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ABSTRACT Hyaluronic acid (HA) stimulated the
function of polymorphonuclear leukocytes (PMN) both
in vitro and in vivo. Stimulation in vitro was achieved
by the incubation of PMN and HA in heparinized whole
blood at concentrations of HA between 5 and 500 ug/
liter. The stimulation of the PMN function was dem-
onstrated by an increased rate of phagocytosis of com-
plement- and/or immunoglobulin (Ig)G-coated latex
particles, increased adherence to nylon wool, increased
random migration and chemotactic response, increased
chemiluminescence during phagocytosis, and raised
levels of intracellular ATP. The effect of HA in vivo
was demonstrated, after subcutaneous administration
of HA (5-20 mg) to healthy volunteers, by an enhanced
rate of phagocytosis of the subsequently isolated neu-
trophils. The duration of the effect of one administra-
tion was ~1 wk with maximum effect on days 2-4.
HA injections to patients with increased susceptibility
to bacterial infections and impaired neutrophil function
demonstrated an enhanced neutrophil function also
in these individuals. HA may therefore be a new
principle by which resistance to infections can be en-
hanced.

INTRODUCTION

An optimal function of the polymorphonuclear leuko-
cytes (PMN)! is essential for host resistance to bac-
terial infections. Therefore much effort has been spent
in the search for agents that could enhance the PMN
function and correct defects found in many patients
with extreme infection propensity. The idea that hyal-
uronic acid (HA) might be such an agent has occurred
from our experimental studies of this glucosamino-
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glycan and its biological actions on cells of the lym-
phomyeloid system.

In a recent report (1) we were able to demonstrate
a stimulatory effect of HA on PMN phagocytic function.
This stimulation was achieved with a co-opsonic effect
of HA, as HA increased the phagocytic rate of serum-
opsonized immunoglobulin (Ig)G-coated particles by
a mechanism directed against the serum opsonins on
the particles. The concentration of HA (1-10 mg/liter)
that was needed to obtain this activity, however, greatly
exceeded the supposed concentration of native HA in
the circulation (2). In the present report we have ex-
tended our investigation of the effect of HA on PMN
function and describe a stimulatory effect of HA
achieved by a completely different mechanism and at
concentrations likely to be found in the circulation.
The in vitro findings suggested possible therapeutic
effects of HA as a regulator of resistance to infections.
As will be shown, in vivo trials on normals and pa-
tients with increased infection-propensity and defec-
tive neutrophil function, have supported this suggestion.

METHODS

Patients. The patient group consisted of 10 patients with
impaired host resistance defined as extreme propensity for
bacterial infections and impaired phagocytic activity of their
PMN (i.e., a phagocytic rate < 0.45 min~!, as measured with
IgG-coated latex particles [3]). Seven of the patients were
heat bumn patients. Three patients had had repeated pul-
monary and septic bacterial infections during the last years.

Isolation of PMN. PMN were isolated from heparinized
venous blood (Venoject, Terumo Corporation, Tokyo, Japan).
Heparinized blood was mixed with an equal volume of dextran
solution (20 g/liter) (Pharmacia Fine Chemicals, Uppsala,
Sweden) and the erythrocytes were allowed to sediment for
30 min at room temperature. The leukocyte-rich supernate
was collected and centrifuged at 160 g for 5 min. The leuko-
cytes were thereafter washed twice with Ringerdex (Pharmacia
Fine Chemicals). The remaining erythrocytes were hemo-
lyzed with hypotonic saline for 30 s. After an additional wash,
the leukocytes, as a highly concentrated cell suspension, were
left at +4°C for 30-45 min. With this treatment the PMN
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aggregated slightly and separated visibly by sedimentation
from the rest of the leukocytes. The purity of PMN in the
final suspension was 90+5% (SD). PMN used for the phago-
cytosis assay, measurements of chemiluminescence and ATP
content were diluted to a final concentration of 2 x 10° PMN/
liter in Ringerdex with glucose added (6.94 mmol/liter). For
measurement of PMN migration the washed leukocyte sus-
pension obtained after the hypotonic lysis was used. The con-
centration of PMN was adjusted to 1.5 x 10° PMN/liter with
Gey’s solution.

Phagocytosis was measured kinetically using an electronic
particle counter (4). The modified assay was performed in
Ringerdex solution with glucose (6.9 mmol/liter). The particles
(polyvinyl-toluene latex, volume; 4.38 x 107 liter, Coulter
Electronics Ltd., Dunstable, England) were coated with
human IgG as previously described (2). Such IgG-coated par-
ticles were also incubated in 20% fresh normal human serum
at 37°C for 10 min. The serum was washed away by two sub-
sequent washes in assay buffer. To such particles, which were
called serum-opsonized particles, the complement compo-
nents C3 and C4 were bound (1). The initial rate of phagocytic
uptake was calculated as previously described (3, 4) and ex-
pressed in minutes™'. The coefficient of intraday variation of
the assay was 8%, and of the intra- and interday variation, 14%.

In some experiments phagocytosis of IgG-coated latex par-
ticles by nonisolated granulocytes was morphologically as-
sessed. 0.2 ml of fresh, heparinized venous blood was incu-
bated during constant rotation for 60 min at 37°C with 0.2 ml
of IgG-coated latex particles diluted in Ringerdex. The ap-
proximate particle:granulocyte ratio was 10:1. Smears of cell-
particle incubates were prepared and stained with Giemsa
(Merck Sharp and Dohme AG, Darmstadt, West Germany)
and examined by light microscopy. The number of PMN con-
taining 0, 1-10, or >10 particles/cell was calculated.

Adherence of PMN was measured with the nylon wool assay
described by MacGregor et al. (5). 50 mg spun nylon wool
(Leuko-pak) obtained from Travenol Laboratories, Inc. (Brus-
sels, Belgium) was packed into a siliconized Pasteur pipette
to a column length of 15 mm. A volume of 1 ml of heparinized
venous blood was applied on the top of the column and al-
lowed to flow through. The percentage of PMN adhering to
the column was calculated from the PMN counts in the blood
before and after the passage through the column.

Random migration and chemotaxis. Migration of PMN
was assayed by means of the leading-front technique (6), using
a modified Boyden chamber (7). The microfilters (Millipore
Corp., Molsheim, France) used had a pore size of 3 um and were
~150 wm thick. Casein (Merck Sharp and Dohme AG) at a con-
centration of 1 g/liter was used as attractant, measuring
chemotaxis. Random migration was assayed as the migration
against Gey’s solution. The incubation time was 75 min. The
filters were fixed with 95% ethanol and the leukocytes stained
with Mayer’s Hamalaun-Losung (Merck Sharp and Dohme AG).

Chemiluminescence produced by isolated PMN during
phagocytosis of serum-opsonized zymosan particles was meas-
ured by means of the Lumac cell tester (Lumac Systems, Inc.,
Basel, Switzerland) and with reagents purchased from the
manufacturer. Luminol (Lumac Systems, Inc.) was used to
amplify chemiluminescence and was used at concentration 0.2
g/liter dissolved in 0.1 M borate buffer, pH 8.2. Isolated PMN
in Ringerdex-glucose buffer (2.0 x 10? cell/liter) were exposed
to serum-coated zymosan (Schwarz/Mann, Div. Becton,
Dickinson & Co., Orangeburg, N. Y.) at a final concentration of
0.4 g/liter. The incubation was performed at 37°C during
constant magnetic stirring (1,600 rpm). Measurements of
chemiluminescence were made on 100 ul cell-zymosan
suspension withdrawn from the incubate at 1-min intervals.
Further details of the measurements are presented elsewhere

(8). The results presented are the maximum chemiluminescent
responses obtained during the phagocytosis.

The intracellular content of ATP in isolated PMN at rest
was measured by means of the luciferin-luciferase system,
using a Lumac cell tester (8).

HA. The sodium salt of HA prepared from rooster comb
was used. The sterile, pyrogen-free solution (as tested by rab-
bit pyrogen test and limulus lysate assay) of HA of M, (average
molecular weight) 2 x 10 or 0.2 X 10 was obtained from
Pharmacia Fine Chemicals.

In vitroeffect of HA. Blood specimens were obtained from
healthy volunteers and patients with impaired host resistance.
HA was added to heparinized blood to a final concentration
of 0.5-1,000 ug/liter. After incubation at room temperature
for 30 min the PMN were isolated as previously described.
The isolated PMN were analyzed for their phagocytic ac-
tivity, migrating activity, intracellular ATP content, and
chemiluminescence.

In vivo effects of HA. Subcutaneous injections of HA
(M, 2 x 10%), 0.5-2 ml (10 mg/ml), were given once or
repeatedly to volunteers and patients. Heparinized blood was
taken from the injected individuals each or every 2nd d
and the phagocytic activity, intracellular ATP content, and
chemiluminescent production of PMN isolated as above,
were tested.

Student’s paired t test was used for statistical analyses.

RESULTS

The effect of HA on the initial rate of phagocytosis.
The addition of HA (M, 2 x 10%) to heparinized blood
of healthy individuals induced a stimulation of the ac-
tivity of isolated PMN. The incubation time of HA with
whole blood was 30 min since a time dependency was
observed with the maximum stimulatory effect after
20-40 min of preincubation. Altogether, 114 blood
specimens obtained from 13 healthy volunteers were
investigated after preincubation with various concen-
trations of HA (0.5-1,000 ug/liter). The HA concentra-
tion with the maximum stimulatory effect averaged
50 ug/liter, varying between different cell populations
from 5 to 100 pg/liter. The maximum degree of en-
hancement (P < 0.001) was also individual and varied
between 125 and 329 (average, 179)% in relation to
incubated controls (100%). Blood specimens of two
individuals were examined repeatedly to illustrate the
dose-dependent stimulation induced by HA (Fig. 1).
The size dependence of the stimulatory effect of HA
was tested by incubations made with hyaluronidase-
digested HA. The stimulatory activity was also ob-
tained with HA of a M, of 0.2 x 108.

Our kinetic measurements of phagocytosis were
based on an indirect technique and therefore controls
were made with light microscopy. After 5 min of in-
cubation, cell smears were examined as previously
described (4). The small proportion of particles merely
adherent to the cells was quite similar with or without
HA present. This indicates that the stimulated phago-
cytic rate mediated by HA was not only a consequence
of increased passive adherence of particles to the cell
surface.
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FIGURE 1 The uptake rate of IgG-coated latex particles in
buffer medium by PMN isolated from heparinized blood pre-
incubated for 30 min with various concentrations of HA (ex-
pressed in micrograms per liter). The blood was obtained
from two healthy individuals. The change of the phagocytic
rate by influence of HA is expressed in relation to incubated
controls (100%). The bars represent the mean+SEM of the
measurements. The number of experiments (n) and the results
of statistical analyses (* = P < 0.05, #* = P < 0.01, #** = P
< 0.001) are given in the figure.

To study the effect of HA on the phagocytic function
of nonisolated PMN we incubated heparinized blood
and IgG particles and assessed the particle uptake after
60 min of incubation. In the blood samples prein-
cubated for 30 min at 22°C with HA at concentrations
between 5 and 50 ug/liter, a significantly (P < 0.01)
increased proportion of PMN had phagocytized >10
particles/cell (Table I) with a concomitant reduction of
cells with 0 or 1-10 particles/cell. This indicates an

augmentation of the phagocytic capacity of the PMN
population in whole blood.

The effect of HA on PMN adherence. The adher-
ence to nylon wool of PMN in heparinized whole blood
was stimulated after preincubation of blood with HA
(Fig. 2). Maximum stimulation was obtained at a HA
concentration of 50 ug/liter. The average of the maxi-
mum stimulation was 175% (P < 0.01) as compared
with the incubated controls (100%).

The effect of HA on random migration and chemo-
taxis. The incubation of heparinized whole blood
with HA resulted in a stimulation of both the chemo-
tactic response and the random migration of the later
isolated PMN (Fig. 3). Maximum stimulation of chemo-
taxis was obtained at a HA concentration of 10 ug/liter
(range 5-50 ug/liter) and of random migration at 50
pg/liter (range 10-100 ug/liter). The maximum stimu-
lation averaged 156% (range 136-213%) for chemo-
taxis (P < 0.001) and 150% (range 133-200%) for ran-
dom migration (P < 0.01) as compared with incubated
controls (100%).

Isolated granulocytes (1.5 x 10° PMN/liter) were also
incubated at 22°C for 30 min in 80% fresh autologous
serum containing HA at the same concentrations as
tested in the experiments illustrated in Fig. 3. After
the preincubation the PMN were washed once in saline
and finally diluted to a cell concentration of 1.5 x 10°
PMN/liter. By this procedure and based on six experi-
ments at each HA concentration tested, significant
stimulation of random migration and chemotaxis was
found at HA concentrations between 5 and 50 ug/liter.
The maximum stimulation found at 50 ug/liter was for
random migration on average 123+0.5 (SEM) % (P
< 0.001) and for chemotaxis 119+6 (SEM) % (P < 0.01)
as compared with incubated controls (100%). When
corresponding experiments were performed in 10%
autologous serum no significant stimulation of random
migration or chemotaxis was observed.

TABLE 1
Morphological Assessment of Phagocytosis by Granulocytes
and the Influence of HA*

Amount of Percentage+SEM of Percentage+SEM of Percentage+SEM of PMN
HA added* PMN with no particles PMN with 1-10 particles with >10 particles/cell
uglliter
None 15+2 53+1 33+3
1 10+3 44+2 44+3
5 9+4 406 51+2 (P < 0.01)}
10 10+2 38+3 (P < 0.01) 52+3 (P < 0.01)
50 7+2 (P < 0.05) 40+1 (P < 0.001) 53+3 (P < 0.01)
100 8+3 50+6 42+6
500 10+1 59+2 31+2

* Heparinized whole blood was preincubated for 30 min at 22°C with various amounts
of HA. Results are based on four different experiments at each HA concentration.
1 Significance was tested against incubated controls.
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The effect of HA on cellular ATP content and chemi-
luminescence. HA was incubated with heparinized
blood as above. The changes in chemiluminescence
of phagocytizing PMN and ATP content of resting cells
induced by preincubation of blood withHA, are shown
in Fig. 4. The dose-dependent increments of these two
parameters coincided. The maximum stimulatory con-
centration of HA averaged 50 ug/liter (range 5-100
pg/liter) as based on analyses of 33 blood specimens
obtained from two volunteers. The mean stimulation
of chemiluminescence was 157 (range 129-226) % (P
< 0.001) and of ATP content 170 (range 156-193) %
(P < 0.001), as compared with controls (100%).

Subcutaneous administration of HA. Subcutane-
ous injections of 5-10 mg HA were given to healthy sub-
jects (n = 6) and to patients (n = 10) with decreased
resistance to bacterial infections and impaired phago-
cytic activity. Heparinized venous blood was taken
from the injected individuals each or every second day
and the function of the isolated PMN was tested. The
phagocytic rate of PMN measured with IgG-coated
latex particles was stimulated in all injected normal
subjects. The stimulation was evident 1 d after injec-
tion and the duration of stimulation was ~1 wk (Fig. 5).
The maximum stimulation was obtained after 2-4 d
(Figs. 5 and 6). Leukocytosis or fever were not ob-
served after injection. No local reaction was noted at the
site of injection. The protuberance after HA-injection
lasted for almost 1 wk.
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FIGURE 2 The adherence of PMN in heparinized whole
blood to nylon wool and the influence of HA. The blood
samples obtained from two healthy individuals were prein-
cubated with various concentrations of HA for 30 min at 22°C
before tested (expressed in micrograms per liter). The changes
in adherence are expressed in relation to incubated controls
(100%). The bars represent the mean+SEM of the measure-
ments. The number of experiments (n) and the results of
statistical analyses (* = P < 0.05; **x = P < 0.01) are shown.
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FIGURE 3 The migration of PMN isolated from heparinized blood preincubated for 30 min with
various concentrations of HA. The blood was obtained from four healthy individuals. Random
migration (0) was measured as the migration towards Gey’s solution and chemotaxis (&) as the
migration toward casein (1 g/liter). The change of the migration rates by influence of HA
is expressed in relation to incubated controls (100%). The bars represent the mean+SEM
of the measurements. The number of experiments (n) and the results of statistical analyses
(* =P <0.05, #+ = P < 0.01, **+ = P < 0.001) are given.
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FIGURE 4 Intracellular ATP content of PMN (expressed in
femtomoles per leukocyte) (@) and the relative chemilumines-
cence produced by phagocytizing PMN (O) isolated from
heparinized normal blood that had been incubated with various
amounts of HA for 30 min (expressed in micrograms per liter).
The broken horizontal lines represent the confidence intervals
(P < 0.001), related to incubated controls, of the intraday varia-
tions for measurements of ATP content (@ — — — @) and chemi-
luminescence of isolated PMN (O---0) from healthy
controls.

On the basis of these results on normals it was of
interest to see whether it was possible to enhance
neutrophil function in individuals with an increased
propensity for bacterial infections. The 10 patients
presented here were chosen to illustrate the effect of
HA because they, in addition to their infection pro-
pensity, had a defective neutrophil function in terms
of phagocytic rate of IgG-coated particles. The neutro-
phils of all individuals responded by increased rates
of phagocytosis of both IgG- and serum-opsonized
particles (Fig. 6). Serial determinations of one patient
are presented in Fig. 7. Peak phagocytic activities were
seen 2-6 d after injection. An increased intracellular
content of ATP and enhanced chemiluminescence of
isolated PMN were also found after HA injections
(Fig. 8).

DISCUSSION

Until very recently the specific effects of HA on lym-
phomyeloid cells only concerned inhibitory biological
activities (9-11). However, the concentrations that
were used were ~1,000-10,000 times higher than those
used in this investigation. It was also possible to dem-
onstrate an inhibition of the phagocytic activity of PMN
at these high HA concentrations. The stimulatory ef-
fects of HA at concentrations ~50 ug/liter on PMN
function as demonstrated here demand the presence of
a cellular or humoral blood component because incuba-
tions of isolated PMN with HA under the same ex-
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perimental conditions did not stimulate the cellular
function. Data in this study on chemotaxis and random
migration suggest that a serum component is one princi-
ple operative in this stimulation.

Because alterations in granulocyte function may be
induced during the isolation procedure it cannot be
excluded that HA acts by improving cell preservation.
However, addition of HA to heparinized venous blood
not only stimulated various functions of later isolated
PMN but also enhanced the activity of nonisolated
granulocytes when tested for phagocytic performance
or adhesion to nylon wool. These findings together
with the observation that PMN first isolated in the
ordinary way later could be stimulated by HA to en-
hanced migration, provided fresh serum was present
during the incubation, reduce the likelihood that HA
exerts its stimulatory action in vitro solely as a cell
protector during PMN isolation procedures. The fact
that the stimulatory effect of HA did not disappear by
degradation of the molecule indicates that the stimu-
latory effect is not restricted to the intact molecule
but may be dependent on a specific structure within
the molecule.

The mechanism by which HA stimulated PMN func-
tion under the present experimental conditions is not
known. The stimulation of both phagocytic activity,
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FIGURE 5 The phagocytic uptake of IgG-coated latex par-
ticles by PMN isolated from a healthy individual before
and after administration of 10 mg HA s.c. (- ®-@®-) repre-
sents the upper limit of the confidence interval (P < 0.001)
of the intra- and interday variation related to the measured
phagocytic rate before HA injection.
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FIGURE 6 The phagocytic uptake of IgG-coated or serum-opsonized particles by isolated PMN
obtained from healthy individuals (A) or infection-prone patients (B). The uptake before (®)
and the maximum stimulated uptake after subcutaneous injection of HA (O) is illustrated. The
enhancement of phagocytic activity was significant (P < 0.001) as tested by Student’s paired ¢ test.

adherence and locomotion, as well as enhancement
of the chemiluminescence suggest a general metabolic
activation of the cell. This notion is supported by the
finding that in the resting cells ATP was increased
after the incubation with HA. The interindividual vari-
ability in the maximally effective concentration of HA
in vitro has been quite large. The reason for this is
unclear but may be related to the availability of the
cellular or humoral blood component required to obtain
stimulation of neutrophil function. There also seem to
be some differences in the maximal response to HA
for phagocytosis and locomotion. Generally enhance-
ment of locomotion is achieved at lower HA concen-
trations than phagocytosis enhancement. This may be
due to differences in sensitivity of the assay systems
but may also reflect different sensitivities of the two
functions to the stimulatory principles studied here.
This latter explanation could be a functional mech-
anism and has also been demonstrated by the use of
other means to stimulate neutrophil function (12, 13).
Enhanced activities of isolated PMN were also ob-
served after subcutaneous administration of HA to
healthy volunteers and patients with increased infec-
tion propensity and defective neutrophil function. The
regular enhancement of neutrophil function after HA
injection in the patients could hardly be explained by
the natural course of the disease as judged from serial
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FIGURE 7 The phagocytic uptake of IgG-coated (O) or serum-
opsonized particles (®) by PMN isolated from the blood of a
38-yr-old woman with repeated and frequent (~3-4 episodes/
mo) pulmonary infections with infiltrate. The patient was
treated with subcutaneous injections of HA. During the treat-
ment period illustrated she had no infection. The adminis-
tration of HA is indicated by arrows. The broken horizontal
lines represent the upper limits of the confidence intervals
(P < 0.001) of the intra- and interday variations of phagocytic
rate in relation to the first measurements.
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determinations of neutrophil function in the same pa-
tients before HA administration and by follow-up of
other patients with burns.?

The stimulatory effects of HA in vitro and the effects
in vivo obtained after injection may reflect indentical
mechanisms. The fate of HA after subcutaneous injec-
tion is obscure but we postulate that HA enters the
circulation at a slow rate because the stimulation of
the PMN remained for almost 7 d after injection. No
turnover studies of HA after subcutaneous adminis-
tration have yet been done. However, the remaining
of a noninflamed protuberance at the site of injection
for about 1 wk supports the suggestion of a slow re-
lease of HA. Based on the assumption that HA is con-
stantly released to the circulation this means that after
injection of 10-20 mg HA s.c. ~2 mg of HA may enter
the circulation every 24 h resulting in a contribution
to the plasma levels of 250-500 ug/liter. In spite of
our lack of knowledge of the turnover rate of HA in
the circulation this rough estimation gives us an idea
of the order of magnitude at which HA may appear in
the circulation after subcutaneous administration. Our
in vitro results with optimal stimulatory HA concen-

2 Hakansson, L., R. Hallgren, P. Venge, G. Arthursson, and
S. Vedung. Submitted for publication.
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trations in the range between 10 and 100 ug/liter may
therefore very well reflect what is going on in vivo.
Native HA is an important constituent of the gluco-
saminoglycan content of the intercellular matrix of the
connective tissue (9). Because granulocytes and other
cells of the lymphomyeloid system are surrounded by
this matrix during parts of their life cycles and during
the performance of their biological function in inflam-
mations HA might exercise regulatory activities on
these cells in vivo. The experimental finding that HA
may produce either a stimulated or impaired PMN
function raises the question whether HA may have a
dual regulatory role in vivo. The recent demonstration
that HA may be present in small amounts in the plasma
(2) may indicate, in light of the present results, that
HA as a humoral factor is involved in the multifactorial
complex constituting natural resistance to infections.
At high concentrations of HA as found in various con-
nective tissue matrices, such as the joints (14), HA is
supposed to reduce mobilization and reactivity of gran-
ulocytes and thereby control inflammatory events.
Whether other proteoglycans found in connective tis-
sue have qualities similar to those of HA, is unknown
but an obvious possibility since polysaccharide com-
ponents of bacterial capsules (e.g., glycan) (15) and
several dextrans and dextran sulphates (16) are known



to alter the host resistance to infections. By manipulat-
ing the dosage, route of injections, and experimental
conditions, it is possible to demonstrate either an
impaired or stimulated resistance to infections, after
administration of the same compound. Administration
of glycan or dextran sulphate to experimental animals
is associated with an increase in weight and size of
the major reticuloendothelial organs, presumably due
to an increased number of activated macrophages.
Whether HA also stimultes macrophages and the re-
ticuloendothelial system in a manner similar to glycan
or dextran sulphate is at present unknown.

The same HA preparations as used in this investiga-
tion have been tested in various pathological condi-
tions. It has been reported that HA promotes the heal-
ing of vitreo-retinal wounds (17) and osteoarthritis
after traumatic arthritis in racehorses (18). Preliminary
studies have also indicated a beneficial effect of HA
injections into knee joints in patients with rheumatoid
arthritis (19). Our clinical experiences of HA on pa-
tients with impaired resistance to infections— which
are reported elsewhere (20) —are promising but too in-
complete for proper evaluation. Although we observed
improvement of the clinical condition in conjunction
with normalization of the neutrophil function, follow-
ing the administration of HA, the therapeutic effect of
HA is difficult to substantiate because the natural
course of disease in the patients studied is highly vari-
able and unpredictable.
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