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Abstract
The host response to a biomaterial is characterized by both acute recruitment and attachment of
cells as well as chronic encapsulating tissue reaction. The implantation procedure induces
production of damage-associated molecular patterns (DAMPs) which may contribute to host
recognition of the material. Toll-like receptors (TLRs) are pattern recognition receptors (PRRs)
that bind not only pathogen-associated molecular patterns (PAMPs) but also DAMPs. We sought
to investigate whether TLR4/DAMP interactions were involved in the acute and chronic
inflammatory response to an implanted biomaterial. When PET discs were implanted
intraperitoneally for 16 h, no differences were found in the number of leukocytes recruited
between TLR4+ (C57BL/10J) and TLR4− (C57BL/10ScNJ) mice. However, a significant shift in
the leukocyte profile on the biomaterial surface was observed for TLR4− mice. While the total
number of adherent cells was the same in both strains, TLR4+ mice had a profile with equivalent
neutrophil and monocyte/macrophage presence on the material surface, and TLR4− mice had a
profile of predominantly neutrophils with fewer monocyte/macrophages. When implants were
placed subcutaneously for 2 weeks, the fibrous capsule thicknesses were not different between
TLR4+ and TLR4− mouse strains. These findings illustrate that TLR4 may play a role in the initial
recognition of a biomaterial by directing the adhesive cellular profile.
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1. Introduction
Biomaterials used for medical devices elicit a response from the body that is often
detrimental to the efficacy of their intended function. Simply, the host response to a
biomaterial implantation includes injury, blood/material interactions, coagulation and
provisional matrix deposition, acute inflammatory response, granulation tissue onset, foreign
body reaction and fibrous encapsulation [1]. The implantation procedure inherently produces
tissue and vasculature damage causing blood components to infiltrate the implant region.
The inflammatory response toward a device is directed by these interactions between blood/
tissue components and material, which results in immediate protein adsorption to the
surface.
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A variety of proteins mediate the localization of leukocytes to biomaterials through adhesion
receptors [2]. Particularly, complement proteins [3–5] as well as a major component of the
clotting cascade, fibrinogen [6–8], have been shown to mediate phagocyte adhesion to
materials through β2 (CD18) integrins [3,8–10]. This adhesion is a critical step in the
recognition of a biomaterial. However, there are potentially additional initial events in the
inflammatory response to an implant that may prime phagocytes such as neutrophils and
monocyte/macrophages for adhesion. Recent literature has brought to light the role of
`danger signals' in the inflammatory response following injury, which elicit leukocyte
activation primarily through binding to pattern recognition receptors (PRRs). These ligand-
receptor interactions would precede (or occur simultaneously with) leukocyte adhesion, but
the role of these factors in the host response to a biomaterial is unknown.

`Danger signals' or damage-associated molecular patterns (DAMPs) [11,12] are endogenous
intracellular or extracellular components that are normally hidden from the environment or
are present at low concentrations. Upon cellular necrosis and/or tissue damage, these occult
motifs can become strong activators of inflammation, aid in the body's recognition of dying
cells and can act as adjuvants through direct activation of immune cells such as dendritic
cells (DCs) and macrophages [13]. Numerous endogenous DAMPs have been linked to
leukocyte activation through the PRR Toll-like receptor 4 (TLR4) (for references see Rock
and Kono [14]) as well as the PAMP lipopolysaccharide (LPS).

The TLR family is composed of at least ten TLRs (TLR1–TLR10) in humans [15] and are
integral membrane proteins containing leucine-rich repeats in the extracellular domain
which are believed to be involved in the ligand-recognition process. Immune cells (along
with other cell types) possess TLRs which canonically bind conserved PAMPs to aid in the
initiation of an innate immune response toward a pathogen [16]. TLR activation stimulates
innate effector functions such as increases in pro-inflammatory cytokine/chemokine
production [e.g. tumor necrosis factor (TNF)- α], increases in co-stimulatory molecules for
antigen-presenting cells, and up-regulation of integrin expression [17]. TLR4/DAMP
interactions have been investigated in the wound healing response to sterile injury in various
applications ranging for hemorrhage and drug-induced lung injury to sterile skin incisions
and systemic inflammation following femur fracture [18–21]. Following injury, it is
believed that TLR4 initiates inflammatory signaling via cytokine communication [22] to
provide necessary cues during wound repair. Neutrophil and monocyte recruitment to the
peritoneal cavity has been found to be induced by DAMP presence [23]. These findings are
relevant to biomaterials as many aspects of wound healing are connected to the host
response to materials [1,24].

Biomaterial particulates delivered with PAMP ligands for TLR4 have been investigated for
directing cancer vaccines [25,26]; however, we and others have found that biomaterials
themselves are capable of acting as adjuvants inducing a strong humoral immune response
toward a co-delivered antigen [27–30] in the absence of PAMP TLR ligands. Therefore, in
an endotoxin-free environment, TLR4 may interact with biomaterial-associated DAMPs to
propagate an innate inflammatory response and offers an explanation of the biomaterial-
induced adjuvant effect previously seen.

Several groups have studied the role of TLR4 in the cellular response to biomaterials in
vitro. Macrophage cytokine secretion in response to oligosaccharides of alginate is believed
to be TLR4/2 dependent [31]. Pro-inflammatory cytokine production (TNF-α) but not NF-
κB activation in macrophages treated with hydroxyapatite particles was found to be TLR4-
dependent [32]. However, as to date no studies have examined the role of TLRs (specifically
TLR4) in the in vivo host response to biomaterials. Therefore, this study sought to examine
the role of TLR4 in the acute and chronic inflammatory response to a biomaterial implant.
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2. Materials and methods
2.1. Biomaterial preparation

PET implants were prepared by punching 10 mm discs from a 0.5 mm thick PET sheet (AIN
Plastics, Kennesaw, GA). Discs were sterilized by rinsing with 70% ethanol for 24 h
followed by three 30 min rinses in endotoxin-free water (Lonza, Basel, Switzerland). After
drying in a tissue culture hood, discs were autoclaved prior to implantation. Endotoxin
content of equivalently prepared PET discs (5 mm) was assessed using the Limulus
Ameobocyte Lysate (LAL) assay (QCL-1000 Chromogenic LAL Endpoint assay, Lonza) in
endotoxin-free test tubes (Lonza). PET discs were tested in the presence of both LAL and
the chromogenic substrate and compared to a simultaneously developed endotoxin standard
curve (between 0.1 and 1.0 EU/mL). Implanted PET discs tested below 0.1 EU/ml, the lower
limit for this assay.

2.2. IP implantation and analysis
All animal procedures were approved by IACUC committee prior to use (Protocol
044-2008, Emory University). Mice were 6–7 weeks old and age-matched for each
experiment performed across TLR4+ (C57BL/10J, The Jackson Laboratory, Bar Harbor,
ME) and TLR4− (C57BL/10ScNJ, The Jackson Laboratory) strains. For intraperitoneal (IP)
implantation model, survival surgeries were completed in a laminar flow hood using
sterilized surgical instruments in combination with a peri-operative dose of nalbuphine (6
mg/kg) under isofluorane (Baxter, Deerfield, IL) anesthetic. Two PET discs were implanted
IP per mouse for 16 h through a midline incision followed by suturing of muscle and skin (n
= 7–9 mice, see Table 1). Sham surgeries with no implants (but with incision and suturing)
were also performed simultaneously (see Table 1). At 16 h, mice were anesthetized and 1 ml
Dulbecco's Phosphate Buffered Saline (Invitrogen, Carlsbad, CA) [D-PBS]/heparin (Abraxis
Bioscience, Los Angeles, CA) (50 U/ml) was injected IP for collection of lavage by sterile
transfer pipette. Discs were collected and transferred to 1 ml D-PBS on ice until analysis.
Lastly, cardiac puncture (using 100 U heparin preloaded in a 1 mL syringe with a 21 g
needle) was performed to subsequently determine circulating leukocyte population.

Lavage supernatants were collected, volume estimated for concentration calculation and
stored at −20 °C following centrifugation of lavages at 400 g for 5 min. Lavage cells were
resuspended in 1 ml of D-PBS and a small aliquot (10 μl) was analyzed for cell counts (6–20
μm) using Multisizer 3 Coulter Counter (Beckman Coulter, Fullerton, CA). The remaining
cells were resuspended at a concentration of 1 × 106 per milliliter and 200 μl used for one
cytospin analysis per mouse/lavage using Shandon Cytospin 3 (Thermo Scientific, Waltham,
MA). Cytospins were stained with Hema 3 (Fisher Scientific, Pittsburgh, PA) and
differential cell counts (300 cells counted per sample) performed by microscopy.

The first explanted disc was stained immediately after recovery using Hema 3. From the
second recovered disc, adherent cells were collected by placing the disc in trypsin/EDTA
(0.25%) (Sigma–Aldrich, St. Louis, MO) at 37 °C. To assure complete removal of adherent
cells, a cell scraper was lightly passed over both sides of the disc after it had been placed in
RPMI 1640 media (Invitrogen) supplemented with 10% heat-inactivated FBS (Mediatech,
Manassas, VA) to inactivate trypsin. Collected adherent cells were counted and stained
using the identical procedure described previously for lavage cells (one cytospin analysis per
disc, n = 8–9 samples per group, see Table 1). This implant was stained directly to assure
complete removal of cells had been achieved. The trypsinized disc possessed no adherent
cells on either side compared to the implant stained immediately after removal which was
extensively covered with cells as assessed by microscopy.
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Cardiac punctures were collected and immediately a blood smear prepared using HemaPrep
(J.P. Gilbert Company, Boyertown, PA) and stained using Hema 3. Red blood cells were
lysed with warmed ammonium chloride solution to assess total circulating leukocyte
concentrations using a Multisizer 3 Coulter Counter (Beckman Coulter).

Naïve lavages and cardiac punctures were also performed in age-matched TLR4+ and
TLR4− mice that had not undergone any surgical procedure (n = 7–8 mice, see Table 1).

2.3. SC implantation and analysis
For subcutaneous (SC) implantation model, survival surgeries were completed in a laminar
flow hood using sterilized surgical instruments in combination with peri-operative dose of
nalbuphine (6 mg/kg) and isofluorane (Baxter) anesthetic. Two PET discs were implanted
SC on the dorsum (one to the left and one to the right of the spine) of TLR4+ (n = 6) or
TLR4− (n = 7) mice. At 2 weeks, mice were anesthetized using isofluorane and cardiac
punctures performed/analyzed as described above. Discs with surrounding tissue were
explanted and immediately fixed in 10% (v/v) buffered formalin (Fisher Scientific) until
processing. Tissue explants were embedded in paraffin and 5 μm sections were prepared for
staining. For analysis of fibrous capsule thickness, sections were deparaffinized and stained
with Van Gieson stain (American Master Tech Scientific, Lodi, CA); otherwise, sections
were stained with hematoxylin and eosin (H&E). Fibrous capsule thickness (as seen by dark
red collagen staining) was determined on both skin or muscle side of implants from five
sections per mouse using Image Pro Plus (Media Cybernetics, Bethesda, MD) calibrated
software using sections taken vertically from the center of the explanted disc.

2.4. TNF-α ELISA analysis
Cleared lavage supernatants from implant, sham or naïve treatment groups were assessed for
TNF-α concentration using an ELISA (R&D Systems, Minneapolis, MN). Samples were run
undiluted and analyzed following manufacturer's instructions. Values that were below blank
of the assay were taken as zero.

2.5. Statistical analysis
All statistical analysis was performed using one-way ANOVA (Prism v5.0a, GraphPad
Software Inc, La Jolla, CA) with animals nested within treatment. Comparison across groups
was accomplished using a Tukey post-test with a 95% confidence interval (p < 0.05 was
considered significant).

3. Results
Using an established TLR4-deficient mouse strain, C57BL/10ScN [33–35], which possesses
a complete deletion of the tlr4 gene, along with an appropriate wild-type control strain
(C57BL/10) as recipients of biomaterial implants, the role of TLR4 in the host response to a
biomaterial implant was examined. Discs of PET, as a model synthetic implant, have been
used extensively [6,8,36–39] and yield robust phagocyte accumulation (neutrophils and
monocyte/macrophages) in response to biomaterial in the peritoneal cavity at 16 h [7]. To
study the role of TLR4/DAMP interactions in the acute inflammatory response to
biomaterials, PET discs were implanted IP for 16 h in TLR4− or TLR4+ mice and total
leukocyte concentrations and differential leukocyte profiles were analyzed in IP lavages and
adherent cells harvested from the discs. Sham surgeries and naïve mice were used as
controls to isolate the role TLR4/DAMP interaction plays in the recruitment of leukocytes
due to the biomaterial itself. The TLR4-dependence of the fibrous capsule formation was
assessed following 2 weeks of PET disc implantation subcutaneously in TLR4− or TLR4+

mice.
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Total leukocyte concentrations were determined in IP lavages collected from TLR4+ or
TLR4− mice receiving a PET disc implant, sham surgery or in the naïve control group (Fig.
1). Implantation of a PET disc induced recruitment of leukocytes into the peritoneal cavity
of TLR4− mice with higher total leukocyte concentrations as compared to that of the
respective naïve mice. This trend was also present upon PET disc implantation into TLR4+

mice but was not found to be statistically significant. Sham surgery induced leukocyte
recruitment into the peritoneal cavity of either mouse strain to levels which were between
those found for naïve or implant groups of either mouse strain, though not-statistically
different from either group (Fig. 1).

The differential leukocyte profiles in IP lavages for TLR4+ or TLR4− mice were determined
and found to be similar for both mouse strains for the various treatment groups (Fig. 2). The
majority of leukocytes in the peritoneal cavity at 16 h were neutrophils for both mouse
strains regardless of treatment; however, there was a significantly lower fraction of
neutrophils in naïve TLR4− than all TLR4+ treatments (Fig. 2A). TLR4− mice tended to
have a slightly higher fraction of monocyte/macrophage than TLR4+ mice (Fig. 2B);
however, no significant differences were found between implant groups of the two strains.
Eosinophil and lymphocyte fractions from both strains were found to be similar (Fig. 2C and
D, respectively). To examine if a TLR4 deficiency affected circulating leukocyte
concentrations, which would certainly have affected recruitment into the IP space, total
circulating leukocyte concentrations were determined in lysed whole blood obtained from
cardiac punctures. No differences were found across all treatments (data not shown) for both
TLR4+ and TLR4− mice.

As a potent pro-inflammatory cytokine often produced upon TLR4 signaling, TNF-α
controls numerous cellular actions in the acute inflammatory response. The concentration of
TNF-α in peritoneal cavity was determined to assess if it was induced in a TLR4-dependent
manner following biomaterial implantation for 16 h. TNF-α was only significantly detected
in the peritoneal cavity upon implantation of a PET disc since little to no TNF-α was
detected in IP lavages of sham or naïve groups from both TLR4+ and TLR4− mice (Fig. 3).
However, this response was found to be TLR4-independent as both strains elicited similar
production of the cytokine upon PET disc implantation.

The role of TLR4 in controlling the adherent leukocyte profile on the IP-implanted PET disc
was assessed by determining the total number and differential profiles of leukocytes
harvested by trypsinization from discs. The total numbers of leukocytes recovered as
adherent to the biomaterial were similar in TLR4+ and TLR4− mice (Fig. 4A). However, the
differential leukocyte profiles recovered from the surface of the material were distinct
between strains (Fig. 4B). Implants in TLR4+ mice possessed equivalent fractions of
harvested adherent neutrophils and monocyte/macrophages while implants in TLR4− mice
had significantly higher fractions of adherent neutrophils than monocyte/macrophages (Fig.
4B and Fig. 5). Furthermore, both of these fractions were significantly different between the
two strains (Fig. 4B).

To examine whether TLR4 presence affected the fibrous encapsulation of an implanted
biomaterial, PET discs were implanted SC in TLR4+ or TLR4− for 2 weeks and the resultant
thicknesses assessed in histological sections. Tissue surrounding the implants was stained
with Van Gieson to highlight the collagen content of the capsule. TLR4+ and TLR4− mice
displayed no noticeable differences in collagen content at the implant interfaces. Both strains
elicited a strong tissue reaction (Fig. 6A–D) as well as a thick fibrous capsule on the dermal
side as opposed to the muscle, which was thin (Fig. 6E, F & Fig. 7). The capsule on the
dermal side was determined to be 16 ± 4 μm for TLR4+ mice and 18 ± 2 μm for TLR4−
mice while the capsule adjacent to muscle was 8 ± 2 μm for TLR4+ mice and 9 ± 2 μm for
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TLR4− mice. There were no differences in the thicknesses of the fibrous capsules on either
side between the two strains (Fig. 7).

4. Discussion
This research demonstrates that TLR4 plays a role in the host response to a biomaterial in
vivo. Specifically, mice lacking TLR4 had an altered differential leukocyte profile recovered
from PET surfaces following a 16 h intraperitoneal implantation as compared to mice
possessing wild-type TLR4 (Fig. 4B). Hence, TLR4 appears to affect the differential profile
of biomaterial-adherent leukocytes while not having an effect on the differential profile
recruited into the peritoneal cavity (Figs. 1 and 2). While there were differences in the
profile of adherent leukocytes following an IP implantation for 16 h, in the SC site, after 2
weeks of implantation of a PET disc, there was no dependence on TLR4 of the resultant
fibrous capsule (Fig. 6 and Fig. 7). Therefore, TLR4 may be necessary for optimal activation
and adhesion of early responders such as neutrophils, but the chronic inflammatory response
is unaffected by the absence of TLR4.

It was hypothesized that a lack of TLR4 in the context of a biomaterial implant would lead
to lower recruitment of leukocytes following an implantation procedure as neutrophil
accumulation and TNF-α production following hemorrhage-induced lung injury was
lessened in TLR4-defective mice [20]. Also, macrophage-mediated inflammation following
acute lung injury occurs via TLR4/TLR2 interactions with hyaluronic acid fragments [21].
However, mice possessing wild-type TLR4 or lacking TLR4 elicited similar leukocyte
recruitment to the peritoneal cavity following biomaterial implantation (Fig. 1). Sham and
implant treatment groups for both strains were also similar (Fig. 1) implying that surgery
alone may have accounted for a significant aspect of the inflammatory response. However,
no statistical difference was found for leukocyte concentrations for lavages from sham or
naïve groups. Others have noted that the total number of macrophages and neutrophils
following a sham surgery procedure at 18 h was found to be similar to naive mice [37] and
did not account for the majority of inflammation to PET implanted IP. However, in this
study lavages (which exhibited similar total leukocyte concentrations) from sham surgeries
or biomaterial implantation contained similar profiles of neutrophils (Fig. 2A) and
monocyte/macrophages (Fig. 2B) for both TLR4+ and TLR4− mice.

It was unanticipated that only in the presence of a biomaterial implant would TNF-α be
detected IP (Fig. 3), furthermore in a TLR4-independent manner, wherein sham and naïve
mice had essentially no detectable levels of the pro-inflammatory cytokine. Others have
found that peritoneal macrophages from TLR4-defective mice produce significantly less
TNF-α mRNA in vitro in response to hydroxyapatite particles than TLR4+ mice [32]. In vivo
a biomaterial likely presents many other DAMPs than presented by a biomaterial in vitro,
and these may activate cytokine production through other PRRs such as TLR2 [40–42]. In
this study, however, using an IP biomaterial implantation model such a strong response to
injury alone was not observed. These findings are supported by others who have shown that
TLR4 does not account for inflammation (recruitment of neutrophils) IP following injection
of dead cells [43]. Overall, these findings imply that TLR4 was not responsible for the
recruitment of leukocytes to the IP cavity or TNF-α production.

Conversely, a differential profile of adherent phagocytes on IP-implanted PET discs was
observed that was TLR4-dependent. It was surprising that an altered differential leukocyte
profile was observed for TLR4− mice as compared to TLR4+ (Fig. 4B). Implants in TLR4−
mice had a significantly higher fraction of recovered adherent neutrophils (~0.58) and a
lower fraction of recovered adherent monocyte/macrophage (~0.36) as compared to that of
TLR4+ mice (Fig. 4B). In contrast, TLR4+ mice had equivalent fractions of recovered

Rogers and Babensee Page 6

Biomaterials. Author manuscript; available in PMC 2011 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



adherent neutrophils and monocyte/macrophages (about 0.47 for both) (Fig. 4B) from discs.
This was observed even though the total number of leukocytes attaching to PET disc was
equivalent between TLR4+ and TLR4− mice (Fig. 4A), and the IP milieu surrounding the
implants wherein neutrophil and monocyte/macrophage fractions were equivalent in TLR4+

and TLR4− mice (Fig. 2A and B). In support of a role for TLR4 in controlling the adhesive
leukocyte profile, another common wild-type TLR4 strain, C57BL/6, exhibited the same
neutrophil and monocyte/macrophage profile at 16 h on PET to that of the TLR4+ strain
used here, C57BL/10 (unpublished data).

There are two possible explanations for the observed TLR4-dependence of the adherent
phagocyte profile on PET discs implanted IP. First, as neutrophils account for the majority
of inflammatory cells recruited during acute inflammation in response to an implanted
biomaterial within the time frame studied here, endogenous ligands present on the material
surface may trigger TLR4-induced activation of neutrophils to subsequently progress the
inflammatory cascade (including stimulating monocyte/macrophages). Without TLR4,
neutrophils would not be fully activated by proteins on the PET surface. In fact, TLR
signaling also induces up-regulation of integrin (CD11b/CD18) expression in neutrophils
[17,44] which may even control adhesion, along with optimal activation, to a material [3,9]
and explain why an apparent “delayed” inflammatory response is seen in TLR4− mice.
Numerous proteins adsorb to biomaterials from physiological fluids [2]. Most of these are
considered adhesive substrates, but plasmin [45], fibrinogen [22] and fibronectin [46] are
also ligands for TLR4. Hence, such biomaterial-adsorbed proteins may concurrently induce
the inflammatory cascade. Interestingly, firm adhesions via integrins also leads to optimal
TLR4 signaling [47] in macrophages further supporting their activity. Therefore, upon
implantation of a biomaterial, a foreign surface may offer the perfect environment for TLR4/
DAMP interactions to lead to leukocyte activation: by acting as a depot for DAMPs to elicit
a `danger' response from the host as well as offering an adhesive substrate.

Lastly, TLR4-mediated phagocyte accumulation on the surface may not be a product of
direct interaction with DAMPs on biomaterials but as a result from the absence of TLR4 on
many other cells in TLR4− mice. TLR4 is expressed on various cell types including most
immune cells, some epithelial cells and even endothelial cells [34]. The adhesion to the
material surface may be indirectly controlled, for example, by endothelial cells which may
act to prime neutrophils and monocyte/macrophages for adhesion to a material surface. It is
well documented that endothelial cells stimulate neutrophil activation and integrin-mediated
adhesion during an inflammatory response through secretion of chemokines. It is also
believed that endothelial cells sense DAMPs (such as hyaluronic acid fragments) through
TLR4 which induce chemokine (IL-8) secretion [48]. Therefore, endogenously activated
endothelial cells may ready neutrophils for adhesion through paracrine chemokine
interactions.

In this study, we were able to very clearly and accurately identify the inflammatory cells
recruited into the peritoneal cavity and recovered from discs upon IP implantation of the
biomaterial disc by using cytospins and light microscopy to identify the cells based on their
morphology. A limitation of this study is that trypsin removal of biomaterial-adherent
leukocytes did not allow for direct cell staining using immunofluorescence for cell surface
antigens or activation markers due to anticipated cleavage of these surface receptors by the
trypsin. This prevents the use of flow cytometry to better characterize the inflammatory cell
population/phenotype which would be beneficial in future studies. Similarly, as discussed
next, for the subcutaneously implanted discs, the purpose was to assess the host tissue
reaction namely, fibrous encapsulation. This objective was well achieved using histological
assessment and the staining techniques (e.g. Van Gieson to highlight the collagen content of
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the capsule). Future immunohistochemical analysis can examine the types of cells present or
their expression of activation/phenotypic markers.

The lack of TLR4-dependence on the fibrous capsule formation at 2 weeks to PET
implanted subcutaneously was anticipated (Figs. 6 and 7) as other TLRs (such as TLR2)
may compensate for DAMP interactions. A significant decrease in tissue reaction to an
implanted biomaterial would be anticipated in mice which lack MyD88 (a common adapter
molecule required for nearly all TLR family member signaling, with the exception of
TLR3). MyD88−/− mice had an almost completely abrogated inflammatory response to
DAMP-mediated inflammation [43]. Interestingly, IL-1R (which shares identical signaling
pathway with TLRs) was, and has been shown by others, linked to these effects.
Specifically, intracellular inflammasome activation of IL-1/IL-1R signaling may be the
cause for `danger'-induced effects including the adjuvanticity of alum [49] and other
biomaterial particulates [30] used for vaccines. However, the potential for a flat and large
surface such as the PET disc implanted herein to interact intracellularly with inflammasome
components to induce IL-1 activation in the absence of internalization of the material due to
size remains to be determined but seems unlikely.

5. Conclusion
TLR4 plays a role in determining the adhesive leukocyte profile on biomaterials during the
acute inflammatory response. This may be mediated by a direct interaction with DAMPs
adsorbed on the material surface or indirectly affected by other cell types which prime
leukocytes for adhesion. TLR4 blocking may be beneficial if trying to direct an acute host
response that minimizes monocyte/macrophage adhesion to a biomaterial. Fibrous
encapsulation following SC implantation of a biomaterial propagates normally in the
absence of TLR4 indicating other compensatory receptors for activation and support of the
foreign body tissue response. Therefore, the window of activity for TLR4 in the host
response to a biomaterial is only in the initial recognition of the foreign entity.
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Appendix
Figures with essential colour discrimination. Certain figures in this article, in particular Figs.
5 and 6, are difficult to interpret in black and white. The full colour images can be found in
the online version, at doi:10.1016/j.biomaterials.2009.09.077.
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Fig. 1.
Total leukocyte concentrations in IP lavages for TLR4+ or TLR4− mice receiving a PET
disc implant, sham surgery or in the naïve control group.★; p < 0.05 in comparison to either
naïve group, n = 7–9 mice per group. Bars represent mean + SD.
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Fig. 2.
Differential leukocyte profiles showing fractions of (A) Neutrophils, (B) Monocyte/
Macrophages, (C) Eosinophils, (D) Lymphocytes in IP lavages for TLR4+ or TLR4− mice
receiving a PET disc implant, sham surgery or naïve control. Brackets indicate significant
differences between groups (p < 0.05), n = 7–9 mice per group. Bars represent mean + SD.
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Fig. 3.
TNF-a concentrations in IP lavages for TLR4+ (+) or TLR4− (−) mice receiving a PET disc
implant (Implant), sham surgery (Sham) or naïve control (naïve). Individual mouse
concentrations are plotted as points with horizontal lines representing mean with standard
deviations. Brackets indicate statistical difference (p < 0.05) between group, n = 7–9 mice
per group.
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Fig. 4.
Adherent leukocyte profiles on PET discs following 16 h of IP implantation into TLR4+ or
TLR4− mice. (A) Total number of adherent leukocytes collected from implants in either
strain. No statistical difference was found between strains (p = 0.27); n = 7–9 mice per
group. (B) Adherent leukocyte profiles showing fractions of neutrophils, monocyte/
macrophages, eosinophils, and lymphocytes. Brackets indicate significant differences
between groups (p < 0.05); n = 7–9 mice per group. All treatments significantly different
from each other except for lymphocyte and eosinophil fractions from either strain as well as
neutrophil and monocyte/macrophage fractions from TLR4+ strain.
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Fig. 5.
Representative cytospins of adherent leukocytes collected from PET discs implanted for 16
h in TLR4+ (A) or TLR4− (B) mice. Bar indicates 10 μm.
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Fig. 6.
Representative H&E and Van Gieson stained tissue sections of PET discs implanted SC for
2 weeks. Shown are 10× images of representative H&E stained sections from a TLR4+ (A)
or a TLR4− (B) mouse (bar indicates 100 μm) as well as 40μ magnifications TLR4+ (C) or a
TLR4− (D) (bar indicates 10 μm). Also shown are 10μ images of Van Gieson (collagen)
stained sections from a TLR4+ (E) or a TLR4− (F) mouse (bar indicates 100 μm). No
noticeable differences in fibrous capsule formation were found between the two strains.
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Fig. 7.
Fibrous capsule thickness surrounding PET discs implanted for 2 weeks SC in TLR4+ or
TLR4− mice assessed on the skin and muscle sides. Thicknesses were averaged for the skin
side or the muscle side of the implant for each animal and individual determinations are
plotted as points with horizontal lines representing mean with standard deviations; n = 4–7
mice per group. Brackets indicate statistical difference between skin and muscle thicknesses
only (p < 0.05).
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Table 1

Number of animals (n) analyzed per strain using the indicated endpoint analyses for the three treatment groups
in the IP implantation study. Lavage total cell counts and cytospin analysis were performed on all mice
including those with PET implants which were also analyzed for total adherent cells and cell types (see
method for detailed description). Cardiac punctures were performed on all mice to assess circulating leukocyte
populations.

Treatment Strain Analysis n

Naïve TLR4+ Lavage 7

TLR4− Lavage 8

Sham TLR4+ Lavage 9

TLR4− Lavage 7

Implant TLR4+ Lavage 9

TLR4− Lavage 9

TLR4+ Implant 8

TLR4− Implant 9
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