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Abstract
The objective of this research was to investigate whether immobilized anti-inflammatory cytokines
will signal changes in the inflammatory profile of cultured monocytes. A fusion protein of
recombinant human IL-1 receptor antagonist and elastin-like peptide (IL-1ra-ELP) was expressed in
E. Coli. THP-1 human monocytes were cultured on either carboxyl-terminated self-assembled
monolayers (SAMs), or SAMs with either covalently immobilized or soluble IL-1ra-ELP. LPS-
stimulated monocytes exposed to either soluble or immobilized IL-1ra-ELP were prevented from
cell differentiation, showed attenuated expression of pro-inflammatory cytokines, and had increased
production of anti-inflammatory and pro-wound healing cytokines. These results suggest that
immobilized anti-inflammatory cytokines have the potential to be immunomodulatory biomaterials.

Introduction
Ligand decorated surfaces are a common in vitro strategy to promote specific biological
interactions on the surface of biomaterials that are otherwise not prone to direct cell adhesion
[1,2]. Most approaches have employed the physical adsorption or chemical coupling of cell
binding proteins (e.g. fibronectin or collagen) or adhesion peptides (e.g. integrin binding RGD
peptide) to various biomaterials [3] [4]. In this report, we describe an alternative approach for
the fabrication of bioactive surfaces by immobilization of an anti-inflammatory cytokine to a
self-assembled monolayer (SAM) of hydrophilic alkane thiols. The immobilized cytokine is
intended to bind to specific membrane-bound receptors and the hydrophilic SAM is intended
to minimize non-specific surface interactions [5].

In brief, cytokines are short-lived, small (10–30 kDa) glycoproteins produced de novo in
response to an immune stimulus to mediate and regulate immunity, inflammation, cell growth
and differentiation, and hematopoiesis. Cytokines are secreted predominantly by lymphocytes,
monocytes and macrophages, but act on a broad array of cells by binding to specific membrane
receptors. Binding to membrane-bound receptors triggers second messenger complexes that
carry the signal to the nucleus to alter gene expression [6,7]. Cellular responses to cytokine
binding include up- or down-regulation of membrane protein expression, cell growth/
proliferation/differentiation, and secretion of effector molecules. IL-1, IL-6, IL-8 and TNF-α
are the prototypical pro-inflammatory cytokines because of their early and intense response to
the invading agents such as bacterium or toxin; whereas, IL-10, IL-1ra, soluble TNF receptor
and TGF-β are commonly identified as anti-inflammatory and/or immune-suppressive
cytokines [8].
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Here, we utilize the IL-1 family of cytokines that consists of two agonists (IL-1α and IL-1β),
a specific receptor antagonist (IL-1ra), and two transmembrane receptors, types I and II [9].
Isoforms IL-1α, IL-1β and IL-1ra are all single chain 17 kDa glycoproteins. The type I receptor
is biologically active while the type II receptor is a dummy receptor that sequesters IL-1 at the
plasma membrane or as a soluble receptor. When IL-1 binds to the functional type I receptor
in the cell membrane it recruits a second protein to join the complex (IL-1R AcP) that activates
intracellular signaling cascades leading to transcription of several pro-inflammatory genes in
a broad array of cell types. The antagonist IL-1ra binds with comparable avidity to both types
of receptors, but blocks the activating step of IL-1R AcP association with type I receptor [9].
The balance between IL-1 and IL-1ra and their binding to the functional and dummy receptors
regulates the functions of adaptive immunity in local tissues.

An imbalance of IL-1 and IL-1ra has been implicated in the pathogenesis of rheumatoid arthritis
[10], inflammatory bowel disease [11], asthma [12], cancer [13], CNS diseases [14]. The
recombinant form of naturally occurring IL-1ra is the only cytokine clinically approved for
reducing IL-1 activities; however, clinical trials are underway for IL-1 Traps [15], antibodies
to IL-1α, and antibodies to IL-1 receptor type I [16].

Given current interest in cytokines as an anti-inflammatory therapy, and the widespread use
of biomolecule immobilization to biomaterials, it is surprising that so little has been done
concerning cytokine immobilization. The few examples that do exist to date fall into two
categories: biophysical studies of cytokine-receptor binding kinetics at surfaces [17–21], and
cell culture studies on surfaces immobilized with cytokines [22–25]. All but one of the cell
culture studies [23] employed immobilized TGF-β to modulate smooth muscle cell, epithelial
cell and osteoblast growth on PEG, PDMS and titanium alloy surfaces, respectively.

The current study demonstrates that an immobilized human recombinant IL-1ra-ELP fusion
protein (IL-1ra-ELP) (Figure 1a) modulates the inflammatory profile of lipopolysaccharide
(LPS) stimulated cultured human monocytes. Specifically, LPS-stimulated THP-1 monocytes
that were exposed to either soluble or immobilized IL-1ra-ELP did not differentiate, showed
attenuated expression of pro-inflammatory cytokines, and had enhanced production of anti-
inflammatory and pro-wound healing cytokines. The extent of signaling by immobilized and
soluble fusion protein were similar in magnitude, indicating roughly equivalent bioactivity and
that cultured monocytes are clearly being signaled by the immobilized IL-1ra-ELP.

Experimental
IL-1ra-ELP fusion protein expression

IL-1ra-ELP is a 54 kDa protein construct consisting of a 18 kDa IL-1ra domain and an 36 kDa
ELP tag. Figure 1a shows the peptide sequence of ELP moiety, and Figure 1b shows the ribbon
structure of IL-1ra. Eight of nine lysine side groups are displayed in magenta. A single disulfide
bond in the structure is shown in yellow. The expression vectors containing human recombinant
IL-1ra-ELP fusion protein genes were transformed into the E. coli strain BLR(DE3) and the
protein was expressed utilizing a hyper expression protocol as detailed previously [26, 27].

IL-1ra-ELP bioactivity
The bioactivity of IL-1ra-ELP was benchmarked against commercially available human
recombinant IL-1ra (rhIL-1ra) (R&D Systems, Minneapolis, MN) by IL-1ra inhibition of IL-1
induced proliferation of RPMI 1788 cells [28,29] using ATP production as the cell viability
assay. Briefly, cells were seeded at 2000–3000 cells/well in a 96 well plate in RPMI 1640
media supplemented with 10% serum, 50 μM β-Mercaptoethanol, 1mM sodium pyruvate,
10mM Hepes and 5.71 pM (100 pg/mL) IL-1β (Mw: 17.5 kDa, R&D Systems, Minneapolis,
MN). IL-1ra-ELP and human recombinant IL-1ra solution in a 1% BSA diluent (R&D Systems,
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Minneapolis, MN) were added to the wells at increasing molar excesses to determine the critical
dosage for inhibiting the IL-1 induced proliferation increase. ATP levels were measured on
the fifth day using Cell Titer-Glo® luminescent test kits (Promega, Madison, WI). Results are
reported as EC50 indicating the dosage necessary to eliminate 50% of the IL-1β induced
proliferation of RPMI 1788 cells.

Self-assembled monolayer preparation
A 5 nm Cr adhesion layer and a 45 nm Au layer were thermally evaporated (CHA Industries,
Fremont, CA) on the inverted six-well tissue culture polystyrene plates (Nunc, Rochester, NY)
without breaking vacuum to yield optically transparent gold-coated slides for optical
microscope observation as shown in Figure 1c. Self-assembled monolayers (SAMs) were
generated on the gold by incubation of the gold surface in a 2 mM solution of
mercaptohexadecanoic acid (MHA, Sigma, St. Louis, MO) in ethanol overnight at 37.5 °C
incubator. The SAMs were rinsed in ethanol followed by PBS. The bare SAM of MHA had a
hydrophilic air/water contact angle of 15 ± 2°, measured as previously described [30].

Cytokine immobilization
Carboxyl groups on the SAM were activated for protein immobilization with a solution of 0.4
M 1-ethyl-3-(3dimethylamino-propyl) carbodiimide (EDC, Sigma, St. Louis, MO) and 0.1 M
N-hydroxysuccinimide (NHS, Sigma, St. Louis, MO) in Dulbecco’s PBS for 15 min at room
temperature. The activated SAMs were then rinsed with deionized water. An IL-1ra-ELP fusion
protein was immediately immobilized on the SAMs by incubation with a 10 μg/ml solution of
IL-1ra-ELP in PBS for 1 h on an orbital shaker, and rinsed with PBS [31]. Experiments
employing SAMs with 0.87 ± 0.1 ng/mm2 immobilized IL-1ra-ELP are referred to as “Imm
IL-1ra” in figures and tables, whereas experiments employing 1 μg/ml soluble IL-1ra-ELP are
referred to as “Sol IL-1ra”. All samples were sterilized for cell culture by exposure to an ethanol
solution for 10 min with subsequent rinsing with sterile PBS. Control surfaces consisted of
untreated carboxyl SAMs. Bovine serum albumin (R&D Systems, Minneapolis, MN) was
covalently immobilized on the MHA SAM as a secondary control by to the same procedure.

Surface Plasmon Resonance (SPR)
The quantitative SPR determination of protein surface concentration has been described in
detail previously [32]. Experiments were carried out using a BIACORE X SPR system (Biacore
Inc., Piscataway, NJ). IL-1ra-ELP solutions in PBS were brought into contact with EDC-NHS
activated SAMs using a flow rate of 5μL/min for up to 20 min. After washing with PBS to
remove loosely bound protein, the absolute coupling angle change, given in response units
(RU), was converted to weight of adsorbed protein where 1000 RU (0.1 degree change)
corresponds to 1 ng/mm2 of surface bound protein [33]. Incubation of EDC-NHS activated
SAMs with 10 μg/mL of IL-1ra-ELP as described above yielded a surface density of 0.87 ±
0.1 ng/mm2. The amount of total protein in the six-well tissue culture plates was calculated to
be 1.8 μg/well for immobilized IL-1ra-ELP and 6.0 μg/well for soluble IL-1ra-ELP.

Stability of immobilized IL-1ra-ELP
SAMs immobilized with 0.87± 0.1 ng/mm2 of IL-1ra-ELP were incubated in RPMI 1640 media
for 5 days at 37 °C in an incubator in the absence of THP-1 monocytes. 100 μl of supernatant
were collected at pre-determined time points and assayed for IL-1ra using LINCOplex
detection kits (Linco Research, Inc., St. Charles, MO).

Estimated half-life of soluble IL-1ra-ELP
SAMs with soluble IL-1ra-ELP at a concentration of 1 μg/mL were incubated in the RPMI
1640 media for 5 days at 37 °C in the absence of THP-1 monocytes. 100 μl of supernatant was
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collected at pre-determined time point and assayed for IL-1ra using LINCOplex detection kits
(Linco Research, Inc., St. Charles, MO).

Cell culture and cytokine expression
THP-1 human monocytes, purchased from the Duke University Cell Culture Facility (Durham,
NC), were suspended in RPMI 1640 media that was supplemented with 10% FBS, 50 μM 2-
mercaptoethanol, 1 mM sodium pyruvate, 10 mM HEPES, 4.5 g/L glucose, 100 U/mL
penicillin G and 100 μg/mL streptomycin. 105 cells/mL were cultured on the gold coated
surfaces of six-well tissue culture polystyrene plates with pairs of wells representing one of
four different conditions: MHA SAM (SAM), MHA SAM with immobilized BSA (Imm BSA),
MHA SAM with immobilized IL-1ra-ELP (Imm IL-1ra), and MHA SAM with soluble IL-1ra-
ELP (Sol IL-1ra). Cells in half of the wells (one each of SAM, Imm BSA, Imm IL-1ra and Sol
IL-1ra) were stimulated with 1 μg/mL LPS (Sigma, St. Louis, MO) at the time of cell seeding,
while the cells in the other three wells were left unstimulated (three replicates). 1 μg/mL LPS
was used because higher dosages of LPS led to cell death or disability, and lower LPS dosage
showed little stimulation of cells (data not shown). 100 μl of cell culture supernatant collected
from each condition at 1, 6, 24, 48 and 72 h post seeding was centrifuged at 1,500 rcf for 5 min
to remove cell debris and was frozen at −80 °C till further use. The supernatant was thawed
and assayed for the cytokines IL-1β, IL-4, IL-6, IL-8, TNF-α, IFN-γ, MCP-1, MIP-1α, IL-1ra,
and VEGF using LINCOplex detection kits (Linco Research, Inc., MO) in a Bio-Plex
Suspension Array System (Bio-Rad, Hercules, CA). The LINCOplex assay was shown to
produce results comparable with ELISA assay [data not shown]. The level of IL-1β in culture
supernatant was also tested using ELISA kits (R&D Systems, MN) because the expression
level of IL-1β was below the detection limit of the LINCOplex assay.

Statistical Analysis
One-way ANOVA was used to evaluate the differences in the mean values among the treatment
groups. All pair-wise multiple comparison procedures were performed by a Tukey’s post hoc
test. P-values of less than 0.05 were considered to be significantly different.

Results
IL-1ra-ELP fusion protein bioactivity

Figure 2 shows the results of the bioactivity comparison between IL-1ra-ELP fusion protein
and commercially available rhIL-1ra, both of which showed significant inhibition of the
stimulatory effect of IL-1β. Based on the standard curve of IL-1β induction of proliferation
shown in the inset of Figure 2, 100 μg/mL IL-1β was necessary to induce proliferation of RPMI
1788 cells. Data for commercial rhIL-1ra and IL-1ra-ELP were fit to a nonlinear 4-parameter
logistic equation to determine the EC50, the molar excess of inhibitor needed to inhibit 50%
of the stimulatory effect of IL-1β

where Y0 is the minimal curve asymptote, i.e. minimum proliferation in this case, EC50 is the
dosage necessary to eliminate 50% of the IL-1β induced proliferation and the Hillslope is the
steepness of the dose-response curve.

Commercial rhIL-1ra yielded EC50=20.21±0.85 pM while IL-1ra-ELP yielded EC50= 211.21
± 0.31 pM. This means commercial rhIL-1ra is 10-fold more effective than the 1L-1ra-ELP
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fusion protein in inhibiting IL-1β [28,29]. The bioactivity data of IL-1ra-ELP fusion protein
also suggests that a 10,000-fold excess of soluble IL-1ra-ELP at 1 μg/ml would significantly
inhibit the action of IL-1ra in the LPS-stimulated THP-1 monocytes.

Stability of immobilized IL-1ra-ELP on the SAM
Table 1 contains the amount of IL-1ra-ELP and secreted IL-1ra detected in supernatant samples
drawn from SAM, Imm IL-1ra, and Sol IL-1ra with and without THP-1 monocytes. For samples
without THP-1 monocytes, IL-1ra-ELP was detected only for the trivial case of Sol IL-1ra (c),
and only at 1 and 6 hrs. For samples with THP-1 monocytes, IL-1ra was detected for both
immobilized (d) and soluble (e) IL-1ra-ELP, but only at 6, 24, 48 and 72 hrs. The level of
IL-1ra detected in theses two cases (d and e) are very similar, suggesting the contribution of
cleaved IL-1ra from the immobilized IL-1ra on the surface is a negligible contribution to the
detected levels of the cytokine. This conclusion is further supported by the lack of IL-1ra-ELP
detected from Imm IL-1ra without THP-1 monocytes (b). Therefore the NHS-EDC
immobilization chemistry for IL-1ra-ELP molecules provides robust stability of IL-1ra-ELP
on the SAM surface up to 5 days.

Estimated half-life of soluble IL-1ra-ELP
Table 1 provides a rough estimate of the half-life for soluble IL-1ra-ELP added into the RPMI
1640 media. The concentration of IL-1ra-ELP sampled from SAMs incubated with soluble
IL-1ra-ELP without THP-1 monocytes (Table 1c) decreased from ~ 50 ng/mL at 1 h to ~ 0.3
ng/mL at 6 h, indicating that the half life of the soluble IL-1ra-ELP in the RPMI 1640 is a few
hours.

Table 1(c) and (e) also compares IL-1ra sampled from SAMs incubated with soluble IL-1ra-
ELP without THP-1 monocytes and with THP-1 monocytes, respectively. The observation that
no IL-1ra was detected at 1 and 6 h with THP-1 monocytes (e) suggests that the soluble IL-1ra-
ELP added to the culture was scavenged initially by IL-1 receptors (IL-1R) of the THP-1
monocytes, but then reappears at later time points as THP-1 monocytes continue to secret
IL-1ra (secreted IL-1ra).

Cell morphology of THP-1 monocytes
Figure 3 schematically illustrates the four experimental conditions used in the cell culture
experiments, i.e. MHA SAM on gold (primary control), MHA SAM with immobilized BSA
(secondary control), MHA SAM with immobilized IL-1ra-ELP, and MHA SAM with soluble
IL-1ra-ELP added to the cell culture medium. Each surface was seeded with either LPS-
stimulated or unstimulated THP-1 monocytes. Monocytes were stimulated by adding 1 μg/mL
of LPS to the culture well at the time when the THP-1 monocytes were seeded. Figure 4(a)–
(d) are light microscopy images of unstimulated THP-1 monocytes on a MHA SAM (a), and
LPS-stimulated THP-1 monocytes on MHA SAMs with immobilized IL-1ra-ELP (b) and
soluble IL-1ra-ELP (c), and LPS-stimulated THP-1 monocytes on a MHA SAM (d).
Unstimulated THP-1 monocytes on the MHA SAM maintained a rounded, undifferentiated
morphology, as expected for a hydrophilic surface. LPS stimulation caused a small number of
cells (< 50 cells per well) to adopt a flattened and attached morphology at 72 h on the MHA
SAM (Figure 3(d)); however, no flattened or attached LPS-stimulated cells could be found at
72 h in the presence of either immobilized or soluble IL-1ra-ELP (Figure 3(a)–(c)).

The morphologies of unstimulated THP-1 monocytes on the MHA SAM and the MHA SAM
with immobilized BSA were identical as all cells exhibited a rounded, undifferentiated shape.
Similar morphologies were also observed for LPS-stimulated THP-1 monocytes on the two
controls, MHA SAM and MHA SAM with immobilized BSA (mostly rounded with few
differentiated cells).
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THP-1 cell viability determined by Trypan Blue dye exclusion for the MHA SAM (a) at 72 h
(Figure 3) was 93% while that of LPS-stimulated THP-1 monocytes on the MHA SAM (d)
and MHA SAMs with immobilized (b) and soluble IL-1ra-ELP (c) was 86%, as compared to
around 95% viability at a time of cell seeding.

Cytokine expression assays
Table 2 qualitatively compares the relative expression levels of ten cytokines and growth
factors assayed at 72 h from THP-1 monocytes with and without LPS stimulation that were
exposed to: (1) MHA SAM control, and MHA SAMs with (2) immobilized IL-1ra-ELP, or (3)
exposed to soluble IL-1ra-ELP. Very low levels of cytokines were observed for surfaces
exposed to unstimulated THP-1 monocytes; at 72 h, the levels of IL-1β, TNF-α, IL-6, IL-8,
MCP-1, IFN-γ, IL-1ra and IL-4 detected from the cell culture supernatant were less than 50
pg/mL, and the concentration of MIP-1α and VEGF were less than 100 pg/mL. In contrast,
LPS stimulated THP-1 monocytes expressed detectable levels for seven out of ten cytokines
under all surface conditions, while IL-1β, IFN-γ and IL-4 were undetectable under all
conditions using the LINCOplex assay. IL-1β was therefore tested again with ELISA because
of its clear link to the IL-1ra inhibition pathway. Of the seven detectable cytokines, only MCP-1
showed no modulation from the presence of immobilized or soluble IL-1ra-ELP. Conversely,
IL-1β, TNF-α, IL-6, IL-8, MIP-1α, IL-1ra and VEGF showed differential expressions with and
without LPS stimulation, and with and without the presence of IL-1ra-ELP.

Figure 5 contains bar graphs of expression levels for the cytokines in Table 2 that were sampled
above background: IL-1β, TNF-α, IL-6, IL-8, MIP-1α, MCP-1, IL-1ra and VEGF. These were
detected under the four experimental conditions in Figure 3 with LPS-stimulated cells. All
were detected using the LINCOplex assay, except for IL-1β that was detected by ELISA.
ELISA was chosen to quantify the levels of IL-1β because the highest levels observed for
IL-1β were well below the detection limit of the LINCOplex assay system. TNF-α expression
was highest at 6 h and then decreased gradually over time, while IL-1β, IL-6, IL-8, MCP-1,
MIP-1α, IL-1ra and VEGF expression increased over time up to 72 h. IL-1ra was not detected
up to 6 h from SAMs with immobilized IL-1ra-ELP, further indicating the stability of the
immobilized IL-1ra-ELP.

Most importantly, the expression levels of pro-inflammatory cytokines IL-1β, TNF-α, IL-6
and IL-8, and the chemokine MIP-1α were significantly attenuated by both soluble and
immobilized IL-1ra-ELP relative to the MHA SAM control (p < 0.05); whereas, the expression
levels of pro-wound healing VEGF and anti-inflammatory IL-1ra were significantly enhanced
by the IL-1ra-ELP fusion protein (p < 0.05). The expression level of the chemokine MCP-1
was not affected by the presence of soluble or immobilized IL-1ra-ELP.

Finally, the expression levels of IL-1β, TNF-α, IL-6, IL-8, MIP-1α and MCP-1 on immobilized
BSA were not statistically different from the MHA SAM control at all time points (p < 0.05).
Only anti-inflammatory IL-1ra at 48 and 72 hr, and pro-wound healing VEGF at 72 h, had
expression levels on immobilized BSA that were statistically different from the MHA SAM
control (p < 0.05).

Discussion
Pro-inflammatory IL-1 is produced by lymphocytes and monocytes in response to microbial
invasion and tissue damage as a signal to other cells to adopt an inflammatory profile [9]. IL-1
induces its own gene upregulation and expression [34], and also stimulates production of IL-1
[34], TNF-α [35], IL-6 [36], and chemokines [37]. TNF-α also induces synthesis of IL-1
[38]. These positive feedback loops may contribute to the increased expression of inflammatory
cytokines by LPS over time as consistently observed in this study.
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IL-1ra, the primary mediator of cartilage degradation during osteoarthritis [39], recently has
been developed as a protein drug that competitively inhibits the binding of IL-1 to IL-1Rs
[40]. Human recombinant IL-1ra anti-inflammatory cytokine (Anakinra) has been
administrated subcutaneously, and is known to be a safe and well-tolerated therapy [41];
however, the relatively short half life of this compound of four to six hours following
administration is problematic. This short life time of injected IL-1ra results in a low efficacy
compared to anti-TNF therapies. Therefore, the development of new approaches to elongate
the half-life of IL-1ra is desirable.

LPS-stimulated THP-1 human monocytes is a well-established in vitro model of the
monocytes/macrophages that are stimulated by endotoxin [42]. This model is commonly used
to study response to IL-1 stimulation because they respond in a similar manner to peripheral
blood monocytes and produce IL-1 at comparable levels [42]. The rapid induction of IL-1β
mRNA is followed by an equally rapid clearance of the mRNA, leading to an equilibrium
mRNA level that appears to be relatively independent of LPS dose used to stimulate the cells.
This suggests that THP-1 human monocytes have established a precise mechanism for
maintaining a constant level of IL-1 message and presumably of the IL-1 protein itself [43].
Furthermore, THP-1 cells may present a more homogenenous population of non-stimulated
nomocytic cells than can be obtained from peripheral blood monocytes culture. However, it is
well known that primary monocytes are more responsive than are cultured systems [44]. This
may therefore provide some benefit in future studies.

The addition of IL-1ra to LPS-stimulated THP-1 monocytes has been shown to inhibit LPS-
induced IL-1β synthesis [45]. The addition of IL-1ra before, at the same time, or 4 h after
stimulation with LPS showed no significant difference on inhibition of cytokine production;
however, the inhibition of LPS-induced IL-1 production was shown to be reduced when IL-1ra
was added 8 h after LPS stimulation [45].

The bioactivity of the soluble fusion protein was demonstrated via inhibition of IL-1β-induced
proliferation of RPMI 1788 cells. IL-1ra-ELP showed a 50% inhibition of 100 pg/mL IL-1β
at 37-fold molar excess compared to a 4-fold molar excess for rhIL-1ra. The inhibition
experiments also showed that a 10,000-fold molar excess of soluble IL-1ra-ELP (1μg/mL)
would substantially inhibit the stimulatory effect of IL-1β.

The anti-inflammatory properties of IL-1ra-ELP were demonstrated by sampling cytokines
from the supernatant of monocytes cultured on MHA SAMS on gold that were exposed to
soluble or immobilized fusion protein. Unstimulated THP-1 monocytes maintained a rounded,
undifferentiated morphology under all surface conditions. In contrast, LPS stimulation caused
a small number of cells to adopt a flattened and attached morphology on bare SAMs; whereas
no differentiated cells could be found on SAMs treated with soluble or immobilized IL-1ra-
ELP. Images of LPS-stimulated monocytes exposed to SAMs with immobilized BSA also
contained differentiated cells. While these morphological observations are somewhat
empirical, they are clear indications that the immobilized fusion protein affects monocyte
activation. Follow up studies could be made more precise if accompanied by assays for
molecular markers of cell differentiation.

These morphological data suggest that no LPS-stimulated monocytes differentiated in the
presence of the IL-1ra-ELP fusion protein are because they are binding to the IL-1ra moiety.
Although the total fusion protein per well differs only by a factor of three between immobilized
and soluble IL-1ra-ELP (1.8 μg/well and 6.0 μg/well, respectively), the tradeoff between IL-1ra
density and accessibility may be quite different. For example, the soluble form likely has greater
accessibility to IL-1 receptors (IL-1Rs), while the immobilized form has higher effective
density at the surface but likely a reduced accessibility. Soluble fusion protein can also interact
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with both attached and detached cells and is removed from solution when bound, while
immobilized fusion protein can only interact with cells that interrogate the surface and is not
removed from the surface when bound.

In either case, there appears to be more than enough IL-1ra to affect cell function. A rough
calculation starts with the observations that IL-1 in the femtomolar range can induce a response
in monocytes by triggering only 2–3% IL-1R receptors [46], and that there are approximately
100 IL-1Rs per monocyte [7]. The number of IL-1Rs available per well in our experiments is
estimated to be 6 × 107 molecules/well (105 cells/mL × 6 mL/well × 100 receptors/cell), while
the number of IL-1ra-ELP ligands is estimated to be 2.0 × 1013 molecules/well for immobilized
fusion protein (1.8 μg/well × (1.1 × 1013 molecules/μg)) and 6.6 × 1013 molecules/well for
soluble fusion protein (6 μg/well × (1.1 × 1013 molecules/μg)).

Stability testing of immobilized IL-1ra-ELP on the MHA SAM in the absence of monocytes
showed that immobilized IL-1ra-ELP was stable at the SAM surface. The stability of the NHS-
EDC chemistry was supported by the lack of IL-1ra detected from in the supernatant of SAMs
immobilized with fusion protein without monocytes for up to 5 days, and with THP-1
monocytes up to 6 h. The half-life of soluble IL-1ra-ELP in the media without THP-1 cells
also appeared to be on the order of a few hours. It is interesting to note that no IL-1ra was
detected at early time points in the supernatant of THP-1 cells with added soluble IL-1ra-ELP,
while high levels of IL-1ra were detected in the supernatant without THP-1 cells. This may be
due to binding of the soluble IL-1ra-ELP by the IL-1Rs on the membrane of the THP-1
monocytes. In either the immobilized or soluble cases, the IL-1a detected in supernatant with
THP-1 monocytes at 24, 48 and 72 h is thus likely to be of cellular origin rather than from
fusion protein added at the start of the experiment.

Conclusion
This paper provides in vitro evidence that the IL-1ra-ELP fusion protein is bioactive, and that
the immobilized fusion protein is a potent mediator of the inflammatory profile of LPS-
stimulated THP-1 human monocytes. The results of this study further indicate that immobilized
IL-1ra has the potential to mediate the inflammatory response to the biomaterials surface. While
these results are a compelling first demonstration of the potential of this strategy. and the
temptation is great to over interpret these results or to suggest specific mechanisms. The current
study was limited in that it examined only the gold standard anti-inflammatory cytokine, IL-1ra,
against the gold standard in vitro model, THP-1 monocytes, on the gold standard model
substrate, alkane thiol self-assembled monolayers. There are a number of unresolved issues
that must be addressed before this approach can be translated to an in vivo therapy for implanted
biomaterials. These are: (1) developing a better understanding of the signaling mechanism that
induces this anti-inflammatory response to immobilized ligand by performing companion gene
expression studies; (2) examining other candidate anti-inflammatory/pro-wound healing
cytokines such as immobilized IL-10, TGF-β1, and soluble TNF-α receptor; (4) examining
whether heterotypic signaling from multiple cytokines is a more potent signaling paradigm
than monolithic single cytokine signaling; (5) optimizing cytokine immobilization to real-
world biomaterials; (5) testing this effect in vitro on biomaterial substrates; and (6) performing
animal studies to confirm the effect in vivo.
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Figure 1.
(a) peptides sequences of IL-1ra-ELP fusion protein (Mw=54,044 Da). The IL-1ra-ELP fusion
protein was produced by bacterial expression in E. coli. (b) X-ray crystallography of IL-1ra
with the lysines highlighted in magenta. (c) An image of six-well tissue culture polystyrene
plates with a 5 nm Cr adhesion layer and a 45 nm Au layer evaporated yielding optically
transparent gold-coated slides.
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Figure 2.
(a) Bioactivity of IL-1ra-ELP fusion protein and commercial rhIL-1ra using the inhibition assay
of IL-1β stimulated RPMI 1788 cells. The percentage of inhibited proliferation is plotted as a
function of excess molar IL-1ra added in 10−2–104. The amount of inhibitor, IL-1ra, for
inhibition of stimulatory effect of IL-1β is determined based on the 4-parameter sigmoidal
fitting curve. EC50 of IL-1ra-ELP = 211.21 ± 0.31 pM (R2= 0.92) and EC50 Commercial
rhIL-1ra = 20.21 ± 0.85 pM (R2= 0.97) Data presented as mean ± SE (n=4). Inset: standard
curve of IL-1β induction of RPMI 1788 proliferation.
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Figure 3.
Schematic illustration of human THP-1 monocytes interfering with the four experimental
conditions used in the cell culture experiments. i.e. (a) MHA SAMs (SAM), (b) SAMs with
immobilized BSA, (c) SAMs with immobilized IL-1ra-ELP (Imm IL1-ra), and (d) MHA SAMs
with soluble IL-1ra (Sol IL-1ra), each of which were seeded with either presence or absence
of 1 μg/ml of LPS. LPS added to the culture well at the time when the THP-1 monocytes were
seeded.
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Figure 4.
(a–d) phase contrast images of THP-1 monocytes to show the effect of immobilized and soluble
IL-1ra-ELP fusion protein on THP-1 differentiation. Cell images cultured on (a) MHA SAM
without LPS stimulation, (b) immobilized IL-1ra-ELP on the MHA SAM surface with LPS
stimulation, (c) soluble IL-1ra-ELP (1 μg/ml) was directly added into the media with LPS
stimulation and (d) MHA SAM with LPS stimulation, were collected 72 h after seeding. (a–
c) all possessed a rounded, undifferentiated morphology. Cells circled in (d) indicate a
flattened, differentiated morphology of THP-1 cells. Magnification 200X.
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Figure 5.
Bar graphs of expression levels of IL-1β, TNF-α, IL-6, IL-8, MIP-1α, MCP-1, VEGF and
IL-1ra at 1, 6, 24, 48 and 72 hrs from LPS-stimulated monocytes on MHA SAMs, SAMs with
immobilized IL-1ra-ELP, and MHA SAMs with soluble IL-1ra-ELP as detected using the
LINCOplex assay. IL-1β expression under the same conditions as measured by ELISA due to
detection limit of the LINCOplex. * Significant relative to the SAM; p<0.05

Kim et al. Page 16

Biomaterials. Author manuscript; available in PMC 2009 May 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kim et al. Page 17
Ta

bl
e 

1
Th

e 
am

ou
nt

 o
f I

L-
1r

a-
EL

P 
de

te
ct

ed
 fr

om
 S

A
M

(a
), 

Im
m

 IL
-1

ra
(b

) a
nd

 S
ol

 IL
-1

ra
(c

) i
n 

th
e 

ab
se

nc
e 

of
 T

H
P-

1 
m

on
oc

yt
es

 a
nd

 s
ec

re
te

d
IL

-1
ra

 f
ro

m
 t

he
 I

m
m

 I
L-

1r
a(

d)
 a

nd
 S

ol
 I

L-
1r

a(
e)

 i
n 

th
e 

pr
es

en
ce

 o
f 

TH
P-

1 
m

on
oc

yt
es

 o
ve

r 
tim

e 
co

ur
se

 a
s 

de
te

ct
ed

 u
si

ng
 t

he
LI

N
C

O
pl

ex
 a

ss
ay

. N
o 

IL
-1

ra
 o

n 
th

e 
Im

m
 IL

-1
ra

 in
 th

e 
ab

se
nc

e 
of

 T
H

P-
1 

m
on

oc
yt

es
 w

as
 d

et
ec

te
d 

ov
er

 th
e 

tim
e 

co
ur

se
 te

st
ed

 u
p 

to
 5

da
ys

 s
ho

w
in

g 
th

e 
im

m
ob

ili
ze

d 
IL

-1
ra

-E
LP

 is
 s

ta
bl

e 
on

 th
e 

SA
M

 s
ur

fa
ce

s. 
Se

ve
re

d 
IL

-1
ra

-E
LP

 is
 th

e 
IL

-1
ra

-E
LP

 d
et

ac
he

d 
fr

om
 th

e
su

rf
ac

e 
po

ss
ib

ly
 d

ue
 to

 u
ns

ta
bl

e 
ch

em
ic

al
 c

ou
pl

in
g 

or
 e

nz
ym

at
ic

 a
ct

io
n 

fr
om

 th
e 

m
on

oc
ty

es
. S

ec
re

te
d 

IL
-1

ra
 is

 th
e 

IL
-1

ra
 se

cr
et

ed
 fr

om
TH

P-
1 

m
on

oc
yt

es
 re

sp
on

di
ng

 to
 th

e 
ex

te
rn

al
 st

im
ul

i. 
A

dd
ed

 IL
-1

ra
-E

LP
 is

 th
e 

so
lu

bl
e 

IL
-1

ra
-E

LP
 d

ire
ct

ly
 a

dd
ed

 in
to

 th
e 

m
ed

ia
. *

 T
he

co
nc

en
tr

at
io

n 
of

 IL
-1

ra
 a

t 1
 h

r w
as

 c
lo

se
 to

 th
e 

m
ax

im
un

 d
et

ec
tio

n 
lim

it 
of

 L
IN

C
O

pl
ex

 a
ss

ay
. S

ol
 IL

-1
ra

 w
/o

 T
H

P-
1 

w
as

 te
st

ed
 u

p 
to

 3
da

ys
 a

nd
 S

ol
 IL

-1
ra

 w
ith

 T
H

P-
1 

w
as

 te
st

ed
 u

p 
to

 5
 d

ay
s. 

N
.D

. n
ot

 d
et

ec
te

d. Sa
m

pl
ed

 IL
-1

ra
 a

nd
/o

r 
IL

-1
ra

-E
L

P 
(n

g/
m

L
)

T
re

at
m

en
t

Sa
m

pl
es

D
et

ec
te

d 
pr

ot
ei

ns
1h

r
6h

r
24

hr
48

hr
72

hr

w
/o

 T
H

P-
1

(a
) M

H
A

 S
A

M
N

.A
.

N
.D

.
N

.D
.

N
.D

.
N

.D
.

N
.D

.

(b
) I

m
m

 IL
-1

ra
Se

ve
re

d 
IL

-1
ra

-E
LP

N
.D

.
N

.D
.

N
.D

.
N

.D
.

N
.D

.

(c
) S

ol
 IL

-1
ra

A
dd

ed
 IL

-1
ra

-E
LP

50
.2

8±
6.

36
0.

30
±0

.1
0

N
.D

.
N

.D
.

N
.D

.

w
/T

H
P-

1

(d
) I

m
m

 IL
-1

ra
Se

cr
et

ed
 IL

-1
ra

+ 
se

ve
re

d
IL

-1
ra

-E
LP

N
.D

.
0.

01
±0

.0
0

0.
16

±0
.1

3
0.

38
±0

.1
2

0.
66

±0
.1

3

(e
) S

ol
 IL

-1
ra

Se
cr

et
ed

 IL
-1

ra
 +

 a
dd

ed
IL

-1
ra

-E
LP

N
.D

.
N

.D
.

0.
20

±0
.0

6
0.

30
±0

.0
3

0.
54

±0
.0

6

Biomaterials. Author manuscript; available in PMC 2009 May 12.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kim et al. Page 18
Ta

bl
e 

2
Q

ua
lit

at
iv

e c
om

pa
ris

on
 o

f t
he

 re
la

tiv
e e

xp
re

ss
io

n 
le

ve
ls

 o
f t

he
 1

0 
cy

to
ki

ne
s a

ss
ay

ed
 at

 7
2h

rs
 u

nd
er

 th
e f

ou
r e

xp
er

im
en

ta
l c

on
di

tio
ns

 w
ith

an
d 

w
ith

ou
t L

PS
 s

tim
ul

at
io

n.
 *

Th
e 

le
ve

l o
f I

L-
1β

 w
as

 te
st

ed
 u

si
ng

 E
LI

SA
 a

ss
ay

 b
ec

au
se

 o
f d

et
ec

tio
n 

lim
it 

of
 L

in
co

pl
ex

. N
.D

. i
s 

no
n-

de
te

ct
ab

le
, i

.e
. z

er
o.

 “
+”

, “
++

” 
an

d 
“+

++
” 

m
ea

n 
re

la
tiv

el
y 

lo
w

, m
od

er
at

e 
an

d 
hi

gh
, r

es
pe

ct
iv

el
y.

 “
−”

 m
ea

ns
 d

et
ec

te
d 

le
ss

 th
an

 5
0 

pg
/

m
l f

or
 IL

-1
β,

 IL
-4

, I
L-

6,
 IL

-8
, T

N
F-
α,

 IF
N

-γ
, M

C
P-

1 
an

d 
IL

-1
ra

 a
nd

 1
00

 p
g/

m
l f

or
 M

IP
-1
α 

an
d 

VE
G

F
Sa

m
pl

es
L

PS
 S

tim
ul

at
ed

N
o 

L
PS

C
on

tr
ol

T
re

at
ed

C
on

tr
ol

T
re

at
ed

C
yt

ok
in

es
M

H
A

 S
A

M
Im

m
 B

SA
Im

m
 IL

-1
ra

So
l I

L
-1

ra
M

H
A

 S
A

M
Im

m
 B

SA
Im

m
 IL

-1
ra

So
l I

L
-1

ra

In
fla

m
m

at
or

y

IL
-1
β*

++
++

+
+

−
−

−
−

TN
F-
α

++
++

+
+

−
−

−
−

IL
-6

++
++

+
+

−
−

−
−

IL
-8

++
++

+
+

−
−

−
−

M
IP

-1
α

++
++

+
+

−
−

−
−

M
C

P-
1

++
++

++
++

−
−

−
−

IF
N

-γ
N

.D
N

.D
N

.D
N

.D
N

.D
N

.D
N

.D
N

.D

W
ou

nd
 h

ea
lin

g

V
EG

F
+

+
++

++
−

−
−

−

IL
-1

ra
+

++
+

++
++

−
−

−
−

IL
-4

N
.D

N
.D

N
.D

N
.D

N
.D

N
.D

N
.D

N
.D

Biomaterials. Author manuscript; available in PMC 2009 May 12.


