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Abstract
Fragments of hyaluronan released after injury bind and activate TLR4 in a complex with CD44. Here
we investigated if the recognition of hyaluronan by CD44 and TLR4 alters lipopolysaccaride (LPS)
responsiveness and thus could alter the septic response. In contrast to mice injected with LPS, mice
exposed to hyaluronan prior to LPS had greatly decreased serum IL-6 and TNFα and were protected
from symptoms of sepsis. The protective effect of HA was not seen in Cd44−/− mice. Consistent with
our findings in vivo, addition of hyaluronan to macrophages before LPS exposure significantly
decreased the release of IL-6 and TNFα and this effect was not seen in macrophages from Cd44−/−

mice. Investigation of the mechanism responsible for inhibition of LPS activation showed hyaluronan
treatment resulted in an increase in peritoneal macrophage A20 mRNA expression, and that this was
significantly reduced in macrophages from Cd44−/− mice and Tlr4 −/− mice. Suppression of the A20
response with siRNA inhibited the ability of hyaluronan to protect against the cytokine response to
LPS. Therefore, our results show that hyaluronan acts through TLR4, CD44 and A20 to stimulate a
unique cellular response that can protect against the septic response to LPS.
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1. Introduction
Septic shock is characterized by tissue and organ damage resulting from high production of
cytokines and low molecular weight mediators in response to large amounts of Gram-negative
bacteria or purified LPS (Cook, 1998). LPS is a major component of the Gram-negative bacteria
cell wall and is a potent stimulus for recognition by the host innate immune system. LPS binds
to and signals through a receptor complex, which consists of TLR4, CD14, and MD2 (Kawai
et al., 1999; Poltorak et al., 1998). Activation of TLR4 promotes NF-κB-mediated production
of proinflammatory cytokines in many cell types (Akira and Takeda, 2004). Prior exposure to
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LPS both in vitro and in vivo can lead to desensitization of immune cells to subsequent
challenge with LPS, a phenomenon that has been referred to as ‘endotoxin tolerance.’

Progress has been made in understanding mechanisms involved in the negative regulation of
TLR signaling (Liew et al., 2005), an essential event through which the host attenuates TLR
signaling to avoid detrimental effects of an excess inflammatory response. Several intracellular
proteins including TNFα-induced protein 3 (TNFAIP3/A20) (Boone et al., 2004; Lee et al.,
2000) have been identified as negative regulators of TLR signaling. A20-deficient mice
develop severe inflammation and cachexia, are hypersensitive to both LPS and TNF, and die
due to the failure to regulate TNF-induced NF-κB activation (Boone et al., 2004; Lee et al.,
2000). Furthermore, the ability of heterologous A20 expression to inhibit LPS-induced NF-
κB activity suggests that endogenous A20 may be important for the termination of LPS signals
(Cooper et al., 1996). However, the endogenous molecules responsible for A20 activation and
subsequent suppression of TLR4 activation remain unknown.

Recent observations have shown that fragments of hyaluronan (HA) can serve as an
endogenous trigger of TLR signaling and are able to activate innate immune defense, promoting
the production of cytokines by a variety of cell types (Jiang et al., 2005; Termeer et al.,
2002). Normally, HA is a high molecular mass (~107 Da) linear polysaccharide composed of
repeating disaccharide units of β1–4 linked D-glucuronic acid (GlcA) and β1–3 linked N-
acetyl-D-glucosamine (GlcNAc) residues (4GlcAβ1-3GlcNAc1β) (Kogan et al., 2007). HA is
a major component of the extracellular matrix (Matsuno et al., 2008) and is thought to be
involved in maintaining tissue hydration, the distribution and transport of plasma proteins, and
in maintaining an intact matrix structure. Fragments of HA are generated during inflammation
or injury through the activity of oxygen radicals or via enzymatic activity by hyaluronidase,
β-glucuronidase, and hexosaminidase (Laurent et al., 1995). CD44, a receptor for HA, is
involved in HA-induced cytokine release by forming a TLR4-CD44 complex (Taylor et al.,
2007). In addition, there is an increasing body of evidence that CD44 is a negative regulator
of TLR2- and TLR4-mediated inflammation (Kawana et al., 2008; Liang et al., 2007).

Some molecules that do not share structural homology with LPS can elicit a tolerant phenotype
to LPS; a phenomenon that has been referred to as ‘cross-tolerance’ or ‘heterotolerance’.
IL-1β, a mycoplasma lipopeptide (macrophage-activating lipopeptide-2; MALP-2) and
lipoteichoic acid (LTA) have this ‘cross-tolerant’ capacity (Lehner et al., 2001; Medvedev et
al., 2000; Sato et al., 2000). In this study, we show for the first time that HA and CD44 trigger
alternate innate TLR4 signaling events to initiate a distinct response from LPS. These findings
describe a previously unrecognized role for HA in protecting against unopposed LPS signaling.

2. Materials and methods
2.1. Reagents, cells, cell lines, mice

The mouse alveolar macrophage cell line MH-S was purchased from American Type Culture
Collection (ATCC, catalog CRL-2019). Cells were maintained in RPMI1640 media
supplemented with L-glutamine, 10% heat-inactivated fetal calf serum (FCS), penicillin/
streptomycin (100 units/ml and 50 mg/ml, respectively) and 50 μM 2-Mercaptoethanol. HA
was prepared by the method previously described (Taylor et al., 2004). Human umbilical cord
HA was purchased from Sigma-Aldrich (St. Louis, MO) and contains at wide range of sizes
up to 500 kDa based on HPLC analysis. HA preparations were free of DNA and protein
contamination as preparations showed no absorbance at 260 nm and 280 nm. In addition, to
ensure purity, 1 ml HA batches were boiled for one hour then run on two successive endotoxin-
removal columns (Associates of Cape Cod Inc., East Falmouth, MA) to remove potential
endotoxin contamination. LPS (from E. coli K12 D31m4) was obtained from LIST Biologics,
Inc. (Campbell, CA). Tlr4−/− (C3H/HeJ), Tlr4+/+ controls, CD44-deficient mice (Cd44−/−),
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C57Bl/6J and Balb/c were all purchased from Jackson Laboratories. TRIF-deficient mice
(Trif−/−) were originally generated by Yamamoto et al (Yamamoto et al., 2003). MyD88-
deficient mice (Myd88−/−) were originally generated by Adachi et al.(Adachi et al., 1998) and
were crossed >6 times onto a C57Bl/6 background. Cd44−/− mice lack all known CD44
isoforms and manifest no overt developmental phenotype (Schmits et al., 1997; Teder et al.,
2002). Eight- to ten-wk-old/sex-matched animals were used for experiment.

2.2. Endotoxic shock and mouse behavioral studies
Eight to ten-wk-old male and female wild type and Cd44−/− mice were used. Mice were injected
with HA (20 mg/kg) or PBS intraperitoneally (i.p.) as a pretreatment. One hour after
pretreatment, we injected LPS (20 mg/kg) or PBS i.p. to induce the septic shock. Mice were
then monitored over time for changes in behavior by blinded investigators and recorded by
digital photography. At indicated time points, mice were transferred into a new cage
environment with bedding on one end and food on the other end. Mice were observed for their
behavior in the new environment, whether they explored their surroundings as a healthy mouse
would or burrow under the bedding as they did when they were sick. Another indication of
illness was ruffled and unkempt fur, squinty and sunken eyes, tremor, and diminished
movement. Analysis of severity of mouse illness was based on criteria proposed by Nemzek
et al (Nemzek et al., 2004). Blinded investigators evaluated mouse behaviors by 0–4 scales
with 0 showing no change from normal behavior, 1 showing slightly spiky fur or squinty eyes
but no apparent difference in activity, 2 showing decreased activity (25–50%) but mouse dose
not burrow or hide, 3 with decreased activity (50–75%) but mouse dose not burrow or hide
and 4 with complete loss of mobility. The increase of the numbers indicated the more severity
of the septic shock symptoms.

2.3. Peritoneal macrophage isolation
Age- and sex- matched wild-type, Cd44−/−, Trif−/− and Myd88−/− mice were injected i.p. with
4% thioglycolate (Sigma-Aldrich, St. Louis, MO). After 72 h, peritoneal macrophages were
isolated by peritoneal lavage and were plated onto 96-well tissue culture plates at 60,000 cells/
well for 1h in RPMI1640. The adherent peritoneal macrophages were washed with PBS and
cultured in 10% heat-inactivated FCS/RPMI1640 and rested for 24 h. After recovering, cells
were stimulated and the supernatants and RNA were collected.

2.4. In vitro cell stimulation, tolerance induction and sample collection (macrophages)
Macrophages were grown to confluence in 96-well flat bottom plates (Corning Incorporated
Life Sciences, Lowell, MA). For experiments, media was removed from cells and replaced
with media containing either HA or LPS at the indicated concentration and the time point. All
stimulations were done in low serum media (1% FCS). After stimulation, cells were allowed
to incubate for indicated time, then media were collected and spun at 1,000g for 10 min at 4 °
C to remove any debris. Cell cultured media were stored at −20°C until analysis. RNA was
extracted from adherent cells after supernatant collection using TRIzol reagent (Invitrogen,
Carlsbad, CA). RNA was stored at −80 °C. For tolerization, one set of macrophages was
stimulated for 4 h with 25 μg/ml HA. After tolerization, the cells were washed with PBS to
remove residual HA and were allowed to incubate for 16 hours in low serum media (1% FCS).
Then, the supernatants of all wells were removed and replaced with media containing LPS 200
ng/ml, or medium alone as mock treatment. Following the second stimulation, supernatants
and cells were harvested at the indicated time-points for readout at RNA and protein levels.
The percent suppression of HA tolerance effect by A20 siRNA treatment (or control siRNA
treatment) was calculated by dividing the total IL-6 decrease (difference between LPS alone
treated cells and HA/LPS treated cells) of the A20 siRNA (control siRNA) treated cells by the
total IL-6 decrease of the non-siRNA treated control cells, then multiplied by 100.
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2.5. Quantitative RT-PCR
Real time PCR was used to determine the induction of A20 (Tnfaip3), Socs1, Tollip and
Trim30 mRNA following HA stimulation. cDNA was synthesized from RNA by the iScript
cDNA Synthesis Kit (BioRad) as described by the manufacture’s protocol. TaqMan™ Gene
Expression Assays (Applied Biosystems) were used to analyze expression of A20, Socs1, Tollip
and Trim30 as described by the manufacture instruction. Gapdh mRNA was used as an internal
control to validate RNA for each sample. A20, Socs1, Tollip and Trim30 mRNA were
calculated as relative expression to Gapdh mRNA, and all data are presented as normalized
data against each control (mean of non-stimulated cells) (Yamasaki et al., 2009).

2.6. RNA interference
A20 specific siRNAs and mock siRNA (siGLO) were obtained from Dharmacon, Inc (Chicago,
IL). Transfection of siRNAs were perfomed with siLentFect™ transfection reagent (BioRad).
MH-S cells were cultured for 48 h, and replaced with 5% FCS containing media. siRNAs (final
concentration at 10 nM) with transfection agent were added and incubated for 24 h. Then the
media were replaced with low serum media (1% FCS) with HA (25 μg/ml) or PBS for 4 h.
Sixteen hours later, MH-S cells were stimulated with LPS (200 ng/ml). Cultured media was
collected for IL-6 ELISA at 24 h after LPS stimuli.

2.7. Analysis of supernatants and sera by ELISA
Supernatant or mouse serum cytokine concentrations were determined by species-specific IL-6
and TNFα ELISA (R&D Systems).

2.8. Statistical analysis
One-way or Two-way ANOVA was used to determine significance in the experiments, which
was analyzed by GraphPad Prism 4 (GraphPad Software, Inc.).

3. Results
3.1. Hyaluronan (HA) and CD44 protects mice from LPS-induced shock

HA binds a complex of CD44 and TLR4 on the cell surface to initiate signaling (Taylor et al.,
2004; Taylor et al., 2007; Yamasaki et al., 2009). We employed a mouse model of LPS-induced
endotoxic shock to examine whether the unique receptor complex occupied by HA could affect
the response to LPS. C57BL/6J mice were first injected i.p. with endotoxin-free HA (20 mg/
kg) or PBS. One hour after this pretreatment, a following challenge of LPS (20 mg/kg) or PBS
was i.p. injected into each group and then behavior and serum IL-6 and TNFα measured over
time. An investigator blinded to the treatment conditions scored the septic behavioral response.
Responses such as a lack of movement, ruffled fur and closed or squinting eyes were obvious
between 5 and 12 h after LPS injection in all mice challenged by LPS and pretreated with PBS
as a vehicle control (PBS/LPS). However, mice treated with HA prior to LPS were observed
to demonstrate very little behavioral changes at 5–12 h, while mice treated the HA only (HA/
LPS), or PBS only-treated mice (PBS/PBS), had no detectable behavioral changes. (Figure
1A). Consistent with observations of behavior, IL-6 and TNFα in serum at 10 h were
significantly less in HA pretreated mice (HA/LPS) than PBS pretreated mice (PBS/LPS)
(Figure 1B and C). Similar results were observed with Balb/c mice (data not shown). These
findings suggested that HA pretreatment induces cross-tolerance, and subsequently protects
mice from LPS-induced septic shock.

Next, to determine the mechanism of protection, and test the hypothesis that association of HA
with CD44 contributed to HA-LPS cross-tolerance, mice deficient in functional CD44 were
treated similarly to those described in Figure 1A–C. In these mice, HA-pretreatment before
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LPS injection did not affect the septic behavior response compared to PBS/LPS, thus
suggesting that the protective effects of HA against LPS was dependent on CD44 (Figure 1D).
Serum from HA-pretreated Cd44−/− mice also showed elevations in serum IL-6 and TNFα after
LPS injection similar to Cd44−/− and wild-type mice not treated with HA (PBS/LPS) (Figure
1E and F).

3.2. HA and CD44 modulates the response of macrophages to LPS
To further assess the mechanisms responsible for the effect of HA on LPS-induced septic
responses, isolated mouse peritoneal macrophages or the MH-S macrophage cell line were
cultured with combinations of LPS and/or HA, and IL-6 and TNFα expression were measured.
Consistent with our findings in vivo, IL-6 and TNFα release from macrophages were
significantly less after HA pretreatment compared to the cells treated with LPS without HA-
pretreatment (Figure 2A–D). Furthermore, and also consistent with the findings in vivo, HA
addition before LPS exposure did not suppress cytokine release stimulated by LPS treatment
of peritoneal macrophages isolated from Cd44−/− mice (Figure 2E and F). These further support
that HA-CD44 stimulation modulates cellular responses to LPS.

3.3. HA-LPS heterotolerance acts through A20
The finding of a HA-CD44 interaction as an inhibitor of LPS responsiveness led us to next
examine the influence of HA on the expression of molecules known to act as negative regulators
of TLR signaling. HA increased A20 (Tnfaip3) mRNA expression in MH-S cells (Figure 3A).
The expression of other negative regulators of TLR signaling, Socs1, Tollip, and Trim30, were
not dramatically changed by HA compared to the increase in A20 (Figure 3B, C, D). To
determine if A20 was also induced in mice injected with HA, macrophages in the peritoneal
cavity were collected 1 and 3 hours after HA injection (20 mg/kg), and these cells also showed
a significant increase in A20 mRNA expression compared to control (Figure 3E).

To determine if CD44 is involved in the increased expression of A20 induced by HA, peritoneal
macrophages were isolated from Cd44−/− mice and treated with HA in culture. A20 was
inducible by HA in macrophages from wild-type mice up to ca. 300-fold (Figure 4A). A20
mRNA expression was much less by HA in Cd44−/− mice in comparison to wild-type (Figure
4B). Since CD44 forms complex with TLR4 and TLR4 mediates recognition of HA (Taylor
et al., 2007), we also tested the involvement of TLR4 in HA-dependent A20 expression.
Macrophages from Tlr4−/− mice did not show a significant increase in A20 expression (Figure
4C). Similarly, peritoneal macrophages from mice lacking TRIF and MyD88, major adaptor
molecules of TLR4, showed diminished responses to HA with increased A20 expression by
up to 25.6-fold and 49.2-fold, respectively (Figure 4D and 4E). These data suggest that CD44,
TLR4, and subsequent function of TRIF and MyD88 are required for optimal induction of A20
by HA

To determine the dependence on A20 for HA mediated suppression of LPS cytokine response,
cells were treated with A20 siRNA. This procedure was successful in decreasing A20 gene
expression to 47.0% of untreated cells (Figure 5A). A20 siRNA treatment induced a
comparable and significant suppression of the ability of HA to inhibit IL-6 induction by LPS
to 52.1% of siRNA untreated HA/LPS cells (Fig. 5B).

4. Discussion
Septic shock is one of the most challenging problems in critical care medicine, and accounts
for significant morbidity and mortality in medical and surgical intensive care units (Parrillo,
2008). In this current study we demonstrate that HA pretreatment protects mice from the LPS-
induced endotoxic shock phenomenon and suppresses cytokine elevations in serum. These
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observations shed new light on potential elements that regulate the septic shock response, and
may have important therapeutic implications. Our data show that inhibition of the response to
LPS by HA is mediated in part by induction of A20 through the unique CD44–TLR4–MyD88/
TRIF pathway. The significance of this observation is that HA is an abundant
glycosaminoglycan present in the extracellular matrix of many tissues and available for release
in soluble form upon tissue injury (Taylor et al., 2007). HA is well known to bind to CD44
(Aruffo et al., 1990), and has been previously shown to engage a receptor complex of CD44
and TLR4 to act as an alternative to LPS in activation of TLR4 (Taylor et al., 2007). The current
findings show for the first time that this CD44 and TLR4 complex induces A20, a known
negative regulator of TLR4 signaling (Boone et al., 2004). Thus, the presence of free HA at
sites of injury may modulate the host reaction to bacterial endotoxin and subsequently inhibit
a septic response to incidental LPS exposure at the site of injury. This can be beneficial in
situations where LPS exposure accompanies a bacterium innoculum that does not put the
organism at risk of septicemia, but could be detrimental if the tolerance to LPS diminishes an
inflammatory response that would otherwise have protected against development of
bacteremia.

The phenomenon that prior exposure to LPS induces a transient state of cell refractoriness to
subsequent LPS re-stimulation is known as endotoxin tolerance and has been well known for
several years (Favorite and Morgan, 1942; Medvedev et al., 2002). In mammals, macrophages
are major responders to LPS and they release numerous bioactive molecules such as
inflammatory cytokines, H2O2 and NO (Hoffmann et al., 1999). Macrophages were identified
as pivotal cellular participants in the acquisition of the tolerant phenotype by using LPS-
resistant C3H/HeJ mice and LPS sensitive macrophages from C3H/HeN mice (Freudenberg
and Galanos, 1988). In this study it was shown that if LPS sensitive macrophages were
administered at the time of LPS pretreatment, LPS-resistant C3H/HeJ mice became resistant
to a lethal challenge with LPS. Our findings are also consistent with a role for macrophages
since these cells have high levels of CD44 expression (Camp et al., 1991), and can detect HA
through CD44–TLR4 complex (Taylor et al., 2007). Although macrophages will increase
release of some cytokines following HA stimulation alone (Taylor et al., 2007; Yamasaki et
al., 2009), the current study shows that administration of HA alone has no significant effect on
mouse behavior indicative of a septic response even at high concentrations of HA. Thus, the
response to HA differs from the response to LPS despite sharing TLR4 as a recognition
molecule. Furthermore, whole animals and cultured macrophages become less responsive to
LPS challenge following HA pretreatment. Thus, here we describe for the first time that HA
pretreatment induces cross-tolerance in macrophages to subsequent LPS stimulation. This
observation suggests that HA could serve as an intrinsic modulator of the septic shock
susceptibility, a finding that is also consistent with previous reports of HA exerting an anti-
inflammatory effect on a variety of cell types (Bollyky et al., 2007; Jiang et al., 2005; Kogan
et al., 2007).

The HA cross-tolerance effect is dependent on CD44, as seen in experiments showing the
protective effect of HA was diminished in the absence of CD44. A recent publication also has
suggested that CD44 provides a brake for innate immune inflammatory responses by promoting
the expression and function of negative regulators in macrophages responding to pathogens
(Liang et al., 2007). In the study the absence of CD44 leads to the suboptimal expression of
A20, IRAK-M, and Tollip in response to LPS in vivo and macrophages in vitro. We showed
that HA induces A20 significantly via CD44 and TLR4. Using siRNA technique knocking
down A20, we were also able to show that A20 contributes to the ability of HA to protect
against the cytokine induction by LPS. Taken together, these observations show that HA-CD44
interaction modulates a host response to septic shock by affecting negative regulators of innate
immune receptors.
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Two major pathways, MyD88-dependent and TRIF-dependent pathway are identified in TLR4
intracellular signaling. We found that the macrophages from both Trif−/− and Myd88−/− mice
were impaired in the HA-induced A20 mRNA expression. Our results clearly demonstrated
that the cooperation of MyD88-dependent and TRIF-dependent signaling pathways are
required for the optimal induction of A20 by HA. Similarly, Yamamoto et al proposed that
cooperation of MyD88-dependent and MyD88-independent (TRIF-dependent) signaling
pathways are required for the TLR4-mediated inflammatory cytokine production such as IL-6
and TNFα (Yamamoto et al., 2003). A20 is required for the termination of TLR-induced activity
of the transcription factor NF-κB and proinflammatory gene expression in macrophages, and
this function protected mice from endotoxic shock. A20 accomplishes this biochemically by
directly removing ubiquitin moieties from the signaling molecule TRAF6 (Boone et al.,
2004). We used peritoneal macrophages from mice lacking TRIF and MyD88 to examine if
HA-heterotolerance is diminished in Trif−/− or Myd88−/− macrophages. The secretion of IL-6
and TNFα from both Trif−/− and Myd88−/− macrophages were barely detectible after LPS
treatment (data not show). Taken together, both TRIF and MyD88 pathways appear to be
involved in the HA-heterotolerance to induce TNFAIP3/A20, and are negatively regulated by
A20.

We have previously reported that HA increases cytokines CXCL2/MIP2 and IL-1β in the
process of sterile injury (Taylor et al., 2007; Yamasaki et al., 2009). The initiation of a sterile
intrinsic inflammatory event induces HA accumulation at the injured site. HA is recognized
by a complex that involves TLR4, MD-2 and CD44. Taken together with other work associating
HA and innate pattern recognition (del Fresno et al., 2005; Jiang et al., 2005; Taylor et al.,
2004; Termeer et al., 2002), these observations have provided new insight into mechanisms
responsible for sterile inflammation. HA has emerged as one of several danger signals that
alert the host of tissue damage. Our results here further provide evidence that while HA
provokes a signal of injury, it will modulate sequential challenges by endotoxins. Thus, the
presence of HA suppresses the septic reaction by LPS. This is a logical process in the setting
of skin injury, a relatively frequent event that will expose normally sterile tissue to external
microbial challenge. In this process, abundant local innate immune defenses are triggered to
suppress and eliminate microbial invasion (Nizet et al., 2001) and a systemic cytokine response
would not be advantageous. Local HA release may therefore serve to focus the inflammatory
response to the local environment while protecting the host from an unnecessary generalized
septic response. Supporting this, we also observed that intradermal injection of HA decreased
sequential cytokine induction by local injection of LPS (data not shown). Clinical observations
also support this conclusion. Septic shock survivors have an increased incidence of bacterial
infections and suppressed monocyte response to LPS (Ertel et al., 1995). Human macrophages
derived from patients after hemorrhage, surgery, and trauma, (all events that can elevate the
production of HA fragments), manifest suppressed responses to LPS ex vivo (Abraham and
Freitas, 1989; Adib-Conquy et al., 2001; Moore et al., 1997). Thus, the status of intrinsic HA
can serve as a sensor of tissue environmental changes and regulate the host inflammatory
response.

HA size is critical for HA function (Stern et al., 2006). We used mixed HA obtained from
human umbilical cords, which contain at wide range of HA sizes up to 500 kDa (Lago et al.,
2005). HA fragments in the 200 – 500 kDa range induce inflammatory cytokines (Taylor et
al., 2007; Yamasaki et al., 2009), and were seen in the current study to induce cross-tolerance
against LPS dependent on CD44. However, smaller HA fragments less than 100 kDa have been
reported to show different effects on host cells (Hodge-Dufour et al., 1997; Horton et al.,
1998; Horton et al., 1999; McKee et al., 1997; McKee et al., 1996; Noble et al., 1993). Recently
Kawana et al reported that the inhibitory effect of CD44 on TLR signaling is independent of
HA (Kawana et al., 2008). They showed that LMW-HA (3 and 22 kDa) had inhibitory effects
on TLR signaling, but these effects were independent of CD44 expression. Similarly, we have
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found that extracellular small HA oligosaccharides did not induce cytokines such as MIP2/
Cxcl2 and IL-1β, but intracellular small HA oligosaccharides affect IL-1β release differently
from extracellular small HA (Taylor et al., 2007; Yamasaki et al., 2009). These observations
suggest that mechanisms of host responses to HA are dependent on HA size and localization.
The molecular mechanisms of this size dependent HA action remains unknown.

In summary, the current findings support the conclusion that HA acts as a danger signal through
recognition by CD44 and TLR4. Furthermore, it is now apparent that HA signaling can modify
inflammatory reactions against sequential microbial challenge. This cross-tolerance appears
to be mediated in part by the induction of A20. Therefore, HA has the unique capacity to modify
host reactions to LPS and adjust the septic response. This event prevents excess inflammatory
cytokine production that can harm the host. These observations further suggest that the
regulation of HA catabolism may be a key variable to modify the host inflammatory response
during injury and infection.
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Abbreviations
HA hyaluronan

LPS Lipopolysaccharide

IP intraperitoneal or intraperitoneally

HPLC high performance liquid chromatography

TLR toll-like receptor

MyD88 myeloid differentiation primary response gene 88

TRIF TIR domain-containing adaptor inducing IFN-β

TRAF TNF receptor associated factor

SOCS suppressor of cytokine signaling

Tollip Toll-interacting protein

IFN interferon

IL-1β interleukin 1β

MIP-2 macrophage inflammatory protein-2

IL-6 interleukin 6

TNFα tumor necrosis factor-α

WT wild type

PBS phosphate-buffered saline

FCS fetal calf serum

ELISA enzyme-linked immunosorbent assay
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RT-PCR reverse transcription-PCR

siRNA small interfering RNA
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Fig. 1. HA protects mice from LPS-induced endotoxic shock and inhibits cytokine release in serum
in a CD44 dependent manner
(A) Mice were injected i.p. with HA (20 mg/kg) or PBS then injected with LPS (20 mg/kg) or
PBS one hour later. Septic behavior severity responses were scored as described in Materials
and Methods. PBS/LPS; PBS followed by LPS, HA/LPS; HA followed by LPS, HA/PBS; HA
followed by PBS injection, PBS/PBS; PBS followed by PBS injection. Data are mean ± SEM
of 4 mice per group of one experiment representative of three independent experiments. (B),
(C) Serum IL-6 and TNFα from mice treated identically to those shown in Figure 1A measured
by ELISA at 10 h after second injection. (D) Cd44−/− mice treated as in Figure 1A. Data are
mean ± SEM of 4 mice per group of one experiment representative of three independent
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experiments. (E), (F) Serum IL-6 and TNFα from Cd44−/− mice treated identically to those
shown in Figure 1A and 1D was measured by ELISA at 10 h after second injection. Data are
presented as mean ± SEM. *; p < 0.05, **; p < 0.01, N.D., not detected, n.s., not significant.
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Fig. 2. HA inhibits cytokine release from macrophages in a CD44-dependent manner
(A) IL-6 and (B) TNFα measured by ELISA in the cultured medium of mouse peritoneal
macrophages. One set of macrophages was treated with 25 μg/ml HA. After 16 h, the
macrophages were treated with 200 ng/ml LPS or medium alone for 24 h. (C) IL-6 and (D)
TNFα, measured by ELISA in the cultured medium of MH-S cells treated as in A and B. (E)
IL-6 and (F) TNFα, measured by ELISA in the cultured medium of peritoneal macrophages
isolated from Cd44−/− mice and treated as in A and B. Data are mean ± SEM of 3 mice per
group of one experiment representative of three independent experiments. *; p < 0.05, ***; p
< 0.001, n.s.; not significant, N.D.; not detected.
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Fig. 3. HA induces an increase in A20 expression
(A) – (D) MH-S cells were treated with HA (25 μg/ml) (solid bars) or vehicle control (PBS)
(open bars) for 4 h. (A), A20 (B), Socs1 (C), Tollip and (D), Trim30 mRNA expression was
assessed by quantitative RT-PCR. Data are shown as relative expression compared to control
(0 h) macrophages. ***; p < 0.001. (E) WT (C57Bl/6) mice were injected i.p. with HA (20
mg/kg) (solid bars) or PBS (open bars). After 1 and 3 h, the inflammatory cells in peritoneal
cavity were isolated and A20 mRNA expression was assessed by quantitative RT-PCR. Data
are shown as relative expression compared to control (0h; before injection). Data are presented
as mean ± SEM of three mice per group of one experiment representative of three independent
experiments.
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Fig. 4. HA induces A20 via CD44, TLR4, MyD88 and TRIF
Peritoneal macrophages from wild type (A), Cd44−/− (B), Tlr4−/− (C), Trif−/− (D), Myd88−/−

(E) were treated with HA. mRNA abundance for A20 was measured after HA exposure (closed
circles) or vehicle control (closed squares). Quantitative RT-PCR data are shown as relative
expression compared to control (0 h) macrophages. Data are presented as mean ± SEM of 3
mice per group of one experiment representative of three independent experiments.
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Fig. 5. Suppression of A20 inhibits HA-LPS heterotolerance
(A) MH-S cells were treated with siRNAs for 24 h and A20 mRNA expression was examined
by RT-PCR. (B) MH-S cells were treated with siRNAs for 24 h as in A, cells were then treated
with 25 μg/ml of HA or PBS for 4 h followed by wash and incubation in fresh medium for 14
h. Cells were then stimulated with 200 ng/ml LPS for 24 hours and IL-6 in media measured
by ELISA. %Suppression of HA effect was calculated as described in Materials and
methods. Mean and SEM are shown. The agents used were; control: none, vehicle: transfection
reagent alone, control siRNA: mock transfected with control siRNA, A20 siRNA: A20 siRNA-
transfected. *; p < 0.05.

Muto et al. Page 17

Mol Immunol. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


