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Unseeded sponges of benzyl-esterified hyaluronan (HYAFF11) and HYAFF11 coated with unmodified hyaluronan
were implanted subcutaneously and intramuscularly in adult rats for 1, 2, 4, 8, 12, and 26 weeks. Explanted
samples were stained tincturally using Van Geison, von Kossa, and hematoxylin and eosin, enzyme histochemically
by chloroacetate esterase, and by immunohistochemistry for the specific identification of cell types and
subpopulations, targeting immature (ED1) and mature macrophages (ED2), MHC-I subset, MHC-II subset, CD54,
T-cell a—p receptor, T-celly—¢o receptor, CD2, CD4, CD8, natural killer cells, B-cells, vimentin, and BGF

Little or no fibrous tissue formation was observed in any sample in either sponge type at any implantation site.
Little degradation was observed in either location until 26 weeks. Little neovascularization occurred at early time
periods but was in evidence at 26 weeks. Complete cellular infiltration was observed after 4 weeks, with some
mature adipocytes observed within the center of the subcutaneous implants, but these cells were mainly observed
around the periphery of the sponges. At 26 weeks, cells were mostly macrophages, with small nhumbers of
T-lymphocytes present. No natural killer cells, B-cells, helper/inducer, or cytotoxic/suppressor T-cells were observed
in any sample. Most infiltrating cells were MHC-II positive, and discrete pockets offTi@6tein were observed

within the sponges. While a sustained inflammatory response was observed within both sponge types at 26 weeks,
it was relatively benign and nonspecific immunologically, and inflammatory markers such as MHC-Il were declining
after 12 weeks. No fibrous capsule was observed, and sponge degradation was only observed at 26 weeks, an
event essential for induction of neovasculargenesis. At 26 weeks, there was significant staining for vimentin and
ED2 on macrophages. Taken with the pattern of other macrophage activation markers, angiogenic environment
and absence of inhibitory matrix proteins, the conditions were consistent with the onset of neoadipogenesis, although
this would need to be confirmed by longer term studies. For the generation of neoadipose tissue for clinical
therapy, we hypothesize that macrophages require an inflammatory stimulus for infiltration, then a reduction in
proinflammatory cytokine secretion simultaneous with angiogenic conditions allowing macrophage differentiation
into adipocytes.

1. Introduction The solubility of hyaluronan can be dramatically reduced

. o _ o o o such that it is solid even after extended periods in aqueous
~ Soft tissue deficiency is a clinically significant morbidity and  environments by benzyl esterification of the free carboxyl groups
is characteristic of hereditary disorders such as Poland syn-on the glucuronic acid component of the hyaluronan chain
dromé and Romberg's diseadein addition to mechanical  (HYAFF).13 Furthermore, by varying the degree of carboxyl
trauma and the results of treatment for tumors (e.g., mastec-modification, the degradation rate can be tailored to meet
tomy). Current treatment paradigms have changed little over the requirements of the implantation site and clinical applica-
the past decades and have a number of significant clinical tjon 14 |t has been demonstrated in many studies that such
problems associated with them. These have been extensively:pemical modification results in nontoxic degradation prod-
reviewed previously:* A surgical strategy which instead induces ucts1516 including free hyaluronan, which is highly angio-
regeneration based on cellular tissue engineering principles mayyenico A wide range of HYAFF-based biomaterials forms have
provide a practical solutioh>~8 Another convincing route would been constructed. such as nonwoven fleeces. membranes
be the implantation of an acellular biomaterial that would both sponges cyIinders’; and tubes and have been démonstrated a,s

support Fhe growth of adipocyte_s and ac_tively indu_ce neovas- having efficacy when used as scaffolds in the reconstruction
cularization of the graft. A plausible candidate for this applica- of skin718 cartilagel®2°bone?L 22 ligament?intervertebral

tion is hyaluronic acid due to its angiogenic propeflisd its disc25 nerve guided? small-diameter vascular substituté28

i i 12 i -
role in tissue morphogenesfs:’ Naturally occurring hyalu and hepatic tissu€. Moreover, it has been demonstrated

ronan cannot be constructed into a tissue scaffold having the . L
required mechanical properties, however, as it exists within that HYAEF-based sponges can ;upport the.dlff(.arentlatlon of
human adipocyte precursor cells in vittand in vivo when

natural tissue as a viscous fluid with high rates of hydrolytic . . >
degradation and resorption. implanted subcutaneously in nude m#é&2 Conversely, syn-

thetic polymers such as PLGAand PTFE* have demon-
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Figure 1. HYAFF11 (left) and HYAFF11 autoloading (right) sponges,
demonstrating the effect of hydrophilic HA coating of HYAFF11.

We hypothesized, therefore, that a scaffold that supported
the growth of differentiating precursor cells in an angiogenic
environment would be a good strategy for soft tissue reconstruc-
tion. Thus, we have designed sponges constructed from HYAFF11
with both low and high hydrophobicity and with large pores
that have demonstrated successful culture and differentiation
of preadipocytes into mature adipocy®8&Ve hypothesize that
these designs will result in the early neovascularization of the
scaffolds and induce the infiltration of precursor cells that will
lead to adipose formation.

In this study, we have investigated the ability of sponges
constructed from HYAFF11, in unseeded form, to integrate
successfully into subcutaneous and intramuscular tissue in vivo
in rats. We report the detailed inflammatory response, the
propensity for fibrotic capsule formation, and the phenotypic
expression of infiltrating cells. The aim of this study is to
investigate if hyaluronan-based scaffolds, such as HYAFF11,
could be used to direct the infiltration of progenitor cells and
drive differentiation into an adipogenic lineage without the prior
inoculation with preadipocytes.

2. Materials and Methods

2.1. Materials. Sponges of hyaluronan which had been modified
by partial benzyl esterification of the carboxyl groups (HYAFF11
p75HE) were prepared by Fidia Advanced Biopolymers (Abano Terme,
Italy). These were cut into discs 14 mm in diameter, 4 mm high,
constructed by salt leaching, with interconnecting porosity in the range
of 350-400 um. A second variety of sponge with improved hydro-
philicity was also prepared by coating HYAFF11 p75HE sponge with
unmodified hyaluronan and was termadtoloading(Figure 1). All
samples were sterilized by-radiation.

2.2. Implantation. Sponges were immersed in DMEM tissue culture
medium (Invitrogen, Paisley, U.K.) and degassed3fb under vacuum
to disperse any air nuclei. The sponges were cut into four equal pieces,
then implanted intramuscularly into the dordambar muscle of Wistar
rats on both sides, after the surgical creation of a pocket. Additional
pieces which were either whole or whole with a quarter segment
removed (to allow differentiation between sponge types) were implanted
subcutaneously in the dorstumbar region, either side of the spine.
Both materials were implanted contralaterally in each configuration in
each of 5 rats to allow comparison. Implantation time was 1, 2, 4, 8,
12, and 26 weeks. Approval for performing implantation surgery was
given the by U.K. Home Office.

2.3. Characterization of the Host Responsédmmediately after the

sacrifice of experimental animals, both subcutaneous and intramuscular

samples were explanted with the associated tissue. The sponges wer
fixed in paraformaldehyde lysine phosphate buffer (PLP fixative) and
embedded in glycol methacrylate (GMA resin). They were then
sectioned to 25 um and analyzed using the following conventional
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following mouse primary antirat monoclonal antibodies: ED1 (mono-
cytes and immature macrophages), ED2 (differentiating macrophages),
MHC-1 (HLA RT1A subset), MHC-II (HLA DLR subset), CD54
(ICAM-1), a.—p receptor (T-cell subsety,—o receptor (T-cell subset),
CD2 (normal T-cells), CD4 (helper/inducer T-cells), CD8 (cytotoxic/
suppressor T-cells), CD161 (natural killer cells), B-cells, vimentin, and
TGFg, which were all obtained from Serotec (Oxford, U.K.). These
were reacted with biotinylated rabbit antimouse immunoglobulin
(DakoCytomation, Cambridge, U.K.), and the color was developed with
alkaline phosphatase. PBS was used as the process negative control,
and the panel of antibodies was run together on two samples per full
staining protocol to act as internal reference and isotype controls for
the staining procedure. Numbers of cells and their activation state were
calculated using an Image Associates KS400 image analysis system
(Cambridge, U.K.). Statistical significance was determined by ANOVA,
utilizing Tukey post hoc analysis with significance determined at the
95% confidence level using SPSS version 10 (Chicago, IL).

3. Results

The HYAFF sponges produced a margin of neutrophil
sequestration in both subcutaneous and intramuscular implanta-
tion sites after 1 week that was both around and inside the
margins of the sponges, but otherwise the samples were not
infiltrated by cells. All internal spaces of the sponges, of both
varieties, however, were characterized by complete cellular
infiltration by 4 weeks. The apparent characteristics of the
cellular infiltration were largely unchanged during all subsequent
time periods, post 4 weeks, in both sponge varieties and in both
anatomical implantation sites. Mature adipocytes from the
subdermal layer were frequently observed at the margins of the
sponges at the 8 week and later implantation periods (Figure
2) in subcutaneous implants, with individual cells and small
clusters occasionally observed within the center of the sponge.
Fibrous tissue was either not observed or present as a thin layer
around the periphery of the implants at each time period in both
implantation sites. In the latter case, this tissue did not represent
a fibrous capsule in macroscopic examination.

No sponge degradation could be detected until the 26 week
implantation period in both subcutaneous and intramuscular sites
(Figure 3). There was evidence of neovascularization (Figure
4), particularly in the 26 week explants, although the number
of blood vessels observed at early time periods was limited.

There was no evidence of the recruitment of B-lymphocytes,
and infiltrating cells were predominantly positively identified
as mature and immature macrophage®9@%), with a small
number of infiltrating T-lymphocytes (Figures 5 and 6), as
determined by the expression of CD2. Absence of staining for
both CD4 and CD8 indicated that no lymphocytes were of the
helper/inducer or cytotoxic/suppressor subpopulations, respec-
tively. Negative staining for CD161 indicated that no natural
killer cells were present in any sample. Discrete pockets of
TGRS were visible throughout the sponges. Many of the cells
present within the scaffolds, in both sites, were MHC-II positive,
especially at the earlier time points, although positive staining
had declined by 26 weeks.

At 26 weeks, the expression profile of vimentin matched
closely with the presence of ED2 positive (differentiating)
gmcrophages in the subcutaneous implants and was expressed
on approximately one-fifth of the total macrophage population
in intramuscular sites.

There was no apparent difference in the host response

histological stains: Van Geison, von Kossa, chloroacetate esterase, andetween HYAFF11 and HYAFF11 autoloading in any of the

hematoxylin and eosin. Additional slides were also incubated with the

explanted samples. In addition, there was broad agreement in
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Figure 2. HYAFF11 autoloading, 12 weeks subcutaneous implantation, hematoxylin and eosin stained.

both intramuscularly and subcutaneously in rats and detail the
effect of infiltrating inflammatory cells.

Many previous studies have described reduced adipocyte
differentiation in inflammatory milied®2° On the contrary,
inflammatory chemokines induce the infiltration of both preadi-
pocytes and circulating cells which have the capacity to
differentiate into adipocyte¥:*1 Additionally, the close as-
sociation between angiogenesis and adipogenesis is well rec-
ognized?? angiogenesis being profoundly augmented by in-
flammatory conditions. Recent observations have concluded that
transdifferentiation between adipocytes or preadipocytes and
macrophages occuf®?3 suggesting a role for white adipose
tissue in the host inflammatory response. Furthermore, the
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emerging opinion is that obesity can be considered in part a
*E 2 chronic manifestation of low-grade inflammatith#6 Ad-
o : b4 S ol ditionally, adipocyte-endothelial cell interconversion has been
Figure 3. HYAFF11 autoloading, 26 weeks intramuscular implanta- reported®47suggesting a common precursor cell for adipocytes
tion, hematoxylin and eosin stained. and endothelial cells which would explain the close association

between angiogenesis and adipogen®diinally, a consistent
the qualitative and quantitative observations between subcutanepicture begins to emerge when one considers that circulating
ous and intramuscular implantation sites. endothelial progenitor cells, generally regarded as the precursor
for new endothelium, derives from a monoc§té?the precursor
of the macrophage.

In this study, integration with the host tissue was observed

Adipose tissue has only recently been understood to have ain both implant sites for both sponge types. In the correction of
vital role in host defense and an active function in cytokine cosmetic defects the presence of a thick fibrous capsule would
signaling and secretiof¥. 3" Thus, it should come as no surprise be particularly inappropriate. Both varieties of the HYAFF11
that clinical or experimental regeneration of adipose tissue is sponges analyzed in this study performed well in this respect.
critically dependent on the trophic microenvironment to which The results demonstrate that HYAFF11 is, in long-term
precursor cells are exposed. Together with the effect of the implantation, compatible with the presence of mature adipocytes.
scaffold surface chemistry on implanted and infiltrating cells These were observed at the margins and, infrequently, deep
and biomechanical signaling, biochemical cues are responsiblewithin the sponges in subcutaneous sites. This suggests that,
for directing correct tissue development. It has become apparentalthough there is unlikely to be any severe inhibition to growth
that many studies report the level of inflammation by mere of this cell type, infiltration is being restricted. This is unlikely
qualitative assessment of the density of infiltrating cells and to be for physical or dimensional reasons, as macrophages and
completely fail to take into account the detailed nature of the T-lymphocytes were freely mobile within the sponges. Con-
inflammatory cell activation and other parameters of the host versely, the profile of vimentin expression has been linked to
response. Thus, we believe that by investigating the activationthe start of differentiation of macrophages into adipocjfes,
status of the infiltrating lymphocytes and macrophages, a more but cells were only positively stained for vimentin at 26 weeks.
clear understanding of the ability of different scaffolds to present Consistent with this observation is the delayed onset of sponge
an appropriate environment for the development of adipose degradation, which, unusually for HYAFF, showed no sign of
tissue will emerge. We report here our experience of the resultsresorption until after 12 weeks. The degradation profile of the
of the host response in vivo to HYAFF11 sponges implanted sponges is likely to drive vascularogenesis, due to the release

4., Discussion
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Figure 4. HYAFF11 autoloading sponges, 26 weeks implantation in
the rat, hematoxylin and eosin stained, indicating the presence of
neovessels, labeled “B™: (a) subcutaneous; (b) intramuscular.

of free hyaluronan monomers, so the observation that blood
vessels within the sponge were rarely found at early time
periods, but more frequently at 26 weeks, would be expected.
Macrophage infiltration into implanted scaffolds occurs as a
direct result of the secretion of proinflammatory chemokines,
such as IL-B, MCP-1, and TGP, secreted in part due to the
implantation surgery. If sustained macrophage recruitment
persists within an implanted scaffold, phagocytosis of the
biomaterial will ultimately result in its complete destruction.

Measurement of the activation state of these macrophages

provides an indication of the presence of a chronic inflammatory

Rhodes et al.

In the case of regenerating adipose tissue, we wish to cause
the infiltration of macrophages, then allow them to spontane-
ously differentiate into adipocytes. Spontaneously differentiation
is observed in vitro when expansion is arrested and fetal calf
serum is present in the medidth,with or without cell
confluence, the factor most likely to be responsible being IGF-
.52 In vivo, the most likely driver for differentiation is contact
with particular extracellular matrix components, e.g., collagen
IV,53 whereas collagen | and Il and fibronectin are inhibi-
tory.>455Most common growth factors (e.g., FGF, EGF, PDGF)
appear to either have no clear effect or inhibit differentiation
of preadipocyte8®

In our model, it is likely that the inflammatory conditions up
until week 26 would cause recruitment of macrophages by
chemotaxis but prevent their differentiation. Reduction in the
inflammatory conditions observed at the 26 week time point
would allow spontaneous differentiation, and the start of this
process may be occurring as demonstrated by increased expres-
sion of vimentin associated with strong ED2 expression. There
was not strong Van Geison staining in any of the sponge samples,
demonstrating a lack of collagen extracellular matrix expression
and further indicative of conditions favorable for adipogenesis
to occur.

Surprisingly, little has been reported previously regarding the
presence of indigenous leukocytes within natural, white adipose
tissue. A recent study found that they are naturally present,
but that their subpopulation composition depended on anatomi-
cal location and the presence of obesity. T-lymphocytes
expressing’—o T-cell receptors are reported to be characteristic
of the innate immune syste?®>° having functions including
modulation of inflammation and macrophage homeosiagis
addition to defense against viral organisms and being adipokine
dependent. T-lymphocytes expressing /3 receptors, on the
other hand, characterized by their involvement in adaptive
immunity, appear to be adipokine independ&rithe absence
of y—06 T-cells, but the presence of a small numberoofs
T-cells within the implants, may suggest a response linked to
inflammation due to the scaffold rather than generation of
neoadipose tissue. Additionally, TBF expressed in small
guantities in the scaffolds, has been described as a promoter of
preadipocyte proliferatid but an inhibitor of differentiatio§3
This may explain the continued large number of cells with
macrophage-like morphology within the scaffolds and is possibly
the period prior to the onset of differentiation of these cells to
adipocytes.

It is our continuing belief, therefore, that inflammatory cell
infiltration with low levels of activation-related expression (e.g.,
MHC-II) are likely to be required for the generation of in vivo
adipogenesis. The degree of esterification of HYAFF is a key
determinant of its in vivo degradation, and a faster rate of
adipogenesis is likely to be obtained, based on this hypothesis,
by reducing the degree of benzyl esterification. This would make
HYAFF a suitable biomaterial for use in the regeneration of
soft tissue if re-engineered for faster degradation.

5. Conclusions

response. The observation of the presence of macrophages over Fibrous encapsulation of the implanted material was not

a 26 week period would normally lead to the conclusion that
the scaffold was proinflammatory and likely to lead to clinical
failure. In the case of HYAFF11 reported here, the presence of

observed in either sponge type in either of the animal model
sites, subcutaneous or intramuscular, suggesting that HYAFF11
had become successfully integrated into the host tissue. While

an inflammatory response was clear, as indicated by the highan apparently sustained inflammatory response was observed

expression of MHC-II at time periods up to 12 weeks, but
decreased significantly thereafter.

within both sponge types up to and including 26 weeks, it was
relatively benign and nonspecific and was not directed toward
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Figure 5. Numbers of different cell types and subpopulations identified by immunohistochemistry surrounding implants of HYAFF11 after
implantation for 26 weeks both subcutaneously and intramuscularly in a rat model. Mean + SEM, n = 5 rats.

(b)

s 45 o :' 3’.\
§ g | B ]
v - -
S f
I 200 pm I i ,
(c) (d)
. ‘ / . ! -. " 3 ‘ l-
.'k . X ; . .
, o\ ,’.\
’ i S 4 oz
. - J
Y . |
\ V¥ ) )
—] |-20um_y

Figure 6. HYAFF11, 26 weeks subcutaneous implantation: (a) monocytes and immature macrophages (ED1); (b) differentiating macrophages
(ED2); (c) a—p T-cell receptor; (d) TGFp.

T-lymphocytes or their activation and so could not be regarded small levels of TGB expression are consistent with the late
as a specific immune response. Induction of neovasculargenesi®nset of differentiation of macrophages into adipocytes, although
was observed, and mature adipocytes were observed at thehis could not be confirmed experimentally. It is hypothesized
margins of the sponges, and occasionally within their central that moderate inflammatory conditions cause the infiltration of
regions, suggesting HYAFF11 represents an adipocyte-compat-macrophages, and a subsequent reduction in inflammatory
ible environment. The pattern of vimentin expression and the chemokine secretions allows their spontaneous differentiation,
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due to contact with appropriate extracellular matrix proteins,
into adipocytes. It is concluded that hydrophilic coating of
HYAFF does not influence the infiltration of cells and that

HYAFF11 sponges of either type could be utilized successfully

as candidate materials for scaffolds for soft tissue reconstruction,

if suitably re-engineered for faster degradation.
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