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Abstract
Previous in vitro studies in our laboratory have shown that lymphocytes can influence macrophage
adhesion and fusion on biomaterial surfaces. However, few studies have evaluated how material
adherent macrophages can influence lymphocyte behavior, specifically T cells. In this study, we
cultured human peripheral blood mononuclear cells from healthy donors on three synthetic non-
biodegradable biomedical polymers: Elasthane 80A (PEU), Silicone rubber (SR), or polyethylene
terephthalate (PET) and tissue culture polystyrene (TCPS). Upregulation of T cell surface
activation markers (CD69 and CD25), lymphocyte proliferation, and interleukin-2 (IL-2) and
interferon-γ (IFNγ) concentrations were evaluated by flow cytometry, carboxy-fluorescein
diacetate, succinimydyl ester (CFSE) incorporation, and multiplex cytokine immunoassay,
respectively, to assess T cell activation. Following 3 and 7 days of culture, CD4+ helper T cells
from cultures of any of the material groups did not express the activation markers CD69 and
CD25 and lymphocyte proliferation was not present. IL-2 and IFNγ levels were produced, but
dependent on donor. These data indicate that T cells are not activated in response to clinically
relevant synthetic biomaterials. The data also suggest that lymphocyte subsets exclusive of T cells
are the source of the lymphokines, IL-2 and IFN-γ, in certain donors.
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Introduction
Lymphocytes may affect macrophage adhesion and fusion on biomaterial surfaces via both
juxtacrine (cell-cell) and paracrine (cytokine-cell) interactions. We have previously shown
that macrophage adhesion and fusion was significantly increased when monocytes and
lymphocytes were cultured simultaneously in comparison to monocytes cultured alone.
Separation of the monocyte population from the lymphocyte population using a transwell
insert also resulted in increased levels of macrophage adhesion and fusion indicating indirect
(paracrine) cell-cell interactions, such as cytokine production, are playing a prominent role
in these effects1, 2. The inverse relationship, in which biomaterial adherent monocytes/
macrophages affect lymphocytes, has not been studied extensively.
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There is evidence that T lymphocytes can be activated in response to biomaterials. T
lymphocytes cultured in the presence of polyurethane particles from the flexible diaphragms
left ventricular assist devices (LVAD) resulted in intracellular calcium flux, CD40 ligand
expression, and nuclear translocation of nuclear factor of activated T-cells (NFAT). NFAT
translocation was reduced by a calcineurin inhibitor and CD40 ligand expression was
reduced by both a calcineurin inhibitor and CD25 blockade indicating IL-2 dependent
activation pathways3, 4.

T lymphocytes in response to polyurethane particles exhibited classic activation indicators,
i.e. calcium flux, translocation of transcription factors, upregulation of activation cell surface
markers, and proliferation. T cell activation occurs after a series of well orchestrated events
following appropriate stimulation. T cell receptor (TCR) engagement with specific peptides
presented in the context of MHC and adequate positive co-stimulation leads to signal
transduction pathways necessary for new protein transcription5. Following TCR
crosslinking and phosphorylation and the activation of several protein kinases and adaptor
proteins, phosphatidylinositol 4,5 bisphosphate (PIP2) is cleaved in the membrane to
produce the second messengers inositol tri-phosphate (IP3) and diacylglycerol (DAG). IP3
mediates pathways necessary for the release of calcium from intracellular stores and
entrance of extracellular calcium into the cell.

Increased intracellular calcium levels activate calmodulin which in turn activates
calcineurin. Calcineurin dephosphorylates the transcription factor NFAT, which can now
translocate into the nucleus and participate in gene activation6, 7. Other signaling pathways
initiated by DAG result in the activation of the transcription factors nuclear factor kB
(NFkB) and activation protein 1 (AP-1). The promoter of the IL-2 gene has binding sites for
the transcription factors, NFkB, NFAT, and AP-1. The promoter of the IL-2 receptor alpha
chain (CD25) also has binding sites for activation induced transcription factors such as
NFkB. IL-2 was originally described as a T cell growth factor. The IL-2/IL-2 receptor
system is involved in regulating clonal expansion, i.e. antigen specific T cell proliferation8,
9.

Synthetic biomaterials are not considered to be antigens therefore T lymphocyte activation
in response to these materials via MHC/peptide/TCR induced signaling pathways is not
expected. However there are alternative non-cognate pathways that can lead to activation,
such as mitogen induced activation. Mitogens can induce lymphocyte activation by
crosslinking glycoproteins on the plasma membrane surface. There is evidence that some
polymers can act as mitogens. A polymer synthesized to act as a mitogen contains
phenylboronic acid, which is a moiety capable of binding glycoproteins10. Coating boronate
containing polymers on a surface also induced lymphocyte proliferation in proportion to the
concentration of phenyl boronic acid incorporated11. These studies indicate that if
functional groups present on the polymer surface are capable of binding glycoproteins on the
lymphocyte plasma membrane surface, the polymer may act as a mitogen.

In this study we investigated in vitro T cell activation to three commonly used clinical
synthetic biomaterials using human peripheral blood mononuclear cells. Tissue culture
polystyrene was used as the control material surface. T cell activation was assayed by
analyzing the upregulation of surface activation markers (i.e.CD69 and CD25), proliferation,
and cytokine production (i.e. IL-2 and IFNγ).
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Materials and Methods
Biomaterial Preparation

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) (Toray Co., Japan) and a silicate resin filled, cross-linked
polydimethylsiloxane (SR) (Dow Corning, Midland, MI) were also used.

Polymer surfaces were punched into 1.5 cm diameter disks, rinsed in 100% ethanol, and
sterilized with ethylene oxide by sterilization services at University Hospitals of Cleveland.
Silicone rings were sectioned from tubing (Cole-Parmer, Vernon Hills, IL), sonicated in
100% ethanol, and autoclaved. Polymer disks were secured in 24 well tissue culture plates
with sterile silicone rings. Silicone rings of equal size were also placed in the tissue culture
polystyrene (TCPS) wells in order to maintain the same surface area.

In vitro Cell Culture
Human peripheral mononuclear cells were isolated from whole, venous blood of three
healthy donors using a density gradient centrifugation method using Ficoll-Paque (GE
Health Biosciences, Sweden). Peripheral blood was mixed 1:1 with PBSE and layered over
the Ficoll-Paque column and centrifuged for 30min at 1700rpm. The interface containing
mononuclear cells was removed and washed 2 times with PBSE. Viability was assayed by a
trypan blue exclusion test. A portion of these cells were stained for flow cytometry using the
following directly conjugated mouse anti-human monoclonal antibodies: CD3-APC, CD8-
APC, CD4-APC, CD25-APC-Cy7 (clone M-A251), CD69-APC-Cy7 (Clone FN50) and
appropriate isotype controls (BD Pharmingen, Franklin Lakes, USA).

Mononuclear cells were labeled with carboxy-fluorescein diacetate, succinimydyl ester
(CFSE) prior to plating (Invitrogen). 50µM CFSE solution was prepared by diluting the
stock 5mM CFSE solution 1:100 with PBS. 110µl of this solution was added per ml of cells.
Cells were at a concentration of 12×106 cells/ml suspended in PBS containing 5% fetal
bovine serum (FBS). To ensure uniform labeling, the cell suspension was added to the
bottom of a plastic tube and held almost horizontally. The CFSE solution was then added to
a non-wetted portion of the plastic at the top of the tube. The tube is then capped while still
in the nearly horizontal position, and rapidly inverted several times. CFSE solution and cells
were mixed for 5 minutes at room temperature and then washed three times with 10X
volume of PBS containing 5% FBS. Cells were washed in serum free media (SFM) (Gibco,
Grand Island, NY) before plating. CFSE labeled mononuclear cells were cultured in 1ml of
SFM with 20% autologous serum (AS) at a concentration of 2×106 cells/ml under sterile
conditions. All cultures were incubated at 37°C with a 5% CO2 environment. CFSE labeled
mononuclear cells were cultured in duplicate on unaltered TCPS, PEU, SR, and PET
surfaces for 3 and 7 days. Positive control cultures were stimulated with 2%
phytohemagglutinin M-form (PHA-M) (Invitrogen, Carlsbad, CA). A portion of the CFSE
labeled mononuclear cells were treated with 50µg/ml of mitomycin C (Sigma, St. Louis,
MO) in order to arrest these cells at the parent generation. After treatment with mitomycin
C, cells were washed and fixed with 4% paraformaldehyde (BD Pharmingen).

Flow Cytometry
At days 3 and 7, non adherent cells were collected via pipetting. Cells were centrifuged at
300g and supernatants were aliquoted and stored at −80°C. Cells were then resuspended in
stain buffer (BD Pharmingen, Franklin Lakes, USA) and stained with the following mouse
anti-human directly conjugated monoclonal antibodies: CD3-APC, CD8-APC, CD4-APC,
CD25-APC-Cy7 (clone M-A251), CD69-APC-Cy7 (Clone FN50) and appropriate isotype

Rodriguez and Anderson Page 3

J Biomed Mater Res A. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



controls (BD Pharmingen, Franklin Lakes, USA). Samples were incubated with the
antibodies for 1hr on ice and subsequently washed twice with stain buffer (BD Biosciences).
Samples were run on a Becton Dickinson LSRII flow cytometer within two hours.
Fluorescence positivity of a particular antibody was determined by comparing to the
appropriate isotype control. Proliferation was determined by comparing CFSE fluorescent
peaks to the mitotically inhibited control from the respective donor.

Cytokine Analysis
A multiplex cytokine immunoassay containing a human cytokine panel (IFNγ, IL-2) was
purchased from Lincoplex (Millipore, Billerica, MA). Due to the multiplex technology, the
cytokines in the human panel were measured simultaneously in each sample. Samples
collected from days 3 and 7 cell culture supernatants were run in duplicate. The multiplex
immunoassay was run in accordance with manufacturer’s instructions. Samples were
incubated overnight with antibody immobilized beads. 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 0.55 pg/ml and 0.38 pg/ml, for
IFNγ and IL-2 respectively. To account for serum cytokine levels in autologous serum,
concentrations of cytokines in media controls were subtracted from supernatant cytokine
concentrations.

Adherent Cell Density Analysis
At days 3 and 7, adherent cells were washed twice with warm PBS++ (37°C) and fixed with
100% methanol for 5 minutes. 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 20× 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. Cell densities and percent fusion
were averaged from the five fields per sample from 3 donors (n=3).

Statistics
All results were presented as an average ± the standard error of the mean (SEM) or standard
deviation (SD) as indicated (n = 3). Statistical analysis was performed utilizing Minitab
statistical software (Minitab Inc., State College, PA) and statistically significant differences
were determined by ANOVA and the Tukey post hoc test.

Results
T Lymphocyte Cell Surface Activation Markers and Proliferation

On average, isolated cell suspensions contained 82±4% lymphocytes and 18±3% monocytes.
The majority of the lymphocyte population (81±2%) was T lymphocytes. Of the T
lymphocyte population, 70±3% were CD4+ and 31±4% were CD8+. Prior to plating
mononuclear cells on different biomaterial surfaces, donor CD4+ T cells did not express
CD69. However there was an average of 3±1% CD25 expression on donor peripheral CD4+
T cells. Mononuclear cells were isolated 3 and 7 days following culture on biomaterial
surfaces and CD69 expression was not present on CD4+ T cells. CD25 expression did not
exceed levels prior to plating (Table 1). Positive control cultures containing PHA-M did
have CD69 and CD25 expression on CD4+ T cells as expected and no material trends were
noted (Table 1).
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When mononuclear cells were cultured on the three different biomaterial surfaces, no
lymphocytes proliferated as determined by comparison to the mitotically inhibited control at
days 3 and 7 (Figure 1). Lymphocytes cultured on biomaterial surfaces in the presence of the
mitogen PHA-M did proliferate and proliferation increased from day 3 to day 7 in the
positive control cultures. No differences were seen between different material surfaces
(Figure 1).

Lymphocyte Cytokines: IL-2 and IFNγ
IL-2 and IFNγ was not detectable in donor serum and in supernatants from mononuclear
cells cultured on biomaterial surfaces in 2 out of 3 donors. One donor did have detectable
levels of IL-2 and IFNγ. IL-2 levels were below 16pg/ml. IFNγ levels ranged from 12pg/ml
to 411pg/ml. No material or time dependent trends were seen (Table 2). IL-2 and IFNγ were
present in PHA stimulated positive control cultures. IL-2 concentrations significantly
decreased from day 3 to day7 whereas IFNγ concentrations were comparable at these two
time points (Table 2).

Adherent Cell Density Analysis
Adherent cell density was comparable between material groups and time points (Figure 2).
Macrophage fusion and FBGC formation were not found on PEU and SR surfaces. FBGCs
were present in only 5 fields and 8 fields on TCPS at days 3 and 7, respectively. However,
percent fusion was not calculated for TCPS because it was below 1%. Percent fusion was on
average 5% on PET surfaces at days 3 and 7. FBGCs on PET surfaces were small with the
largest FBGC counted containing 10 nuclei.

Discussion
Our goal was to determine if T lymphocytes are activated in response to synthetic
biomaterials in vitro. Previous studies in our laboratory have found that when lymphocytes
were co-cultured with monocytes on biomaterials surfaces, lymphocytes proliferated using a
tetrazolium salt assay1. However, this assay may reflect a different state of cell function
other than DNA synthesis12–14. Therefore in this study we used a CFSE proliferation assay
along with other parameters of T lymphocyte activation, namely, the upregulation of
activation markers and cytokine secretion.

One of the methods to analyze T lymphocyte activation included measuring the upregulation
of cell surface activation markers CD69 and CD25. After mononuclear cells were cultured
with biomaterial surfaces for 3 or 7 days, there was no CD69 expression on CD4+ T
lymphocytes (Table 1). CD69 is a very early activation marker and appears as early as 2–3
hours after activation. CD69 expression reaches maximum expression between 18 and 24
hours of stimulation15. The function of CD69 has not been thoroughly elucidated with
discrepancies between in vitro and in vivo models, and its ligand is not known16. CD69 is
induced on CD4+ T cells when mouse splenocytes are cultured with the biodegradable
polymers chitosan and alginate. CD69 expression was induced but proliferation was not17.
In this study we used non-biodegradable polymers and CD69 lymphocyte expression was
not induced at days 3 and 7 of culture. Despite CD69 being an early activation marker,
upregulation of this marker was seen in the PHA-stimulated cultures even on day 7 (Table
1).

We also studied the upregulation of the lymphocyte high-affinity IL-2 receptor CD25.
Schuster et al. were able to show that T cell activation in response to polyurethane particles
was inhibited by CD25 blockade. Prior to plating mononuclear cells, there was CD25
expression on approximately 3% of CD4+ isolated from peripheral blood. These data can be
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explained by the fact that there is constitutive expression of CD25 on a portion of peripheral
blood T cells18. Following culture periods of 3 and 7 days on biomaterial surfaces, CD25
expression was not upregulated on CD4+ T cells (Table 1). In vivo, we have identified
CD4+/CD25+ T lymphocytes at biomaterial implant sites but it is not known if they are non-
specifically recruited or are activated in response to the biomaterial19. Previous studies that
investigated the inflammatory response to silicone breast implants identified activated T
cells at the biomaterial site20. This study indicates that the in vivo environment may be
necessary for activation of lymphocytes in response to synthetic biomaterials.

Proliferation, another parameter of T cell activation, was assayed by using CFSE
incorporation. Comparison of CFSE histograms to a mitotically inhibited control showed
that lymphocytes did not proliferate after culturing on biomaterial surfaces at both time
points (Figure 1). Lymphocytes from PHA-stimulated cultures did undergo multiple cell
divisions and proliferation increased from day 3 to day 7 (Figure 1). As another measure of
T cell activation, we investigated IL-2 and IFNγ concentrations in cell culture supernatants.
IL-2 and IFNγ concentrations were not detected in 2 out of 3 donors. One donor did have
detectable levels of IL-2 and IFNγ at day 3 and 7. IFNγ levels were much higher than IL-2
levels in this donor. IL-2 levels ranged from 1 to 16 pg/ml, but the sensitivity of the assay is
0.38pg/ml. In contrast IFNγ levels ranged from 12 to 411 pg/ml (Table 2). The donor
variability in this study may be due to differences in human leukocyte antigen (HLA) gene
inheritance and therefore major histocompatibility complex (MHC) diversity. MHC loci are
among the most genetically variable genetic loci in humans. The MHC class II proteins (DP,
DQ, DR) are found on antigen presenting cells. Diversity in MHCII proteins results in
individual variability in antigen presentation and in turn immune responses. Due to this
diversity individuals mount immune responses to different epitopes of pathogens. LVAD
recipients that are predisposed to develop B-cell hyperreactivity have HLA-DR3 expression
indicating that lymphocyte responses to biomaterials are variable and dependent on the
individual’s genetic profile21. It is possible that only individuals with certain MHCII
receptors can interact with biomaterials in a mechanism that results in a lymphocyte
response.

The donor that exhibited IL-2 and IFNγ production did not demonstrate CD69 or CD25
upregulation on T lymphocytes indicating that other lymphocytes are likely to be the source
of these cytokines. NK and NKT cells are also capable of producing IFNγ as part of the
innate immune response. Soluble and contact dependent stimuli from antigen presenting
cells (APCs) activate NK cells. Most notably the cytokine IL-12 can stimulate the secretion
of IFNγ from NK cells. Unstimulated NKT cells transcribe genes encoding for the cytokines
IFNγ and IL-4. IL-12 also induces the production of IFNγ from NKT cells22. IFNγ is an
immunoregulatory cytokine and has a variety of functions which include increasing the
expression of MHC II on APCs, promoting macrophage activation, and upregulating the
production of reactive oxygen species in phagocytes23. These functions could potentially be
critical in the foreign body response, but IFNγ has not yet been quantified at biomaterial
implant sites. Previously, Chang et al. reported IL-2 and IFNγ were not detected when
lymphocytes and monocytes were cultured on biomaterials surfaces using a protein array24.
However the protein array system is not as sensitive as the multiplex immunoassay or
ELISA methodology. Subsequent studies by Chang et al. utilizing ELISA methodology
demonstrate IFNγ is produced in lymphocyte-monocyte co-cultures in response to synthetic
biomaterials in vitro. IL-2 was not found to be produced. IFNγ was also produced in indirect
co-cultures indicating that direct lymphocyte-monocyte contact is not necessary for IFNγ
production. The lymphocyte subtype/s that produce IFNγ in response to synthetic
biomaterials is not known (Chang et al. submitted). Chang et al. did not have donor
variability in IFNγ production. It is likely that this is due to the utilization of surfaces that
are more activating whereas the materials used in this study are relatively passive.
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In conclusion, we have shown that T lymphocytes are not activated in response to synthetic
non-biodegradable biomaterials. We did have donor variability in the production of the
cytokines IL-2 and IFNγ indicating the cytokines were produced by lymphocyte subsets
exclusive of T lymphocytes, which did not show activation. We have previously shown that
the FBR can occur in a murine model without thymus matured T lymphocytes25. Therefore
investigation of the participation of other lymphocyte subsets such as NK cells, NKT cells,
and γ/δ T cells is warranted.
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Figure 1.
Flow cytometry CFSE histograms of lymphocytes cultured on PEU, SR, PET, and
TCPS(Control). The histograms from the PEU,SR, PET, and TCPS groups were identical at
each respective time and treatment. The left column shows no lymphocyte proliferation on
any of the surfaces when compared to the right column which shows no proliferation with
PHA + mitomycin stimulation and proliferation with PHA alone at days 3 and 7.
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Figure 2.
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