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Abstract

Carbohydrates and glycoconjugates have been shown to exert pro-inflammatory effects on the
dendritic cell (DC), supporting pathogen-induced innate immunity and antigen processing, as well
as immunosuppressive effects in the tolerance to self-proteins. Additionally, the innate
inflammatory response to implanted biomaterials has been hypothesized to be mediated by
inflammatory cells interacting with adsorbed proteins, many of which are glycosylated. However,
the molecular factors relevant for surface displayed glycoconjugate modulation of DC phenotype
are unknown. Thus, in this study, a model system was developed to establish the role of glycan
composition, density, and carrier cationization state on DC response. Thiol modified glycans were
covalently bound to a model protein carrier, maleimide functionalized bovine serum albumin
(BSA), and the number of glycans per BSA modulated. Additionally, the carrier isoelectric point
was scaled from a pl of ~4.0 to ~10.0 using ethylenediamine (EDA). The DC response to the
neoglycoconjugates adsorbed to wells of a 384 well plate was determined via a high throughput
assay. The underlying trends in DC phenotype in relation to conjugate properties were elucidated
via multivariate general linear models. It was found that glycoconjugates with more than 20
glycans per carrier had the greatest impact on the pro-inflammatory response from DCs, followed
by conjugates having an isoelectric point above 9.5. Surfaces displaying terminal a1-2 linked
mannose structures were able to increase the inflammatory DC response to a greater extent than
did any other terminal glycan structure. The results herein can be applied to inform the design of
the next generation of combination products and biomaterials for use in future vaccines and
implanted materials.

Introduction

Dendritic cells play a critical role in the adaptive immune response and have been shown to
promote tolerance, limit sepsis, and maintain immune cell homeostatsis.[1,2] Dendritic cells
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have a variety of pattern recognition receptors (PRRs) that recognize and respond to a
plethora of inter- and extra-cellular ligands. C-type lectin receptors (CLRs) are a class of
PRRs that are known to bind to carbohydrates. Ligation of CLRs on DCs has shown
immense potential for engineering of immune response and controlled immune cell
phenotype modulation. Ligation of CLRs has been shown to be key to the regulation of
pathogen-induced innate immunity, antigen processing for adaptive immune responses,
immune system evasion by pathogens and tumors, and in recognition of self-proteins.[3-7]
However, to modulate DC phenotype with CLRs, a more mechanistic understanding of how
specific glycan structures and molecular environments affect DC phenotype is needed.

The molecular factors that influence the DC response to surface adsorbed glycoconjugates
are unknown. However, charge, via the addition of protamine[8] (small, arginine-rich,
nuclear proteins that are highly positive) or poly L-lysine (PLL) has been found to enhance
the immunogenicity. Enhanced immunogenicity has been found for a variety of vaccines and
therapies including: potent anti-tumor vaccines,[9] non-viral transduction of cells,[10]
enhanced siRNA delivery,[11] allergy vaccines[12], etc.[13-15] Furthermore, several
cationic glycan carriers have shown increased phagocytosis and DC internalization over that
of non-cationic glycoconjugates.[16] Additionally, increased glycan density has been shown
to be correlated to increased phagocytosis of glycan coated microparticles.[17-19] Also,
Wattendorf et al. [20] found that the efficiency of phagocytosis by DCs increased with
increasing amounts of mannose exposed from microspheres’ surface.[18] Enchanced
phagocytosis with increased glycan density also agreed with findings from other groups who
used mannosylated emulsions[17] or liposomes.[19] Sugar structure has also been shown, to
cause differential binding specificity for CLRs.[21-26] Several labs have also shown the
high specificity of lectins by taking recombinant forms of the receptors and incubating them
with glycan structures of interest or with glycan microarrays.[23-25,27-29]

Therefore, the above molecular parameters’ (charge, glycan density, and glycan structure)
were modulated for glycoconjugate presentation from well surfaces. A high throughput
(HTP) assay was then used to assess the effect of the neoglycoconjugates on DC phenotype.
A HTP assay was used in lieu of traditional cellular analysis techniques (flow cytometry,
mixed lymphocyte reaction, etc.) due to the relatively large amounts of pure glycan needed
for such techniques. Complex glycan structures are extremely precious. Thus, the greatest
limiting factor to obtaining most immunologically relevant cellular readouts from
glycoconjugates other than simple live/dead or adhesion/phagocytosis assays is the
availability of these structures in sufficient quantities. New strategies in both synthetic
carbohydrate chemistry and biological isolation have improved the speed and quantity of
pure glycan able to be obtained; however, these methods still require current cell analysis
techniques to be scaled down to volumes typical of high throughput (HTP) assays.[21,30—
33]

Materials and Methods

Carrier Functionalization and Purification

Thiol-OEG2 functionalized glycans (Sussex Research) or OEG3-SH (A kind gift from Dr.
Daniel Ratner, University of Washington) were reduced in TCEP reducing gel (Pierce) in
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sealed spin cups (Pierce) for one hour in degassed buffer 1 (0.1M EDTA, 0.15M NacCl,
0.1M NaH2PO4) at room temperature (RT) while shaking at 600RPM. Glycans were then
spun down at 100 RCF and the resultant effluent was immediately added to 1mg/ml
Maleimide functionalized BSA (Pierce) in the indicated molar ratio as compared to the
maleimide functionalized carrier (0:1, 1:1, 25:1 or 100:1 sugar: carrier ratio). A glycan to
protein molar conjugation ratio of 500:1 was used in preliminary studies but no increase in
glycan functionalization was seen, thus for these studies, 100:1 was used as the highest
molar ratio. Argon gas was passed over the solution and the tubes were sealed with paraffin
and allowed to react for 16 hours at RT. After conjugation the glycoconjugates were purified
using purification protocol 1:10K Membrane Centrifugal Filter Unit (Millipore) using 9
rounds of 1:10 buffer exchanges against distilled, endotoxin free, water. An identical
procedure was followed for the GIcNAc, Man3-Br, Man3-A2, Man4-A2, Man5-Br, and
Man5-A conjugates except that only a molar ratio of 100:1 glycan:BSA was used. All
glycan thiols were provided by Dr. Daniel Ratner, or produced as discussed below and
thiolated via Traut’s reagent (Pierce). Conjugates with permanently opened rings were
created from these purified glycans via periodate oxidation and sodium borohydride
reduction via a standard protocol.[34]

Cationization of Carrier

Three solutions of ethylenediamine (EDA) (0.1, 0.3, or 1.8M) were prepared and pH
adjusted to pH 4.5 using 2M NaOH and ultrapure endotoxin free water. Additionally, a
200mg/ml 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC or EDAC;
Pierce) was prepared using ultrapure endotoxin free water. Using a stock 1mg/ml
glycoprotein solution a 1:1 volume ratio of EDA was added to the glycoprotein making the
final concentration of EDA 0.05, 0.15, or 0.9M. 0.9M EDA was used in all cases where
excess EDA is specified. To these solutions EDC was added to a 7.5mM concentration. The
resultant solution was allowed to react for two hours at RT while being shaken at 900RPM.
After conjugation the glycoconjugates were purified using purification protocol 1. Figure 1
shows an overview of the process of creating each of the conjugates and gives a list of all 40
conjugates created.

Isolation and Functionalization of Man5-Br

Isolation, functionalization, and quantification of Man5-br was performed via an established
method.[21] Briefly, Man5-Br was isolated from ribonuclease B (RNase B) via digestion of
RNase B with Pronase. The digested protein then had its N-linked glycans removed by
Peptide N-Glycolsidase F (PNGase F). The free reduced glycans were then functionalized
with a fluorescent linker, 2-Amino-N-(2-amino-ethyl)-benzamide, (AEAB; A gift from Dr.
Richard Cummings, Emory University). The resultant fluorescently modified glycans were
then purified via vacuum centrifugation. Finally, the pellet was then dissolved in 1ml of
water and glycan fractions were collected using reverse phase HPLC with an excitation of
330 nm and emission at 420 nm.
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Preparation and Assessment of C-Potential, Mass and Endotoxin Content of
Glycoconjugates

Mass spectra of the cationized and non-cationized glycoconjugates were determined using
Matrix Assisted Laser Desorption lonization (MALDI) Mass Spectrometry. The
glycoconjugates were first dissolved in ultrapure, endotoxin free water, and then were
spotted in a 1:1 vol. ratio with diammonium hydrogen citrate (DHC) onto a MALDI plate. A
linear positive detection method was used for the conjugates. Mass profiles were then
exported, plotted and the mean of each mass peak was determined.

To determine the isoelectric point, glycoconjugates were diluted to 500ng/ml in ultrapure
endotoxin free water and then each conjugate was divided between five different cuvettes.
The pH in each cuvette was then adjusted to 3.0, 5.0, 7.0, 9.0, or 11.0 using 1M sterile
NaOH or 1M sterile HCI. Using a Malvern Nano-zetasizer (Malvern, Malvern,
Worcestershire, UK.) in a cleanroom rated at 1SO 6, the {-potential and hydrodynamic
radius of each solution was then determined. The pH vs the {-potential was then plotted and
the subsequent isoelectric point of each conjugate was then determined via interpolation of
the least squares regression to which point the {-potential equaled 0.

The endotoxin contents of the glycoconjugates at a concentration of 100ug/ml (5x the
coating concentration used) were measured using an endotoxin assessment kit and the
manufacturers recommended protocol (QCL-1000 LAL assay, Lonza). The endotoxin
content of all glycoconjugates was determined to be less than 0.2 EU/mL (data not shown).
The FDA limit for endotoxin content is 0.5 EU/mL and thus all conjugates had less than half
the safe amount of endotoxin. Furthermore, all mannose conjugates were below the
detection limit of the assay for endotoxin content. All conjugates tested in this paper were
from a single preparation.

Enzyme Linked Lectin Assay for Adsorbed Glycoconjugates

A 96-well tissue culture polystyrene (TCPS, NUNC) plate was coated with 20ug/ml of the
each glycoconjugate overnight at RT. Next, the plates were washed and blocked for two
hours at 37°C with 5mg/ml biotin free HSA in 0.1M NaHCO3 and 0.1% TWEEN 20. After
blocking the plates were washed 5x with wash solution 1 (1x PBS, 0.01% TWEEN 20,
0.5mg/ml biotin free HSA). Next, a lectin specific for the given sugar 15 ug/ml Narcissus
pseudonarcissus-biotin (NPA-biotin) (EY Labs; specific for a-D-mannose) or 15 pg/ml
Concanavalin A-biotin (ConA-biotin) (Sigma; specific for mannose or glucose) was
incubated with the adsorbed conjugates for two hours at 37°C. The plates were then washed
5 times with the wash solution 1 and 50pl of a streptavidin-HRP (BD Pharmingen) solution
diluted 100x with PBS from stock was added to each well and allowed to incubate in the
well for 2hrs at RT. The plate was then washed 5x more times with wash solution 1 and a
TMB (3,3,5,5’-tetramethylbenzidineperoxide) substrate (BD Pharminogen) was added and
the plates allowed to develop for 10 minutes. Then, a 1:1 volume ratio of 1.0N sulfuric acid
was added to stop the reaction and the absorbance at 450nm was determined, using Tecan
Infinite F500 microplate reader (Tecan Méannedorf, Switzerland).
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Dendritic Cell Culture

Dendritic cells were isolated via a standard protocol.[35] Briefly, human blood was
collected from healthy donors with informed consent and heparinized (333 U/ml blood)
(Abraxis Pharmaceutical Products, Schaumburg, IL), in accordance with protocol H10011 of
the Institutional Review Board at Georgia Institute of Technology. Dendritic cells were
derived from human peripheral blood mononuclear cells (PBMCs). PBMCs were isolated by
differential centrifugation using lymphocyte separation medium (Cellgro MediaTech,
Herndon, VA). After the lysis of residual erythrocytes with RBC lysis buffer (155 mM
NH4CI, 10 mM KHCO3, 0.1 mM EDTA), the PBMCs were washed with D-PBS and then
PBMCs were plated at a concentration of 5x106 cells/ml in DC media [RPMI-640
(Invitrogen), 10% heat inactivated FBS (Cellgro MediaTech) and 100 U/ml of penicillin/
streptomycin (Cellgro MediaTech). After 2 hours of incubation for the selection of adherent
monocytes, the dishes were washed and the remaining adherent monocytes were incubated
with DC media, supplemented with 1000 U/ml GM-CSF and 800 U/ml IL-4 (PeproTech,
Rocky Hill, NJ), for 5 days to induce the differentiation of monocytes into immature DCs
(iDCs).

Exposure of DCs to glycoconjugate adsorbed wells

On day 4 of DC derivation 20ug/ml glycoconjugate solutions were added to wells of a 384-
well tissue culture polystyrene (TCPS) plate in quadruplicate. The solutions were allowed to
incubate in the wells overnight at RT. Next, all the wells were washed with complete DC
medium and blocked for two hours at 37°C with 5mg/ml biotin free HSA in 0.1M N
aHCO3. After blocking the plates were then washed 5x with complete DC media.

On day 5 after isolation, loosely adherent and non-adherent cells containing iDCs were
harvested and resuspended in DC media. These cells were then plated in 40 pl of cell
suspension (3.0x104 DCs) on glycoconjugate adsorbed wells in quadruplicate. The extent of
DC maturation was compared to untreated DCs (iDCs) for the negative reference control
and lipopolysaccharide (LPS) (1 mg/ml; E. coli 055:B5; Sigma)-treated DCs (mDCs),
adsorbed zymosan A (Saccharomyces cerevisiae; Sigma), or Mannan (Saccharomyces
cerevisiae; Sigma) for the positive reference control for the inflammatory maturation factor
(IMF, mDCs). The positive control for the tolerogenic maturation factor (TMF, tDC) is
human IL10 and human IFNa (R & D Systems) treatment of DCs for 24 hours at 3500
units/ml and 35000 units/ml respectively.

High Throughput Evaluation of Dendritic Cell Phenotype to Adsorbed Glycoconjugates

Differentially-treated and reference control DCs were harvested after 24 h for analysis using
an HTP method previously described with modifications. [36] Briefly, DCs were placed in
treatment wells on day 5 after isolation at 7.5x105 cells/ml. After 24 hours all treated DCs
and controls were transferred via multi-channel pipette to a black 384-well filter plate (Pall
Life Sciences), and the supernatants were immediately collected into a 384-well plate
through the filters by stacking the filter plate on top of the 384-well collection plate and
centrifuging at 300 RCF for 4 min. While spinning down the filter plate, wells of the TCPS
plate with glycoconjugates adsorbed to them were incubated with Non-Enzymatic Cell
Disassociation Solution (CDS; Sigma). The CDS treated cells were then lightly pipetted up
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and down and transferred to the black filter plate after its first spin-down. The CDS was
removed by stacking the filter plate on top of a new collection plate and centrifuging at 400
RCF for 4 min. To the retained cells 50 pl of 0.05% formaldehyde solution was added and
the cells were allowed to fix for 40 minutes at room temperature while being shaken at 600
RPM. The formaldehyde solution was then removed via centrifugation at 400 RCF for 4
minutes. The cells retained in the wells were assessed for phenotype by immunostaining
using antibodies anti-CD86-PE (Clone BU63; Ancell), anti-DC-SIGN-FITC (Clone 120507,
R & D Systems), and anti-ILT3-AF647 (Clone ZM4.1, Biolegend). IgG1-PE (clone
MOPC31C; Ancell) and 1gG2B-FITC (clone 133303; R&D Systems) isotype-stained DCs
were measured for background fluorescence subtraction. CD86 is a costimulatory molecule
that is up-regulated upon pro-inflammatory DC maturation,[36] Dendritic Cell-Specific
Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) is an endocytic
receptor that is slightly down-regulated upon pro-inflammatory maturation,[36] and
Immunoglobulin-like transcript 3 (ILT3) is a member of the immunoglobulin superfamily
which signals via the immunoreceptor tyrosine-based inhibitory motifs and is up-regulated
upon anti-inflammatory DC maturation.[37] After 30 minutes of staining the cells were
washed three times with a wash solution of 0.1% BSA and 2mM EDTA in PBS, pH 7.20.
The excitation/emission wavelengths for each fluorophore are 535/590 for PE, 485/535 for
FITC, and 650/668 for AF647. The geometric mean fluorescent intensities (gMFIs) were
then determined using the appropriate wavelengths for excitation and emission using a
Tecan Infinite F500 microplate reader, and the ratio of respective gMFIs were determined as
CD86/DC-SIGN, a cell number independent metric named “inflammatory maturation
factor” (IMF), and ILT3/CD86, a cell number independent metric named “tolerogenic
maturation factor” (TMF) to represent DC phenotypic outcomes. Figure S 1 in the
supplemental shows a schematic of the 384 well plate high-throughput methodology for
assessment of DC phenotype to adsorbed glycoconjugates.

For the studies where EDTA was used to block CLR receptors, cells were treated with either
10mM or 5mM EDTA for one hour at 37°C before exposure to 1 um bead adsorbed
glycoconjugates. Cells were then transferred, with media still containing EDTA, to the wells
with the glycoconjugate coated beads and the subsequent phagocytosis of the 1 um beads
was assessed after 4hrs or DC phenotype assessed via the above HTP methodology after
24hrs. For assessment of phagocytosis, cells were transferred to a filter plate, washed with
PBS, fixed with 1% formaldehyde for 30 minutes, washed again with PBS, and incubated
with 0.1% trypsin for 1 minute. Cells were then washed three times with PBS, and
visualized via a Nikon Ti fluorescent microscope (Nikon, Tokyo).

Cell Viability and Cytotoxicity of Glycoconjugates

Cytotoxicity associated with adsorbed glycoconjugate treatment was assessed via live/dead
staining of the cells using standard methodology.[38] Briefly, cells were treated with
adsorbed glycoconjugates as in the HTP methodology for 24 hours. Cells were transferred to
a 384 well filter plate and supernatants removed as in the HTP methodology. The cells were
then stained with calcein AM and ethidium homodimer-1 for 40 minutes. Cells were then
washed 3x with PBS and the fluorescent intensity of the cells (excitation/emission 495/530
nm — live and 528/630nm — dead) was determined using the Tecan Infinite F500 microplate
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reader. Additionally, the amount of cell apoptosis was of interest due to possibility that cells
were impermeable to Ethidium homodimer but still in the process of apoptosis. To assess
apoptosis DCs were stained for Annexin V-FITC and the extent of binding to
phosphatidylserine was measured via the HTP format. No treatments showed a significantly
different viability from untreated cells and no treatment showed a statistical change in
Annexin V binding (data not shown).

Statistical Analysis

To observe significant differences between all sample groups in pairs, a pairwise two-way
ANOVA followed by Tukey’s posttest was performed using SAS software (Cary, NC), and
the p-value equal to or less than 0.05 was considered significant. Significance of general
linear statistical model parameters discussed in section 4.2.12 and seen in Equation 1a,
Equation 1b and Equation 2 was determined by T value in reference to referent group
discussed in the Statistical Modeling section below.

Statistical Modeling

An in-depth discussion of the statistical models and data used can be found in the
supplemental materials section. Briefly, general linear models were constructed and IMF or
TMF were modeled as functions of conjugate isoelectric point, ligand attached, density of
ligand, and donor. An in-depth analysis of these variables can be seen in Tables SIA-C and
Tables S2A-B in the supplemental materials section. To determine the level at which
isoelectric point and density became statistically significant both isoelectric point and
density were modeled as categorical variables. The hypotheses tested in these models was
that when controlling for all other measured factors the level of cationization or ligand
density would significantly influence IMF/TMF. The variable donor was included in the
analysis to account for the repeated measures of each donor across conjugates and to help
limit the large inter-donor variability that is seen with primary donors. The reference donor
was chosen at random and because all other factors control for donor in their calculation of
beta, no influence on the calculated coefficients or their significance was seen when
changing between reference donors. Equation 1a (IMF) and Equation 1b (TMF) are shown
below.

IMF=01+02" Isoelectric_ cat+pF5*ligand+B4* density_ cat+0B5* donor  Equation 1a

TMF=01+032" Isoelectric_ cat+05* ligand+0B4" density_ cat+3s" donor Equation 1b

The reference for the model shown in Equation 1a and b was any donor who was treated
with an adsorbed conjugate that had no cationization, no ligand immobilized and thus no
density of ligand. Also, it was found that low density conjugates were linearly related to the
conjugates with no ligand and thus these conjugates were excluded from the model.

Another set of general linear models were constructed to analyze the effects of various
glycan structures on IMF and TMF. In these models optimized conjugates from the previous
model were used and IMF and TMF were modeled as a function of glycan structure, ligand
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density, and donor. The hypothesis tested in these models was that glycan structure would
significantly affect IMF or TMF. Level of cationization was not modeled in these equations
because all conjugates had approximately equal isoelectric points and thus this was an
uninformative variable. Upon modeling it was found that TMF was not significantly
influenced by any glycan structure and thus no model is shown herein for TMF. However,
IMF was significantly affected by glycan structure and thus its model can be seen in
Equation 2. The seven structural motifs assessed in Equation 2 were None, OEG, N-
acetylglucosamine (GlcNAc), Mannose (Man), Glucose (Glc), Terminal Branched Mannose
(Branch), and a1-2 Terminal Mannose (Alpha). Which structures were included in these
groupings can be seen in Table S2B.

The donor variable was included to account for the repeated measures of each donor across
conjugates and to help limit the large inter-donor variability that was seen with primary
donors. Isoelectric point was not included in this model because all conjugates were highly
cationized and thus their isoelectric points only varied between 9.9 and 10.1. It was also
found that OEG conjugates were linearly related to the conjugates with no ligand and thus
these conjugates were excluded from the model.

The reference donor was chosen at random and because all other factors control for donor in
their calculation of beta, no influence on the calculated coefficients or their significance was
seen when changing between reference donors. For Equation 1a, Equation 1b, or Equation 2
the RZ and correlation coefficients between variables were compared to determine how well
the model fits the data. Furthermore, the IMF data has historically been shown to be
approximately normal and the variance of the data remains constant across all samples thus
the linear model used herein is further deemed as a valid analysis method.[36]

IMF=+ 082" structure+03s* density_ cat+34" donor Equation 2

Charge and Density of Glycoconjugates

Increasing the molar ratio of thiolated glycan to BSA resulted in increased glycan density on
glycoconjugates as determined using MALDI mass spectrometry (Figure 2A). Specifically,
mean functionalization levels, presented as average number of glycans/BSA molecule were
26, 9.6 and 2 for molar ratios of glycan to BSA of 100:1, 25:1 and 1:1, respectively. These
levels of glycan functionalization were not affected by type of glycan presented (mannose or
glucose) or the level of catioziation with EDA concentration, as shown in Figure 2A.
Control non-glycan modified BSA conjugates, presenting solely the OEG linker, when
reacted at the same molar ratios used for glycan presentation, had no detectable increase in
mass.

Figure 2B shows that reacting glycoconjugates with higher molarities of EDA resulted in
increased glycoconjugate isoelectric point. Mean cationization levels, as assessed by
isoelectric point determination from conjugate C-potential, were 4.7, 8.3, 9.0, and 10 for 0.0,
00.05, 0.15, and 0.9 molar concentrations of EDA respectively. Glycoconjugate charge was

Biomaterials. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hotaling et al. Page 9

nominally affected by type of ligand presented (OEG, mannose or glucose) or the number of
ligands immobilized per conjugate, as shown in Figure 2B. Also of interest was that each
increase in molarity of EDA caused an ~ 1 unit increase in pl of the glycoconjugate.

Enzyme Linked Lectin Assays of Glycoconjugates

The characterized glycoconjugates from Figure 2 were adsorbed to the wells of a 96 well
TCPS plate and functional binding of lectins to glycan moieties was assessed via ELLA.
Figure 3 shows that the adsorbed conjugates were able to present glycans in a biologically
available display by showing that plant lectin, ConA (Figure 3A—C) and NPA (Figure 3D),
binding increased with increased glycan density on adsorbed glycoconjugates. Additionally,
Figure 3D shows that the presentation of glycan from the adsorbed glycoconjugates was
structure-specific as NPA, a mannose specific lectin, bound mannose conjugates and not
glucose. Figure 3A-C also showed that as cationization level of conjugate increased so did
non-specific lectin binding. Finally, the signal from the non-cationized, low, and medium
cationized glucose conjugates (Figure 3A,C) is significantly lower than that of the same
conjugates when conjugated to mannose (Figure 3B). However, the trend between these
conjugates is similar as can be seen from the subset of Figure 3A shown in Figure 3C.

Dendritic Cell Phenotype in Response to Adsorbed Glycoconjugates

Using the HTP method, DC phenotype was found to be significantly altered by adsorbed,
high density, cationized mannose glycoconjugates. Figure 4A shows that any level of
cationized, high density, mannose glycoconjugate (L-, M-, or H-BSA-Man 100)
significantly increased the pro-inflammatory DC maturation factor, IMF, and that no other
adsorbed glycoconjugate statistically affected DC phenotype. Figure 4B shows no adsorbed
glycoconjugate increased the tolerogenic reporter, TMF, as compared to untreated cells. In
Figure 4A positive controls mDC (LPS treated DCs), adsorbed mannan, and adsorbed j3-
glucan all showed a statistical increase in DC levels of IMF as compared to untreated cells
(iDC). When comparing the general trends in IMF and TMF to glycoconjugate charge and
density in Figure 4A and Figure 4B an inverse trend of material properties to IMF and TMF
appeared to be present. The apparent shift in trends was analyzed with the statistical model
found in Equation 1B and is discussed in more detail below.

Figure 4A also shows that the level of DC IMF for the cationized glucose conjugates was
raised as was the DC IMF for the mannose conjugates and it was desired to show that this
activation was not due to non-specific glycan activation of DCs. Thus, the highly cationized
mannose and glucose glycoconjugates’ glycans were permanently reduced to their open ring
conformation so that the conjugates were chemically identical but were unable to be bound
by lectins. DC phenotype was then assessed to the reduced, adsorbed, conjugates via an
identical method as above and no statistical increase in DC levels of IMF or TMF was seen
from the reduced conjugates, as seen in Figure S2.

Modeling of the DC Response to Adsorbed Glycoconjugates

General linear models were created to determine which molecular factors significantly
affected DC levels of IMF (Equation 1a) or TMF (Equation 1b). Results from Equation 1a
(Table 1) show both glycan density and charge to be significant predictors of IMF; with high
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glycan density having the greatest positive impact on DC levels of IMF ( = 0.38).
Conjugates with a high cationization level had the next largest impact on DC levels of IMF
(B =0.17). The variables medium isoelectric point, medium density also significantly
increased DC levels of IMF. Of note is that low isoelectric point, pl< 7.5, and any ligand had
no significant impact on DC levels of IMF when controlling for all other factors measured.

Equation 1b showed isoelectric point, density of conjugates, and donor all significantly
changed DC levels of TMF. Results from this model, seen in Table 2, show that the highest
density and highest cationization levels caused significant decreases in DC levels of TMF
and that conjugates with an isoelectric point less than 7.5 showed a significant positive
increase in DC levels of TMF. Interestingly, when comparing significance of IMF factors to
those of TMF the inverse trend indicated in Figure 4 was shown to be valid.

The R2 of the models seen in Equation 1a and b was calculated to determine the goodness of
fit and the appropriateness of these models in assessing the data. Equation 1a and Equation
1b had an adjusted R2 of 0.639 and 0.539, respectively. This indicates that approximately
64% (Equation 1a) and 54% (Equation 1b) of the variance seen in the data can be explained
by the model used. These R2 values were considered fairly good for the relatively small
sample size used (13 donors) and high variability of primary donors.

Inhibition of DC Internalization of Glycoconjugates

The contribution of calcium (implicating lectin interaction) in mediating the interaction of
DCs with the glycoconjugates was assessed as shown in Figure 5A-D which shows
micrographs of DCs incubated with H-BSA or with H-BSA-Man100 coated fluorescent
beads in the presence of EDTA (Figure 5B and D, respectively) or without (Figure 5A and
C, respectively). Figure 5A and C show that, without EDTA, DCs internalized many beads
(frequently >10 beads per cell) regardless of type of ligand presented. However,
phagocytosis of beads in the presence of EDTA was attenuated as shown in Figure 5B and D
for H-BSA and with H-BSA-Man100 coated fluorescent beads, respectively. DC
internalization of beads was analyzed via manual counting of beads per cell and averaging
over multiple fields of view. However, for bead treatments where EDTA was not
administered bead internalization per cell was too high to obtain accurate bead counts. For
treatments where 5SmM EDTA was added bead internalization of cells averaged to be
slightly less than 1 bead per cell for both HBSA and HBSA-Man 100 conjugates.

Assessment of DC phenotype to adsorbed HBSA-Mann 100 conjugates in the presence and
absence of EDTA was performed and can be seen in Figure 5D. Only DCs treated with
adsorbed H-BSA-Man100 conjugates without EDTA treatment had a statistically significant
up-regulation of IMF as compared to the value for iDCs.

Dendritic Cell Phentotype in Response to Diverse Sugar Structures

The lack of significance of ligands, comparing between glucose and mannose, in Equations
1a and b was surprising given the known specificity of lectins for different glycan structures.
Given that DCs were responsive to presented mannose, DC response to adsorbed HBSA
conjugates with six different mannose structures (Figure 6A) was assessed via the HTP
methodology. Figure 6B shows that both H-BSA-Man and H-BSA-Man5-A2 increased
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levels of DC IMF to a statically significant extent. Interestingly, an a1-3, a1-6 branched
structural homolog for Man5-A2, Man5-Br, showed no effect on DC levels of IMF.
Furthermore, an a1-3, a1-6 branched trimannose (Man3-Br) also showed no effect on DC
levels of IMF. An additional control sugar (N-acetyl glucosamine) was added for these
experiments to further validate that any non-specific glycan presentation from the adsorbed
highly cationized BSA would not affect DC levels of IMF. Figure 6B also shows that the
positive control, mDC, and the highly cationized BSA-Man conjugate showed a statistical
increase in IMF as compared to the level for iDC. Additionally, H-BSA-GIcNAc, and
controls H-BSA and H-BSA-OEG showed no increase in DC levels of IMF as compared to
that of control iDCs.

Figure 6 showed that two different mannose structures were able to significantly increase
DC levels of IMF. Thus, a model that grouped glycan structures based on terminal glycan
motif was made, using Equation 2, to predict the structural relevance of glycans on DC
expression levels of IMF, indicating maturation. In this model structural variables glucose,
mannose, and alpha all statistically increased DC levels of IMF as shown in Table 3. No
density variable had a statistically significant influence on DC phenotype nor did any a1-3,
al-6 branched mannose structure or N-acetylglucosamine. Of note is that low and medium
density levels of ligand presentation reduced IMF and all ligand classes analyzed increased
DC IMF. Because the results from Figure 4 clearly show that no mannose or glucose
conjugate had a significant effect on DC levels of TMF, only IMF results were assessed. The
R2 of the model shown in Equation 2 was calculated to determine the goodness of fit and the
appropriateness of these models in assessing the data and was found to have an adjusted R2
of 0.622.

Discussion

Figure 4A shows that only the highest density (>20glycan/protein) cationized mannose
conjugates significantly increased the DC IMF levels. The increased inflammatory response
is supported by literature which has shown the importance of cationization[9] and high
glycan density[39] to lectin binding. Figure 4 also shows that uncharged glycoconjugates did
not change DC IMF levels over untreated DCs. Further, when the DC response to charged
and uncharged glycoconjugates was compared a differential DC phenotype was seen;
indicating that BSA does not provide a specific molecular niche that enables glycan
recognition. Models in Equation 1A and B further support these results by showing that both
isoelectric point and glycan density significantly increase DC IMF levels. When the 8
coefficients in Equation 1A were compared both high density and high cationization had the
largest effect on IMF. Additionally, “high” glycan density had twice the magnitude of
impact of “high” isoelectric value on DC IMF. The magnitude of the beta coefficients
indicate that density is the most important factor for consideration when designing
glycoconjugates to increase the pro-inflammatory DC phenotype. Interestingly, the models
in Equation 1a and Equation 1b both indicate that ligand was not a significant factor in
either IMF or TMF. The lack of significance of ligand was surprising given that in the
ANOVA analysis only mannose conjugates showed a significant increase in IMF over
untreated cells. In the models found in Equation 1A and B all levels of cationization and
density for each ligand were pooled together for comparisons. Thus, if interaction between
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glycan and charge or density was necessary for activation this interaction would be lost in
the models in Equation 1A and B. Thus, two-way interaction variables between ligand,
cationization level, and density were introduced to the model (equation not shown) to
overcome ligand pooling limitations. However, due to the limited number of donors tested in
the model, these interaction variables caused the model to not converge and thus could not
be used. Due to this limitation a further glycan structure assessment was performed in Figure
6 to ensure that the assay could differentiate between glycan structures when displayed from
well surfaces and is discussed in more detail below.

An inverse correlation between the beta coefficients found in Equation 1A and beta
coefficients found in Equation 1B was also found when comparing the results of the models.
Inverse beta coefficient signs indicate an inverse DC phenotype correlation derived from
material properties in response to glycan moieties. Inverse correlation between presented
glycan characteristics inducing pro-inflammatory or anti-inflammatory DC responses would
intuitively be expected as they are measuring opposite regions on the DC phenotypic
spectrum. Also, the beta coefficients for all variables in the TMF model were lower in
magnitude from those of the IMF model. The lower magnitude indicates that the variables
assessed play a smaller roll in modification of DC TMF than they do in the IMF. Further, the
low magnitude of the beta coefficients indicates that the most important factors for
modification of DC TMF might not have been assessed in the studies herein. Thus, future
studies should focus on new variables, such as different glycans and linkers, for a more
thorough understanding of how to optimally modify DCs toward a tolerogenic phenotypic
state.

Mannosides were chosen for the study in Figure 6 because they are the most extensively
studied and understood of all ligands for CLRs on DCs with known phenotypic effects.
[23,40-43] Other work has previously shown that man, triman (a1-3 a1-6), or mannan
immobilized on phagocytosable beads had different extents of DC uptake.[20] In this study
it was found that the mannan coated particles had the highest uptake, followed by the single
mannose, with the lowest phagocytosis seen in the triman functionalized particles; which
agrees well with the activation shown in Figure 6 and the results found from Equation 2.

One of the glycan structures used had a base GICNAcB1-f4GIcNAc motif that was modified
with AEAB and a thiol. This structure is distinct from the other glycans which are
homogenous for mannose and have no fluorescent linker (AEAB) attached to them. This
seemingly random sugar was chosen because this glycan structure is a common motif found
in humans to which many other glycan motifs are added.[44] The other glycan structures
tested are not commonly found in healthy humans and are instead found on Entamoeba and
in some forms of lymphoma.[45,46,47] The change in linking chemistry was chosen because
the sugar was isolated from a protein, RNase B, and not made via synthetic carbohydrate
chemistry and thus had to be identified in HPLC for purification and isolation.
Carbohydrates modified in this way have been used frequently in glycan arrays made by the
Consortium for Functional Glycomics, one of the largest providers of carbohydrate
resources to the glycan community, and thus it is seen as unlikely to of caused the difference
in cell response between it and its structural homolog Man-5-A2. In support of this
conclusion, Feinberg et. al.[29] found that any glycan structure with a terminal al-a2 man-
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man linkage showed a higher binding affinity for DC-SIGN than did those structures that
did not. Also, Wattendorf et al.[20] showed that for Man3-Br conjugates presented from a
non-fouling PEG backbone produced no change in CD80, CD86, and MHCII from iDCs
which also agrees with the results herein.

However, an unbiased analysis of glycan structure motifs and DC activation was desired to
determine if the response that was uncovered in this report truly correlated with that found in
the literature. Thus, the model seen in Equation 2 was created. The glycan grouping found in
Equation 2 was selected by running models with all combinations of glycan motifs.
Grouping glycans via terminal linkage of glycan, via a1-3, a1-6 branched or al1-2 mannose,
showed the highest statistical significance for ligands and also produced the greatest R2
value for the model. Furthermore, the resultant glycan groups used in Equation 2 yielded the
most significant grouping of structures. Algorithmically generated grouping was seen as a
strength of the model as the data was used to determine the underlying trends and no bias
was introduced by the researchers.

The al-2 terminal linked mannose structures have been shown to be expressed on the
surface of Entamoeba[45] and in class E Thy-1 negative mutant lymphomas. [46,47] The
Thy-1 negative mutants show an inability to produce dolichol-P-mannose and thus cannot
effectively modify the block transferred N-glycan core structure.[47,48] Thus, it is
hypothesized that since these structures are never found in healthy tissue and only in a
pathogen, Entamoeba, or on lymphomas, that CLRs have evolved to recognize these
structures as danger or pathogen associated molecular patterns (DAMPs or PAMPS) and
become activated by them. Furthermore, that CLRs could recognize these structures was not
surprising considering the affinity studies that were completed by Feinberg et. al., Ratner et.
al. and the Consortium for Functional Glycomics open database.[23,29,49] A complex lectin
specificity for glycans is consistently shown in these studies and high structural specificity is
common among lectins. For example, the Consortium has shown that DC-SIGN is able to
distinguish between two isoforms of Man3, one branched a1-3, a1-6, the other linear a1-3,
al-2, with high prejudice since version 2.1 of its Mammalian Printed Array.

The significance of the structural factors and of density indicates a trend that could be used
in future studies that attempt to model DC interaction with complex carbohydrate structures.
Combining inferences made from the models in both Equation 1a, Equation 1b and Equation
2 it could be theorized that permutating a limited number of terminal glycan structural
motifs across densities could account for the largest impact on DC phenotype. However, this
conclusion is seemingly confounded in Table 3 because in this model density is not a
significant factor. However, all conjugates in Table 3 were conjugated at the 100:1 molar
ratio. Thus, the variance in number of ligands per BSA was much smaller than that found in
the models shown in Equation 1A and B. The lack of variance led to density being a
relatively uninformative variable in this model. However, it was retained in the model so
that future researchers are able to compare their glycoconjugates to those tested here
regardless of density or formulation used.

To help ensure that activation of DCs was occurring through CLRs, DCs were incubated
with the adsorbed high density mannose and glucose conjugates in the presence and absence
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of EDTA. Concentrations of EDTA were chosen based on previous literature values and
because they were known to inhibit CLR binding in DCs without activating DCs.[35,50] All
CLRs are calcium-dependent and thus incubating cells with a calcium chelater, EDTA, has
been shown to impair the function and signaling of a variety of CLRs.[44] A pan CLR
inhibitor rather than a specific antibody was chosen as an inhibitor because of the numerous
receptors capable of binding mannose conjugates on DCs.[51] Additionally, several of these
receptors have no known blocking antibody and others have not had the molecular signaling
pathway through which they signal defined[51] Thus, treating DCs with EDTA was seen as
the best approach for confirmation of CLR interaction with the conjugates. Blocking
antibodies for the best characterized CLRs that bind mannose (DC-SIGN and MMR) were
tried but no significant decrease in bead phagocytosis was found which agrees with several
reports in the literature that show redundant function of CLRs.[52,53]

The HTP assay used herein was derived from an assay developed by Kou et. al.[36] This
assay has shown an excellent correlation between the IMF reporter and a total pro-
inflammatory DC phenotype as validated by multiplex cytokine analysis and extensive flow
cytometry. [36,54,55] Thus, using this assay as a screening technique for large glycan arrays
was seen as an excellent proxy for in-depth cellular analysis, which wasn’t possible due to
limited quantities of pure glycan structures. Using the HTP assay and a common non-
immunogenic[19,58-62] protein carrier for glycans, BSA [56,57], the DC response to
engineered surface adsorbed glycoconjugates was able to be assessed in a manner that has
never been possible before in glycobiology.

Mass spectra of the conjugates showed that glycan moieties scaled in density with increased
molar ratios of glycan. The scaling agrees well with results shown by Oyelaran et al.[39]
However, it was found that OEG conjugates did not appear to scale with increased molar
ratios. The OEG conjugates were created at the same time with identical conditions to those
of the other glycoconjugates. It was therefore concluded that the OEG linker mass was small
enough that the number of functionalizations per BSA were within the experimental error of
the MALDI mass spectra. While no direct evidence of this has been shown in the literature,
the average standard deviation of the mass profile for each of the OEG100 conjugates was
11774 + 6180 Da. With an average standard deviation of over 6kD and a maximum weight
of OEG ligands reaching approximately 3kDa it would be no surprise that the OEG linker
weight could be lost in the noise of the mass profile. Figure S3 in the supplemental shows
two typical sets of MALDI mass profiles for the OEG conjugates.

Figure 3A-C showed a non-specific increase in lectin binding with increased cationization
of adsorbed glycoconjugate. This was unexpected but the natural isoelectric point of ConA
is approximately 5.0 and thus its negative zeta potential at neutral pH could lead it to non-
specifically bind more strongly to the cationized conjugates. Enhanced association with the
adsorbed protein would allow for longer and more intimate association of the lectins with
the presented glycans. Longer and stronger lectin association has been hypothesized to lead
to more multivalent interaction with the lectins and thus higher overall binding of the lectins
to the cationized conjugates.[63]
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This study assessed the DC response to a diverse array of synthetic glycoproteins with the
goal of obtaining a more fundamental understanding of DC response to glycoconjugates.
However, these conjugates were not explicitly defined as there was inherent variability in
their formulation, adsorption, and charge. Even within a single batch of glycoproteins
MALDI showed a range of sugar modifications to protein carriers. This heterogeneity leads
to higher variability in results and difficulty in recapitulation of interesting findings because
formulations cannot be exactly repeated even under identical reaction conditions.
Furthermore, direct comparisons between one conjugate or formulation to another are not
strictly possible due to this variability. Thus, modeling the data allowed for decoupling of
this variability and assured that the data and inferences elucidated from these studies could
be applied to other similar systems. Additionally, modeling has the advantage of being able
to control for factors such as density when comparing charge states even if the conjugates
did not have identical densities. This allowed for assessment of magnitude of importance of
a factor or association between variables which is valuable when trying to identify optimum
combinations of factors for the design of future biomaterials. Most importantly, the results
from this modeling can be used to predict the most influential factors for design of adsorbed
glycoconjugates for response from DCs. Molecular factors of glycan presentation to DCs
was modeled in such a way as to remove batch or sample variability from the underlying
factors of importance which is important for future studies comparing results to these
models.

While this study uncovers a mechanism for alteration of DC phenotype with adsorbed
glycoconjugates an understanding of the underlying mechanism for why this is occurring
was not explored. The study completed here indicates that for adsorbed glycoconjugates
highly cationized, high density mannose conjugates are able to induce a pro-inflammatory
phenotype in DCs. However, why this is occurring, what specific receptors are being used,
and what downstream cytokine and chemokine effectors are being produced after interaction
with these adsorbed glycoconjugates needs to be elucidated. An understanding of the
signaling pathways, molecular intermediaries, and downstream effectors would allow for a
greater mechanistic understanding of what was uncovered in this report. This work is
ongoing and the results from these studies will provide more opportunities for engineered
ligands to influence DC phenotype.

Conclusions

Using multivariate statistical modeling, a method for the alteration of DC phenotype with
adsorbed glycoconjugates was identified—providing fundamental insights into the DC
interaction with surface presented glycoconjugates. This study successfully quantified the
relative effect of density and cationization of adsorbed glycoconjugates on the pro-
inflammatory DC response, and demonstrated that factors for promotion of IMF were
inversely correlated to factors that promoted TMF. This represents the a statistical validation
of this effect. The DC pro-inflammatory response to oligomannose structures presented from
adsorbed conjugates was established to be enhanced for Man5-A2 but not its structural
homolog Man5-Br. When these structures were grouped in a model by terminal glycan motif
it was found that terminal structural motifs played a significant role in the prediction of DC
IMF. This study also determined that terminal glycan structural motifs have been found to
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correlate to DC phenotype in response to adsorbed glycoconjugates across a variety of
glycan structures. Finally, this study established that general linear modeling of DC
interaction with adsorbed glycoconjugates produced highly predictive models, R2 = 0.59 for
all models, for a study using primary human donors with relatively small sample sizes
(N<20). This report provides a framework for the analysis of data related to the differential
biological response to glycosylated species. The results show the potential of multivariate
linear modeling in determining the relative significance of other molecular factors (linker
charge, length, and flexibility, polymeric carriers, etc.) that could be relevant to phenotype
modulation of DCs via CLRs. These results serve as the first step toward harnessing glycans
and glycoconjugates for non-phagocytosable immunomodulatory biomaterials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Process and characterization methodology that was used to create the 40 conjugates tested in
Figure 4.
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Figure 2.
Mass and isoelectric point of all conjugates. All conjugates from Figure 1 were

characterized for their mass and average number of ligands per BSA (A) and for their mean
isoelectric point (B). The average mass of each conjugate discussed in Figure 1 was
determined via MALDI mass spectrometry. The arithmetic mean of the mass peak profile
was calculated and plotted in (A). The table under (A) shows the average number of ligands
per BSA across each level of cationization. The isoelectric point was calculated for each
conjugate from the conjugate’s (-potential versus pH plot and can be seen in (B). The
average isoelectric point at each ligand density can also be seen in the table below (B).
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Figure 3.

ELLA using plant lectins on the adsorbed glycoconjugates from Figure 1 in a 384 well plate.
Binding of the lectin ConA to adsorbed glucose glycoconjugates (A) and to adsorbed
mannose glycoconjugates (B) can be seen. The subset of (A) shows a consistent trend with
what would be expected. Also, sugar linkage to carriers shows lectin binding specificity as
shown by (D) which shows that NPA (mannose specific) binds to the mannose
glycoconjugates with a much high affinity than it does to glucose glycoconjugates. n=3 for
A and B, n=5 for D. Error bars represent SE. Conjugate absorbance normalized by treatment
with highest absorbance.
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Dendritic cell IMF and TMF levels in response to glycoconjugate adsorbed well surfaces.
All positive controls were statistically different from iDC and L-, M-, and H-BSAMan100
conjugates showed a statistically increased fold change in IMF (A). No treatment showed a
statistically increased TMF level as compared to iDCs (B). The positive control, tDC, did
show an increased level of TMF as compared to iDC (B). Error Bars Represent £SE, * =
P<0.05 from iDC, n=13 donors, red line indicates mean iDC response.
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Figure 5.
DC response to H-BSA-Man100 conjugates adsorbed onto 1.0um fluorescent polystyrene

beads and subsequent IMF in the presence of 10mM or 5mM EDTA. DCs phagocytized H-
BSA and H-BSA-Man100 coated beads to a much greater extent than they did H-BSA-
Man100 coated beads in the presence of 5mM EDTA (A-D). No fold change in IMF was
seen between iDCs and the EDTA treated cells. The unblocked HBSA-Man100 conjugate
showed a statistical increase in IMF (D). n=4 donors. Error bars represent standard error, red
line indicates mean iDC response, * indicates statistical difference from iDC.
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Figure 6.
Assessment of DC phenotype in response to poly-mannose structures. The structures tested

can be seen in (A). Here R and R* represent the linker used for the glycan. R=
(CH,CH,0)3SH and R*= AEAB-NH,C(CH5)3SH, The IMF was assessed for all adsorbed
conjugates and H-BSA-Man and H-BSA-Man5-A had had a statistically increased
expression over iDC (B). mDCs also showed a statistical increase in IMF. n=17 donors.
Error bars represent standard error, red line indicates mean iDC response, * indicates
statistical difference from iDC.
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