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HA
High MW extracellular matrix (ECM) 

polymer.
Only non-sulfated GAG.
Only GAG not associated with a 

core protein to form a proteoglycan.
Only GAG not synthesized in Golgi.



Hyaluronan (HA)

Straight chain of the repeating disaccharide

(- N-acetylglucosamine- - glucuronic acid)n



Importance of the beta-linkage
beta-glucose polymer = cellulose
alpha-glucose polymer = glycogen
beta-N-acetyl-glucosamine polymer = chitin

beta polymers provide structure
alpha polymers provide food and energy





1. hydrates

2. opens tissue spaces for cell movement

3. confers cell motility

4. diminishes cell-cell, cell-matrix interactions 

5. promotes morphogenesis, 
impedes differentiation

HA functions:



The cultured myoblast model: 

Cells plated on HA do not undergo 
differentiation, 

but do so when plated on plastic.







Stem cells are associated with 
HA

Both normal and cancer stem cells are 
contained within an HA-rich niche.

CD44  is the predominant receptor for HA.

All stem cells to-date express CD44 
isoforms on their cell surfaces.



HA and cancer
1. Malignancies are associated 

with an HA-rich environment.

2. Levels of HA correlate with poor 
prognosis.









HA has a very high rate 
of turnover 

In the 70 kg individual,
 there are 15 g of HA.
 

5 g turnover daily.



The hyaluronidase enzymes 
are responsible for this rapid  

HA turnover.

HA is rapidly degraded, but 
reforms very quickly



Vertebrate hyaluronidases 
are difficult to isolate. 

They require the constant presence 
of detergents and protease inhibitors 
throughout the isolation procedure.

Until recently, the sperm enzyme, PH-20, was the only 
vertebrate hyaluronidase that had been identified. 
These were, until recently, neglected enzymes.



Purification of hyaluronidase  
from human plasma 

Purification 
Step

Volume 
(ml)

Protein 
(mg/ml)

Specific 
Activity 

(NFU/mg)

X-fold 
Purification

Starting 
Material

2,100 86 0.058 1.0

Detergent 
Phase

650 1.3 3.62 63

SP-Sepharose 60 0.85 50 875

Hydroxyapatite 1.0 0.0225 86,355 1.5x106



HYAL1  (hyaluronidase-1)

55 kDa glycoprotein
49 kDa protein & 6 kDa carbohydrate

ng/ml in blood and urine



Sequencing of HYAL1 
peptides 

the amino terminal and 
an internal tryptic peptide. 

Sequences were entered into the Gene BankThits is the first somatic hyaluronidase to be 
purified.

Sequences of N-terminal and internal tryptic 
peptides were entered into GenBank…





A new enzyme family
As a result of Human Genome Project 

and the EST (Expressed Sequence 
Tags) data banks,

it was possible to identify six members of the 
hyaluronidase gene family.







The hyaluronidase 
gene family

Genes for the six enzymes are in tightly 

clusteredTgroups of three  at two chromosomal 

locations,

3p21 and  7q31.





The hyaluronidase gene family

Each member of this gene family is 
transcriptionally active, and has a 

unique profile of tissue expression.



Sequences of human plasma 
hyaluronidase and the mouse ortholog 

There is 80% identity between the two sequences, even though 
divergence between man and mouse occurred 80 million years ago.





HYAL1 and HYAL2

These are the predominant 
hyaluronidases in the catabolism 
of HA in vertebrate tissues, and 

responsible for rapid HA turnover.



Hyaluronidase-1 (HYAL1) 

HYAL1, the only active
 hyaluronidase

 
in blood and urine.

 
It is a candidate tumor suppressor

 gene product (LuCa-1).







Activity of HYAL1

This enzyme degrades HA down 
to tetrasaccharide fragments.



hyaluronidase-2 

HYAL2



HYAL2 is GPI-linked on the    
surface of plasma membranes 

GPI-
 

= glycosylphophatidyl-inositol



GPI-linked hyaluronidases

HYAL2
HYAL4
PH-20





HYAL2 cuts high MW HA  to about 
20 kDa

 50 disaccharides
 100 sugars

HYAL2 has size-restricted 

reaction products



Substrate-specificity of HYAL2

Both HYAL1 and HYAL2 degrade high MW HA,
but HYAL2 slows considerably with HA chains 

smaller than 50 disaccharides.

This
 

is a matter of
 

conformation of the HA 
substrate.  Chains smaller than 50 disaccharides are 

unable to take on a
 

3 D conformation.



Size-specific functions of HA chains 
(a new concept)

1.Hi MW HA chains
 

reflect healthy tissues, are anti-
angiogenic, anti-inflammatory, immunosuppressant

2. The intermediate-sized chains are highly angiogenic,
very inflammatory and immuno-stimulatory

3. Tetrasaccharides
 

suppress apoptosis and induce
production of heat shock proteins.



A new concept:

Various sizes of HA chains 
occur in the vertebrate body.

Each size appears to have a 
different biological function.





Size-specific functions of HA

High MW HA
 

reflects intact healthy 
tissues.

Intermediate size HA
 

chains are a 
response to stress. (HYAL2 products)

The smallest fragments ameliorate the stress response 
(HYAL1products)



New catabolic scheme

The enzymatic
 

and chemical 
catabolism of HA

in vertebrate tissues.

Degradation occurs in quantum 
steps, with different size HA 

chains generated at each step.



Catabolic Scheme for HA









Examination of platelets:

A new study involving
hyaluronidases and HA in 

platelet preparations

with Carol de la Motte of the Cleveland Clinic



Degradation of HA in somatic tissues

Enzyme:              HYAL2             HYAL1

 

 HA

kDa           10,000        ~20             0.8                   
sugars     ~50,000     ~100                 4       



Degradation of HA
 

by platelets

HYAL2 enzyme  only

HA high MW    
 

intermediate size



Anti-inflammatory
Anti-angiogenic

highly inflammatory
highly angiogenic

10,000 kDa        ~ 20 kDa
50,000 sugars

 
~100 sugars



FragmentsPolymers OligomersHyaluronan
size 

Anti-
inflammatory

Pro-
inflammatory

Anti-
inflammatory

(1X106 Da)
(1000 saccharides)

(<2X104 Da)
(50 saccharides)

Hyaluronan
function 

Hyaluronidase
activity 

Hyal- 2 + Hyal- 1Hyal- 2

The anti-

 

or pro-inflammatory functions of HA are related to

 

chain size.

 

High 
MW polymer is degraded by Hyal2 enzyme to a

 

size that is very inflammatory 
and angiogenic, and is further degraded by Hyal1 to tetrasaccharides.

Hyaluronan
breakdown 

(˜105 Da)
(>100 saccharides)



Platelet-rich clots contains HYAL2

The platelet-rich clot, obtained both in vitro 
and in vivo, contains HYAL2 (red) as well as 
platelet-specific CD42b, the von Willebrand 
receptor (green).

 
These overlap (yellow). 





Megakaryocytes also contain HYAL2 

HYAL2 (red) in cytoplasm of 
megakaryocytes.

 
Other cells of bone marrow are negative.

 
Nuclei stain blue (DAPI).





Platelets and megakaryocytes   
also contain HA !! 

This has never been shown previously.

1. Platelets contain both HA and HYAL2.

2. Megakaryocytes may be “mega”
 

cells because of the 
HA they contain, and the enormous solvent 
volume

 
or water-of-hydration.





RT-PCR study of HYAL mRNAs in 
platelets

Platelet preparations contain HYAL2 mRNA 
with no evidence for presence of HYAL1. 





Western blot analyses of Hyals
 in platelets

Platelets contain Hyal2 protein, with no
evidence for Hyal1. 





Incubation of hmw HA  with platelets  generates signaling sized 
inflammatory fragments



Figure 8 
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Inflammatory cytokines
Rantes: Chemotactic

 
cytokine for memory T cells and

eosinophils, member
 

of 1L8
 

super family

MIP 1: Macrophage inflammatory protein 1
 

beta,
member of the C-C subfamily of chemokines

VEGF:
 

Vascular endothlial growth factor, of PDGF family

TNFRII: Tumor necrosis factor receptor II

IL1R:
 

Interleukin 1 receptor alpha
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Figure 9 
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Figure 10 

Hyal-2

Initial stimuli
activates 
endothelium
(e.g., TNF)

endothelium 
produces
polymeric 
HA cables

Platelets and
mononuclear
leukocytes bind
to HA cables

Hyal-2+ platelets
degrade HA cables
generating
signaling sized
pro-inflammatory,
pro-angiogenic
HA fragments

Monocytes bind
to signaling HA
Fragments and
are activated to
produce TNF, 
and other 
cytokines/ 
chemokines.

TNF and other
cytokines activate
HIMEC and re-
initiate the cycle

microvascular endothelial cells

Repeats throughout
connected vasculature

Endothelial cells 
bind signaling HA 
which promotes 
proliferation, 
migration and pro- 
angiogenic factor 
release

Angiogenesis

Inflammation



HA fragments are also 
immunogenic





THE HA CABLE STORY



TNF-a stimulates synthesis of 
HA cables in endothelial cells

Platelets bind to such HA cables.
At low power, platelets bind at 4o

 and degrade these cables at 37o



Figure 7 

a b c



A.

 

CD42b-positive

 

platelets (magenta) bound to

 

HA cables (green) produced in vitro by
TNF-stimulated

 

smooth muscle cells.
B. High power view of HYAL 2-positive

 

human

 

platelets (red) in contact with HA cables
(green).

 

Nucleus of a smooth muscle cell

 

is stained with DAPI (blue).

A B



Functions of HA cables  are unknown
We propose that these cables, a high MW form of 
HA, are deposited at the onset of inflammation. 

They may be homeostatic mechanisms to control 
intensity of the inflammatory response or an 
attempt to hold it in abeyance.



HA cables

HA
 

cables, anomalously, in the attempt to mollify the 
inflammatory reaction, may actually lead to chronicity, and in 

some cases, participate in prolonging the autoimmune 
response.

Mother Nature, in her abundant wisdom, occasionally
over-reacts, creating ever-new disease mechanisms.



WOUND HEALING



Wound healing

Wound healing represents a
 

cascade of 
carefully controlled reactions

 
in which the 

products of one reaction can provide the 
substrates for the subsequent reaction.

This is similar to the coagulation or the 
complement cascade.



HA, a critical component of 
the wound healing cascade

HA and its attendant metabolic reactions play a central 
role in the process of wound healing.

 
HA, its various 

size fragments, HA synthases, the Hyals, 
hyaluronidase inhibitors, as well as cytokines that 
modu-

 
late their expression are previously unrec-

 ognized participants in wound healing.



The process of normal wound healing
1.

 

Clot formation, with a platelet plug and fibrinogen conversion 
to fibrin

2.

 

Wound edema  (HA)

3.

 

Acute inflammatory cells (first line of defense)

4.

 

Chronic

 

inflammatory cells (lymphocytes

 

and monocytes)

5.

 

Endothelial cell migration, proliferation(angiogenesis)

6.

 

Fibroblast invasion and proliferation
collagen III followed by collagen I deposition



Wound healing (con’t)

Formation of the platelet plug is the first
step in wound healing. 

Inflammatory cells are another component
of normal wound healing.

Platelets may provide the signal for
inflammatory cells

 
to migrate to the wound 





HYALURONIDASE 
INHIBITORS



Unopposed hyaluronidase 
activity would create

 great havoc in tissues.
 

There must be mechanisms for 
modulation of activity.  Little is 

known about such control 
modulators.



Hyaluronidase inhibitors

1.
 

All tissues
 

have such inhibitors.
2.

 
Acute-phase proteins contain such inhibitors.

3.
 

This is a virtually unexplored area of biology.



As is true for many biological systems, 
stimulation occurs by release from 

inhibition. 

Going faster,not by stepping on the 
accelerator, but by taking foot off the brake.

A more prompt increase in HA can occur by inhibiting 
HA degradation than by stimulating HA synthesis.

This is a survival strategy and explains rapid 
rates of HA turnover under normal conditions.



Circulating HA increases 
dramatically under certain 

stress situations
1. Sepsis, particularly gram-negative sepsis
2. Shock, blood loss,

 
after major surgery

3. Severe burns



We propose that an inhibitor 
of HYAL2 exists in platelets.  We wish to isolate and 

characterize this putative 
inhibitor.  That is why I am here in 

Bratislava, in addition to 
visiting my good friend,  Dr. Laco  Soltes



SUMMARY

Platelets are inflammatory cells, in 
part, because of fragmentation of 

HA by HYAL2.
Unlike any other tissue, platelets 

express HYAL2, with no evidence 
for HYAL1.



A new patho-physiological 
mechanism of disease
Accumulations of platelet aggregates and microthrombi 

induce an inflammatory response
 

because of Hyal2-
 catalyzed fragmentation of HA.

Systematically, review all human pathologies, identifying those 
associated with platelet plugs, and microthrombi, associated with 

inflammatory cells.



Disorders associated with microthrombi 
and inflammatory cells

1. Inflammatory bowel disease
(ulcerative colitis, Crohn’s disease)

2. Rickettsial infections
3. Atypical hemolytic uremic syndrome (HUS)
4. HELLP syndrome (eclampsia, pre-eclampsia)
5.

 

Certain autoimmune disorders  (lupus, scleroderma)
6. Psoriasis, and other dermatological disorders
7. Malignant hypertension, pulmonary hypertension
8. Atheromatous tears  (stroke, M.I.’s)

and many others…………
9. Various vasculitis disorders



HA (green) and
fibrinogen (red) in
murine IBD model. 



Other aspects:

Additional hyaluronidase-related 
phenomena from this laboratory 
have not been written, or are not 

yet published.



The work is not done until the paper is done.
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Tissue distribution of hyaluronidase 
paralogs as determined by Northern blot 

analysis
Hyal-1 Widely expressed, except in brain.  

Not expressed during early development
Hyal-2 Similar expression pattern to Hyal-1. 

Highly expressed during early development
Hyal-3 Widely expressed, but at low levels, higher in testis 

and bone marrow
(a stem cell connection?)

Hyal-4 Expressed primarily in placenta and in skeletal 
muscle. This may be a chondroitinase!

Hyal-5 Wide, but low level expression, 
a pseudogene in humans (PHYAL1).

PH-20 Normally expressed only in testis.







QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.



Another mechanism for inhibition 
of rapid HA catabolism: 

Under conditions
 

of severe stress, as in septicemia, shock, blood loss, 
massive burns, major surgery, and inflammation, there is the 

appearance of large amounts of HA, in the circulation, and locally, as in 
cable formation.  

Hyal-2 is not shuttled to the cell surface, as occurs normally, but
 

under 
severe stress, remains in endosomes. High MW HA then accumulates,

 and normal steady state turnover
 

does not occur.



�
Intestinal Microvessels

�

Initial 
Stimulator

e.g. 
���

M

T

�����
Produce 
HA cables
(Figs 1,2)

Platelets  
and 
mononuclear 
leukocytes
bind to HA 
cables

Hyal 2+ 

platelets 
rapidly 
degrade

 

HA 
and create 
signalling 
sized 
fragments

M

T

Monocytes 
and T-cells 
produce 
cytokines and 
chemokines in 
response to 
HA fragments

Inflammatory 
cytokines
(e.g. ���) 
reinitiate the 
cycle
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Hyaluronidase is a misnomer

These enzymes are also able to degrade
 chondroitin and chondroitin sulfates, 

albeit
 

to a slower degree.



Chondroitinases

Are there other sequences in the 
Human Genome that code for 

pure chondroitinases?





Genomic structure of the 
hyaluronidase genes





Hyaluronidase Domains





Addendum

Halozyme Corporation
founded by Gregory Frost

has expressed hyaluronidases
as their commercial products.

HALO



Commercial success of Halozyme

They have entered into a $680 
million dollar agreement with 

Roche Corporation, as an adjunct 
for drug administration.







Wound Healing
HA deposition is the earliest event in WH
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