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Abstract
Biomaterials have been shown to differentially support dendritic cell (DC) maturation, a
prerequisite for an adjuvant effect. Treatment of DCs with poly(D,L-lactic-co-glycolic acid).
(PLGA) films resulted in DC maturation but agarose films did not. In these studies, the
biomaterial adjuvant effect was attenuated by material selection (PLGA or agarose scaffolds) or
local delivery of an anti-inflammatory/immunosuppressive glucocorticoid, dexamethasone (DX),
from PLGA scaffolds. Porous scaffolds (SCs) of PLGA or agarose were produced to deliver
equivalent amounts of model antigen, ovalbumin (OVA). Alternatively, PLGA SCs with
incorporated OVA were produced with or without DX. These SCs were implanted individually,
subcutaneously, and dorsally in C57BL/6 mice. Blood was collected from mice at specific times
over a 12-week duration for measurement of antibody production against OVA. Scaffolds were
explanted at 12 weeks for histological examination of foreign body response. Scaffolds of PLGA,
but not of agarose, were found to elicit higher antibody production against co-delivered OVA, than
negative controls. Short term delivery of DX from PLGA SCs delivering OVA temporarily
delayed onset of anti-OVA antibody production. More sustained release of DX at an effective dose
and with an appropriate time course is expected to extend the effect of DX on the biomaterial
adjuvant effect. The immunomodulatory ability of biomaterials to affect the immune response to
co-delivered antigen is demonstrated wherein this immunomodulatory ability correlates with the
observed in vitro differential effects of biomaterials on DC maturation.

Introduction
For functional tissue engineered devices, critical issues are maintenance of the cell
phenotype, complex organ development with multiple cell types and 3-dimensionality,
biomaterial scaffold design addressing mechanical, bio/chemical, and remodeling properties,
and integration into living systems including host acceptance. While much consideration has
been given issues such as cell source, induction and maintenance of cell differentiation, and
development of novel scaffold materials, certain issues have received less attention,
particularly how scaffold material selection can potentiate immune responses. Hence,
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scaffold material selection is a focus herein to improve host acceptance of tissue engineered
devices.

Upon implantation, tissue engineered devices elicit an innate immune response towards the
biomaterial scaffold, known as the foreign-body response[1-3]; these devices also may elicit
an adaptive immune response towards incorporated allo- or xenogeneic cells or their shed
antigens[4]. Adaptive immune responses are potentiated by adjuvants in the antigen delivery
system. These principles of engaging innate and adaptive immune responses towards foreign
antigens are utilized in the pharmaceutical formulations for vaccine delivery using polymers,
such as chitosan[5-9] and PLGA[5,6,10-13]; whereas, it would be detrimental to tissue
engineered device function to engage adaptive immune response to shed foreign antigens
and induction of tolerance would be preferred.

Foreign antigens are presented to T cells (conductors of the adaptive immune response: cell
mediated and humoral immunity) by antigen presenting cells (APCs): macrophages, B-
lymphocytes and DCs. Of these cell types, DCs are the most potent APCs due to their
unique ability to stimulate naïve T cells and are critical in linking innate and adaptive
immunity[14,15]. While DCs are immature, they reside in tissues and act as sentinels:
detecting self and foreign antigens[16]. During the innate immune response, immature DCs
recognize foreign components (particularly microbial- or viral-derived pathogen associated
molecular patterns, PAMPs) through pattern recognition receptors (PRRs). Due to the
signaling of PRRs, this recognition process results in DC maturation – heralded by stable,
high levels of major histocompatibility complex (MHC) expression and necessary co-
stimulatory molecule expression – that enables efficient antigen presentation and T cell
stimulatory ability by DCs. In addition to the recognition of PAMPs, this recognition
process by PRRs is also triggered in the presence of ‘danger signals’; endogenous indicators
of tissue damage and cell stress[15,17,18]. Activators of PRR signaling and DC maturation
are known as adjuvants. Mature DCs migrate to lymph nodes and stimulate T-cell activation
for an antigen-specific response.

Since DCs are key in linking the innate and adaptive immune responses, we investigated
modulation of in vitro immunological functionality of DCs by treatment with different
biomaterials and the in vivo adaptive immune response to foreign antigens delivered with
biomaterials. Specifically, DC treatment with PLGA or chitosan films induced DC
maturation, while treatment with agarose or alginate films did not induce DC
maturation[19,20]. Interestingly, hyaluronic acid films inhibited DC maturation[19,20]. The
induction of DC maturation by treatment with PLGA fims in vitro[21] established a
potential mechanism for the observed adjuvant effect of PLGA SCs. Specifically, PLGA
SCs were shown to enhance the antigen-specific humoral immune response[22] and clonal T
cell proliferation[23] to co-delivered model antigen. Furthermore, PLGA scaffolds, with
associated tissue damage due to implantation, supported a high and sustained humoral
immune response to co-delivered OVA, while OVA delivered from minimally-invasively
injected PLGA microparticles induced a moderate and transient humoral immune response
to co-delivered OVA[24]. These studies have demonstrated the potential for biomaterial
scaffolds to act as adjuvants in enhancing the adaptive immune response to co-delivered
antigen, presumably due to a material effect on DC maturation. Furthermore, tissue damage
associated with the implantation of a construct may prime the site for the biomaterial
adjuvant effect due to the generation of endogenous ‘danger signals’.

Since TE devices are intended to integrate well with the surrounding environment, strategies
to minimize or avoid adjuvant effects warranted investigation. In the studies presented
herein, we hypothesized the translation of the differential biomaterial effect on DC
phenotype observed in vitro to the immunomodulation of the humoral immune response
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(adjuvant effect or not) to co-delivered antigen in vivo. For this purpose, equivalent amounts
of a model antigen, OVA, were delivered from PLGA or agarose scaffolds due to their
opposing effects of these materials on DC maturation in vitro[19,20]. After implantation of
porous SCs of PLGA or agarose delivering OVA, the humoral response was assessed with
respect to extent of OVA-specific antibody production. In this way, a material-based means
of influencing the extent of a biomaterial adjuvant effect was demonstrated.

Another approach to modulate a known biomaterial adjuvant effect was to locally deliver an
anti-inflammatory/immunosuppressive glucocorticoid, DX. Not only does DX have known
anti-inflammatory effects, it also has a noted effect of suppressing DC functional
maturation[25-28], inducing a tolerogenic state in DCs prior to maturation[25,27,29], and
after maturation, inducing DC-mediated humoral immunity through T-cell helper 2
response[25,27]. For this purpose, SCs were prepared from PLGA, a biomaterial
adjuvant[24], to deliver OVA with or without incorporation of DX. After SC implantation in
mice, the resulting humoral immune response was determined by measuring OVA-specific
antibody production. The delivery of DX had the potential to reduce the adjuvant effect of
the PLGA either through a minimization of the inflammatory response or through a more
specific effect on DC functional status.

Materials and Methods
Preparation of Polymer SCs

Preparation of Agarose SCs—Agarose SCs were prepared using by inverted colloidal
crystal templating method using polystyrene (PS) beads as the leachable component based
on a previously reported technique[30,31], with some modifications, as described in the
Supplemental Methods section. The agarose solution was prepared from SeaPlaque agarose
(Lonza, Rockland, ME) as 3% (w/v) in distilled, deionized water (ddH2O) and the PS beads
were 100 μm in diameter [30 ml with 2.1% (w/v) solids content (Duke Scientific, Palo Alto,
CA)]. Agarose SCs (0.8 cm in diameter) were washed with 70% ethanol and sterile ddH2O
and UV sterilized prior to implantation. The endotoxin content of agarose SCs was
measured by Limulus Amebocyte Assay (Lonza, Walkersville, MD) according to
manufacturer’s instructions, with SCs in the presence of the reagents until the addition of the
stop reagent.

Preparation of PLGA SC—The PLGA SCs were prepared using the solvent casting,
particulate leaching method[24] with minor modifications, as described in the Supplemental
Methods section. The polymer solution was 75:25 PLGA (intrinsic viscosity = 0.55 – 0.75
dL/g, DURECT Corporation, Cupertino, CA) dissolved in dichloromethane (DCM) at 83.3
mg/ml. For preparing PLGA SC with co-delivered OVA, OVA was added to the PLGA
solution at 166 mg/ml. For SCs containing DX, DX (Sigma) of was dissolved in PLGA
solution at 10 mg/ml. The respective PLGA solutions were poured over NaCl particles
(90-120 μm particle size; 0.3 g NaCl/mL PLGA solution), DCM evaporated and the salt
leached out into water over several days. Dried PLGA SCs (0.8 cm in diameter) were cut,
stored and endotoxin content determined as described for agarose SC.

In Vitro Characterization of Polymer SCs
Final OVA contents and OVA encapsulation efficiencies for agarose or PLGA SCs were
determined. OVA concentrations in scaffold digest samples were determined using a
custom-designed ELISA technique as previously described with modifications [32].
Dexamethasone content of scaffold digest samples was determined using HPLC as
previously described [33]. Controlled release kinetics of DX from PLGA SCs was
determined by placing the scaffolds in a sink of Dulbecco’s PBS (D-PBS, pH 7.4) at 37°C
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with samples of release buffer taken over 90 days and analyzed by HPLC. Details of these
methods are found in the Supplemental Methods section.

Humoral Immune Response Assay
Animals—Animal care and treatment were in compliance with the Institution Animal Care
and Use Committee at Emory University (Protocol #161-2006). Male C57BL/6 mice (8
weeks old; Jackson Labs, Bar Harbor, ME) were housed 6 mice per cage and allowed to
acclimate for 1 week prior to receiving experimental treatments.

Co-Delivery of OVA with Polymer SC in Mice and Analysis of Humoral and
Tissue Response—Mouse treatment groups are summarized in Tables 1 and 2 including
amounts of OVA mass delivered (Tables 1 and 2), amounts of DX delivered (Table 2),
amounts of polymer delivered and endotoxin contents (Tables 1 and 2). Isofluorane was
used for induction and maintenance of anesthesia. For examining the effect of material
selection, C57BL/6 mice received a dorsal subcutaneous implantation of a PLGA or agarose
SC (2 mm thickness, 8 mm diameter) with or without OVA. For assessing the impact of
anti-inflammatory drug delivery, C57BL/6 mice received a dorsal subcutaneous
implantation of a PLGA SC with or without OVA each also with or without DX.
Immunization with PBS with OVA served as negative control and immunization with OVA
in PBS in a 1:1 dilution with Complete Freund’s Adjuvant (CFA) (Sigma) served as the
positive control. Three weeks after primary immunization, all mice received an injected PBS
boost solution containing OVA at the same amount as the initial delivery except for those in
the positive control CFA groups which received the same amount of OVA in PBS
emulsified at 1:1 in Incomplete Freund’s Adjuvant (IFA) (Sigma). Blood samples were
collected from mice by retro-orbital bleeding at 2, 3 (before boost), 4, 8, and 12 weeks after
primary immunization. Blood was allowed to clot at 4°C overnight and serum recovered by
centrifugation (twice at 2300g, 10 min). Serum was stored at - 20°C until analysis of anti-
OVA total IgG antibodies and isotypes (IgG1, IgG2a) by using an ELISA technique[22,24],
described in the Supplemental Methods section. After 12 weeks of implantation, SCs and
associated tissues were excised and processed for histological and image analysis as
described in the Supplemental Methods section.

Data Analysis
Four parameter logistical fit curves for ELISA were produced using GraphPad Prism 4.03
software (GraphPad Software, Inc., LaJolla, CA). Statistical differences between negative
control and treatment groups was determined using one-way ANOVA at each time point
with Dunnett’s post-tests using Minitab 13 software (Minitab, Inc., State College, PA).
Statistical significance was noted when p<0.05.

Results
OVA and DX content of implanted agarose SCs and PLGA SCs

In Tables 1 and 2, mouse treatment groups are summarized including mass of OVA
delivered (Tables 1 and 2), mass of DX delivered (Table 2), mass of polymer delivered and
endotoxin contents (Tables 1 and 2). The data characterizing the delivery vehicles in Table 1
is for the experiment to compare the adjuvant effect of PLGA SC versus agarose SC. The
data characterizing the delivery vehicles in Table 2 is for the experiment to assess the effect
of DX delivery to mitigate the adjuvant effect of PLGA. Positive and negative control
groups received OVA at equivalent amounts as for the scaffold treatment groups (Table 1
and 2). For the experiment to compare the adjuvant effect of PLGA SC versus agarose SCs,
the OVA contents for the respective scaffolds were similar and hence suitable for in vivo
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comparison (Table 1). The scaffolds were measured for endotoxin content and found to have
low levels (<0.5 EU/ml) (Table 1 and 2).

Histological examination of implanted agarose or PLGA SC from C57BL/6 mice
Histological analysis of the tissue reaction to agarose SCs (Figure 1a) or PLGA SCs (Figure
1b) demonstrated a moderate tissue reaction with cellular infiltration into both scaffold
materials. More uniform cellular infiltration was observed for the agarose SC, prepared by a
sphere templating method, than with the PLGA SC, prepared by a salt-leaching method
(Figure 1 and 2). Compared to the respective scaffold tissue reactions without OVA,
incorporation of OVA into the agarose SCs did not significantly affect the extent of the
tissue reaction or extent of cellular infiltration (Figure 2a), while less cellular infiltration and
thicker tissue reactions at the periphery of the scaffolds were observed for PLGA SCs with
incorporated OVA (Figure 2b). Incorporation of DX in the PLGA SC resulted in a
diminished tissue reaction surrounding the scaffold implant (Figure 3a). However,
incorporation of DX into PLGA SCs also containing OVA did not demonstrate the benefit
of a diminished tissue reaction due to DX delivery (Figure 3b), since the tissue reaction was
similar to that elicited by PLGA SCs with OVA (Figure 2b).

Humoral response to co-delivered antigen from PLGA or agarose SCs
In Figure 4, the serum anti-OVA IgG production is shown for mice receiving similar
amounts of OVA delivered with PBS, PLGA SC, agarose SC, or CFA. The mice receiving
OVA emulsified in the strong adjuvant, CFA, as the positive control, demonstrated high
levels of anti-OVA IgG antibody that were significantly higher than the levels observed for
the negative control of OVA in PBS at 8 and 12 weeks. At 2, 3, and 4 weeks, delivery of
OVA from PLGA SCs (PLGA OVA SC) was found to induce significantly higher levels of
anti-OVA IgG as compared to the levels for the negative controls at the respective times. In
contrast, delivery of OVA from agarose SCs (Agarose OVA SC) did not induce significantly
different levels of anti-OVA IgG production as compared to negative control at any time
point. The implantation of PLGA or agarose SCs without co-delivered OVA did not induce
the production of anti-OVA antibodies during the 12-week study.

The participation of T helper (TH) cells, particularly TH1 and TH2 cells influence the
immune response to co-delivered antigen, leading to the production of specific IgG isotypes,
namely IgG2a and IgG1 isotypes, respectively. No detectable serum levels of anti-OVA
IgG2a were observed for mice receiving OVA from PLGA SC, agarose SC or with the
negative control of PBS. Mice receiving OVA emulsified with CFA as the positive control
demonstrated detectable levels of anti-OVA IgG2a at weeks 4, 8, and 12 (data not shown).
The production of anti-OVA IgG1 antibodies was detected for mice receiving OVA with
either scaffold material or the controls (Figure 5). Initially, at 2 and 3 weeks, delivery of
OVA from PLGA SCs induced levels of anti-OVA IgG1 which were statistically higher than
the levels for the negative control of OVA in PBS. At later time points (8 and 12 weeks),
mice receiving OVA emulsified with CFA as the positive control group demonstrated levels
of anti-OVA IgG1 that were significantly higher than the levels for the negative control at
the corresponding time points. Furthermore, at 12 weeks, delivery of OVA from PLGA SCs
induced significantly higher levels of anti-OVA IgG1 as compared to the level for the
negative control. At no time did delivery of OVA from agarose SC induce levels of anti-
OVA IgG1 which were significantly greater than the negative control.

In vitro release of DX from PLGA SC
Given the adjuvant effect observed for PLGA SCs, PLGA SC were modified to incorporate
co-release of an anti-inflammatory/immunosuppressive glucocorticoid, DX, to assess if the
PLGA adjuvant effect was abrogated. DX release into PBS (sink condition) from PLGA SCs
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with and without incorporated OVA was assessed and presented as cumulative profiles in
Figure 6. PLGA SC prepared with DX and OVA (PLGA DX OVA SC) showed a burst
release of DX initially with little to no detectable release of DX after the first 4 days. In
contrast, PLGA SC prepared with DX (PLGA DX SC) demonstrated steady release of DX
for the first 28 days of study. During these first 4 weeks, the majority of DX was released
from PLGA DX SC. No DX was detected released from control PLGA SC prepared without
DX for the duration of the in vitro release study, as expected.

Humoral response to co-delivered antigen with or without anti-inflammatory/
immunosuppressive glucocorticoid, DX, from PLGA SCs

Serum levels of anti-OVA IgG production for mice receiving similar amounts of OVA
delivered with PBS, CFA, PLGA SC with or without incorporated DX are shown in Figure
7. Mice receiving OVA emulsified in CFA, as the positive control, demonstrated
significantly higher levels of anti-OVA IgG production compared to the levels for mice in
the negative control of OVA delivered with PBS, at 4, 8, and 12 weeks. Delivery of OVA
from PLGA SCs induced levels of anti-OVA IgG that were significantly different from the
level for the negative control, but at the 3 week time point only. However, it was observed
that the emergence of detectable levels of anti-OVA IgG for mice receiving PLGA DX
OVA SC lagged behind mice receiving PLGA OVA SC. This was apparent because there
were not detectable levels of anti-OVA IgG for mice who received PLGA DX OVA SC
until 4 weeks after the initial implantation. Despite this delayed response, by 12 weeks
delivery of OVA from PLGA SCs, regardless of the co-delivery of DX, demonstrated
similar levels of anti-OVA IgG. Implantation of PLGA SCs without co-delivered OVA did
not induce detectable levels of anti-OVA antibodies during the 12-week study as expected.

Examining the anti-OVA IgG isotypes induced by OVA delivery from PLGA SC with and
without DX co-delivery, IgG1 was the predominant isotype detected (Figure 8). There were
no detectable levels of anti-OVA IgG2a isotype in the sera samples from mice receiving
OVA in PBS (negative control), or PLGA SCs delivering OVA with and without DX. Only
mice that received OVA emulsified in CFA demonstrated detectable levels of anti-OVA
IgG2a at weeks 4, 8, and 12 (data not shown). In Figure 8, the sera concentrations of anti-
OVA IgG1 antibodies are shown for mice receiving similar amounts of OVA delivered with
PBS, CFA, PLGA OVA SC or PLGA DX OVA SC. Mice receiving OVA emulsified in
CFA showed significantly higher levels of anti-OVA IgG1 as compared to the level for mice
in the negative control group at 4, 8, and 12 weeks. Although anti-OVA IgG1 antibodies
were detected early for mice receiving OVA from PLGA SC, the levels were not
significantly different from the levels observed for the negative control group at any time
point. Likewise, OVA delivered from PLGA SCs with co-delivered DX also did not induce
levels of anti-OVA IgG1 that were significantly different from the levels for the negative
control group at any time point. Co-delivery of DX from PLGA SCs delivering OVA did
delay the production of detectable levels of anti-OVA IgG1 antibodies as compared to the
levels for mice receiving PLGA OVA SC (without DX). However, by 12 weeks, mice
receiving OVA from PLGA SC with or without DX showed similar concentrations of anti-
OVA IgG1 antibodies in their sera.

Discussion
To correlate the in vitro observations of the differential biomaterial effect on DC maturation
with a differential in vivo adjuvant effect, we hypothesized that PLGA scaffolds would
stimulate a stronger murine adaptive immune response to co-delivered antigen than agarose
scaffolds. The results of this study showed that PLGA SCs acted as an adjuvant in the
enhancement of anti-OVA IgG levels that were significantly higher than for OVA delivered
with the negative control (Figure 4), consistent with previous studies[22]. Agarose SCs did
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not show an adjuvant effect in the enhancement of the humoral immune response towards
co-delivered OVA (Figure 4). Since IgG1 was the primary IgG isotype detected for all
treatment groups, with very little IgG2a isotype detected except for the CFA treatment
group, this was primarily a TH2 immune response, consistent with previous studies[22,24].
The differential affect of PLGA or agarose SCs on the humoral immune response to co-
delivered antigen, correlates with the observed in vitro effects of these biomaterials on DC
phenotype[19,20] as a predictor of the adjuvant effect in supporting (or not) a humoral
immune response to co-delivered antigen. Furthermore, these in vivo results support the
hypothesis that biomaterial selection can be used to modulate the adaptive immune response
to co-delivered antigens. In support of this connection between DC contact and biomaterial
adjuvant effect, immunohistochemistry has demonstrated DEC-205+ DC infiltration and
contact with PLGA SCs with co-delivered OVA[34]. The dependence on DCs for the
biomaterial adjuvant effect will be further demonstrated in the near future by conditional DC
ablation based on transgenic expression of the diphtheria toxin (DT) receptor under control
of the CD11c receptor in B6.FVB-Tg(Itgax-DTR/EGFP)57Lan/J mice during the time period
of OVA delivery from PLGA SC/antigen constructs[35].

Exposure to OVA to organic solvents, (e.g. DCM), can result in protein denaturation.
Uptake of proteins by DCs results in their degraration small peptide fragments are displayed
on MHC molecules. The resultant adaptive immune response is based on T-cell recognition
of proteins by these peptide fragments or epitopes. While denaturation can hide certain
regions, hindering recognition by some T-cells, other peptide sequences will likely be
available for recognition, even on any denatured proteins.

The foreign body responses towards PLGA or agarose SCs without incorporated OVA were
similar (Figure 1). One difference noted was that porous agarose SCs had more evenly
distributed cellular infiltrate than in the porous PLGA SCs (Figure 1 and 2) likely due to the
regular porous structure generated by the inverted colloidal crystal templating
technique[30,31,36]. Although, we did not assess the residual THF in the agarose scaffolds,
the scaffolds did not produce significant inflammation. Therefore, we have no evidence that
residual THF, if any, produced an undesirable effect with respect to increased inflammation.
Incorporation of OVA into the respective scaffolds did not significantly affect the extent of
the tissue reaction or extent of cellular infiltration into agarose SCs (Figure 2a), but less
cellular infiltration and thicker tissue reactions at the periphery of the scaffolds were
observed for PLGA SCs with incorporated OVA (Figure 2b). This may indicate some effect
of the more inflammatory PLGA material in being affected by the presence of a foreign
antigen on the tissue response. Incorporation of DX in the PLGA SC resulted in a
diminished tissue reaction surrounding the scaffold implant (Figure 3a) as expected based on
the anti-inflammatory effects of DX. However, incorporation of DX into PLGA SCs also
containing the model antigen, OVA, did not demonstrate the benefit of a diminished tissue
reaction due to DX delivery (Figure 3b). This extent of tissue reaction after 12 weeks of
implantation is hence consistent with the observation that by 12 weeks of delivery of OVA
from PLGA SCs, regardless of the co-delivery of DX, similar levels of anti-OVA IgG
antibodies were induced (Figure 7). The encapsulation efficiency for DX incorporation was
higher for PLGA DX OVA SCs than for PLGA DX SCs resulting in a higher amount of DX
incorporated (and delivered) from the former as compared to the latter (Table 2). This
difference was presumably due to the inclusion of OVA in the PLGA DX OVA SC group
influencing the encapsulation efficiency of DX. However, these formulations were viable to
address the aim of this study which was to compare the immune responses to OVA with and
without DX release from PLGA SC. The PLGA DX SC group was a control to demonstrate
that an immune response would not occur in the absence of OVA.
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Although many immunosuppressive drugs have been largely characterized for their effect on
T-cell function and proliferation, there are significant effects of these immunosuppressive
drugs on DCs. Anti-proliferative drugs (azathioprine and mycophenolate mofetil),
calcineurin inhibitors (cyclosporine A and FK506), rapamycin, and glucocorticoids
influence DC maturation and T-cell stimulation[37]. Among these drugs, glucocorticoids
have potent anti-inflammatory activity as well as broad immunosuppressive activity,
affecting DCs, monocytes/macrophages, and T-cells[27,28,37,38]. Glucocorticoids are
effective anti-inflammatory agents because they regulate protein synthesis leading to
reduced collagen deposition, vasodilation, edema formation, and immune cell recruitment to
wound site[39-45]. In vitro DX treatment of immature DC has been shown to reduce the cell
surface expression of CD14, CD16, CD32, CD36, and certain C-type lectins (DC-SIGN,
mannose receptor, macrophage galatose-type lectin) and of co-stimulatory molecules (CD40
and CD80)[26,46,47]. Furthermore, treatment of immature DCs with DX in the presence of
maturation stimuli, rendered a cell phenotype (CD14+ CD83−) different from mature DC
(CD14− CD83+) and immature DC (CD14− CD83−)[46]. The effect of DX administration
on cultured DCs was greatly influenced by when DX was introduced to the cell culture
medium (prior to or after addition of maturation stimuli). Expression of Toll-like receptors,
TLR2, TLR3, and TLR4, have been shown to be increased in DC that were treated with DX
while they were differentiating and in an immature state[25,48]. As a result, DC
differentiated in the presence of DX had an enhanced endocytic capacity, reduced
production of pro-inflammatory cytokines (e.g. IL-1β, and IL-12 p70), increased production
of anti-inflammatory cytokine, IL-10, and had reduced allo-stimulatory capacity in a mixed
lymphocyte assay[25,26,49-51]. In contrast, DCs treated with DX after differentiation, either
prior or during maturation treatment, have some differing responses to maturation stimuli
(i.e. reduced endocytic capacity, no upregulation of CD16 expression, reduced pro-
inflammatory cytokine production, and slightly lowered allostimulatory capacity)[25,26].
The alteration in DC phenotype in the presence of DX may induce the production of
tolerogenic DCs, capable of antigen uptake but reduced capacity to stimulate immune
responses. In vivo DX administration prior to allergen challenge has been shown to lower
Langerhans numbers in lymph nodes[52]. Topical DX treatment reduced Langerhans cell
size and density during afferent and efferent phases of contact sensitivity in situ[53]. Graft
survival was improved with adoptive transfer of immature DC with systemic DX treatment
or adoptive transfer of immature DCs treated with DX prior to transfer[54].

Short-term, local DX delivery was found to temporarily delay the onset of anti-OVA
antibody production for PLGA SC delivering OVA (Figures 7 and 8). In vitro release studies
demonstrated DX release from PLGA SCs over a short period (Figure 6), with majority of
DX was released after 7 days form PLGA DX OVA SCs and after 28 days from PLGA DX
SCs. Once the DX release from SC was depleted, antibodies against OVA were detected, no
longer suppressed by anti-inflammatory drug administration. More sustained release of DX
at an effective concentration for anti-inflammatory/suppression of DC function is expected
to prolong the inhibition of an adjuvant effect and will be investigated in the future. Another
consideration is the optimization of DX dose and timing for DC treatment as they contact
the biomaterial maturation stimulus to render them non-stimulatory for the antigen taken up
in this process or toleragenic. In vivo DX treatment of DCs prior to their maturation upon
biomaterial treatment would be optimal for inducing toleragenic or maintaining immature
DCs. In summary, anti-inflammatory drug delivery is only effective as long as the drug is
available at therapeutic levels. Consequently, effective inhibition of a biomaterial adjuvant
effect would require determining an effective dosing strategy for DX.

A most significant implication of the results of this study is that delivery of immunogens
from agarose SCs is a more attractive approach than delivery of an immunosuppressive drug
via controlled release for two reasons: (1) agarose is a material known to not support DC
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maturation in vitro or to keep DCs in an immature phenotype and (2) the
immunosuppressive effect of agarose is longer-lasting (up to 12 weeks the latest time point
in this study) and non-pharmacological in its mode of action. The effect of the agarose is
also attractive in that it appears to influence host immune response by affecting the DCs and
their microenvironment. Through their biomaterial-induced non-inflammatory/
immunosuppressive phenotype, the DCs are better able to influence multiple aspects of the
cellular and molecular environment (e.g. cytokine profile). In addition, biomaterial-
influenced DCs may be better able to tune the host response than through aggressive drug
means to achieve immune acceptance of a construct. Future studies include the
demonstration of enhanced integration and acceptance of immunogenic cells delivered in a
scaffold with less of an adjuvant effect (e.g. agarose) as compared to cell delivery in a
scaffold with a known adjuvant effect (e.g. PLGA).

Conclusions
From these studies, we have demonstrated that biomaterial selection, based on in vitro
effects on DC maturation, is a powerful tool for controlling the adaptive immune response to
co-delivered antigen. The immunomodulatory ability of biomaterials has greater potential
than even controlled release of local anti-inflammatory/immunosuppressive due to limited
release rate and dosage and the more encompassing and sustained effect of biomaterials on
immune microenvironment. Furthermore, we have validated the in vitro assessment of
biomaterial effects on DC maturation in predicting the in vivo biomaterial adjuvant effect to
co-delivered antigen.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Histological images of subcutaneous tissue sections from C57BL/6 mice after 12 weeks of
polymer SC implantation. Tissue sections were stained with H&E. Panels display both SC
materials: A) agarose SC and B) PLGA SC. Scale bars are equal to 500 μm.
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Figure 2.
Histological images of subcutaneous tissue sections from C57BL/6 mice after 12 weeks of
polymer SC implantation with OVA incorporation. Tissue sections were stained with H&E.
Panels display both SC materials: A) agarose OVA SC and B) PLGA OVA SC. Scale bars
are equal to 500 μm.
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Figure 3.
Histological images of subcutaneous tissue sections from C57BL/6 mice after 12 weeks of
PLGA SC implantation with DX incorporation. Tissue sections were stained with H&E.
Panels display both SC materials: A) PLGA DX SC and B) PLGA DX OVA SC. Scale bars
are equal to 500 μm.
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Figure 4.
Production of anti-OVA IgG antibodies by C57BL/6 mice treated with OVA co-delivered
with PBS (PBS+OVA), agarose SC (Agarose OVA SC), PLGA SC (PLGA OVA SC) or
CFA (CFA+OVA). Total IgG concentrations were measured by ELISA from sera collected
at different times. No detectable anti-OVA antibodies were produced from mice receiving
SC without OVA. Data are shown as replicates with means represented as a line (n=5-7
mice). * indicates significant difference between treatment group and negative control. ND
indicates none of the collected sera samples contained detectable amount of antibody.
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Figure 5.
Production of anti-OVA IgG1 antibodies by C57BL/6 mice treated with OVA co-delivered
with PBS, CFA, or polymer SC. Antibody concentrations were measured by ELISA from
serum collected at different times. No detectable anti-OVA antibodies were produced from
mice receiving SC without OVA. Data are shown as replicates with means represented as a
line (n=5-7 mice). * indicates significant difference between treatment group and negative
control. ND indicates none of the collected sera samples contained detectable amount of
antibody.
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Figure 6.
Cumulative DX release from PLGA SC with (PLGA DX OVA SC) and without (PLGA DX
SC) incorporated OVA over 84 days (n=3 SCs). Each SC was placed in 4 ml of PBS at pH
7.4 and rotated at 37°C. At each time point, saline samples were collected and replaced with
fresh PBS of the same volume. Data are shown as percentage of the total DX release for SC
(mean ± SD).
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Figure 7.
Production of anti-OVA IgG antibodies by C57BL/6 mice treated with OVA co-delivered
with PBS (PBS+OVA), CFA (CFA+OVA), or PLGA SC with (PLGA DX OVA SC) or
without (PLGA OVA SC) incorporated DX. Total IgG concentrations were measured by
ELISA from sera collected at different times. No detectable anti-OVA antibodies were
produced from mice receiving SC without OVA. Data are shown as replicates with means
represented as a line (n=6-8 mice). * indicates significant difference between treatment
group and negative control. ND indicates none of the collected sera samples contained
detectable amount of antibody.
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Figure 8.
Production of anti-OVA IgG1 antibodies by C57BL/6 mice treated with OVA co-delivered
with PBS, CFA, or PLGA SC with or without incorporated DX. Total IgG concentrations
were measured by ELISA from serum collected at different times. No detectable anti-OVA
antibodies were produced from mice receiving SC without OVA. Data are shown as
replicates with means represented as a line (n=6-8 mice). * indicates significant difference
between treatment group and negative control. ND indicates none of the collected serum
samples contained detectable amount of antibody.
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