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Abstract

A variety of combination products composed of biomaterials and biologics have been developed
for tissue regeneration or vaccine delivery. The host immune response to the immunogenic
biological components in such products may be modulated by the biomaterial component. Distinct
biomaterials have been shown to differentially affect the maturation of dendritic cells (DCs). DCs
are professional antigen-presenting cells (APCs) that bridge innate and adaptive immunity and
play a central role in inducing immunity or initiating immune tolerance. However, the biomaterials
systems used to study DC response thus far have been insufficient to draw a clear conclusion as to
which biomaterial properties are the key to controlling DC phenotype. In this study, we developed
a 96-well filter plate-based high throughput (HTP) methodology to assess DC maturation upon
biomaterial treatment. Equivalent biomaterial effects on DC phenotype were measured using the
conventional flow cytometric and filter plate method, which validated the HTP methodology. This
methodology will be used to screen a large number of biomaterials simultaneously and to draw
correlations between material properties and DC phenotype, thereby providing biomaterial design
criteria and immunomodulatory strategies for both tissue engineering and vaccine delivery
applications.
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1. Introduction

Biomaterials are widely used as the carriers of biologics, such as cells, nucleic acids, and/or
proteins, in combination products for tissue regeneration or vaccine delivery. These products
may evoke both a non-specific inflammatory response against the biomaterial component
and an adaptive immune response against the immunogenic biologics. Furthermore, the
biomaterials also play a role in modulating the host responses due to their adjuvant or
immunosuppressive effect. Obviously, the goal of tissue engineering is to minimize the host
response to allow the proper functioning of the device and its integration to the host tissue.
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In contrast, vaccine delivery aims to enhance or maximize a protective immune response to
the delivered antigen.

Dendritic cells (DCs) are the most potent antigen-presenting cells (APCs) that are
specialized in the uptake, transport, processing, and presentation of antigens to T cells [1-3].
Among APCs, which also include macrophages and B cells, only DCs are believed to be
capable of activating naive T cells [4]. In their immature state, DCs act as sentinels in
peripheral tissues, constantly sampling the environment for potentially dangerous pathogens
and antigens [2, 5]. In fact, they detect the presence of pathogens by recognizing a limited
number of conserved structures, called pathogen-associated molecular patterns (PAMPS),
produced only by micro-organisms, viruses, and fungi [6]. In addition, DCs can be
stimulated by “danger signals”, necrotic tissues and their byproducts such as tissue
fragments and intracellular molecules [7]. Using pattern recognition receptors (PRRS)
expressed on DCs, the ligation of pathogens or “danger signals” initiates signaling cascades
(e.g., the activation of NF-xB, AP-1, MAPK) that lead to the maturation of DCs [7, 8].
Dendritic cell maturation results in the change in morphology, the up-regulation of co-
stimulatory molecules (notably CD80 and CD86 in the B7 family) and major
histocompatibility complex (MHC) molecules, and the release of pro-inflammatory
cytokines [9, 10]. Activated DCs transiently enhance antigen uptake but down-regulate their
endocytic capacity after several hours [11, 12], accompanied by a decreased expression of
C-type lectin DC-SIGN (DC-specific intercellular adhesion molecule-grabbing nonintegrin),
which is primarily expressed in certain subsets of DCs, including monocyte-derived DCs
[13].

The primary mechanism by which adjuvants enhance an adaptive immune response is the
maturation of DCs, which results in their efficient antigen presentation and T cell
stimulation that generate an immune response to associated antigens. Enhanced
immunogenicity is believed to occur when mineral salts (e.g., alum), liposomes, and
biodegradable polymer microspheres cause a depot effect at the site of injection [14, 15].
Others, such as complete Freund’s adjuvant (CFA) and incomplete Freund’s adjuvant (IFA)
act as immuno-stimulators but are not approved for human use [15-17]. Previous studies
show that the polymer, poly(lactic-co-glycolic acid) (PLGA), acted as an adjuvant in the
enhancement of humoral immunity against a co-delivered model antigen in vivo [18, 19]. In
addition, depending on the biomaterial used in vitro to treat immature DCs (iDCs),
differential levels of DC maturation were observed. For example, DC maturation was
induced by treatment with PLGA or chitosan films, not induced by treatment with agarose or
alginate films, and inhibited by treatment with hyaluronic acid films [20, 21]. These studies
suggested the potential of biomaterials to modulate DC phenotype, thereby achieving
distinct effects on immune responses. However, in order to translate a differential
biomaterial effect on DC phenotype into design rules for biomaterials with distinct
immunomodulatory effects, it is necessary to draw correlations between biomaterial
physiochemical properties and effects on resultant DC phenotype. With the limited
biomaterial systems that were used in the previous studies cited [20, 21], it was unclear
which biomaterial properties caused such differential effects. If the effects of biomaterials
on DCs are investigated using biomaterials with controlled graded variations in their
properties in a combinatorial array, the correlations between DC phenotype and material
properties can become more evident. Such correlations will serve as criteria for the
biomaterial design of combination products to modulate the host responses.

The assessment of DC maturation in response to biomaterials typically involves the
treatment of immature DCs (iDCs) with biomaterials pre-placed in wells of a 6-well plate to
allow for a sufficient number of cells for the assessment of DC phenotype using
immunological assays such as flow cytometry for the expression of DC-specific or
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maturation surface markers or allostimulatory ability in a mixed lymphocyte reaction. Using
extensive immunological assessment assays, the effect of different biomaterials on various
aspects of DC phenotype and function have been assessed [21, 22]. However, our
conventional method would be time-consuming and require large quantities of reagents for
the assessment of DC responses to large libraries of polymers. Hence, the goal of this
research was to develop and validate a high throughput (HTP) methodology to assess DC
phenotype upon the contact with combinatorial libraries of biomaterials with graded material
properties.

The culture characteristics of DCs presented a unique challenge in that the DCs are loosely-
adherent or non-adherent in culture; hence, a traditional cell-based Enzyme-Linked
ImmunoSorbent Assays (ELISAS) could not be used due to expected cell loss during wash
steps. To enhance the efficiency in sample processing and subsequent measurement, many
cell-based assays have been processed in filter plates [23, 24]. Such plates are 96- or 384-
well standard-sized plates with an individual filter membrane welded in each well. Because
the fast and simple removal of supernatants is assisted by the application of a vacuum
manifold, we expected that the filter plates would provide a suitable platform for the
development of a HTP screening methodology for the simultaneous quantification of
maturation markers of many DC samples. By far, black 96-well filter plates have offered the
most promising means to rapidly wash the cell samples without any cell loss and offered
fluorescence detection in situ. Therefore, here, we present the validation of a 96-well filter
plate-based HTP screening methodology for DC phenotype upon biomaterial contact.
Briefly, after treatment with biomaterials in a 96-well plate, the DCs are transferred to a
black 96-well filter plate and stained with anti-CD86-PE and DC-specific anti-DC-SIGN-
FITC monoclonal antibodies. The ratio of CD86-PE/DC-SIGN-FITC, or maturation factor®,
is a DC number-independent parameter to represent DC maturation. The supernatants can be
easily collected into a 96-well plate using a centrifuge, assayed for cytotoxicity, and stored
for cytokine profiling. Figure 1 illustrates the experimental scheme of the conventional
assessment of DC maturation as well as the filter plate-based HTP screening methodology.

2. Materials and methods

2.1. Derivation of immature DCs (iDCs)

Human blood was collected from donors with informed consent and heparinized (333 U/ml
blood) (Abraxis Pharmaceutical Products, Schaumburg, IL) at the Student Health Center
Phlebotomy Laboratory, in accordance with the protocol (No. H05012) of the Institutional
Review Board of Georgia Institute of Technology. Dendritic cells were derived from human
peripheral blood mononuclear cells (PBMCs) using a previously described method [25] with
some modifications. Briefly, the collected blood was diluted with a 1:1 ratio in Mg?*- and
Ca?*-free phosphate buffer saline (D-PBS; Invitrogen, Carlsbad, CA), and peripheral blood
mononuclear cells (PBMCs) were isolated by differential centrifugation using lymphocyte
separation medium (Cellgro MediaTech, Herndon, VA). After the lysis of erythrocytes with
RBC lysing buffer (155 mM NH4CI, 10 mM KHCO3, 0.1 mM EDTA) and washing steps,
PBMCs were resuspended at a concentration of 5 x 10° cells/ml in DC media, which was
prepared by filter-sterilizing RPMI-1640 containing 25 mM HEPES and L-glutamine
(Invitrogen), supplemented with a final concentration of 10% heat inactivated fetal bovine
serum (h.i. FBS; Cellgro MediaTech, Herndon, VA) and 100 U/ml of Penicillin/
Streptomycin (Cellgro MediaTech). The cells were plated in a volume of 10 ml/plate in a
Primaria 100 x 20 mm? tissue-culture dish (Becton Dickinson, Franklin Lakes, NJ) and
incubated for 2 hours at 95% relative humidity and 5% CO5 at 37°C to select for adherent
monocytes. After this incubation, the dishes were washed three times with warm DC media
to remove non-adherent cells. The remaining adherent cells were supplied with 10 ml/plate
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new warm DC media, supplemented with 1000 U/ml GM-CSF and 800 U/ml IL-4
(PeproTech, Rocky Hill, NJ), and incubated for 5 days without changing the media to induce
the differentiation of monocytes into iDCs. Immature DCs were treated with biomaterial
films in the wells of 6-well or 96-well plates (the HTP methodology) with assessment of
resultant DC phenotype using flow cytometry or fluorescent plate reader, as described in
sections 2.3 or 2.4, respectively. As a part of culture characterization, DCs were purified
using magnetic sorting based on manufacturer’s protocol (Miltenyi Biotec, Auburn, CA).
Briefly, the cell population harvested on day 5 of DC culture first underwent CD19* B cell
depletion (negative selection), followed by CD1c* DC isolation (positive selection). The
purity of DC population was approximately 95% or above following this purification.

2.2. Preparation of PLGA and agarose film

Poly(DL-lactic-co-glycolic acid) (PLGA, molar ratio: 75:25, inherent viscosity: 0.70 dL/g in
trichloromethane, MW = 100,000 Da; Birmingham Polymers, Birmingham, AL) films were
prepared by solvent casting without a porogen as previously reported [20]. Briefly, PLGA
was dissolved 20% wi/v in dichloromethane (DCM) overnight at room temperature and
poured into a 50-mm Teflon dish (Cole-Parmer, Vernon Hills, IL) in a chemical fume hood.
After evaporation of the solvent and drying to form films (48-72 hours), the PLGA films
were punched to fit into the wells of a 6-well plate or a 96-well plate, followed by three
washing steps using endotoxin-free water (Cambrex, East Rutherford, NJ) and UV
sterilization for 30 min on each side in the tissue culture hood before iDCs were plated on
them. Agarose (type V, high gelling, gel strength of >800g/cm? at 1.0%, MW unknown;
Sigma, St. Louis, MO) was prepared to form 3% w/v aqueous solution by boiling of agarose
in ddH,0 in a microwave until the agarose was completely dissolved. The films were
prepared by dispensing 1 ml of agarose solution into a well of a 6-well tissue culture plate
(Corning, Corning, NY), or 50 ul in a well of a 96-well tissue culture plate (Corning). The
films were allowed to solidify at 4°C for at least 30 min and brought back to room
temperature for another 30 min in a tissue culture hood without any further sterilization step
prior to culturing iDCs on them. The endotoxin content of PLGA and agarose films was
measured using a chromogenic substrate (QCL-1000 LAL assay; Cambrex) and determined
less than 0.1 EU/mL, which is well below the FDA limit of 0.5 EU/ml [20, 21]. Previous
study showed that a minimum Escherichia coli endotoxin concentration of 100 EU/ml or 10
ng/ml was required for DC maturation [26].

2.3 Treatment of DCs with biomaterials in 6-well plates with assessment of DC phenotype
using Flow Cytometry

After 5 days of cell culture, the PLGA films were placed into the wells of a 6-well plate with
sterilized gaskets (Cole-Parmer, Vernon Hills, IL) to secure the films. Agarose films were
prepared as described in Section 2.2 directly in the wells. Non-adherent and loosely-adherent
cells were collected, resuspended in new pre-warmed DC media at a concentration of 5 x
105 cells/ml, and plated at the volume of 3 ml (1.5 x 108 cells/well) in each well. The cells
were then supplemented with cytokines (1000 U/ml GM-CSF, 800 U/ml IL-4). Dendritic
cells were treated for 24 hours with biomaterials with known effects on DCs (i.e., PLGA or
agarose), treated with 1 pug/ml of lipopolysaccharide (LPS) (E. coli 055:B5; Sigma) to
become mature DCs (mDCs; positive control), or left untreated to remain iDCs (negative
control). The levels of surface marker expression were monitored after 24 hours of
biomaterial treatment by flow cytometry per the methods described previously [22] and
compared to the controls. The cells were collected by centrifugation at 1100 rpm for 10 min,
resuspended in 0.1 % BSA and 2 mM EDTA in PBS, pH = 7.2 (cell-staining buffer), and
stained with fluorescently-labeled antibodies CD40 (clone B-B20; mouse 1gG4x), CD86
(clone BU63; mouse 1gG1x) (Ancell Corporation, Bayport, MN), CD83 (clone HB15z3;
mouse 1gGo,x) (Immunotech, Marseille, France), CD80 (clone BB1; IgMx), HLA-DQ
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(clone TU169; mouse 1gGoax), HLA-DR (clone TU36; mouse 1gG,;k) (BD Biosciences),
CD1c (clone AD5-8E7; mouse 1gG»,) (Miltenyi Biotec, Auburn, CA), or DC-SIGN (clone
120507; mouse 1gGp) (R&D Systems). The cells were stained for 1 hour at 4°C, and
analyzed using a BDLSR flow cytometer (Beckton Dickinson, San Jose, CA). Data analysis
was performed using FlowJo (Tree Star, Ashland, OR) based on the differential shift of
histograms compared to the controls unless otherwise indicated. The ‘maturation factor’
values were determined by dividing the gMFIs of CD86-PE by that of DC-SIGN-FITC. The
antibody binding capacity of CD86 expressed on DCs or B cells were determined by
staining the cells with anti-CD86-PE, gating the distinct DC and B cell populations on the
scatter plot, measuring the gMFIs of the populations, and comparing the gMFlIs to a standard
curve created by beads with known number of CD86 antibody binding sites (Quantum
Simply Cellular® kit; Bangs Laboratory, Fishers, IN). To quantify the percentage of DCs
and B cells or B cells and T cells in the culture system, the cells were double-stained with
anti-CD19-APC (clone HIB19; mouse 1gGk) (BD Biosciences) and anti-DC-SIGN-FITC
or anti-CD19-APC and anti-CD3-PE (clone UCHT1; BD Biosciences). The percentage of B
cells (CD19%), T cells (CD3*) and DCs (DC-SIGN™) were analyzed using FlowJo based on
the differential shift of cell populations in the dot plots.

2.4 Treatment of DCs with biomaterials in the 6 or 96-well plate HTP format with
assessment of DC phenotype using Fluorescent Microplate Reader

On day 5 of DC culture, the PLGA or agarose films were prepared as described in Section
2.2,and iDCs (3 ml, 5 x 10 cells/ml) were plated onto each well in the 6-well plate. In the
96-well format, the PLGA films were slightly wetted on one side with endotoxin-free water
and adhered to the wells of the 96-well tissue-culture plate in triplicate, while agarose films
were formed by dispensing 50 ul of agarose solution directly into the wells and solidified.
One hundred microliters of iDCs (5 x 10° cells/ml) was plated onto each well in the 96-well
plate, and secure adherence of the PLGA film was checked by visual inspection. The wells
for the negative control of iDCs remained untreated and those for the positive control of
mDCs were treated with lipopolysaccharide (LPS; E. coli 055:B5; Sigma). The DCs
cultured in a 96-well plate were pre-incubated at room temperature for 30 min to reduce the
edge effect by minimizing thermal gradients in the edge wells [27]. Subsequently, the DCs
were cultured in an incubator at 95% relative humidity and 5% CO» at 37°C for 24 hours.
On day 6, the DCs treated in the 6-well plate were harvested, and 100 pl of the cell
suspension was transferred to wells of a 96-well black filter plate, while the DCs treated in
the 96-well plate were transferred directly to other wells in the same filter plate. The
supernatants were then removed by a vacuum manifold (Millipore, Bedford, MA) with
vacuum pressure pre-adjusted to 2—4 inHg. To each well, 100 ul of cold working fixation
solution (0.03 % paraformaldehyde) was added, and the plate was incubated for at least 30
min at room temperature on a microplate shaker at 600 rpm (VWR, West Chester, PA),
followed by the removal of the fixative by the vacuum manifold. Subsequently, 100 pl of
staining solution containing 1.5 ug/ml anti-CD86-PE and 1.5 ug/ml anti-DC-SIGN-FITC
(monoclonal antibodies as used for flow cytometry) in cell staining buffer was added into
each well containing sample to be stained. 1gG1-PE (clone MOPC31C) (Ancell) and 1gG,g-
FITC (clone 133303) (R&D Systems) isotype-stained DCs were used for background
fluorescence subtraction in separate treatment or control wells. The plates were washed three
times with 200, 250, and 300 pl/well of cell staining buffer. Again, the vacuum manifold
was used for each supernatant removal. The relative fluorescence units (RFUs) were
measured with a Tecan Infinite F500 microplate reader (Tecan US, Durham, NC) using
excitation filters of 535/25 and 485/20, and emission filters of 590/20 and 535/25, for PE
and FITC, respectively. Because no difference in the RFUs from the isotype controls among
iDCs, mDCs, PLGA-treated, and agarose-treated DCs was observed, only the isotype
control of iDCs was used for the subtraction from the raw data to eliminate the background
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fluorescence. The ratio of background-subtracted CD86-PE to background-subtracted DC-
SIGN-FITC from each well was determined, and the average ratio (“maturation factor’) was
calculated from the triplicate.

2.5. Assessment of Biomaterial-induced Cytotoxicity

Cytotoxicity associated with biomaterial treatment was assessed by measuring the release of
cytosolic enzyme glucose-6-phosphate dehydrogenase (G6PD) into the media from cells
cultured in the presence or absence of biomaterials. G6PD is released from damaged or dead
cells, and its presence was measured using the Vybrant Cytotoxicity Assay (Molecular
Probes, Eugene, OR). The supernatants were easily collected from cells cultured with or
without biomaterials of PLGA or agarose films or from controls from a 96-well plate filter
plate into a 96-well collection plate by stacking the filter plate on top of the collection plate
and centrifuging at 250 x g for 2 min. Fifty microliters of the supernatants were assayed
immediately according to the manufacturer’s protocol, because freeze-thawing the
supernatants decreased the enzymatic activity substantially. The medium from cells lysed
with 0.5% Triton X served as a positive control. The fluorescence readings were taken after
30 min incubation at 37°C with excitation and emission filters 535/25 and 590/20,
respectively. This experiment was repeated 3 times.

2.6. Statistical analysis

Two-sided pairwise student t-test was used to compare the sample group to the appropriate
control group. To observe any significant differences between all sample groups in pairs,
pairwise general linear model of the two-way ANOVA with a mixed model and repeated
measure followed by Tukey post test was used. For all statistical methods, the Minitab
software (Version 14, State College, PA) was used. If otherwise indicated, the p-value equal
to or less than 0.05 was considered significant.

3. Results

3.1. DC-SIGN was a suitable marker for the definition of 'maturation factor‘, which
represents the degree of DC maturation

Biomaterials could not be cast onto the filter plates because the filter membranes would be
clogged. For this reason, the cell samples cultured on biomaterials in a regular 96-well
tissue-culture plate were required to be transferred to a 96-well black filter plate for staining
and analysis. Hence, the cell numbers in the wells in the filter plate may vary significantly
and a cell number normalization method was required to account for the variations in cell
number. Cell number normalization by total DNA or a DC-specific surface marker was
investigated. CD86, a costimulatory molecule, was used as the maturation marker because of
its high expression level and its large fold change upon DC maturation, including upon
biomaterial treatment [21, 22].

The conventional method was used to derive iDCs and mDCs, and the DC culture was
previously determined to primarily consist of DCs and lymphocytes by day 5 and day 6 [28],
and = 90% of the lymphocytes were found to be CD19* B cells based on dual antibody
staining for CD3* T cells and CD19" B cells. The same culture system was used in this
study. It was determined that the DC:B-cell ratios and B cell percentages changed
significantly between iDCs and mDCs, and the B cell content varied significantly among
different donors (Figure 2). Such variations could introduce substantial noise in the analysis
of the DC maturation results. To eliminate the variability in the cell population ratios (and
remove B cells) in the culture system, DCs were purified by removing CD19* B cells
(negative selection) and then positively selecting CD1c* using magnetic beads. However,
the purified DCs were significantly less responsive to the LPS treatment than the unpurified
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population (Figure 3); hence purified DCs could not be used for treatment with biomaterials.
B cells were necessary in the culture system to achieve full responsiveness of DCs, possibly
due to the profile of cytokines and natural antibodies produced by B cells even in the
absence of support from T cells in the culture system [29-31]. A potential issue with B cell
presence in the culture system is that they can also express the maturation marker, CD86
[32]. However, it was determined that the B cells in this culture system expressed very low
CD86 compared to the DCs. Although approximately 9.4% and 7.3% of B cells were CD86™"
in the iDC culture and mDC culture, respectively, the contribution of CD86 from B cells
was less than 5% of the CD86 that is expressed on iDCs and less than 2% on mDCs (Figure
4). Furthermore, no DNA stain was found to be compatible with the filter plate assay,
primarily due to their broad excitation and emission spectra and the strong background
fluorescence generated by the possible binding of the stain to the filter membrane.
Consequently, the strategy of data normalization by total DNA was not further pursued.

CD1c was initially considered as a normalization factor because some studies reported that
CD1c expression only slightly increased during DC maturation [33] and because previously
we observed negligible levels of CD1c expression on B cells in the culture system making it
specific for DCs (data not shown). However, here CD1c expression increased significantly
upon DC maturation (Figure 5). This may offset the increase in CD86 expression, if used as
a normalization factor, which is undesirable. That is, when CD1c increases upon maturation
along with CD86, the ratio of CD86/CD1c may show no difference compared to iDCs. As a
result, CD1c is not suitable as a normalization factor.

As an alternative marker for DC phenotype, C-type lectin DC-SIGN was then examined for
its applicability as a normalization factor in the HTP assay. Consistent with the literature
[13], DC-SIGN expression level was lowered upon DC maturation (Figure 5). Furthermore,
DC-SIGN is only expressed by DCs in the culture system, and the ratio of CD86/DC-SIGN
was DC number-independent in the assay. Therefore, DC-SIGN was used in the definition
of ‘maturation factor’, the ratio of CD86/DC-SIGN, to represent DC maturation.

3.2. Equivalent assessment of biomaterial effects on dendritic cells were observed
validating the filter-plate method

To validate the 96-well filter plate-based method as far as DC treatment with biomaterials in
the 96-well plate format and analysis of levels of CD86 and DC-SIGN expression using the
fluorescent plate reader, a biomaterial study using biomaterials with known effects on DCs
phenotype, namely, PLGA or agarose films, was conducted. The results in Figure 6A
showed that the trend for the fold change of ‘maturation factor’ of the cell samples, whether
treated with biomaterials in a 96-well or a 6-well tissue-culture plate, were similar; hence,
the use of a 96-well format for biomaterial treatment on DCs was appropriate. In addition,
the samples from the 6-well plate were analyzed by the 96-well filter plate format using the
fluorescence plate reader or by the conventional flow cytometric analysis to yield similar
trends, further confirming previous results [20, 21], in which PLGA films induced DC
maturation, but agarose films did not. The flow cytometric analysis of other maturation
markers such as CD40, CD80, CD83, CD86, HLA-DQ, and HLA-DR also confirmed
differential DC maturation in response to different biomaterials treated using the 6-well
format (shown for CD86 in Figure 6B; data for other markers were similar to previously
published results [20]). Collectively, this experiment validated the filter plate approach for
assessing DC phenotype upon biomaterial contact. Furthermore, in such experimental setup,
the signal/background (S/B) and signal/noise (S/N) ratios for FITC ranged from 2.3 to 3.3
and from 52.3 to 71.7, respectively. The corresponding ratios for PE ranged from 3.5to0 8.8
and from 53.2 to 113.8. Because of the large S/N ratios, signals could easily be distinguished
from the background.
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The use of filter plate puts biomaterial-treated DCs in contact with the filter membrane
(another material) and therefore fixation of DCs is required to prevent any DC maturation
effects due to the filter membrane. Therefore, one issue was whether the level of surface
molecule expression detected would be equivalent on the DCs with and without prior
fixation. Another issue was whether paraformaldehyde fixation in the filter plate would
cause undesired cell bonding to the filter membrane, thereby affecting subsequent surface
marker staining. To address the first issue, it was demonstrated that the levels of CD86, DC-
SIGN, and CD1c expression detected by flow cytometry were equivalent for DCs with and
without fixation in an Eppendorf tube prior to staining with the monoclonal antibodies
(results not shown). Furthermore, to address the second issue, equivalent levels of these
markers were determined by flow cytometry for DCs fixed and stained in filter plate as
compared to DCs stained in Eppendorf tubes without fixation (data not shown).

3.3. Biomaterial-induced cytotoxicity

After 24 hr of treatment with biomaterials, cell supernatants were collected and assayed for
the release of G6PD into the medium. DCs treatment with PLGA films was found to induce
higher levels of released G6PD into the media as compared to iDC (Figure 7). This result is
consistent with previous result in which DCs treated with PLGA induced higher annexin V
staining than iDC but not mDC or agarose films (J. Park and J E. Babensee, unpublished
observation). As expected, the lysed iDC and mDC samples induced very high G6PD
release, and the fluorescence signal was saturated (Figure 7).

4. Discussion

A 96-well filter plate-based HTP methodology has been optimized and validated for the
assessment of DC responses to biomaterials. In this methodology, after treatment with
biomaterials, DCs were transferred to a black 96-well filter plate, supernatant collected for
analysis of soluble mediators/indicators of cell viability and remnant cells analyzed for
expression of the ‘maturation factor’, CD86/DC-SIGN, using a fluorescent plate reader.
Using this methodology, DC responses to the biomaterials, PLGA or agarose films, were
consistent with results obtained using conventional flow cytometry analysis. Specifically,
DCs treated with biomaterials in a 96-well or a 6-well tissue-culture plate format yielded
similar trends of maturation; therefore, a 96-well format was appropriate for DC treatment
with biomaterials. In addition, the DC samples from the 6-well plate (conventional method)
were analyzed in a 96-well filter plate format using the fluorescence plate reader or by the
standard flow cytometric analysis and yielded similar trends, further confirming previous
results, in which PLGA films induced DC maturation but agarose films did not. Analysis of
biomaterial-induced DC cytotoxicity by measuring release of G6PD into supernatants by
damaged cells showed that PLGA-treated DCs showed higher annexin V staining than iDCs
consistent with independent experiments (J. Park and J.E. Babensee, unpublished
observations). Since unstained PLGA-treated DCs showed similar autofluorescence as iDCs,
the observed PLGA-induced maturation and the resulting higher fluorescence signal were
not due to the autofluorescence from apoptotic DCs or associated apoptotic bodies. DC
culture media supernatants can also be stored for cytokine profiling experiments using
Multiplex technology.

The HTP methodology developed herein offers several benefits for analyzing non-adherent
or loosely-adherent DC responses to biomaterials as compared to other approaches.
Although flow cytometry is a powerful analytical tool, both sample preparation and data
analysis are time-consuming, especially when a large number of samples are analyzed.
Automated sample loaders for 96-well plate or tubes for flow cytometry are available
commercially (e.g. Guava Technologies) to address this issue, but these systems are usually
very expensive, poorly accessible to most laboratories, and have long sampling times
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(approximately 1.5 to 2 hours for automated sampling a 96-well plate) for a large number of
samples. The latter characteristic is prohibitive for living cells (particularly responsive
leukocytes). Although high-throughput biomaterial arrays exist for cell studies such as the
nanoliter-scale biomaterial combinatorial arrays developed by Anderson et al. [34, 35], these
arrays are only applicable for adherent cell types and the cellular response to biomaterial
differences was measured by immuno-detection or ELISA-based methods which was
possible because the cells were localized to a ‘spot’. For DCs used herein, a filter plate-
based method was necessary instead of a traditional cell-based ELISA due to the loosely-
adherent or non-adherent nature of the cells, which would result in expected cell loss during
washing steps using centrifugation and aspiration in a regular microplate during the ELISA
analysis. Furthermore, supernatant collection from a regular microplate is time-consuming
and inaccurate due to the aspiration of supernatant from individual well with a pipette, while
supernatants from all the samples in a filter plate can be simultaneously collected into a
collection plate without any cells being collected. An efficient means of defining biomaterial
‘hits’ in a combinatorial library of test polymers can be defined herein for this HTP
methodology as a significant (p<0.05) increase or decrease in the value of the ‘maturation
factor’ as compared to iDCs. Furthermore, the S/N and S/B ratios were sufficient for the
analysis.

There were however complexities in the development of this HTP methodology for the
analysis of DC responses to biomaterials which required attention. The first complexity was
the non-homogeneous cellular population i.e. presence of B cells. As such, total DNA could
not be used to normalize the fluorescent signal which was further justified by the vastly
varied DC:B-cell ratios in the culture and the lack of a compatible DNA stain. To consider
whether DC responses to biomaterials could be assessed using purified DCs (no B cells)
which would clearly make analysis easier, resident B cells in the culture were removed using
positive selection and subsequent negative selection of DCs by magnetic sorting. However,
the purification of DCs significantly decreased their responsiveness to LPS, which may be
explained by the important role of B cells in modulating DC maturation and function,
possibly due to the release of cytokines or natural antibodies from B cells (even in the
absence of T cells) in the culture system [30]. Although the results herein appear to be
contrary to some reports that purified DCs respond well to LPS, it is important to note that
the response of purified DCs may be highly dependent on the purification protocol. For
example, Jefford et al. reported that DCs differentiated from purified CD14" monocytes or
from CD1c* peripheral blood DCs responded very differently to maturation stimuli [36].
Therefore, the DC types and culture methods should be considered for particular clinical
applications. DCs differentiated from purified CD14* monocytes or from CD1c* peripheral
blood DCs, or from CD34" cells from cord blood [37], are the most commonly employed
purified DC types. Herein, iDCs were purified (removal of resident B cells) on day 5 of
culture after iDCs differentiation had been fully completed. Purifying iDCs at this later
stage, rather than performing the purification step at the beginning of the culture for
precursor cells, may render the purified iDCs less responsive to maturation stimuli. The DC
culture system in this study represents one of the most widely used and well-characterized
DC culture systems [28], and without the DC purification step, less stress is exerted on the
sensitive DCs.

The second complexity was that given that the presence of B cells in the DC culture can be
beneficial for DC function (as presented below) their contribution to the measured CD86
level needed to be minimal to none (as compared to the DCs). B cells were found to release
cytokine(s) (e.g. IL-16) and natural antibodies (e.g. CD40-reactive natural antibody) (in the
absence of T cells) that aid in monocyte-derived DC migration, differentiation, and
maturation [29, 31], indicating that B cells can support DC function without T cell
activation. Furthermore, the presence of B cells in the culture system may better represent
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the physiological multicellular host response to biomaterials in vivo and presumably
provides insight into how DCs specifically respond to biomaterials. For the DC culture
system used herein, macrophages were not present even though their cultures start with a
common monacytic precursor [28], due to the presence of the cytokine IL-4, which induces
DC differentiation but inhibits macrophage differentiation [38]. Thus, there would be no
contribution from macrophages to the CD86 expression level in this study. Of note, the B
cells in our culture system expressed only less than 5% of the CD86 that is expressed on
iDCs and less than 2% on mDCs. Thus, the B cells in the culture negligibly contributed to
the CD86 fluorescence signal. In addition, previous research indicated that DCs are much
more potent in stimulating T cells compared with B cells [39]. Therefore, the presence of B
cells is not expected to confound the analysis of DC maturation in this assay. Results
presented here indicated that although 9.4% and 7.3% B cells were CD86™ in the iDC and
mDC culture, respectively, B cells expressed minimal level of CD86 as compared to DCs. In
addition, the expression of CD86 on B cells in the iDC and mDC culture was not different.
On the contrary, blood peripheral B cells have been widely reported to express CD86 at low
level (7% CD86™ of total B cells) in the resting population and at high level (30.3% CD86"
of total B cells) in the activated population [32]. In addition, B cells have also been reported
to upregulate their CD86 expression in response to LPS stimulation [40]. Human B cells are
often isolated by FACS cell sorting or magnetic isolation, and then cultured in complete
medium as used for DCs in the study herein but without the cytokines IL-4 and GM-CSF
[29]. As such, although IL-4 induces CD86 expression on tonsillar B cells [41], presumably
the presence of GM-CSF results in the low CD86 expression on B lymphocytes and their
unresponsiveness to LPS in the DC culture system herein. However, side-by-side
comparison of CD86 expression by DCs and B cells has not been reported in the literature.

Given that total DNA was not a suitable normalization factor for CD86 expression the third
complexity was identifying a suitable normalization marker. Of the possible choices, CD1c
functions to initiate adaptive immune responses against self or microbial lipid antigens [42—
44] and is a characteristic of human DC populations [45]. In addition to DC populations,
CDlc has been reported to be expressed on subsets of B cells [45]. Nonetheless, results here
showed only a negligible level of expression of CD1c on B cells as compared to DCs (data
not shown). Furthermore, some studies reported that CD1c expression only slightly
increased during DC maturation [33] and therefore was initially considered as a
normalization factor. However, our results showed that CD1c expression increased
significantly upon DC maturation (Figure 5), which may offset the increase in CD86
expression. Therefore, CD1c is not suitable as a normalization factor.

Another possible normalization factor considered was the DC-specific cell surface molecule,
C-type lectin DC-SIGN. DC-SIGN is a DC-specific adhesion and endocytic receptor [46]
that is highly expressed on immature human monocyte-derived DCs [13, 47]. Ideally, an
invariant DC marker that is DC-specific and does not change upon DC maturation would be
preferred as a normalization factor. However, since no such marker was found, we defined
the parameter ‘maturation factor.” Our rationale of using DC-SIGN were the following: 1)
DC-SIGN is expressed on only the monocyte-derived DCs used in our system; therefore, the
fluorescent signal measured is specific to the DCs in our culture; 2) The nature that DC-
SIGN down-regulates upon DC maturation [13] causes the ratio of CD86/DC-SIGN to
further increase, which may in fact give rise to a more sensitive assay for the assessment of
DC maturation; 3) If a biomaterial changes DC-SIGN expression significantly while keeping
CD86 expression unaltered, such material also becomes a ‘hit’ (a false positive in the
context of CD86 expression) and may be further studied due to the importance of DC-SIGN
in immunity. Thus, DC-SIGN serves as an additional marker for DC response to stimuli and
was selected for defining the DC number-independent parameter — ‘maturation factor’,
CD86/DC-SIGN.
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To our knowledge, this is the first report describing a microliter plate-based HTP analysis of
DC maturation which takes into account the non-adherent nature of these cells, the inherent
heterogeneity of this culture, and the sensitivity of these cells. Table 1 compares the HTP
filter plate and the flow cytometric methods. The HTP 96-well plate format is superior to the
6-well format because it offers a number of advantages: 1) it provides much higher
throughput in the assessment of DC response to biomaterials within the same experimental
time frame; 2) this format allows for the simple collection of cell culture supernatants from
the DC samples and their storage for multiple cytokine profiling using Multiplex
technology; 3) the HTP assay significantly reduces the quantity of biomaterial samples and
the time for sample preparation and measurement; 4) data acquisition requires a microplate
reader, which is much less expensive and easier to maintain than a flow cytometer.
However, the HTP assay also has a few obvious disadvantages: 1) it only provides an
average maturation signal from the well but not a distribution or histogram of the cells (more
precisely, the events) provided by flow cytometry, so it is impossible to deduce the
population or percentage of DCs that are actually affected by the presence of the
biomaterials; 2) the HTP assay requires highly expressed and movable markers, while flow
cytometer can measure markers of much lower expression level. Despite these
disadvantages, the value of the HTP assay lies in its ability to allow for the screening of a
large number of biomaterials in a combinatorial biomaterial array. The biomaterial ‘hits’ can
be selected and their effects on DCs can then be further probed using conventional assays
such as flow cytometry, mixed lymphocyte reactions, endocytosis assay, cytokine profiling,
which have been used and continue to be used to analyze DC responses to biomaterials [21,
48].

The discovery of compounds for new drugs has been dramatically changed with the advent
of combinatory chemistry [49]. Similarly, combinatorial arrays of well-controlled and
characterized biomaterials are expected to enable the discovery of biomaterials that alter cell
behavior. A number of studies have used combinatorial libraries to study cellular response to
biomaterial properties. For example, Anderson et al. developed an impressive nanoliter-scale
synthesis of biomaterial combinatorial array of different compositions and observed distinct
differentiation of human embryonic stem cells (hESCs) on those materials [34, 35].
Meredith et al. created a system with continual changes of topography on glass slide using
blends of poly(D,L-lactide) (PDLA) and poly(e -caprolactone) (PCL) and identified
preferred microstructural feature sizes for the attachment, spreading, and proliferation of
UMR-106 (rat osteoblastic cell line) and MC3T3-E1 (mouse osteoblastic cell line) cells [50,
51]. Mei et al. created surfaces with well-defined biocompatible polymer brush
nanostructures by using varying graft density of poly(2-hydroxyethyl methacrylate)
(PHEMA) and showed decreased fibroblast spreading and attachment with increased
grafting density [52]. Brocchini et al. developed a polyarylate-based combinatorial array and
showed that fibroblast proliferation was more sensitive to chemical structure than contact
angle [53]. However, most of these studies investigated basic cell functions such as adhesion
or proliferation to well-defined combinatorial polymer libraries with the exception that
Anderson’s system investigated biomaterial effects on the differentiation of hESCs.
Furthermore, none of these HTP systems allow for the screening of loosely- or non-adherent
cells. In contrast, the HTP assay developed and validated herein will be used to study the
maturation of a highly sensitive and loosely- and non-adherent cell type, DCs. More
importantly, correlations between DC phenotype and material properties can be drawn from
the HTP assays using well-characterized combinatorial arrays. Such correlations are highly
advantageous due to their potential as a guide for immunomodulatory biomaterial design for
both tissue engineering and vaccine delivery applications. Clearly, thorough characterization
of the members in the combinatorial array is important in the derivation of such correlations.
However, very few good HTP methodologies exist for polymer characterization [54]. As a
result, the number of polymers in a well-characterized combinatorial array may be tens to a
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few hundred, which is well within the capability of the 96-well plate-based methodology
developed and validated in this study. Importantly, the success in such a HTP assay relies
heavily on the sensitivity of the microplate reader. As a final note, the sensitivity of this
methodology may potentially be further improved by using time-resolved fluorescence or
miniaturized to a 384-well format with properly optimized conditions and fluorescent dyes
to accommodate a larger combinatorial biomaterial library.

5. Conclusion

In this study, a 96-well filter plate-based HTP methodology was developed and validated for
the assessment of DC response to biomaterials. This methodology was shown to
reproducibly yield similar results of DC maturation in response to biomaterial treatment as
compared to the conventional flow cytometric method upon DC treatment in 6-well plates.
In addition, the supernatants from each treatment can be easily collected for cytotoxicity
using G6PD-based assay and cytokine profiling using multiplex technology. In other words,
the 96-well filter plate-based methodology can generate three outcomes from one single cell
culture: 1) maturation marker expression, 2) cytotoxicity, and 3) cytokine profile. For future
work, this methodology will serve as a HTP screening platform to study the effects of
combinatorial biomaterial libraries on DC phenotype. The correlations between biomaterial
properties and DC phenotype derived from these studies will provide criteria for biomaterial
scientist to design biomaterials with appropriate immunomodulatory properties for specific
applications.
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Figure 1.

A schematic of the conventional method and the HTP method for analyzing DC response to
biomaterials. For both of the analysis methods, DCs were derived from human peripheral
blood mononuclear cells (PBMCs) using the same procedures until day 5. On day 5, for the
conventional method, DCs were treated with biomaterials in a 6-well plate for 24 hours. The
cells after treatment are then collected and stained, and flow cytometry is performed to
analyze the cell surface marker expression. In contrast, for the HTP method, DCs are treated
with biomaterials in a 96-well plate for 24 hours. On day 6, DCs are transferred to a 96-well
filtration plate, fixed and then stained with anti-CD86-PE and anti-DC-SIGN-FITC
antibodies for 1 hour and washed. The relative fluorescence intensity is subsequently
measured by a Tecan Infinite F500 microplate reader. Simultaneously, the cell culture
supernatants from each well can be aspirated into a collection plate and tested for
cytotoxicity and stored for cytokine profiling using Multiplex technology.
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B-cell percentage in the iDC and mDC cultures by flow cytometric analysis. The B cell
percentages in the DC culture are shown with mean + SEM, n=6 different donors. *: p<0.05
and represents statistical difference between iDCs and mDCs.
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Figure 3.

Dendritic cells purified by magnetic sorting were less responsive to LPS stimulation in
comparison to unpurified counterparts. On day 5 of DC culture, DCs were magnetically
isolated by removing CD19* B cells and then positively selecting CD1c* DCs, treated with
LPS for mDCs or left untreated for iDCs. The geometric mean fluorescence intensity
(gMFI) of these purified DCs was analyzed by flow cytometry for surface marker expression
after 24 hrs and compared to the unpurified counterparts with mean + range, n=2 donors.

Acta Biomater. Author manuscript; available in PMC 2014 March 31.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Kou and Babensee Page 19

F
= 800000.0;

4
[ 10
Q.
© s
0 N
o 600000.0-
=
©
.E
2 400000.0- . .
B o o w0
:E FSC
£ 200000.0-
1]
(o]
(o]
S oo
O O ‘0 ‘0
(9 ¥)
O O
Q9 o
& Q&
& o
& 3¢
‘\O oo
° &

Figure4.

CD86 expression on DCs and lymphocytes in the culture system. The antibody binding
capacity of CD86 on DCs and B cells was measured by comparing the gMFIs of CD86
expression to a standard curve created by beads that bound known numbers of antibodies
using the BD FACSDiva software with mean = SEM, n=6 donors. The inset shows the
gating of DCs and lymphocytes (Lym) based on the forward (FSC) and side scatters (SSC)
of the two distinct cell populations for which CD86 expression levels were determined. *:
p<0.05, lower than mDCs and higher than lymphocytes; #: p<0.05, higher than iDCs and
lymphocytes.
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Figureb5.

Dendritic cell expression of CD1c and DC-SIGN by flow cytometric analysis. The fold
change of gMFI for mDCs was compared to that for iDCs among donors with mean £ SEM,
n=6 donors. #: p<0.05, compared to iDCs and higher than iDCs; +: p<0.05, compared to
iDCs and lower than iDCs.
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Figure6.

Validation of the HTP methodology for assessing DC responses to biomaterials. A)
Treatment/control ratios of ‘maturation factor’ (defined as CD86/DC-SIGN) for DCs treated
with biomaterials or controls in the 6-well format and analyzed by flow cytometry (set of
black bars), in the 6-well format and analyzed by fluorescent plate reader (set of grey bars),
and in the 96-well format and analyzed by fluorescent plate reader (set of white bars). B)
Treatment/control ratios of CD86 expression for DCs treated and analyzed using the
conventional format of 6-well plates and flow cytometry for DCs treated with biomaterials
or controls. Mean + SEM; n=8 (6 donors). *: p<0.05, statistically different from iDCs and
higher than iDCs. Brackets: p<0.05, statistically different between two biomaterial
treatments or between biomaterial treatment and mDCs.
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Figure7.
Effect of PLGA and agarose on DC glucose-6-phosphate dehydrogenase (G6PD) release.
Dendritic cells were cultured with or without biomaterials PLGA or agarose films in a 96-
well format for 24 h. The supernatants were collected into a 96-well plate by centrifugation
at 250 x g for 2 min and then measured for G6PD release using theVybrant Cytotoxicity
Assay at 37°C. The fluorescence was measured at 30 min using a Tecan Infinite 500
microplate reader. Mean £ SEM; n =3. *: p<0.05 higher than all the treatment groups; #:
p<0.05 higher than iDC and mDC.
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The comparison between the conventional flow cytometric method and the filter plate-based HTP method.

Plate format

Fixation step

Equipment

Experimental time

# of materials

Size of biomaterial in well
Data acquisition time

Data

Marker expression level

Flow Cytometry

6-well plate

No generally

Flow cytometer

3 hours (1 hr incubation)
5

9.5 cm?

30 - 60 min

Expression of 6 surface markers with
histograms and dot plots

Very low to high (for markers with any
expression level)

Filter Plate

96-well plate

Yes

Microplate reader

2.5 -3 hours (1.5 hr incubation) for 3 plates
Up to 279 (or 135 if duplicate) in 3 plates
0.32 cm?

30 — 60 second per plate, 2 fluorophores

A ratio from the average expression of a limited set of surface
markers

Relatively high and movable (appropriate for markers with high
expression level and huge fold change upon response)
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