthesized as a high-molecular-
mass polymer averaging about 2000kDa, but is found in a partially degraded
300kDa form in older persons.”””

Human skin also has a high content of HA (averaging about
400-500 pg/g wet tissue), and it is present at higher levels in fetal and young
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Fig. 25 Human milk HA has a detectable fraction of low-molecular-mass bioactive HA.
The HA size distribution for 20 human milk HA samples was determined by IEX fraction-
ation and content analysis by competitive ELISA-like assay. This figure has been
reproduced with permission from Yuan, H, Amin, R; Ye, X, de la Motte, C. A;
Cowman, M. K. Determination of Hyaluronan Molecular Mass Distribution in Human Breast
Milk. Anal. Biochem. 2015, 474, 78—88. Copyright 2015, Elsevier Inc.

skin in comparison with older skin.”™ The HA has very high molecular mass,

averaging 4000—-6000kDa. Following irradiation with UVB, HA size is
reduced.””' Rat skin similarly has high-molecular-mass HA (>3000kDa)."*°

Other healthy organs have lower HA contents. Laurent and Tengblad™'
found HA generally present at 1-100 pg/g wet tissue in rabbit cornea, liver,
muscle, brain, and kidney. Similarly, Armstrong and Bell'® found HA con-
tent to be approximately 100—200 pg/g tissue in rabbit lung, muscle, small
intestine, large intestine, and heart. In all healthy tissues, the HA size was
high in molecular mass, averaging about 4000—-6000kDa.

High levels of HA are found in carcinomas of the lung, colorectal, pros-
tate, bladder, and breast tissues. The increase in HA level is linked to tumor

232,234,235,282,283 - - - -
’ Other tissues undergoing rapid remodeling also

aggression.
have elevated HA content. Mammary gland morphogenesis is accompanied
by changes in HA content, with the highest levels found associated with
gland remodeling during gestation.”®* Healing of rat or mouse skin wounds
is associated with an approximately twofold increase in HA content and the
126,236

presence of fragmented HA (Fig. 26).
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Fig. 26 Low-molecular-mass HA appears during healing of wounds. Agarose gel elec-
trophoretic analysis of HA isolated from full-thickness excisional rat skin wounds
0-14 days (D) after wounding. HA was visualized in the electrophoretic gels by
Stains-All dye. Mainly high-molecular-mass HA was present at day 0, but a broad distri-
bution of HA sizes appeared by day 3 and was prominently observed at day 7. This figure
has been adapted from Tolg, C.; Hamilton, S. R.; Zalinska, E.; McCulloch, L.; Amin, R.;
Akentieva, N.; Winnik, F.; Savani, R, Bagli D. J; Luyt, L. G, Cowman, M. K;
McCarthy, J. B, Turley, E. A. A RHAMM Mimetic Peptide Blocks Hyaluronan Signaling
and Reduces Inflammation and Fibrogenesis in Excisional Skin Wounds. Am. J. Pathol.
2012, 181, 1250—-1270. Copyright 2012, American Society for Investigative Pathology.

7. DIAGNOSTIC AND THERAPEUTIC APPLICATIONS

Fig. 27 illustrates the concept behind much of our work. Knowledge
gained by the study of HA in biological environments can be exploited to
develop new diagnostic and therapeutic approaches to combat disease.

7.1 Exogenous HA

Semidilute solutions of pure high-molecular-mass HA are widely used as
viscoelastic tools in ophthalmic surgery,” and as intraarticularly injected
25

2% These medical applications rely
principally on the mechanical properties of HA solutions. Coupling our

analgesic treatments for osteoarthritis.
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Fig. 27 Improved understanding of HA structure and function in vivo is leading to new
diagnostic and therapeutic applications.

understanding of the worm-like coil conformation for high-molecular-mass
HA in neutral aqueous salt solutions and the eftects of coil overlap that cause
nonideality even at low concentrations, it is possible to control the medically
important physicochemical properties (viscoelastic cushioning, lubrication)
of therapeutic HA solutions by varying the HA concentration and molecular
mass. For example, the Matsuoka—Cowman theory for mutual macromolec-
ular crowding shows that increasing the elastic modulus requires only a
change in HA concentration, but increasing viscosity can be accomplished
by increasing either or both HA concentration and molecular mass.

The recognition that HA-based treatments have effects that outlast the
residence time of HA in the tissue has turned attention to control of the bio-
'"" Through its interaction with CD44,
exogenous high-molecular-mass HA can counteract the proinflammatory
effects of IL-1B and TNE-a in chondrocytes and synoviocytes.””® Orally
administered high-molecular-mass HA can enhance the production of

logical signaling properties of HA.

the antiinflammatory cytokine IL-10 via TLR4 on intestinal epithelial
cells.” If HA is modified by the TSG-6-catalyzed covalent attachment
of heavy chains from lal, the resulting cross-linked matrix creates a micro-
environment that supports stem cells in tissue repair by an as-yet-unknown
mechanism.”**>%

Exogenous low-molecular-mass HA fragments have also been pro-
posed for specific therapeutic applications. While generally regarded as
proinflammatory, HA fragments are better viewed as prodefensive in specific

environments. HA tetrasaccharides are reported to suppress the expression
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of IL-1P by hippocampal neurons following hypoxic—ischemic brain injury

29 A
 HA hexasaccharides are reported to

via a TLR 2-dependent mechanism.
stimulate fibroblast migration and improve wound closure by a mechanism
involving both CD44 and RHAMM proteins.””' Orally ingested HA frag-
ments of about 35 kDa are able to induce the expression of the antimicrobial
peptide P-defensin 2 in the intestinal epithelium of mice via a TLR4-
dependent mechanism.” In human milk containing moderate-molecular-
mass HA of about 440kDa and low-molecular-mass HA of 35kDa, both
TLR4 and CD44 are stimulated to upregulate human p-defensin 2 in
cultured colonic epithelial cells.”*'*

These recent developments in our understanding of the
antiinflammatory cell-signaling effects of HA suggest that there will be con-

tinuing interest in HA-based therapeutics.

7.2 HA-Based Medical Diagnostics

In serum, the content of HA is increased in several diseases, particularly if
there is an inflammatory component to the pathology. Because the liver
is responsible for HA uptake from the blood, a high HA level in serum is
part of a multicomponent diagnostic for hepatic cirrhosis.”’”*">*” Liver
fibrosis, severe fibrosis, and cirrhosis can be discriminated by difterent serum
HA level cutofs.

Tumor tissues produce high levels of HA, and cancers can cause blood

253,275,294

serum HA levels to be elevated. Interestingly, it was found that the

content of low-molecular-mass HA in serum can be used to differentiate

. . 278
metastatic from nonmetastatic breast cancer.

Urinary HA is a specific biomarker for bladder cancer.”””*”

We recently found that mouse mammary primary tumors, as well as lung
metastases, had high levels of degraded HA (Tolg, Yuan, Cowman, and
Turley, unpublished). This suggests the possibility that analysis of the size
distribution of HA in tumor tissues may be useful in predicting tumor pro-

gression or in stratifying patients for treatment decisions. !

7.3 Therapeutic Modulation of HA Signaling

There is great interest in the development of therapeutics to modulate
proinflammatory signaling by HA fragments. One approach is to use anti-
oxidants to reduce the levels of ROS/RNS in order to reduce the produc-
tion of HA fragments. A second approach is to develop molecular tools to
block the signaling by HA fragments. Turley and coworkers have identified
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HA-binding peptides that have homology to the HA receptor protein
RHAMM.'"”® A 15-mer peptide that disrupts HA binding to RHAMM
was found to promote healing of excisional skin wounds in the rat, without
fibrosis. The same peptide, formulated with high-molecular-mass HA, has
shown promise for regenerative healing of cartilage by control of inflamma-
tion and stem-cell differentiation (Cowman, Kirsch, Strauss, Turley, Toelg,
Luyt, PCT/US2015/045934). The mixture of high-molecular-mass HA
and an HA-binding peptide acts synergistically to favor healing without
fibrosis. These studies suggest that control of cell signaling by HA and
HA fragments may hold the key to regenerative repair of many types of tis-
sues and to the modulation of inflammatory disease processes in which HA
plays a role.
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