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Abstract
The role/s of T lymphocytes in the foreign body response has not been thoroughly elucidated.
Lymphocytes are known to augment macrophage adhesion and fusion in vitro. Furthermore T
lymphocytes are a possible source of the cytokines, IL-4 and IL-13 which induce macrophage
fusion. In this study we used BALB/c mice and BALB/c (nu/nu) nude mice to investgate foreign
body giant cell (FBGC) formation in a T cell deficient setting. Mice were implanted with
Elasthane 80A (PEU), silicone rubber (SR) or poly(ethylene terephthalate) (PET) for 7, 14, or 21
days using the cage implant system. Exudate cells and IL-4 and IL-13 levels in exudate
supernatants were analyzed by flow cytometry and a multiplex immunoassay, respectively, at days
7, 14, and 21. Macrophage adhesion and fusion on material surfaces were analyzed using optical
microscopy. T cell deficient mice had lower total leukocyte concentrations at the biomaterial
implant site at all time points. Adherent cell density was comparable between normal and T cell
deficient mice except in the PEU group at day 21. However, percent fusion, average nuclei per
FBGC, and FBGC morphology was comparable between normal and T cell deficient mice. IL-4
was not detected in any samples, but IL-13 levels were also comparable between normal and T
cell deficient mice indicating Th2 polarized T cells are not the sole source of this cytokine. We
have shown that there are pathways that do not require thymus-matured T lymphocytes which lead
to a normal foreign body response to biomaterials in a murine model.
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Introduction
The cellular components of the foreign body reaction (FBR) are characterized by
macrophages and/or foreign body giant cells (FBGCs) that persist at the biomaterial
interface. The role of lymphocytes, specifically T lymphocytes, in the foreign body reaction
is still under investigation. Following biomaterial implantation, lymphocytes are transiently
present during the chronic inflammatory stage1. In vitro, lymphocytes enhance macrophage
adhesion and fusion on material surfaces2. Furthermore, lymphocyte effects on macrophage
adhesion, fusion, and cytokine secretion are material dependent3, 4.
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IL-4 and IL-13 are cytokines that induce macrophages to have an alternatively activated
phenotype and are necessary for macrophages to undergo foreign body giant cell formation
on biomaterial surfaces5-7. The source of these cytokines has been hypothesized to be Th2
polarized T lymphocytes1. However these cells are not the only source of IL-4 and IL-13
since NK cells, NKT cells, mast cells, eosinophils, and basophils are also capable of
producing these cytokines8, 9. Al-Saffar et al. have identified mast cells containing IL-4 at
the bone-material interface in samples from patients undergoing revision surgery. An
increase in mast cell quantity correlated with an increase in foreign body giant cells10. Mast
cells have been found to have an important role in the foreign body response because they
are critical for leukocyte recruitment to the biomaterial implant site during acute
inflammation in a murine model11.

A common pathway leading to mast cell production of IL-4 and IL-13 is via IgE
crosslinking by antigen. The production of IgE by B cells and subsequent mast cell
proliferation and effector functions are dependent on Th2 lymphocytes12. Even though mast
cells are one of the likely sources of IL-4 and/or IL-13 at the biomaterial implant site, this
does not exclude the possibility that T cells are playing critical roles in inducing mast cell
IL-4/IL-13 production. Also it is likely that there are multiple cellular sources, inclusive of T
cells, of IL-4 and/or IL-13 at biomaterial implant sites.

In vivo the induction of alternatively activated macrophages is mediated by innate immune
responses whereas the maintenance of the alternatively activated phenotype in macrophages
requires CD4+ T cells. This implicates mast cells and/or eosinophils in providing the
necessary IL-4/IL-13 stimulus to alternatively activate macrophages during acute
inflammation whereas maintenance of this phenotype during chronic inflammation requires
CD4+ T cells 13. Studies on foreign body giant cell formation have shown that an
alternatively activated phenotype in macrophages is necessary for these cells to undergo
fusion. Most notably mannose receptor and dendritic cell specific transmembrane protein
(DC-STAMP) are upregulated on alternatively activated macrophages and inhibition of
these receptors prevents macrophage fusion into FBGCs7, 14, 15. It not known whether T
cells are critical contributors to the complex phenotypic changes required in macrophages to
undergo fusion into FBGCs.

Previously, a T cell deficient rat model has been used to study the foreign body response to
sheep collagen. T cells were found to be important in macrophage recruitment and
macrophage foreign body giant cell formation. However, T cells are likely to participate in
the host response to a xenogeneic graft which is immunogeneic16. We have previously
shown that components of an adaptive immune response, specifically memory, are not
present in response to synthetic biomaterials17. In this study we use a T cell deficient model
to investigate the role of T cells in foreign body giant cell formation on synthetic non-
immunogeneic biomaterials. T cell deficient mice have a mutation in the foxn1 gene that
causes the animals to be congenitally athymic and hairless, hence the mice are referred to as
nude. The thymus is crucial for the maturation, differentiation and specificity of T cells18.
We implanted BALB/c mice and nude BALB/c mice with three different clinically relevant
synthetic biomaterials using the cage implant system. We assessed macrophage adhesion
and fusion on these surfaces along with measuring IL-4 and IL-13 levels at the implant site.

Methods
Materials

Elasthane 80A, a polyether urethane (PEU), was synthesized by Polymer Technology Group
(Berkeley, CA, USA) and extruded by Medtronic (Minneapolis, MN, USA). Polyethylene
terephthalate (PET, Mylar ®) (Toray Co., Japan) and a silicate resin filled, cross-linked
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polydimethylsiloxane (SR) (Dow Corning, Midland, MI) were also used. The polymers were
cut into 1.0×0.5 cm rectangular sections, wiped with 100% ethanol, sonicated in 100%
ethanol for 10 min, rinsed in distilled water and allowed to air dry.

Surfaces were placed inside cylindrical stainless steel wire mesh cages measuring
approximately 1.5cm long and 0.7cm in diameter. The cages were prepared as previously
described. All cages, with or without polymers, were sterilized with ethylene oxide by
sterilization services at University Hospitals of Cleveland.

Material Implantation
Female 9 week-old BALB/c mice or 9 week old BALB/c nude (nu/nu) mice (Charles River
Laboratories), weighing 17-19g, fed ad libitum on standard pellets and water were used
(Animal Resource Center, Case Western Reserve University). Nude mice were housed in an
athymic facility with 24 hour temperature and humidity monitor and greater than 15 air
changes per hour. Animals were kept in autoclaved microisolator caging units with sterilized
corncob bedding were used. Nude mice were fed sterilized P3000 autoclavable high-protein
diet and autoclaved tap water. All surgical procedures were conducted in under sterile
conditions in a laminar flow work station. NIH guidelines for the care and use of laboratory
animals were observed. All protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) of Case Western Reserve University.

Cage implantations were performed as previously described19. Mice were anesthetized with
an intra-peritoneal injection of anesthetic (0.1-0.2ml/25g, ketamine ® (Henry Schein),
xylazine ® (Henry Schein), and acepromazine ® (Henry Schein)). Briefly, 2 cages, each
containing the same biomaterial, were implanted subcutaneously in the upper back. Control
mice were implanted with empty cages. Each timepoint is representative of data obtained
from five mice (n=5).

On days 7, 14, and 21, exudate was collected from the implanted cages as previously
described20. Briefly, after anesthetizing the mouse with Aerrane® (Baxter Healthcare
Coporation), a heparinized tuberculin syringe (27.5 gauge needle) was inserted through the
skin and into the stainless steel cage. 100-400μl of exudate was collected from both cages of
each animal at each timepoint. Total leukocyte concentrations were obtained after staining
5μl of exudate with Wright's stain and using a hemacytometer.

Analysis of Exudate Cells by Flow Cytometry
Cells from day 7 and day 14 exudate samples were stained for flow cytometry as previously
described17. Day 21 samples were not stained due to extremely low leukocyte
concentrations. Exudate samples were spun down at 300g and the supernatant collected and
stored at −80°C. Cell pellets were resuspended in stain buffer (BD Pharmingen, Franklin
Lakes, USA) and stained with the following directly conjugated rat anti-mouse antibodies:
CD3-FITC (clone 17A2), CD19-APC (Clone 1D3), and CD14-PE (clone rmC5-3) and the
appropriate isotype controls (BD Biosciences, Franklin Lakes, USA). Samples were
analyzed on a Becton Dickinson FACSCalibur Flow cytometer within 24 hours.
Fluorescence positivity of a particular antibody was determined by comparison to the
corresponding isotype control. Cell types were quantified by multiplying the percentage of
each cell type, obtained through flow cytometry, with total leukocyte concentration. The
concentration for each cell type was reported.

Multiplex Immunoassay
A multiplex cytokine immunoassay containing a mouse cytokine panel (IL-4 and IL-13) was
purchased from Lincoplex (Millipore, Billerica, MA). Due to the multiplex technology, the
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cytokines in the mouse panel were measured simultaneously in each sample. Samples
collected from days 7, 14, and 21 exudate withdrawals were run in duplicate. The multiplex
immunoassay was run in accordance with manufacturer's instructions for serum or plasma
samples. The plate was run on a Luminex® 200 Instrument using Bio-plex manager 4.1
standard software (Bio-Rad Laboratories, Hercules, CA). Raw fluorescence data was
analyzed by the software using a 5 parameter logistic method. Minimum detection
concentrations were 0.3 pg/ml and 4.7 pg/ml for IL-4 and IL-13, respectively.

Adhesion and Fusion Analyses
On days 7, 14 and 21, adherent cell densities and macrophage fusion were determined on the
biomaterial surfaces obtained from explanted cages as described previously21. Surfaces were
rinsed twice with warm phosphate buffered saline, subsequently fixed in methanol for 5min,
and air dried. May Grunwald reagent was added to surfaces for 5min. Surfaces were rinsed
in PBS twice and Giemsa reagent added for 15min immediately. Surfaces were rinsed with
distilled water twice and allowed to air dry. Adherent cell densities were determined by
counting the number of nuclei from 5 representative 20x fields for each sample and
expressed as cells/mm2. Percent fusion was determined by dividing the number of nuclei
within foreign body giant cells (containing 3 or more nuclei as identified histologically) by
the total number of nuclei in the field. Average nuclei per FBGC was determined by
dividing the total number of foreign body nuclei by the number of FBGCs in a field. Cell
densities, percent fusion, and average nuclei per FBGC were averaged from the five fields
per sample from 5 animals (n=5) in each group.

Statistical Analyses
Data were represented as the mean ± standard error mean (SEM) from 5 animals.
Comparisons among material groups were made using ANOVA and statistical significance
was determined using a Tukey post hoc test with a 95% confidence interval. Comparisons
between BALB/c and nude BALB/c data within the same material group was made using an
unpaired student's t-test with statistical significance assigned at the 95% confidence interval
(Minitab, Inc., State College, PA).

Results
Exudate Cell Analyses

Total leukocyte concentrations (TLCs) decreased with time for all groups. TLCs were
significantly lower in nude BALB/c in comparison to BALB/c mice within the same
material group. At day 21, TLCs in nude mice were not calculated because most samples
were acellular (Table I). The cellular profiles show that BALB/c mice had greater TLCs than
their nude counterparts because of the infiltration of T cells and higher levels of
granulocytes. Exudate macrophage concentrations were comparable between BALB/c and
nude BALB/c mice. No material dependent trends were noted in exudate cell profiles. No B
cells were identified in all samples (Figure 1).

IL-4 and IL-13 Levels at the Implant Site
IL-4 was not detected in any exudate samples from all animals. IL-13 was detected at
concentrations below 40pg/ml. IL-13 levels were comparable between BALB/c and nude
BALB/c mice within the same group, and between control and polymer implanted groups at
all time points. By day 21, IL-13 concentrations were below 15pg/ml (Figure 2).
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Adherent Cell Density
At day 7, adherent cell density on PET surfaces was significantly higher in BALB/c mice in
comparison to nude mice implanted with PET and both BALB/c and nude mice implanted
with SR. At day 14 all groups had comparable levels of adherent cell density. At day 21,
adherent cell density on PEU surfaces implanted in BALB/c mice was significantly greater
in comparison to nude mice implanted with PEU and animals implanted with SR and PET.
There were no other statistically significant differences at this time point among other
material groups. No apparent adherent cell density trend was noted at any time points
(Figure 3).

Foreign Body Giant Cell Formation
Foreign body giant cells were not seen on nearly all surfaces at day 7. Out of all the fields
counted, only 4 fields had several small foreign body giant cells (3 nuclei per cell). Percent
fusion was comparable between all material groups at days 14 and 21. Fusion percentages
increased with time but did not exceed an average of 50% for any material. Fusion was
comparable between BALB/c and nude mice (Figure 4). Average nuclei per FBGC also
increased from day 14 to day 21, but no significant differences were noted between material
groups or BALB/c and nude BALB/c mice (Figure 5). Furthermore, foreign body giant cells
appeared morphologically similar by optical microscopy between BALB/c and nude mice
(Figure 6).

Discussion
Our goal was to determine if T cells influence foreign body giant cell formation on synthetic
biomaterials in vivo. Previous work in our laboratory has shown that the addition of a
lymphocyte cell suspension containing 80% T lymphocytes to monocytes leads to enhanced
macrophage adhesion and fusion on biomaterial surfaces2, 3. Furthermore it has long been
hypothesized in the biomaterials field that the IL-4 and/or IL-13 produced in vivo to induce
macrophage fusion is secreted from T cells. This study shows that foreign body giant cell
formation can progress normally in a T cell deficient setting.

Despite significantly decreased exudate leukocyte concentrations in nude mice, adherent cell
densities were comparable between BALB/c and nude BALB/c mice except for the PEU
group (Figure 3). Nude mice implanted with PEU had significantly lower adherent cell
density than BALB/c mice implanted with the same surface at day 21. The cellular exudate
profiles show that BALB/c and nude mice in all material groups had comparable
concentrations of macrophages at days 7 and 14 (Figure 1). At day 21, most samples from
nude mice were acellular. Despite the disparity in leukocyte infiltration between BALB/c
and nude BALB/c mice it is apparent that adherent cell density was not affected
significantly.

Foreign body giant cell formation in all material groups, inclusive of PEU, was not impacted
by the absence of T cells. Nude mice had comparable percent fusion to their
immunocompetent counterparts for all material groups (Figure 4). The number of nuclei in
FBGCs from nude mice was comparable to the number of nuclei in FBGCs from BALB/c
mice and these FBGCs were morphologically indistinguishable as analyzed by optical
microscopy (Figures 5&6). These data contrast with what was expected because in vitro
lymphocytes enhance macrophage fusion. However in the in vitro setting the added
lymphocyte population is not exclusively T cells (~20% non-T cells)2, indicating the
possibility that lymphocyte subsets other than T cells contributed to the effects on
macrophage surface behavior. Our study shows that in the absence of T cells, foreign body
giant cell formation is not affected.
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We also investigated whether IL-4 and IL-13 concentrations were impacted by T cell
deficiency because T cell may be a possible source of these cytokines. Al-Saffar et al.'s
study shows that IL-4 is produced by mast cells at the bone-material interface10. However,
orthopedic joint revisions use materials that contain metal and this study does not eliminate
the possibility of a classic hypersensitivity reaction to a metal component of the biomaterial,
such as nickel or chromium. A metal hypersensitivity reaction in humans would require T
cell directed mechanisms22. In our cage implant system, we use metal mesh but in order to
induce metal allergies in murine models the animals have to be sensitized appropriately23.

In vitro FBGC formation can be induced by either IL-4 or IL-135, 7. Neutralization of IL-4
in vivo significantly reduced foreign body giant cell formation on a poly(ether urethane) urea
surface following 7 days of implantation in BALB/c mice6. In this study, IL-4 was not
detected at days 7, 14, and 21, and fusion was not present on material surfaces at day 7.
Macrophage fusion is material dependent and the poly(ether urethane) urea surface may
promote earlier FBGC formation in mice than the surfaces used in this study24. The study
indicates that IL-4 may be present before day 7, but we did not detect IL-4 at day 7 or
subsequent time points. Brodbeck et al. has measured IL-4 mRNA expression in exudate
leukocytes surrounding material implants at days 7, 14, and 21 in BALB/c mice25. However
measurement of IL-4 mRNA does not indicate that IL-4 was produced by exudate
leukocytes especially since mast cells, basophils, and eosinophils have constitutive IL-4 and
IL-13 transcripts9. Brodbeck et al. did not see material dependency in IL-4 mRNA
expression, but did see increased IL-13 mRNA expression in exudate leukocytes
surrounding surfaces that promoted fusion25. We were able to measure IL-13 at all time
points and found IL-13 concentrations to be comparable between material implanted mice
and empty cage control mice. We also did not have a correlation between IL-13
concentrations and fusion (Figure 2).

Our data indicate that T cells are not necessary for the production of IL-13 at the implant
site. However whether IL-13 is necessary to induce fusion in vivo has not been investigated.
It was hypothesized that neutralization of IL-4 at the implant site did not abrogate
macrophage fusion because of the actions of IL-13 which was not blocked. In vitro studies
with murine monocytes have shown that macrophage fusion is STAT6 dependent26. Both
IL-4 and IL-13 signal through STAT6 indicating that signaling pathways induced by either
cytokine are necessary for FBGC fusion, indicating that IL-13 is a likely fusion inducer in
vivo27. In vitro, IL-4 or IL-13 is added at day 3 or day 1 in order to induce fusion in human
and murine monocyte cultures, respectively5, 26. In vitro, the fusion inducing stimulus is
required early on in adherent macrophage development. In vivo, foreign body giant cell
formation progresses at a much slower rate, but it is not known when adherent macrophages
need to receive IL-4 and/or IL-13 stimuli to undergo fusion.

In vivo there are innate immune pathways, most likely mediated by mast cells, that can lead
to alternative activation of macrophages during the acute inflammatory response to surgical
injury alone13. Our data show that IL-13 is present at the empty cage control implant site
indicating that IL-13 production may be produced solely to injury stimuli. However, all of
our time points in this study are past the acute inflammatory stage indicating that there is
IL-13 production during chronic inflammatory and wound healing phases at the biomaterial
implant site. Mast cells have been implicated in several chronic inflammatory responses that
do not have adaptive immune mechanisms, such as silicosis28. In Th2 type granuloma
formation, which is another host response that features IL-4/IL-13 induced multinucleated
giant cells, there are multiple and redundant sources of IL-4 namely T cell, NK cells, and
mast cells. 29. Therefore our study does not exclude the possibility that T cells are playing
roles in FBGC formation. T cells can be a redundant source of IL-4 and/or IL-13 in vivo or
may participate in other FBGC formation mechanisms not yet identified. However this study
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does show that T cells are not necessary for a normal foreign body response to synthetic
biomaterials.
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Figure 1.
Quantification of Exudate T cells, granulocytes, and macrophages by flow cytometry.
Exudates were collected from BALB/c mice and nude BALB/c mice at days 7 (A) and days
14 (B). The data represent the mean ±SEM from five animals.
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Figure 2.
IL-13 levels in exudate supernatant at days 7 (A), 14 (B), and 21 (C) post-implantation in
BALB/c and nude BALB/c mice. Data represent mean±SEM, n=5.
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Figure 3.
Macrophage adherent cell density at days 7 (A), 14 (B), and 21 (C) post-implantation in
BALB/c and nude BALB/c mice. Densities were obtained from 5 representative 20X fields
objective fields per sample. The data represent the mean ± SEM for five animals. * indicates
statistical significance p<0.05.
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Figure 4.
Percent Fusion at days 14 (A) and 21 (B) post-implantation in BALB/c and nude BALB/c
mice. Percent Fusion was obtained from 5 representative 20X fields objective fields per
sample. The data represent the mean ± SEM for five animals.
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Figure 5.
Average nuclei per foreign body giant cell (FBGC) at days 14 (A) and 21 (B) post-
implantation in BALB/c and nude BALB/c mice. Average nuclei per FBGC was obtained
from 5 representative 20X fields objective fields per sample. The data represent the mean ±
SEM for five animals.
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Figure 6.
Optical Micrographs of adherent macrophages following 21 days of implantation in BALB/c
(A, B, C) and nude BALB/c (D, E, F) mice. All micrographs were taken at a 20X
magnification.
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Table I

Total Exudate Leukocyte Concentrations
a

Total Leukocyte Concentrations (cells×103/ml)

Day 7 BALB/c nu/nu

Control 219±7
121±2

*

PEU 258±2
160±8

*

SR 220±9
134±17

*

PET 252±10
154±5

*

Day 14

Control 181±11
82±8

*

PEU 177±13 92±24

SR 188±14
86±5

*

PET 159±14
98±8

*

Day 21

Control 43±12 ----

PEU 27±4 ----

SR 34±13 ----

PET 44±6 ----

a
Data represent the mean ± SEM from five mice.

*
indicates statistical significance (p<0.05) in comparison to the BALB/c group.
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