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SUMMARY

The implications for glycarand glycoproteinpresentatn from a biomaterial
surface in mediating immune cell interactions and responses are incompletely
understoodThe goal of this dissertation wasdbtain critically needed data in glycomics
relevant to the next generation of biomaterials and combinatiotdupts. To do this
required a deeper understanding of how human immune cells interact with glycans and
glycoproteins presented from material surfaces. Dendritic cells (DCs) are the most potent
antigen presenting cellAPCs)and provide a bridge betweenetinnate, noispecific,
immune response toward external signals such as foreign pathogens and the adaptive
immune response directed toward speahtigens. @ype lectin receptors (CLRs) are a
class of pattern recognition receptors (RRRund on DCs ad their recognition of
glycans have been shown to hawemunomodulatory(both tolerogenic and pfo
inflammatory) effects'®> CLRs have been shown to be key regulators of pathogen
induced innate immunity, antigen processing foamide immune responses, immune
system evasion by pathogens and tumors, and in recognition gfrsins®’ Given
that DCs use CLRs to recognize characteristic pathogen and tumor glycan stracuires
that this recognition leads to functional immunomodulatdfgcts, we hypothesidahat
DCs use these CLRs to recognize and respond to biomaterials, through glycan structures
in the adsorbed protein layer (or inherent in the biomaterial structure) to direct immune
responses. Thus, with an understanding of thiteraction immunomodulatory
combination products could be desgnto direct the DC response toward pao-
inflammatoryvaccine delivery system or induction of tolerogenic phenofgpdissue
engineered constructs

The primary objectives of this dissertaon wereto (1) analyze and optimize
molecular factors of importance in recognition of surface presented glycans for

recognition and promotion of both prand ati-inflammatory DC phenotypes ai(@) to
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elucidate the effect of presentation modaljtye. soluble, phagocytosable, and non
phagocytosable delivery of glycarns) DC phenotype The overall hypothesiswas that
distinct molecular presentations of glycans/glycoproteins to DCs are able to controllably
modulate their phenotype with functional immiogical consequenceSpecific Aim 1

was to develop &arrier for glycans thawas able to show a differential DC phenotype
across similar glycan structures and that had optimal molecular characteristibarige

and ligand valecy, for maximal modulabn of DC phenotypefrom a non
phagocytosable displaySpecific Aim 2 was to identify how glycan presentation
modality alters DC phenotype and how these display strategies can be harnessed to drive
DCs toward a desired phenotyp&hroughout both of theseinas multivariate linear
regression was used ¢mantify claims made and to provide predictive results that could
possibly be applied to systems other than those developed herein.

To accomplish Aim 1 a suitable carrier for glycans that could mod&ie
phenotype when displaying glycans from a 4pbragocytosable surface had to be
identified. To do thisfive different carriers were assessed for their efficacy. Cationized
bovine serum albuminBSA) modified with polymannose structures and adsorbed to
tissue culture polystyrene (TCPS) welhs found tomodulate DC phenotype to the
greatest extent Thus, futher optimization of cationize8SA, was performed to help
optimize the DC response to surface adsorbed glycans.

The charge and number of glysacovalently bound to BSA was varied and the
subsequent DC phenotype to these adsorbed conjugates was deterthinad.found
that highly cationized (pl above 9.75)BSA with an average of more than 20
carbohydrates per protein modulated DC phenotypgbeayreatest extei response to
the presented glycanFurthermore, this presentatiaontext was shown to be able to
modulate DC phenotype across multiple glycan structures indicating its use as a platform
for surface presentation of glycans to DCEhe results from these studies were then

modeled and it was found that the most important factors for anflanmatory DC
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response were having a high density (>20 glycans/BSA) and then to a lesser extent
having a pl above 9.75. No significant trends wiexend for the tolerogenic reporter

from DCs when doing this modeling, however, an inverse trend in density and charge
was shown for the tolerogenic reporter than for that of thenfl@mmatory response.

The interaction of the DCs with the carbohydsat®as confirmed to be via
receptors that utilize calcium or manganese, thus implicating CLRs in their use, by
treating DCs with EDTA and looking at internalization of beads by DCs and subsequent
DC phenotype in response to these adsorbed conjugates prebence of EDTA.
Finally, the modulation of DC phenotype was found to also be carbohydrate structure
dependent, even when comparing similar structures, and thus the conjugates were further
validated as a platform for use in presenting carbohydrates froamphagocytosable
surface toDCs. The results from the comparison between sugar structures were then
analyzed in a model and it was found that distinct terminal structures of glycans were
able tobe predicative of DC phenotype.

The optimization studieBom Aim | discovered that single mannose presented in
a high density>20 sugars per BSAjom highly cationized BSAisoelectric point>%5)
was able to modulate DC phenotype to an equal extent as other more complex glycan
structures. Thus, for the @et mi nati on of presentation
phenotypeonly the monosaccharidesmannose and glucose were use@lucose was
chosen as a control for mannose because of its structural similarity to mannose and
because, in its monosaccharide form knownCLR on DCs bindto glucose.The high
density and cationic glycoconjugates were then adsorbed to the wells of 384 well plates,
delivered in a range of soluble concentratioos,adsorbed to 1 um and 50 pof
polystyrene beads and delivered to DiGs2xamine modality of display effectsThe
subsequent DC phenotype was then assess¢alvever, prior to assessment of DC
phenotype an indicator of which receptors DCs were using to respond to these conjugates

was desired. Thus, enzyme linked lectin assae performed with recombinant human
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lectins, Dectinl and DGSIGN, on the adsorbed conjugates. It was found thaSBEN
bound the mannose conjugates with high affinity and that the glucose conjugates were
not bound by Dectii to a greater extent thémat of the negative control.

Mannose glycoconjugates adsorbed to a-piwegocytosable surface modulated
DC phenotype to the greatest extent. Interestingly, glycoconjugates delivered in a soluble
form to DCs did not alter DC phenotype to a statidiicsignificant levelover untreated
cells even at high (100 pg/inl concentrations and conjugates adsorbed to
phagocytosable polystyrene beagioduced an effect that is in between those two
extremes The results from these studies were then run in divatibate general linear
model and it was found that the presentation modalities were statistically different from
each other, even when controlling for ligand and donor variances. Also, using an
interaction model between modalities and ligands it wasddhat adsorbed and soluble
mannose conjugates were statistically different from each other, indicating a receptor
specific response from the cells toward these conjugates. Thus, antibody blocking and
EDTA treatment of DCs was performed and phagocytoSisoated microbeads in the
presence of these inhibitors was assessed via flow cytometry. It was found that for the
mannose conjugates amiC-SIGN and antDectinl both statistically decreased
phagocytosis of the beads by DCs. AdditionallidTA also satistically decreased the
amount of internalization of beads by DCs. This provided further evidence for CLR
mediated response to the adsorbed conjugatesllyrian indication of whathe fate of
the adsorbed conjugatewas upon interaction wit the DG was desired. Thus,
conjugates were fluorescently modified and adsorbed to wells, DCs were then incubated
with the adsorbed fluorescent conjugates for 24 hours and the subsequent DC
fluorescence was measured. It was found that DCs were removing gfygansghe
surface of the wells and that this removal was increased for the mannose conjugates.
Again, indicating a specific receptor mediated response to the adsorbed mannose

conjugates.
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In summary, this report identifies molecular factors of importafozenon
phagocytosable display of glycans to DCs. It uses modeling to statistically prove these
associations and provides indications for future researchers in the design of glycan
microarrays. Furthermor#his studystatisticallyshows that glycan psentation tdCs
is dependent um the modality of the display and that this differential response is at least
in part due to CLRs and more specifically I3GGN and Dectirl.

However, this research has led to additional new questions that require study
Why is the response to the cationized adsorbed conjugates by DCs so much higher than
that of the nortationized conjugates? What signaling and specific receptors are
mediating this response? How do the cells treated with these adsorbed conjugdtes affec
the systemic immune system, i.éTThy, Treg proliferation, cytokine production, MHC
presentation of cdelivered antigen, etc.?s an analogous response to other disparate
glycan structures not tested herein similar to those found here? Are rosddlfiere
able to be used with other classes of glycan or CLRs? What other molecular factors are
of importance for phenotypic modulation of DCs by adsorbed conjugates that were not
tested or varied herein.e. ligand length and lability? What molecular signaling
mechanism is involveth the differential responge different display modaliti€s What
is the mechanism of recognition and activation of DCs to adsorbed high density glucose
presented from highly cationic BSA conjugates which should not lmgmeed by a
specific CLR? Finally, the results shosd that adsorbed conjugatesere being
internalized by DCs. Whether this internalization is necessary for DC activation and to
what extent the internalization of conjugates plays in the phenotype modw&DCs is
an important and unanswered questioAll of these are future directions for the work
proposed herein and could each provide valuaigeght for the understanding of DC
interaction with glycans and more importantly how to harness thexastion to exploit

DCs immunomodulatory ability.
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CHAPTER 1 INTRODUCTION

Dendritic cells are seen as the link between innate and adaptive immunity. They
have an array of pattern recognition receptors that can see and respond to pathogen,
danger, and selissociged molecular patterrfs.One class of these receptors, known as
CLRs, can bind to and recognize glycan structures. These receptors have only recently
begun to be studied oBCs and thus many of their signaling mechanisms, ligand
specificities, and downstream ligai effects are not known. These receptors have not
been as intensively studied as other receptor classmge pardue to the limited supply
of glycan structures that are able to be obtained via natural or synthetic means.
Glycosylation of proteinssi not template driven like DNA and protein synthesis and thus
obtaining large amounts of homogenous glycan strustfrten cells or bacteria is not
challenging Additionally, using carbohydrate chemistries currently availablereae
large arrays of dierse structures is not economically feasible. Thus, glycan microarrays
have been created to determine ligands remombinantlyexpressed CLR Many
different approaches for these arrays have been created but all are generally non
phagocytosable displayf glycans. Few studies have been conducted with whole cells
and these arrays because only adhesion and cell death can be easily assessed from these
arrays. Furthermore, DC response to any of the arrays has not yielded positive results in
the pastdueto he Al oos el y o D@sdhdebecausetof tieeaamplexesurface
marker and soluble factor release that constitutes diff@€nphenotypes. Thus, two
fronts for improving the current state of the field BCs werestudiedherein. The first
wasto design an optimized carrier for nphagocytosable surface display of glycans to
DCs for use as an indicator of properties necessary for DC response to glycan
microarrays. The second was to determine if the cell response to these adsorbed
conjugates wa relatable across display modalities. This is of interest because if cell

response to the adsorbed conjugates was identical to that of the cell response when



delivered in a microbead or in a soluble form then cell response to microarrays should
become ararea of intensive research for all glycobiology. If, however, cell response was
not relatable between these display modalities then more diverse efforts would be needed
on the part of glycobiologists to assess cell response to a variety of carbohydates

variety of display modalities.

1.1 ResearchSignificance

Fibrous encapsulation is pervasive and has been shown to have deleterious effects
in orthopedic prostheses, biosensors, electrodes, and cardiovascular ifhjlefds.
example, m the United States alondental implarg fail in ~50,000 peoplyear and
~15% of all total knee arthroplasties fail due to fibrous encapsuldtiéh.To limit this
effect a tolerogenic, antinflammatory, wound healing immune response to the implant
is critically needed:'®'® Conversely vaccines require aopnflammatory and/or
immunostimulatory responsé&:!® However, few clinically appgoved combination
products, biologics, or materials have shown an ability to elicit a large and controllable
effect that changes the ultimate fate of implants or increases efficacy of vaccines over
that of current clinical adjuvants.

Dendritic cells andheir interaction with carbohydrates through CLRs have been
shown to play critical roles in both immune acceptance and activation and thus are seen
as an ideal target for modulating the responses discussed above. However, carbohydrates
can only be exploed with a more complete understanding of host immune interaction
with carbohydrates and glycoproteins. Ttissertation buildpart of the carbohydrate
foundation onto which future implanted devices and w&cconjugates can be designed.

The information uncoveredhas direct implications in development of glydsased
surfaces/biomaterials which stimulate DC maturation as effective adjuvants for vaccines
or inhibit DC maturation to minimize immuneesponses in tissue engineering and

implanted medical deses. Additionally, the work herein shows that glycan display



modality is an important factor for consideration of DC response to glycoconjugates
which has implications across the field of glycobiology. Modality of display, has not
been accessed acrobe field and thus, while not studied in this report, it is possible that
other immune cells and indeed any cells, respond differentially to different modalities of
display of glycan. Furthermagrehis dissertation lays the groundwork fareaing a
templae for modeling of immune interaction with glycans. Modeling has the potential to
play an instrumental role in the elucidation of cell response to glycan structures because
extremely limited amounts of purified complex carbohydrate sugars are capablagf b
synthesized. Due to this shortcomingxtensive cellular studies canneasily be
performed ananodeling can be used to overcome this limitation. It is hypothesized that
the information obtained from modeling will offer new aveswsnd approaches in
immune modulation angdotentially lead tanew types of combination products utilizing
CLR ligands Thesecould have the potential tmodulate the immune response toward

clinically efficacious vaccines and implants/coatiagsl thus improve clinical outcas

1.2  Innovation:

Soluble and phagocytosable glycan presentation to APCs has been studied but
little direct comparative data between the two and no comparison to well surface
displayed glycans has been sé®ft. Furthermore, due to the extremely limited supply of
well-defined oligosaccharides capable of being obtained via synthetic or biological means
surface interaction with recombinant CLRs or otheriscto glycan microarrays has
been used as a proxy for direct cellular response for gigopugate creation and
therapeutic approaché&s?® Additionally, the non-phagocytosablesurface display of
glycansto cells has notundergone a thorough analysis.hug, the critical molecular
factors for display of glycans to DG® that the cells can respond ke tglycans with
high efficacyfrom biomaterial surfacesre unknown. The experimertiereinaddressd

these issues by use of a noliglh throughputiTP) methodology. This method all@a



for an order of magnitude less glycan to be used than previousohed@ssaysevaluate
both pre and antiinflammatory immune responséem DCs andallowed forthetesting

of multiple surface display modalities simultaneousihe work completed herein
challengéd the conventional vieun the literaturethatit is glycan structuredensity and
contextof presentation alonthat determine phenotypic modulation of D@sd cells in
general This was done by firsbptimizing single molecular factors and combinations of
factors in concert to obtain a foundationrmafnphagocytosablalisplay parameters that
werethen used to shoguantitativedifference in DC response across display modalities.
Finally, the creation and validation pfedictive moded for DC activation in response to
CLR stimulationvia adsorbed synthetidygoproteins was performedt is hypothesized
that this modeling approach camow be used as a template for future glycan studies
performed across multiple classes of glycan ligand#is has not been seen in the
literature previously and has a largeualo the field of glycobiology because modeling
has the ability to isolate and predict factors of importance to glycan display which
ultimately means that less glycan will be deé to complete the necessatydiesfor

clinically efficacioustreatments



CHAPTER 2 SPECIFIC AIMS AND HYPOTHESE S

The role that glycans play in systemic immune respasstill largely unexplored
and theDC response to diverse glycan motifs across various presentation contexts has not
been assessed. Because of the critical role that @&y in the coordination of both
innate and adaptive immune responses to foreign pathogens, this is #irmgbon for
the intelligent design of biomaterials, coatings, and combination products that utilize
glycans. Elucidation of the fundamentdétors of glycan display important for the
immune response to these conjugates will be critical for determining how to overcome
fiborous encapsulation of implants, impotent vaccine conjugates, and to develop
therapeutics targeting cancers and parasiticciities. Furthermore, understanding
optimal presentation modalities for glycans to engineer immune response toward a
desired outcome is critical for the design of future therapeufiise to the extremely
rare nature of complex glycan structures, this wtdading can currently only be had if
computational models are employed to predict the DC response to glycans. These
models have not been seen in the literature and thus must be developed in order to move

to the next phase of therapeutic development.

Aim 1: Identify molecular factors in the nonphagocytosable display of glycans to
dendritic cells that are important for phenotypic modulation. Hypothesis: Molecular
characteristics (density, charge, and glycan structure) of both the carrier and gtgcan
significantly modulate D€toward a pre or antiinflammatory phenotypeThe purpose

of this Aim was to permutate molecular factors of the carrier and glycan to determine

which factors lead to altered DC phenotypes when the DC is cultured with glycan

displayed from a nophagocytosable surfageMolecular characteristics of vaccine and

biomaterial conjugates have been shown to drastically alter the immunogenicity of

conjugate$¥?® However, this has not been shown in relation to DCs and non



phagocytosable gban presentation. Assessment of DC phenotype modulation by
glycans via a thorough analysis of carrier charge, density of presentation, and glycan
structure as well as combinations thereiere performed. Weexaminedthe effect on

DC phenotype of two morsaccharides at multiple densitiés,ir levels of carrier charge,
andsix distinct mannose structures. Assessment of DC phenotgpperformed via the
High throughput ITP) technique developed inouse After assessment of charge and
density multivaria# modeling was used to statistically isolate and predict which
molecular factors carried the most weighpimenotypic modulatian These factors were
then used to create an optimized carrier that was used with more conhptex g
structurs. The DC phengpe was then agssed in response to the conjugates and the
structural motifs necessary fobDC phenotype modulation were uncovered via
multivariate modeling.

Aim 2: Identify how glycan presentation modality alters DC phenotype and how
these display stratgies can be harnessed to drive DCs toward a desired phenotype.
Hypothesis: Displaying carbohydrates to dendritic cells in a soluble, phagocytosable,

and nonphagocytosable form will cause a differential DC phenotypbe purpose of

this Aim is to deternme how DC phenotype is modulated by a limited set of simple

proteoglycan conjugates displayed ihree presentation modalities. The immune

response to nephagocyt osabl e glycans has been
response to implanted materials abwfilms. However, a correlative relationship
betweerthe twohas not been established. Furthermore, a comprehensive study of the DC
response to nephagocytosable glycans versus other display modalities has not been
performed. In this aim we measdrie DC response to simple proteoglycan conjugates
displayed in a soluble form, from a phagocytosable bead, and from a well surface to
explicitly define this relationshipThe optimizedproteoglycanconjugatesrom Aim 1

were usedo that maximal DC responseuld be seen and tzetter mimic the display of

glycans found in nature. Assessment of DC phenatypesponse to these structures was
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performed viathe same HTRechniqueas in Aim 1 The DC phenotype in response to

the altered modality of display fadentical conjugateswas then modeled using a
multivariate linear model to show that different display modalities had differential effects
on DC phenotype. Proof that DCs were interacting with the conjugates from these
studies via CLRs was desired. Thasitibody blocking studies were performed with
conjugates adsorbed onto 1 um beads to determine if blocking antibodies were able to
inhibit phagocytosis of the beads by DOSinally, an indication of whathe fate ofthe
adsorbed conjugatasas upon inteaction with the DCs was desired. Thus, conjugates
were fluorescently modified and adsorbed to wetlad DC internalization of the

fluorescent conjugates was assessed.



CHAPTER 3 LITERATURE REVIE W

3.1 Dendritic Cells in Immunology

Dendritic cells play givotal role in the host immune response to a variety of
foreign entitieg®2% Dendritic cels are distributed in almost every tissue and orgahen
body and are considered APCs.erdritic Cells are of hematopoietic origin and are
specialized for the nespecific uptake, transport, processing and presentation of antigens
to T cells®¥3 While several other cell types are defined as APCs, macrophages and B
cells, only DCs are able to efficiently stimulate naive T G8lICs are derived from
monocytes in vivo and are differentiated form monocytes using ganuio@adsophage
colony stimulating factor (GMCSF) and interluked (IL-4)3%%¢  However,
differentiation of monocytes into DCs is not guaranteed as monocytes have been shown
to differentiate into macrophages, osteoblasts and osteotlastderestindy, in the
presene of IL-6 secreting fibroblasts, monocytes will not differentiate into DCs even
when cultured with GMCSF and 11:4.38

Dendritic cells are the mopbtentAPCs of the immune system. These cells have
evolvad to have a myriad of pattern recognition receptors that can distinguish
characteristic pathogenic structures and signal the cell to respond. Dendritic cells reside
in almost every tissue in the body and their primary function is to sample the local
microenvironment for pathogenic or foreign molecules, uptake these structures, and
present them to other leukocytes. How the antigen is processed, the extent of activation
of the DC, the phenotypic outcome of that stimulation, and the extent of the downstream
immune response can all be regulated by the context in which the DC encounters the
antigen and the subsequent response to that antigen. DOleenstantly samples the
surrounding environment with its PRRs. Once a pathogen is detected the pathogen is
phaocytized killed, processed, and its peptides displayed on tajor
histocompatibility complexMHC) of the DC. If the pathogen has infected D€
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(viruses or mycobacteria) the DC has no need to capture the pathogen but instead process
t he pat épodgseands giesept them on the MHC. While the antigen is being
processed the DC is also going through a process known as maturation. During
maturation thedC up regulates co stimulatory molecules, increases cytokine production,
and down regulates phagaasis reeptors and begato migrate toward the lymph node.
Once the antigen is processed, displayed, and the DC haguipted all costimulatory
molecules thédC is said to be a mature DC (mDC). When the mDC reaches the lymph
node it encounters naVl cells which sample the peptides displayed on the DC surface.
If the T-cell recepto(TCR) is specific for the peptide the T cell matures and begins to
clonally expand.

The maturation process is key in the development of an immune response not
only because it signals the DC to migrate to the lymph where it will encounter naive T
cells but because it enables the DC to activate those T cells and cause them to clonally
expand. This process is not necessarily linked to a@nflaanmatory response as DC
maturation can lead to proliferation of tolerogenic T cellsgdF®*° The exact
mechanism of DC recognition and processifigr initial contact with the pathogen or
foreign material is heavily dependent upon what receptors are activated. For instance if
the CLR, Dectinl, is stimulated via the delivery bfglucans to DCs the DC is able to
prime Thl and Th17 responses as well as cytotostieriphocyte (CTL) responsés. In
a study done by Leibundgutindmann etlaDectin-1 stimulation was also shown to be
an adjuvant for CTL crosgriming in vivo. This ability to prorote crosspriming of
antigen lel to potent CTL responses that protected the treated mice from developing

tumors™ In contrast stimulation of the CLR Dec205, BRIGN, or macrophage

mannose receptor (MMR) by antibodies withoutstionulation of toll-like receptors
(TLRy) efficiently induces a tolerogenic state in D¥8? Thus, elucidating which PRRs

stimulate the desired response fréf@s can be of enormous benefit in not just vaccine



delivery but also in implantation dissue engineered constructs and other medical

devices.

3.1.1 Mechnisms by which DCs respond to biomaterials

Dendritic cells have been shown by the Babensee lab to undergo maturation upon
biomaterial contact depending on the biomaterial 43édThe form of the biomaterial
microparticles, scaffold or filf¥ has been shown to influence the DC response as well as
the effect of surface contact and ate® Thus, that DC interaction with biomaterials is
an important factor irtissue engineering is clear. However, in combination products,
materials that utilize both a synthetic and biological component, the effect of the
biomaterial adjuvant effect has been demonstrated to influence downstream effectors of
DC maturation such aBumoral IgG production and®>! Thus, elucidating how the
presence of biomaterials alters the host immune responsedelicered biologics and
discovering the optimal ways in which to tailor those biomaterials shows great promise
for the improved modulation ofdst response against combination products.

Biomaterials have been shown to have an adjuvant effect that enhances the
immunogenicity of ovalbumin (OVA). OVA adsorbed to phagocytosable microparticles,
co-delivered in poly(lacticco-glycolic acid) (PLGA) microparticles, or delivered in
PLGA scaffolds, was found to support a moderate humoral immune response that was
able to be maintained for over four months and was seen to be primarily a Th2 response
as indicated by IgG1 antibody tite¥s.Interestingly, the PLGA scaffold delivery induced
a lager and longer lasting humoral response than did the two microparticle
counterpart§? Such enhanced immune response was hypothesized to be due to the
danger signals released rmotissue damage at the implant site due to the fact that
HMGBL1 a potent danger signal, was found in higher concentrations in exudates from
subcutaneously implanted PLGA scaffolds in comparison to naive cohfibis result

suggested the possible role of danger signal biomatedated adjuvant effect.
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Furthermore, different biomatials have been found to induce differential DC
maturation. PLGA and chitosan films were shown to induce DC maturation with alginate
and agarose did nét. Mixed lymphocyte reactions showed that DCs treatedh wit
PLGA and chitosan films supported higher levels afell proliferation as compared to
that of untreated DCs, and DCs treated with hyaluronic acid films induced lower levels of
T-cell proliferation. Additionally, garose and alginate showed no changd inell
proliferation as compared to that untreated cells. Furthermore, surface processing of
titanium surfaces has been shown to drastically alter DC phenotype as measured by both
cytokine secretion and surface marker expression of costimulatory meldguRCs?®
Specifically that hydrophobic surface modification in combination with high roughness
increases divation marker CD86 in DC¥ A complex cytokine release profile was
determined in which DC surface marketpeession did not couple with historically
expected cytokines, thus implicating a new hybrid phenotype for the DCs. Principle
ComponentAnalysis (PCA) was performed on the data to draw more clear correlations
between the soluble factors and DRepotype ad it was found that pure titaniuand
SLA modification of titanium surface pushed DCs toward aipflammatory phenotype,
while modified SLA surface treatment was associated with-imee@anmatory DC
responsé® Additionally, it was found that for titanium surfaces hydrophobicity/philicity
was heavily associated with IL10 production in DCs. Interestingly, froevtbik it was
also shown that increased DC adhesion was not sufficient to induce DC maturation as
surfaces that showed statistically different CD86 expression showed equivalent adhesion
to surfaceg?®

The study above clearly indicates the importance of biomaterial surface properties
and DC maturation however, material properties for the tested biomaterialshatere
completely controlled. Thus, very controlled surface presentation of defined surface
chemistries &s also been studied using smtsembled monolayers and with distinct

terminal groups (Ck OH, COOH, and NB.>®* Based on cell morphology,
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allostimulatory capacity, and expression of maturation markers each SAM surface
elicited modest DC maturation in comparison to untreated DCs. Methylated surfaces
werefound to be the least activating in terms of surface marker expression but released
the largest amounts of pinflammatory cytokines TN  a 6. It was found that this

was due to the fact that cell viability on the methylated surfaces was lowethttaof

the other SAMs.

Further study was given to DC response to controlled polymeric surfaces in a
recent study that looked at a library of polymethacrylates (pNMAR)was found that
pMAs induced differential DC responses. Specifically that several of the the pMAs
increased the maturationctar of DCs to a greater extent than that of the positive control
LPS, and each of the pMA treatments produced a unique cytokine profile from the DCs
with HEMA showing strong anihflamamtory response and nbutyclohexytundecyl
methacrylate and isobutpenzytTHFF methacrylate producing the most inflammatory
phenotype. Also of interest was that whéese factors were modeled aleiue the
material properties it was found that based off of polymer composition one could predict
DC phenotype using a PCAnodel. Furthermore, it was found that DCs were
morphologically distinct on different polymer surfaces and that pHEMA and not
pIBTMA was able to induce a significant amount of DC apoptosis. pIBTMA was
consistently shown to low levels of inflammatory dyitees and chemokines as compared
to untreated cells and rounded cell morphologies.

Finally, the exact mechanisms by which DCs recognize and respond to
biomaterials remains to be elucidated. Complement and adsorption of danger signals
from plasma proteis have both been implicated in the respéhddowever, recent
research using MyD88 and TLR knockout mice demonstrated that DCs use TLR2, TLR4,
and TLR6 for the responses to a diverse set of biomatefidls. s o r eiotegnns | vy ,
were shown to play a role in mediating DC adhesion and response to biomaterials.

These studies implicatextracellular matrix ECM) proteins adsorbed to biomaterial
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surfaces as being integral to DC response to these proteins. DCs cultured on collagen or
vitronectin substrates released higher levels e12p4 while DCs cultured on albumin

or serum coated plates generated higher amounts offLBased off of these results,
intelligently engineered biomaterials may guide the predentatorientation, or
conformation of adsorbed proteins in such a way that these combination products will
either induce DC tolerance or activation todmlivered antigen. The utility of using
biomaterials over natural, heterogeneous, ligands is thatabeoims can induce a
controllable and tunable response from the immune system that can be tailored for any
level or phenotype desired. The experiments listed above begin to uncover the factors
necessary for this control and it is expected that futuré&swarll further uncover novel

factors for modulation of DC response to biomaterials.

3.2  Pattern Recognition Receptors

The two most heavily studied and diverse PRR classeBCsare TLRs and
CLRs (CLRs). Toblike receptors, the most characterized of tlRRB, are membrane
bound proteins containing varying amounts of leuciole repeats in their extracellular
domains that are involved in the ligaretognition® Currently, twelve TLR receptors
have been discovered imimars 8 These TLRs recognize a variety of bacterial and viral
pathogen associatedotecular patterns PAMPs and several injury molecular motifs,
danger associated molecular patterns (DAM®S). Examples of microbial or viral
ligands for TLRs include lipopolysaccharide (DR$LR4), lipopeptides and lipoproteins
(TLR2), doublestranded viral RNA (TLR3), and bacterial flagellin (TLR%§:5368,
Most TLRO6s signaling propagation occurs th
common for all TLRs (except TLR3). TLR4 is also able to sigmalai MyD88
independent mannéP. Upon ligation TLRs can stimulate three independent signaling
pathways: the IKK complex (inhibitor of nuclear factd8), mitogenactivated protein

kinase (MAPK), and toll/IEL1R domaincontaining adapter molecule (Trif). Activation
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of the IKK pathway results in the release and activation of nuclear fa&do(NF-kB)
transcription factor family (p65, p50, p52, RelB, and cReélctivation of the MAPK
family (c-Jun Nterminal kinase, JNK; p38, and extracellesagnatregulated kinase,
ERK) results in the subsequent phosphorylation/activation of activator proteinl(AP)
transcription factor family (cJun, cFos, FosB, -EraFra2, JunB, JunD). Activation of

the Toll/IL-1R domaincontaining adapter molecule (Trif), a MyD88 independent
pathway, leads to the activation of interferon regulatory factor 3 (IRF3) transcription
factor to induce interferon productiéh The above pathways can be stimulated singly or
in an overlapping fashion depending on the availability of ligand for a particular TLR.
Co stimulation through NkB and AR1 has been shown to yield a more potent
inflammatory respons®. The upregulation of the transcription factors above can have
diverse effects on DC maturation and phenotypic outcome of the DC. However, most of
the above transcription factors when activated via the TLR pathway lead to pro

inflammatory mediators.

3.2.1 C-Type Lectin Receptors on Dendritic Cells

C-type lectin receptorare calcium dependent carbohydrate binding receptors that
represent a unique class of signaling receptors that has only begun to be studied. In DCs
these receptors are conically thbtgo recognize carbohydrate moieties present on
pathogens but they have also been found to bind to altered carbohydrate structures found
on apoptotic, cancerous and necrotic cetfs’?7* Table 1 shows all of the currently
known lectins present on DCs. Of note is that for many of the lestarsy ligand
specificities arainknownor signaling pathway & not been uncoveréd WhatTablel
makes apparent is that while CLRs have not been as vahderized as TLRhey do
play an important role in the DC interaction with a variety of intercellular mediators and
pathogens$:*%42778  Also of note fromTable 1 is the redundancy of these receptors;

sevenCLRs have been shown to bind to mannosylated structures t&hikgalic acid
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binding proteins are found on DCs. This redundancy eaexplained in part by the fact
thatin vivo CLRs are often expressed on specific subsets of DCs. For instance, MR is
highly expressed on myeloid DCs, whereas Langerin expression is restricted to
Langerhans cell® Another good example is BDSIGN which is widely expressed on
dermal DCs, as well as DCs in lymph nodes and mucosal tissues but MGL is only seen in
a subset of dermal DC8® Thus, multiple lectins are needed to produce distinct
outcanes in each subset depending on the DC microenvironment and function. It has
also been postulated that the redundancy of CLRs on specific DC subsets could be
present to create diverse, highly regulatable, and specific phenotypic responses from
DCs**428 This is supported by comparing the adaptertginoeach receptor signals
through, seen ifrable 1, which shows that drasticallglifferent outcomes would be
possible when different lectins bound an identical pathogen even within the same DC

subsef!

15



Table 1: List of lectins on DCs. For each CLR signaling motifs and pathways,

functional

calcium

effects of ligation, ligand specificity, endocytic activity,

dependence and reference if known is listed.
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3.2.1.1Signaling by CLRs on Dendritic Cells

Based on cytoplasmic signaling motifs and signaling potestiaiywn inTable 1
myeloid CLRs can be grouped independently of structure th& following broad
categories:Syk-coupled CLRs CLRs with immunoreceptor tyrosinbased inhibitory
motif (ITIM) domaing and CLRs without a clearimmunoreceptor tyrosinbased
activating motif (TAM) or ITIM motif. Each of these groups can then be further divided
into receptor classes based on calcium dependence, skglerd, and by glycan ligand
able to be bound.

Syk has emerged as a major tyrosine kinase involvete early signaling by a
subset of CLRs. CLR coupling to Syk can be indireften occurring through thEc
receptor o chain (afecl&sical Sykecruitng PFAN motifefh i ¢ h
However, lectins inTable 1 with a hemITAM signaling molecule possess the ability to
directly signal Syk through aingle tyrosinebased motiffound in the cytoplasmic
domain® For these receptors phosphorylation of the tyrosirtee ITAM or hemITAM
motifs generates docking sites for the SH2 domains of Syk, which undergoes a
conformational change thallows autephosphorylation and activatioof the Syk
pathway?? Active Syk can thersignals through a variety of intermediariesRi8K or
PLCo, which in turn coordinates Ilemaiioy down
myeloid cell activatiort? This class of receptsris most easily divided e hemITAM
based CLRs (Dectiht, CLEG2, DNGR1, and SIGNR3) and the ITAMcoupled CLRs
(Dectin2, BDCA-2, Mincle, and MDI:-1). Though functional downstream activation
effects of stimulation of both of these classes are simlitanate phenotypes have been
found to be disparate depending on stimula¥fsti.

Lectins with ITIM domainsare adistinct group ofCLRs that express ITIM motifs
that recruit phosphatases and thereby negatively regulate signaling through kinase

associated receptors, notably the $pkipled CLRsand TLRs? ITIM-bearing CLRs
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modulate myeloid cell activation when they are triggered togetherredtéptors known

to stimulate pranflammatory responses from DCs such as TLRs and bompt
receptors Myeloid CLRs included in this grougre DCIR, MICL and the Siglec©f

these receptors the Siglecs are the most heavily studied and well understood. Within the
Siglecs there are generally three groups based on features of the transmaeantuta
cytoplasmic tails of individual Siglecs that reflect the major mechanisms by which they
mediate their biological functions. The first group is made up of Sigland Sigleet
lectins that lack inhibitory signaling cytosolic motifs and possessaldtansmembrane
domaing* These Siglecs have been shown to primarily mediate adhesion estmgiv
immune cells and endothelium and are known to be critical in the arrest of cell rolling on
the endothelium waft?

The second group of Siglecs in this type of functional classification is the largest
and includes members in which the nmajwological function is immunénhibitory,
mediated by cytosolic ITIMs. In this family of Siglecs,digl recognition results in
phosphorylation of the ITIM tyrosine and the ITile tyrosine to Src family kinases
such as Lyn. These kinases can phosphorylate cytosolic ITIM tyrosines, which then in
turn recruit tyrosine phosphatases such as-$Hi? SHPR2 that can attenuate signal
transductiorf>® Human Siglecs that contain ITIM motifs include Sigise3, and-5
through 12. A general view of ITIMontaining Siglecs is that they maintain a
constitutive inhibitorysignal when bound to their cognate sialoglycoconjugates in the
same cell in which they are expres8&fxposure of the host to a pathogen, even if the
patlogen lacks surface sialoglycans, may either alter Siglec expression or alter cellular
levels of Siglec ligand¥ Pathogens that do express surface sialic acid may engage
cognate Siglecs to attenuate inflammation as part of immune evasion, but innate immune
cell activation may also be modulated in order for the host to generate specific protective

responses’
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The third category of Siglecs, members contain a positively charged residue in the
transmembrane anchor region. These Siglecs associate visthifale-linked homodimer
of DAP12 which contains an aspartate transmembrane residue and a cytosolic ITAM
motif. On the basis of data from other DAPdé@ntaining receptors whose ligands are
known, it is hypothesized that ligation of these ITAikked Sigles leads to a
conformational change that results in enhanced accessibility of the cytosolic tyrosine
containing motifs of either DAP12 or DAP10 to Rmteptor tyrosine kinasé$. This
enhanced accessibility further results either in tyrosine phosphorylation of the ITAM of
DAP12 to facilitate Syk family tyrosine kinase recruitment and activationnor i
phosphorylation of DAP10, resulting in phosphatidylinosgokinase recruitment and
activation. In humans, Siglecs with positively charged residues in the transmembrane
region include Sigled4 through 16%° Primarily in the ontext of the biology of pDCs,
it is hypothesized that DAP12 ITAMs contribute to the attenuation of TLR signaling in
an uncharacteristic role for the ITAM motfft Although ITAMs that shut off signaling
pathways have sometimes been referred to as inhibitory I#2®1sthe concept of
ITAMs mediating unique inhibitory signals has long been studied in the immune context.
B cell anergy and T cell anergy both involve antigen recefided ITAM activation,
but the biochemical pathways induced inhibit lymphocyte activation.

Finally, CLRs without a clear ITAM or ITIM maotif, including MR, DEQO5,
DCSIGN, LangerinMGL, CLEC-1, DCAL-1, MCL, and LSECtin. These CLRs can
engage the endocytic machinery and mediate the capture of antigenic cargo for
procesiig and presentation to T ceftsNevertheless, triggering of these receptors in
isolation hasnot been seen to induaabvious signs of myeloid cell activatiomithout
interaction with other PRR#s can be seen ifiablel, someof this group ofCLRs(e.qg.,
DC-SIGN), hasthe signaling pathway involved in modulation elucidated, but for most it
is unknown. FromTablel it is clear that depending on the ligand delivered to the lectins

in this class the downstream effectorstefligation can vary drastically. Thus, this class
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of lectins shows a more complex and nuanced phenotypic modulation of DC phenotype
as compared to the other two classes in which signaling from ligation is more direct.
Targeting of CLRs on Dendritic cells

Development in the glycoimmunology field will take considerable expenditure of
resources and time from a diverse range of specialties and thus a large value to this
research must be shown to justify this expenditure. To this eay implications for
CLRs have been seen in studies with antibody binding of the CLRs to simulate ligand
engagemerftt93% These studies have led to clinical therapies that are just beginning to
enter the market!®® Also, many studies have been done showing that receptors
expressed oDCs, in their recombinant form, can bindith high prejudice glycan
structures immobilized in micro arra}¥ °® These assays can lead to potent ligand
identification for use in treating a range of pathologieplethora of studies have shown
altered DC behavior across solublephagocytosable and norphagocytosable
presentation of glycans which has potential in vaccine and implant development; which
has implications across the entire medical commufft}! Additionally, CLRs found
on DCs have been expressed in 4i®s and their abily to bind and uptake
carbohydrates has been assess®tlshow implications for a mechanistic understanding
of what these isolated receptors are capable of inddtiéf Furthermore, many studies
have optimized particle and dendrimeric polymer carriers of carbohydrates to increase
phagocytosis or intercellular transport of ligadtistl’ Finally, sveral studies have also
shown enhanced or abrogated migration of DCs due to glycan ligand immicdmlitca
nonphagocytosable sufac&st'®1® |n combination these studies showed that a variety
of immune responses, both grdlammatory and tolerogenic in origin, were possible

through CLR stimulation and thus this groaffPRRs warrants further study.

3.2.1.2Antibodies against CLRS
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Recent studies suggest that antibodies agautgp€lectins such as MMR, DEC
205/ CD205, or DESIGN/CD209 can be used as antigilivering vehicles tonduce
immune tolerance, T cell prolifeiah, or cytokine releas€®'?® In these studies nen
traditional phenotypesvhere typical maturation markers such as CD80 and CD86 were
not up regulatedwere identifiec?®>12"128 |n the study by MeyeWentrupet al. DCs
showed a reduction in their pmoflammatory cytokine profile when the DCs were
stimulated with TLR8 agonists but were fitseated with Abs against DCIR. However,
traditional antiinflammatory or tolerogenic cytokine profiles (L O , TGFbBG and
were not found to be upgegulated. Another studyinvolving CLEC9A show that murine
DCs expressing CLEC9A are capable of pradgcpotent CD4+ and CD8+ T cell
proliferation without increasing the typical activation markers expressed bydb@ace
markers MHC class Il, CD80, CD86, and CD¥Q@vhen the CLEC9A receptor was
stimulatedt?® While the exact natural ligand for CLEC9A is unknown thiseptor has
been shown to be a critical player in clearing necrotic tissue without actiessociated
surface markers being «pgulated but with an increase in IEN?® Furthermorejn a
study by MeyeiWentrup et alDCIR crosslinking selectively inhibited TLR8nediated
IL-12 and TNFU pr o d ubas.iDEIR triggaringwith Abs showed that it also
inhibits TLR-induced cytokine production and leaves FitlRuced CD80and CD86
expression unaffected.Recently, a DCIR peptide containing the phosphorylated ITIM
domain has been shown to bind to the protein tyrosine phosphatasels StdFSHF2,
thusfurther substantiating an immuighibitory role for DCIR'3® Bonifaz et Al. showed
that injection of antiDEC-205 mAb coupled with ovalbumin alone inddaegulatory T
cells and leads to suppression of O¥pecific T-cell proliferationt?2123 However,
simultaneous injection of ainfDEC-205 OVA conjugates with an agonistic aGib40
Ab significantly enhanced host immune responses agairSVarexpressed tumor and
infection by an OVAexpressing vaccina vird$>12Similarly, anti DC-SIGN mediated

targeting of antigeinduced,specific T-cell proliferationeven without the presence of
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other DC maturation stimulit?®1?6 Again in this study the DCs that were observed to
promote T cell proliferation did not display typical maturation markers for mature DCs
(both cytokine and surface marker). Of note from eacthede studiesvas that they
wereconducted with antibodies to the lectins they were targétoguse, in most of the
cases, the physiological ligand for the receptors is unknown or because of the limited
amount of purified glycan that is able to be obtained that wbeldspecific for the
receptor. Tus the physiological responsef the cellsto ligation of thereceptorswith
their natural ligand remains unknown and could therefore alter the understanding of the
function of these receptors in the immune system. Therdectins, such as DEIGN,
that have both known ligands and admbidies against them and an evaluation of receptor
engagement of both could be performed but a direct comparison between them has not
been shown in the literature. However, in the cas®OfSIGN, both have been
extensively studied independently and through comparison it can be seen that a
differential activation and response profile to ligand versus antibody occurs in
DCS.2’21‘21’75’119’120'126'Il3ﬂ34

The advantage of ugimantibodies as the triggering agent for these lectins is that
no glycans or carbohydrate chemistries are needed to perform these assays. Thus,
extremely limited amounts purified ligand is not the controlling factor in the above
studies and cellular readts such as cytokine profiles, cell surface marker expression,
and effector cell proliferation were able to be obtained. These readouts are the most
relevant when analyzing the affect a ligand has on the immune system prior to in vivo
testing and thus th&bove studies are fairly complete in terms of cellular analysis. In fact
several clinical therapies targeting lectins with douities are currently in phase | and
phase Il trials and are performing well due to the ease with which antibodies can be
prodwced and manufacturé®® However, due to the differential response of CLRs to

antibodies versus glycan ligands antibody studies do not fully exploit the potential of
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these receptors and mostudies are needed to fully understand their capabilities in

modulating immune responses.

3.2.1.3Natural ligands for CLRS

A plethora of studies have shown DC interaction with natural ligands. These
ligands are complex in nature and typically consist of glyéams sources such as yeast
(mannans), bacterial or vial membrane glycoproteins, lipopolysaccharides, parasite
surface glycans, or betucangt#1:80.135.136 Thege complex sugar milieu have been used
to identify nolecular signaling pathways and general receptor specificity. However, even
with these resources, in myeloid DCs, almost a third of all lectins currently identified do
not have a molecular signaling pathway clarified and many more do not have the
completereaction cascade definé@!?421%Generally, for the pathways that have been
clarified, the CLRs can be divided into receptors that utilize TLRteoulation and
those that signal independently from other recemathways?® The interaction of
DC-SIGN with mannose&ontaining pathogens, such Mgcobacterium, HIVV1, measles
virus, and Candida Albicans, affects TLR mediated immune responses frof?'DIEs.
has been shown that the crosstalk between TLRs an&IB@ depends on the prior
activaton of NFe B by TLR signaling fr d¥ DGCBIBS, TLR:
triggering activates the serine/ threonine protein kinase RAF1, which induces the
phosphorylation of the NB B This stimulation pathway has been shown to be involved
in such downstream affecters as8LIL-10, IL6, and IL12b productioff. In contrast
stimulation of DGSIGN by antibody MR1, ligand Ara hl (peanut allergen), or
Schistosoma mansoegg antigen as been implicated in activation of eRK The
stimulation of eRK is linked to the activation of immunoreceptor tyrebamsed
inhibitory motifs (ITIMs) which is conically thought to lead to the inhibition of-pro
inflammatory cytokines. Thuglifferential stimulation of this receptor independent of

TLR activation may lead to inactivation of the DC. However, both of these pathways
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have been discovered via interaction of-B{IGN with mannosylated and fucosylated
structures. The implications rfducose binding to modulate the E®IGN cascade has
yet to be elucidated even though the binding of&IGN to fucosylated glycans has
been shown to be higher than that of mannose in #tra.further level of complexity
for DC-SIGN exists in that it has also been shown to have competing roles in DC
activation when binding to a single pathogen as demonstratedVinnfection. Both
Langerin and DESIGN recognize HIVL through the higilmannose motifs on its
envelope glycoprotein gp120 yet they are expressed on distinct DC subsets and they have
been shown to have opposite functions in handling-HI\Langerin targts HIV-1 for
degradation while DEIGN binds HIVV1 and serves as a carrier molecule for HIV
facilitating HIV transmission to T celf$!

Dendritic cell inhibitory immune receptor (DCIR) , MICL, and Siglees@Bhave
been found to associate with ITIM intercellular motifs. Thus, wbBe€iR and MICL
receptors are stimulated an inhibition of the TLR8 and TLR9, and TLR4 (respectively)
activation in DCs has been shoW#!4® The ITIM domains recruit the phosphatases
sHZAdomairAcontaining protein tyrosine phosphatase 1 (sHP1) or sHP2 following ligand
engagement which leads to inhibition of the MyD88 pathway (via unknown

intermediariesf* However, similarly to D@SIGN, neither DCIR nor MICL have been

proven to induce immune responses independently of TLRsnbtead modulate the
response of DCs if the TLRs are-stmulated. If DCIR is bound by an antibody it
causes internalization of the opsonized pathogen and trafficking of the complex to the
endosomatompartments where TLR8 and TLR9 are present. ltlsameously begins

the cascade described above to inhibit the affecter function of these TLRs. If MICL is
bound activation of eRK is thought to occur and thus suppression dhiidiRed ILAL2
expression habeen showr*? Additionally, several studies have shown that siglecs can

recruit theinhibitory tyrosine phosphatas&HR1 and SHR-2.14° However, relatively
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little work has been done specifically on DCs and siglecs. So while these cells have been
shown to expressiany of the Siglec family (See table 1) the exact effect of ligation of
these receptors in DCs is largely unknown. However, they have generally been shown to
contain the same adapter proteins as other immune cells containing these receptors and
thus it islargely thought that they serve similar functions as they do in macrophages,
monocytes, and B celfé:*®¢ For most CD33elated siglecs (Siglec 3-BL, and 14)
ligand engagement results in tyrosine phosphorylation of ITIM by the Src family tyrosine
kinases with subsequent associatiathwhe Src homology 2 (SH2§lomain containing
phosphatases such as SHRnd SHF2, which control cellular activation by atigsting
tyrosine phosphorylatiot.148

Finally, the lectins Dectin 1&2 have been shown to have a signaling cascade
independent of other PRRs. Dectins activate gene expression through the recognition of
bAL,3Aglucan PAMPs expressed by aoad range of fungal pathogens, including C.
albicans, Aspergillus fumigatus and Pneumocystis carinii, which then leads to the

activation of NRa B%7214%2 Dectin 1 stimulation leads to the activation of syK which

has been showntoleadtoAFB st i mul ati on vi a “&®Lprhiot ei n
stimulation pathway has been determined previously for other receptors and thus is
known as the canonical stimulation of NFB . But ntoithe acavdtidni aof i o
NFeB via the canonical activation pathway

activation of the syK pathway an induction of the fwamonical NFe B pat hway c &
occur. Activation of this pathway has previously been describedfantyfew members

of the TNF receptor superfamily, such as lymphotégin r ecept or and CD40
which signals through syk21%3 Stimulation via this pathway typically ends in TNF
production and few other piiaflammatory cytokines unlike stimulanh via the

canonical pathway. Thus, Dectin 1 is able to signal through sevehalgeat ending in

di verse <cellular outcomes indepedyldcans.t | vy of
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Dectin 1 and TLRs can crosalk as well, as demonstrated for dectimnd TLR2. Ce
expression of both molecules on the APC surface enables cooperateggisyc
signaling by TLR2 and dectih in response to the common ligand zymoS4f°Dectin
2, while not as well studied aPectin 1, has also shown a diverse range of
immunomodulatory effects. Dectin 2 is known to associaté®suvalently with the
ITAM Abearing signalingpad apt or mol ecul e FcRB. andlTyapc fcia!
downstream effects of FcRy activation and-8lB st i mu | aibflanomatorar e pr
cytokine production and immune activation. That engagement of the dectin 2 receptor
works through this canonical pathw is supported by data showing that dectin 2
recognition of fungiC. albicans Trichophyton rubrumandMicrosporum audouinileads
to production of the pd nf | ammat or vy c y-1ra kandn &8 and NF U,
stimulation of Thy effector cell activation angroliferation?2°615" Fyrthermore, dectin
2 recognition of house dust mite allergens generates allergic inflammation mediators
known as cysteinyl leukotrienes in the lungs as activatediby $syr ou g Fc Ro .
The above studies only scratch the surface of natural ligand interactions with DCs
and their subsegué immunological outcomes. Extensive reviews have been written
highlighting these interactions and further detaill will not be gone into
here316.17,42.87,129,131,146.19%82 The ynderstanding of natural liganiet can be bound by
DCs and cause functional outcomes is important for clinical studies and for etiology of
disease. It also has implications in ligand identification when the receptor has no known
specificity and in molecular pathway elucidation. Thivamtages of using natural
ligands for DCs is that, as long as the pathogen/parasite can be grown in vitro, large
amounts of the ligand are able to be obtained. This leads to the ability to determine
cellular readouts such as cytokine profiles, cell swrfenarker expression, and effector
cell proliferation. Because the receptor is being engaged by its natural ligand the effects

seen in these studies have direct physiological implications and a much greater

29



understanding of the range of responses posfblELRs on DCs can be obtained. To

this end, the above studies showed a range of DC responses and interactions spanning
direct proinflammatory stimulation upon receptor ligation, to indirect tolerogenic
phenotype inducement, and everything inbetwe@d/:140.159.163 Thys CLRs are a

receptor class ripe with possibilities for clinical therapies

3.2.1.4Synthetic ligands for CLRS

An underlying mechanism for the biological function of carbohydrates is
multivalert recognition, whichs being exploited in vaccine development by displaying
multiple sugars on the backbone of a polymer to eitpeomote or inhibit
immunoreactivity:®* However, these delivery systems are not as efficacious if they
cannotmimic native tissue glycan presentation. Thus, strategies have been developed to
promote immunoreactiwt®®, such as combining antigens with naturally occurring
glycan scaffolding (e.g. chitosan), and using adaptabseipramolecular
pseudopolyrotaxanes that mulently display mobile ligands that have rotational
freedomabout the polymer backboA®+1%6 These and similar polymer systems, when
linked to an antigen, such Bsphtheria toxoid, have been shown to significantlyr@ase
antibody production ovedelivery of the antigerwithout polymerglycan presentation.
These systems have been shown to provide upwards of 47% arpiooldtion increase
upon rechallenge with the antigen, showing not only their effectiveness in initially
creatingadaptive immunity, bt alsoin sustaining immune memat§?1¢’Similar glycan
polymer systems have albeen used to inhibit infection and promote immune arse
by designing theircarbohydrate moieties to mimithe glycan presentation seem
bacterial and viral surfacé% These polymeg | ycan sy st e msvacenes as
by helping stimulate the immune response against a specific bactenaus by
syntheticallyinducing immune response against the outer surface awengs of the

bacteria or viruswithout the actuainfectant being present. Furthermore, vaccines are
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targeted to DCs CLRs using glycans, particulanignnosylation ointigens®®1¢°or of
polymer carrier systems delivering the antigéd’ with significant enhancements in
humoral immune responses andell stimulation, supported by DC maturation.

Conversely, multivalent carbohydrate presentation can also be used in
immunosuppression bgxploiting the tolerance pathways present in the immune system.
In areas of high immunostimulation, such th®& mucuslining in the lungs or gut,
tolerance to foreign nepathogenic antigens is common. The pathwayha tolerance
is unclear; however, studies have begun to elucidate a complex relationship between
CLRs andTLRs in tolerance to nopathogenicantigens. It has been postulated that if
antigens do not present a knopmat hogeni ¢ moi ety and do not
si gnal s ésurrbundinm tissué, ¢heimmunetolerancean occur Thus, polymer
presentation of seljlycans in such a way as to mimic both density emahposition of
self-glycan could lead to tolerance. It has been shown that with an equivalent passivation
system, tolerance to ovalbumin, a a@ebantigen, can occur in vivB!?2The immune
evasion strategs of tumors’ and viruse§* based on glycan presentation appear to
represent other immunosuppressisgategies.Such glycarbased immunosuppressive
approaches could be applied to develop novel biomaterial surfabesused for tissue
engineered and other implanted devices to induce imitaleeance to the implanted
deviceto enhance device integration and function. The research presented herein is aimed
at discoveringnovel glycans with immunomodulatory effects for exploitation in a

biomaterials context.

3.3  Overview of Glycan Nomenclature and Glycosylation of Proteins

Carbolydrates are referred to in literature under several headings: carbohydrates,
sugars, saccharides, and/or glycans. Generally, they divided into four structural
groupings: monosaccharides, disaccharides, oligosaccharides, and polysaccharides.

These groupigs indicate increasing structural complexity and thus also scale with
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molecular weight of the carbohydrate. A typical carbohydrate consists of an aldehyde or
ketone with many hydroxyl groups appended to it; generally a hydroxyl group is linked to
each carbn atom that is not part of the aldehyde or ketone functional group of the
carbohydrate. Examples of typical monosaccharides that follow this rule are glucose,
fructose, and galactose. The hydroxyl rule is not a defining feature of carbohydrates as
uronic acids and deoxgugars such as fucose are considered carbohydrates as well. At
physiological temperatures carbohydrates exist in both a closed ring and open chain form.
Mechanistically, the aldehyde carbonyl group carbon and hydroxyl group, from an open
chain carbohydrate, reversibly react to form a hemiacetdD-© that closes the ring.

This state is thermodynamically favored for most carbohydrates and thus most
carbohydrates at physiological temperatures predominate in the closed ring>form.
When the aldehyde/ketone reacts reversibly with the hydroxyl group a heterocyclic ring
forms; these rings typically form to include five or six atoms and are called furanose and
pyranose forms respectively.

While converting from the straigithain form to the cyclic form, the anomeric
carbon containing the carbonyl oxygen becomes a stereogenier with two possible
configurations either above or below the plane of the ring. The resulting possible pair of
stereoi somers are called anomer s. The U &
carbon on the trans side of the ring fromtheeOHs i de br anch. The b ar
the hydroxyl of the anomeric carbon on the cis side of the ring from th®KEHRide
branch. Because the ring and straighdin forms readily interconvert, both anomers
exist in equilibriumt™

Carbohydrates have very complex structures that are difficult to understand using
IUPAC nomenclature. For itence lactose, a common disaccharide consisting of a
glucose linked to a galactose is nanfe®-galactopyranosy{ 1 Y-B-plucoseunder
IUPAC standards. This naming strategy conveys much more information than would

naming the carbohydrates by their atomic constituentsH(@O11) however, to convey
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even moderately complex carbohydrate structutes names would take 100s of
characters. Thus, a glycan nomenclature was developed by those in the field that used
abbreviations for the glycan structures separated by their linkages. An example of this
can be seen ifigure 1B and in the case of lactose would be GadGlu. However,

even this nomenclature can become untenable when trying to quickly assess the structure
of complex carbohydrates such as those shoviaigare1B and C. Thusglycan symbol
nomenclaturavas deeloped. The symbols and colors of carbohydrates can be seen in
Figure 1A as well as an example of using these symbols to represent a glycan structure
can be seen ifrigure 1C. Using this nomenclature allows researchers to quickly and
easily identify glycan components of complex polysaccharides and their linkage to each

other!’®
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A) exoses: Circles

N-Acetylhexosamines: Squares Print in color
H ines: S livided di I
*Galactose stereochemistry: with Blackoutline O [ [N

*Glucose stereochemistry: BLUE (0,0,250) with Black outline O H N
*Mannose stereochemistry: GREEN (0,200,50) with Black outline . . E
*Fucose: RED (250,0,0) with Black outline A
-Xylose: (5-pointed star) ORANGE (250,234,213) with Black outline*

Acidic Sugars (Diamonds)
*NeuAc: PURPLE (200,0,200) with Black outline

*NeuGc: LIGHT BLUE (233,255,255) with Black outline
*KDN: GREEN (0,200,50) with Pattern & Black outline
*GlcA: BLUE (0,0,250)/Upper segment with Black outline
*ldoA: TAN (150,100,50)/Lower segment with Black outline
+GalA: /Left segment with Black outline
*ManA: GREEN (0,200,50)/Right segment with Black outline

SOVPOO @

Fucal
Ng '

B) NeuAca2-6Galp1-4GIcNAcp1-2Manad
6
Manp1-4GIcNAcp1-4GIicNAc-Asn

3
NeuAcu2-6Galf1-4GIcNAcp1-2Manadl /

come®™E

Figure 1: Carbohydrate symbol nomenclature!’®

o
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3.3.1 Glycosylation of Proteins

In Eukaryotes post translational modification of proteins predominantly occurs in
the endoplasmic tieulum (ER) and Golgi apparatus. In both the ER and Golgi
carbohydrates are added to proteins via enzymes known as glycosyltransferases.
Additionally, many Glinked glycans are added to proteins in the cell cytopfd&m.
Regardless of the location, most glycosylation reactions use activated forms of
monosaccharides (raboften nucleotide sugars) as precussdor reactions that are
catalyzed bythe glycosyltransferase Functionally, post translation of a protein the

protein is shuttled to the Golgi where specifigcgsyltransferases attach saccharides to
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t he p rpaypeptiderside chasma Two main classes of glycosylation occur Nitregen
linked (N-linked) and oxygen linked (Onked) and the glycosyltransferases for each of
these classes are unique.

O-glycosyltransferasedransfer N-acetylgalactosamine from UDBBaANAc to
serine or threonine residues, which is catalyzed by a polypegtatetyt
galactosaminyltransferase (ppGalNAGT). There are at least 21 polypeptile
acetylgalactosaminetransferases (ppGalNAcio -21) that differ in their amino acid
sequences and are encoded by different gerig@fRost modification of the GalNAc
residue occurs in the Golgi apparatus and appears to be a stochastio evieich the
longer the residence time of the protein in the Golgi, the more modification of the protein
occurs. This modification is performed by a plethora of glycosyltransferases and is
heavily dependent on cell type, cell cycle status, extracebigarling, etd.’® However,
in generaleach glycosidic linkage is the quuct of a single enzym® (with a few
exceptions not covered heréfhe human B b li 3 gakctogyltramsiepase U 1
provides an excellent example of such specifitity. This enzyme catalyzes a
glycosylation reaction in whi-8Hhydraxdd¢raupg t os e
of a galactose ratue on the proteinHowever, the enzyme only acts on galactose
containing2linkagedse in U1l

In contrast, Ninked glycans are initiated by the action of
oligosaccharyltransferase, an enzyme that transfers the glycan Glc3Man9GIcNAc2 to the
side chain of asparagine residues in the sequence motiXAer/Thr!’® N-glycan
modification begins on the ER membrane with the transfer of GlciRAtom UDR
GIcNAc to the lipidlike precursor dolichol phosphate (B®) to generate dolichol
pyrophosphate MNcetylglucosamine (DdP-P-GIcNAc).1’®  Fourteen sugarsare
sequentially added to D#& before en bloc transfer of the entire glycan to an-sn
Ser/Thr segence ontoa proteint’® The proteirbound Nglycan is subsequently

remodeled in the ER and Golgi by a complex series of reactions catalyzed by membrane
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bound glycosidases and glycosyltransferasgélgcosidasesare enzymeghat remove
monosccharides to form intermediate sugar structtirasare themble to be recognized

by glycosyltransferaseand have more sugars attached or removed from. tiMost of

these enzymes are sensitive to the physiological and biochemical stite oéll in

which the glycoprotein is express¥d. Thus, the populatianof sugars attached to each
glycosylated asparagine in a mature glycoprotein kgllcompletely dependepnn the

cell type in which the glycoprotein is expressed and on the physiological status of the
cell, a status that may be regulated during developarah differentiation and altered in

diseass such as cancers and prion disea%es

3.4 High Throughput Methodologies in Glycobiology and Immunology

A HTP approach is necessary to assess functional phenotypic effects of complex
carbohydrates on DC phenotype for four key reasdfisst, only limited amounts of
oligosaccharide@ypically at subpmol levels) can be isolated from natural sources when
cleavedfrom proteins or lipidsand they are highly heterogeneous in structtité?1’®
Second, the structural diversity of oligosaccharides leads to difficulties insthestural
characterization; currently, there is a lack of an efficient means of automated assignment
and the characterization is mainly reliant on expert interpretation by MS ansR/ses.
Third, the biosynthesis of oligosacciis is not template driven like DNA orqgtein
synthesisandthusthe diverse repertoire of oligosaccharitiest would be representative
of the glycoform of a typical glycoprotein is extremely diffictdtreproducdsy chemical
synthesig®183 Fourth, most carbohydrafeotein interactions are of low affinity, and
there is a requirement of multivalent presentation of carbohydrate ligands for detection of
binding in microscale screening analy$t5!%5184To mitigate these concerns several
approaches have been attempted by current laboratories. The most predominant approach
is to create glycan microarrays using shotgun glycomics or solid state carbohydrate

synthesis
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Currently, many high throughput screening technologaes being used tshow
relationships that they were not designed to elucidatéthus the results from these
assays are said to orthavefindication® for further study. The most common and well
known is genomic and transcriptional HTP screenisgmg DNA and RNA microarrays
that are used to measure the change and/or quantity of transcription that occurs in cells in
response to a challenge. While these assays are excellent to determine whgris\gap
to a cell in terms of transcription, it has been confirmed many times and in multiple
models that transcriptional activity does not necessarily directly relate to translational
activity, which does not necessarily lead to functional protein expm/scretionThus
becausethe assay does not directly show functional effects many moreHMBn
techniques must be used in order to actually confirm what was implicated in the original
HTP assay. This process, while significantly reducing the corntyplek the original
problem, is not ideal as the HTP assay tells very little about actual functionality and in
order to add this level of analysis RBITP techniques that are very time and resource
intensive must be employed. Ideally, HTP screening uidles only HTP strategies and
directly assesses what the investigator is interestedanaddress this need many novel
HTP strategies are being developed, specifically in immunology, where assessment of
relevant effector functions are critical for desiggipotent therapies. Immunology
presents a unique level of complexity in that it involves an unusual dearth of interactions.
The complete immune response requires an analysis of surface molecule expression, intra
and intercellular interaction, secretedlstules, and temporality of these factors. Just a
few of the functional outcomes of these processes is a recruitment of other immune cells
to the site of infection, secretion of prar anttinflammatory molecules, development of
distinct cellular phengpes, clonal expansion of cells, cell inactivation/death, antibody
production, etc. These outcomes all rely on multiple factors occurring simultaneously or
in a specific time frame and sequence in order for them to elicit the desired immune

responsé* Thus, designing a HTP strategy that can monitor multiple factors over a
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relatively long time course (days) is necessary for the investigator to obtain an idea of the
functional effect of their treatment. This has yet to be seéhneititerature. Theuwrent
state of the art for high throughput technology in immunology involves one of ten
reporters:
1. Live dead assays to determine a ligand or biomaterial cytoto#rcity
2. Cellular proliferatior®
3. Phagocytosis of functionalized micro/naparticles®” 189
4. Adherence/migration assays to determine if ligands affect cell binding and
migrationt8’:190
5. Transcriptional analysis of RNA or DNA regulated after stimuldfitt
6. Proteome analysi$*
7. Colorimic or fluorescent production obtained from immune cell transduction
tranfectior}®>1%
8. Colorimic or fluorescent pragttion obtained from neimmune cek transduced
to produce immune receptéts
9. Assessment of phosphorylation of key intracellular intermedfétes
10.Microarray analysis of recombinant proteins to detee if receptors found on
leukocytes can bind to a variety of ligaft§<%?

Reportersone through three are binary assays in that they measure the extent that
an outcome either occurs or does not occur. While if a cell lives, proliferates, or
phagocytosis a particle in response to a challenge is useful information to know, the
immune respnse is a much more complex and intricate process than the above factors.
An analysis of functional intermediaries such as soluble factors and surface marker
expression are not assessed in these methodologies and in order to understand the
immune responsthese factors must be analyzed. In particll@s are insensitive to
reporters two and three because they are not typically considered proliferati€’é aetls

thus their proliferation or lack thereof has little immunological consequence. Similarly,
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phagocytosis can lead to a variety of phenotyped®@s or no change iphenotype at
all*>204.20%nd thus phagocytosis is also a poor reporteD@function.

The fourth reporter, cellular adhesion/migration, is arpodicator of DC
phenotype adDCs up and down regulate many adhesion receptors throughout their
maturation proces¥® The end result of this maturation procesbgther its pro or anti
inflammatory, CD4 or CD8 stimulating, etc. is independent of adhesion and thus,
adhesion is also not an ideal reporterd@, and in general APC, activatig.

The next two factors are also not ideal candidates to assess DC phenotype because
of their inability to be used across a large number of treatments in a cost effective
manner. Proteomic microarrays areeabd assess a large variety of secreted proteins
simultaneously and if cells are lysed they are also able to assess the expression of many
intracellular proteins. However, each array can only be used once and are extremely
costly to purchase or develofdhus, each treatment you perform on y@@s requires
its own assay which, if you have a 100 treatment groups, means you must have 100
separate assays. This approach also doesn
is also a factor in immunologynd therefore more assays would be needed to determine
the protein expression as a function of time. Therefore, while an extremely powerful
method, proteomic analysis is too cost prohibitive in its approach to screen multiple
treatment groups. A discussioof the other limitations of using transcriptional
DNA/RNA microarrays have been discussed previously in this review and will not be
further expounded upon here.

Reporters seven and eight, cell transfection/transduction assays, are limited in
severalrespects. First, these assays utilize a reporter for a single protein suckkBs NF
and then quantify how much of this factor is expressed in the cells over different
treatments. Because the immune response involves multiple secreted and surface
presengéd proteins an analysis of a single factor, even a very important factor such as NF

kB, is insufficient to determine the functional immune response. Sec@@$yare very
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difficult to stably transfect or transduce and are canonically thought to be ¢elyple
insensitive to transducticii® While recent reports have showrathransfection of DCs is
possible, the efficiency of transfection is still relatively low, the amount of plasmid used

to achieve this transfection very high, and the transfection was only seen tradiently.
Thus, transfecting DCs is still not a viable option for true high throughput screening
becase of its relative cost and time commitment as well as its limited timespan for use as
a reporter. Successful transduction of DCs has also recently been reported, however the
MOI to transduce the cells efficiently was very Hifand thus this methodology is also

not seen as a truly viable approach as it is cost prohibitive to transduce multiple donors at
a quantity of cells that is high enough to be able to use in HTP screening.

Reporter nine, protein phosphorylation, has broad applicability for identifying
signaling intermediates in a signaling cascade. It has been shown that the
phosphorylation of key sigling proteins such as JAK and STAT can be measured in
high throughput arrays with great specificit§:'®® However, these proteins are not the
functional effecdrs of the cells. Thus, what the actual phenotypic outcome of the
phosphorylation of these proteins is remains unknown with these assays. Dendritic cells
utilize the same signaling proteins across multiple receptors, (MyD88, TRIF, TRAF,
etc.f* and thus the increased/decreased phosphorylation of any of these signaling
intermediates is not able to identify specifically what proteins were stimulated and what

the likely functional outcome will be.

3.5 Engineered Presentation of Glycans to Dwlritic Cell s
In order to harness and modulate DC phenotype in a controllable manner with
CLRs a more mechanistic understanding of how specific glycan structures, presentation
modalities, and molecular environments effect DC phenotype and systemic ignmunit
must be had. Natural ligands are often complex and heterogeneous in nature and can

provide confounding factors to mechanistic studies. In the majority of the studies
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previously mentioned there were multiple opportunities for confounding Hgzseptor
interactions, e.g., through protein epitopes, opsonization of the carrieispeoific
recognition by other CLRs, etc. While these studies were well done and had appropriate
controls their models did not allow for a controlled mechanistic assessmentC of D
interaction. Thus, it makes elucidation of exact molecular motifs and environments
necessary for modulation of DC behavior (whether that bénflanmatory, tolerogenic,

or phagocytic) difficult. Several studies have attempted to do this and frombitsen
understanding of exact molecular characteristics necessary for modulation of DC

phenotype have been found.

3.5.1 Glycan Structure and Dendritic Cell Phenotype

In an elegant study by Wattendorf et aluntan DCswere cultured with
phagocytosable polystyme microbeads$unctionalized with dibranched PLLPEG that
hada man, t3r i-@ilarrmannah httached the end of the PEG brantH The
mannanand PLL werepassively adsorbednto the PS beads leaving the mannan and
PEG functionalized glycamonomers free in solutionstead of beindound on the bead
surface This PEG branch coating had been found previously to removespemific
protein adsorption and thus interactions with the bead were mediated solely by the
intended glycadectin inteactions. A comparison of phagocytosis between sugar
structures was performed and it was found that mannan coated particles had the
highest uptake, followed by the mannose, with the lowest phagocytosis seen in the triman
functionalized particle.In gereral, however, mannoseediated phagocytoswas lower
than other reports in the literature and was not statistically higher than RGD immobilized
in an identical system. The paper accoutts absence of other mediatdrs the
conjugate, such as lipid cqmnents in the lipisome used by other groups, as the reason
for this lower uptakeAlso, the study tookhe beadshat showed the highest level of

phagocytosis for thenannan, ri-man and namoseand looked at DC surface marker
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expression after incubatiosith these conjugates. No change was seen in CD80, CD86,
and MHCII from iDCs for any of the conjugates, including the mann&@he negative
outcome of tk mannan conjugates goes against previous studies that shbated
mannanwas an immune agoni§2%820° However, in thesestudies mannarwas
combinedwith particulates based oipbsomedinked throughmembrane lipids, such as
cholesterd®® or palmitoykmannart® Therefore, it could have been the synergistic effect
of the lipids and the mannan that led to these activation rep®hts implies that the
Th1/Th2 cell proliferation that was seen in these studibsit were thought to be
mediated through mannamay not represent the result tbie ligand alone but through
the synergisticdecognitionof the conjugates byLR4 and CLRs. Unfortunatdy, in the
MeyerWentrop et al. studyno analysis of cytokines was performedd thus the
phenotype of the cells remaiahkisiveas several reports have shown differential cytokine
profiles without upregulation of surface receptors in response to CLRusiion 81126
Several labs have 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. Feinberg et al. did one of the most thoroughsanalfy glycan
binding specificity of DESIGN to carefully controlled glycan structures. In this paper it
showed that dmannose and tran structures have a higher affinity for £30GN than
did mannose alone and that eitherwb tMan6isomes bindwith similar affinity which
was9i 14-fold higher than mannose, whereas two isomeidari9 boundapproximately
twice as stronglythenthe Man6 glycans. The full Man9GIcNAc2 glycan consistently
showed 2i 3-fold stronger binding thaaither of theMan9isoforms. In general anything
with an ULl-(2 mannose linkage showed a drastically higher binding affinity than did
those structures that did not and that branched structures bound with higher affinity than
did linear structures. Another study by van Vliet et alwsdwhigh specificity for MGL

to terminal GalNAc structures when coupled to a variety of sugar backbones. While

binding affinity wasnét directly assessed
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array, a rough proxy for binding affinity, was assdsaad it was found that terminal
GalNAc structures showed a-P® times higher amount of binding than did f@alNAc
structures®  Similar results to the DSIGN study have been confirmed by other
researchers across different systems and array based assessment of other several other
lectins have been perfoed by multiple researchers and thus these results are seen as

robust and applicable to in vitro receptor specifi¢?y?19213

3.5.2 Molecular Factors of Glycoconjugates and DC Phenotype

In the study by Wattendorf et al. mentioned above not only was the glycan
structure altered in a controllable fashion &iso the density of the displayed ligand was
varied. GQrlohny dr at e densi ty on wa$centroffed throwgh thén er e s 0
adsorption of polymer mixtures with (ligaticce) PLL-PEG and mannoside
functionalized PEG. Two linker lengths were alsosdroto allow for adjusted glycan
mobility for receptor binding.It was found that thefficiency of phagocytosis by DCs
increasd wi t h i ncreasing amounts of mannose €
regardless of sugar structure us®dThis wasin agreement with the findings of other
groups with different platforms for sugar presentatiosuch as mannosylated
emulsiond'* or liposomeg!® While the characterization of the DC phenotype in each of
these studies was limited, generally it was found that regardless of sugar structure DC
phenotype was not altered but phagocytosis wasstitally increased as sugar density
was increased. Also, in a study varying density oflantiies to De€05 on the surface
of nanoparticles the amount of amtflammatory cytokines increased with increasing
amounts of Abs immobilized on the bead swefcFurthermorethe phagocytosis of the
beads was also shown to increase. While, this study was not a ligand for the CLR it does
show phenotypic modulation of DCs with increasing ligation of CLRs.

To date no direct studies have been performed that compare how chage of

glyco-conjugate alters DC phenotype. However, historically cationic vaccine conjugates

43



have been found to play an important role in increasing the immune response to any
conjugaté#*2® The addition of protaminesfnall, argininerich, nuclear proteinthat are

highly positive) is a common component in microparticle vaccines to enhance
immunogenicity. Protamine has been shown to produce more poteruraati
vaccineg!® nonviral transduction of dis, enhanced siRNA deliveR}/ enhanced
allergy vaccine efficadf® etc. Another cationic polymer, polylisine (PLL), has been
shown to induce similar effects but in a more tunable fashion due to its ability to be
enginered to desired lengths and levels of branchi#§??! Furthermore, several
cationic glycan carriers have shown increased phagocytosis higher than that of other
reported glycoconjugaté$?> Due to these reports carrier charge appears to be a
promising field where little direct research has beeredorthe glycoimmunology field.

Finally, the carrier and linker that a glycan is attached to could play a large role in
how the glycan is recognized and in what way DC phenotype is affected. This has not
been shown directly in immune cells. Howeverdmet al. displayed glycans to cells
expressing transduced forms of CLRs aodhparedcell adhesion to glycan presenting
compounds acrosflexible and rigid scaffolds and also compared differing spatial
arrangement of ligands presented on two rigid maotmcscaffolds??® They found that
reduction of the inherent level of flexibilityf the linker hada favorable impacon cell
bindingespecially for cells displaying a higlLR density, andhe structure of thearrier
can modulate inhibitory potenayhen comparinglifferent lectins This not only shows
that lectin affinity can be modulated via linker properties but it also shows that different
lectins have a differential ideal moleculagrsature that is optimal for maximum glycan
binding. In addition to conformational restramtt was shown thathreedimensional
presentation ofjlycans drastically altered cellular adhesi®h.While a fully reductive
study has not been performed with DCs the important role that carrier and linker play in
CLR recognition in DCs can also be indirectly observed by the differential phenotypes

noted in the papers displaying mannan to DCs ¥i@rdntial linkers!?2%8 Cui et al.
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utilized cholesterol as the linker and fourdhanced CD80 and CD86 levels the
surface of DCs and increased peptjglesentabn by the MHC clasd molecule'®®
While the paper by Jain et al. showed DC phenotype that had faestred toward
increasing the Thresponses due to increased® land MHC class Il presentation. The
conclusion that carrier properties can modulate DC responsduvtasr supported by
literature from van Stijn e&l.1*° which showed that recognition of soluble glycolipid
motifs were able to activate DCs but could aotivate DCs with any single component

of the carrier.

3.5.3 Modality of Glycan Display Altering DC Phenotype

Soluble and phagocytosable glycan presentatié© has been studied but little
direct comparative data between the two and no comparison iphagocytosable well
surface displayed glycans has been s&nFurthermore, due to the extremely limited
supply of weltdefined oligosaccharides capablé lmeing obtained via synthetic or
biological means surface interaction with recombinant CLRs or other lectins to glycan
microarrays has been used as a proxy foectlicellular response for glyconjugate
creation and therapeutic approackes. The experimentperformed hereirseek to
addess these issues by use of a naedlular HTP methodologyperfected in house*
This method allows for an order of magnitude less glycan to be used than previous
functional assays, both prand antinflammatory immune responses to be monitored,
and testing of multiple surface display modalities simultaneously. idddity, the
studiesperformed herehallenge the conventional view that glycan structuredamsity
of presentation alone determines phenotypic modulation of DCs.

Several studies have analyzed the cell response to glycans between soluble and
particulae modalities but these studies used complex not well defined systems to identify
differential activity that could be confounded by a variety of factors. For instance Qi et

al2s | ooked at t he dglutahie padiculate @dnoparticie)armdtsolublé b
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form on DC phenot yguean particleb, deyived flom yedst, activated b
DCs am macrophages viadectin st i mul at-glaan daivered in its aotubleb
form caused no increase in activation mark&rsWhen used in an in vivo study the
parti cul atghlcamsehowed @ateatdattibor effects: dowsregulating Tegs
and del ayi ng t umor -glpcanoirgsolebte dornmohad ne therdpeutict h e |
effect but significantlyaugmented antitumor monoclonal antibodieddo we v e r-, t he
glucan particles were not characterized forlenolar weight, size, glycan structural
composition, and were known to have variability in protein composition. All of these
factors could easily influence the affects seen and confound the results obtained. Another
study comparing particulate and solulpiesented carbohydrates was performed by Le
Cabec et a2 who showed that wherthinese hamster ovaryCHO) cells were
transfected to express mannose recefhti®) it mediated endocytosis of mannosylated
glycoproteins in solution but dichot support phagocytosis of three of its known
particulate ligands: zymosan, Mycobacterium kansasii, and mannosylated latex beads.
The cells were shown to possess phagocytic machinery when other receptors were
expressed on them and thus it was concludadMiR alone was not sufficient to trigger
phagocytosis and that there must bestimulatoryreceptors on macrophages and DCs
that, in concert with MR, were able to cause phagocytosis. Furthermore, a differential
response from DC receptor ligation whemntical ligandswere presented in different
modalities was shown in this study. However, in this study CHO celfe wansduced
to express humahkiR and therefore strict conclusions between these cells and naturally
occurring DCs/macrophages is difficult.

A variety of studies have shown that modulation of DC phenotype with
phagocytosable nanand micreparticles bearing carbohydrates is possitiles 208209226
These studies have shown that increased ligand density as well as sugar structure play an
importart role in phenotype modulation. Thus, it is known that particulate delivered

glycans are able to be seen and recognized by DCs but no compdra@deen
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performed as to whether this response is consistent when ligands are displayed across
different modalities.

Non-phagocytosable surface display of glycans has not been as intensively
studied as soluble and particle delivery of glycoconjugateswener,van Vliet et al.
showed that GalNAc (Tn antigen) when immobilized on a-ploagocytosable surface,
drastically alters DC mobility as compared to other suffar§he Tn antigen has also
been shown to affects DC differeritan and maturatioi?’ whereas MUC1 purified from
tumor cells, which is extremely high in GalNAc, induced differentiation of DCs, but
prevented the development of an efficient;-Type respons&® Napoletano et al.
observed that a Frconjugated protein did not affect DC differentiation or their ability to
produce Il:12p70 and that Tprotein can specifically bind MGL expressed by iDCs and
this binding resulted in the internalization of the glycopeptides and their delivery into
HLA class | and Il compartmentd® Furthermore, several labs have shown the high
specificity d lectins by taking recombinant forms of the receptors and incubating them
with glycan structures of interest or with glycan microarrafsstudy by van Vliet et al.
showed high specificity for MGL to termindbalNAc structures when coupled to a
variety d sugar backbone$. Whi | e Dbi ndi ng eatlyfadsessed ip thiswa s n Ot
study amount of binding of glycan to an array, a rough proxy for binding affinity, was
assessed and it was found that term@®BalNAc structures showed a-P® times higher
amount of binding than did negalNAc structure$®  Similar resultshave been seen
with DC-SIGN and have been cdimtmed by other researchers across different systems
and have been performed by multiple researchers and thus these results are seen as robust
and applicable to in vitro receptor specificity:219213 In conclusion from these reports
it is clear that modality of presentation of glycan to DCs drastically alters the outcome
and that a direct comparison between display modalitseng well defined ligandss

needed.
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3.6  Motivations for Research

From the literature review it is clear thACs are powerful immunomodulators
and that the lectins they express have the ability to tune the DC phenotype toward a pro
inflammatory or antinflammatory phenotype. Furthermore, glycan presentation to DCs
has been shown to produce sensitive and specific inmune responses fronhxC 4. is
hypothesized that glycans could have significant impacts when designing the next
generation of biomaterds and combination products. oiWever, from Chapter 3.5 it is
clear that current researtias focused little attention to nqmagocytosable display of
glycans to DCs. To date few studies have placed glycans on-phagoncytosable
surface and analyzedelbC response to the presented glycans. Thus, little information
is known about optimal molecular factors fohenotype modulation of DCs toward a
pro-inflammatory or antinflammatory state. If glycans are to be used in biomaterial
coatings or combinain products a more {depth knowledge of the molecular factors
important for DC stimulation must be had. Also, no evidence linking the DC response to
glycans and glycoconjugates delivered across different presentation modalities has been
seen in the litexture. This is of importance to the field becauwsth the growing
popularity of glycan microarrays in glycomics it is critical that an association between
lectin binding on these surfaces and functional cell responses in vitro and itvevivo
obtained Finally, due to the extremely limited supply of complex glycan structures that
are capable of being obtained;dapth, fully reductive cell response to glycans and
glycoconjugates experiments are almost impossible to perform. Thus, it is thought that
modding can solve these problems by identifying molecular factors of importance for
simple sugars and extrapolating them to more complex sugar structures. This has been
performed previously with other materials and B)C3and thus it is expected that
modeling can be used with glycans to predict DC phgm@oty response to surface

presented glycoconjugates.

48



CHAPTER 4 ELUCIDATION AND OPT IMIZ ATION OF
PERTINENT MOLECULAR FACTORS FOR DENDRITIC CELL
RESPONSE TOADSORBED GLYCOCONJUGATES

4.1  Overview

Optimal molecular factors for glycans presented from-plagocytosable siaces
to DCs for maximal phenotypic modulation has not been studied to date.to the
pleiotropic effects of CLRs in DCsthe optimization of presentation of glycans to the
immune system has implicatisnn both vaccine design amuplanted devices whera
tolerogenic immune response is desirddhis study began with an assessment of carrier
appropriateness for glycan presentatio®@s using a novel, in house, high throughput
assay Then DC response to a range of carriers that had been enginearaqy o
charge and density of glycan presentation was assessed. tiNexiroperties of the
carrier were modeled using a multivariate regression and trends for ideal properties of
nonphagocytosable display of glycan for maximal DC inflammatory resporese w
identified. The DC response to the adsorbed conjugates was then assessed in the
presenckabsencef EDTA to determine the CLR dependence of the interaction with the
conjugates. Nextonjugates were created with the optimized carrier charge andydensi
found from the modelindput with six newcomplex carbohydrate structureginally,
after assessing DC phenotype to these conjugates a model was created to assess the
importance of various structural motifs found in the carbohydrate structures.

It was found that highly cationized (pl above 9.75) high density (more than 20
glycans/BSA) glycoconjugates were able to stimulate DC phenotype to the greatest
extent. Furthermore, DC response to these conjugates was mediated by EDTA and
therefore inferred to bELR mediated. Finally, DC response to optimized agajes
presenting oligomannose glycamgas found to be structure dependent and when

modeledunique epitopes were found to be predictive of DC phenotype.
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The experiments in this chapter show that dgraditglycan display and charge of
carrier are critical for significant alteration afproinflammatory maturation factor used
to assess DC phenotypé@his response is mediated by lectins and is structure specific as
several polymannose structures did sbow DC maturation. Furthermore, the model
from this chapter show that grouping glycan structure by terminal glycan motif
significantly influencesa proinflammatory maturation factor used to assess DC
phenotype The exact molecular mechanisms for why hod phenotype modulation is
occurringwere not uncovered in this report but future works are discussed to address this

shortcoming.

4.2 Materials and Methods

4.2.1 Fluorescent Modification and Biotinylation of Glycans

Isolation, functionalization, and quantifitan of Man5br was performed via an
established methadd® Briefly, ribonuclease B (RNase B) was denatured using a
denaturing buffer (Z»SDS, 2.5M Tris pH 6.8, 14.3mldetamercaptodianol) at 106 C
for 10 minutes. The solution was then allowed to cool and the denatured protein was
digested using pronase. After digestion the RNase B was diluted 1:BonidetP40
and 1:5 of solution of 50 mM Sodium Phosphate and tfiekéd glycans were removed
by Peptide NGlycolsidase F (PNGase F). The cleaved free reducing glycans were then
isolated via carbograph and C18 cartridges (Pierce).

The glycans were then functionalized with a fluorescent linker to be used to
further purify and isolate individualycan structures. This functionalization was done
using a 90mg/ml -Amino-N-(2-aminc-ethyl}-benzamide (AEAB A gift from Dr.
Richard Cummings, Emory Universjtgolution which was prepared in a DMSO/Acetic

acid (7:3 v/v) solution. To this solution NaCNBwas added to a concentration of 1M,
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64mg/ml. To this solution free reducing glycans were quickly added at a molar ratio of
1:10 to the AEAB. The solution was vortexed heavily for 20 seconds and allowed to
react for t hr e ewhibh@aaetongdrileavas adidé&goChe soluoh at @ 10:1
volume ratio and vortexed. The solution was then coole@@dC and spun down at
10,000g for 5 minutes. The supernatant was aspirated and discarded and the glycan
AEAB/AEAB pellet was vacuum centrifuged f@ hours or until the remaining pellet
was completely dry. The pellet was then dissolved in 1ml of watefraotions were
collected usingeverse phase HPL@ith anexcitation of 330 nm and emission at 420
nm. The collected conjugates were then frcaeah lyophilized.

GlycarAEAB <conjugates were thiolated vi
protocol?° Briefly, GlycanAEAB conjugates were dissolved .nmM endotoxin free
EDTA (Sigma) A 10 fold molar excess of Traut's reagéierce)was hen added to
the protein solution and allowed to react for one hour at rommmpérature After
conjugation the glycoconjugates were purified using 10K Brame Centrifugal Filter
Unit (Milipore) using 9 rounds of 1:10 buffer exchanges against distillethtexin free,
water. The glyan solution® sulfhydryl groupswere thenmeasured using Ellman's
Reagen{Pierce) and compared to a standard thiol solution for molar concentration.

Glycanbiotin conjugates used in the carrier selection study were creaied
thiol-OEG2 functionalized glycans (Sussex Research) and maleRli@e biotin
(Pierce) using a standard protoédli. Briefly, thiol-OEG; functionalized glycans (Sussex
Researchwere reduced in TCEP redng gel (Pierce) in sealed spin cups (Pierce) for
one hour in degassed buffer .M EDTA, 0.15M NaCl, 0.1M NapkPQs) at room
temperature while shaking at 600RPM. Glycans were then spun down at 100 RCF and
the resultant effluent was immediately added2@nM maleimidePEG-biotin to a
concentration ol0 to 1 molar ratio of biotin tglycan. The maleimid®E&-biotin was
dissolved in moisture free DMSO prior to addition of the glycan solution. The solution

was allowed to react overnight at 4°C
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4.2.2 Carrier F unctionalization and Purification

Thiol-OEG functionalized glycans (Sussex Research)OEG-SH (A kind gift
from Dr. Daniel Ratnerjvere reduced in TCEP reducing gel (Pierce) in sealed spin cups
(Pierce) for one hour in degassed buffe0 L1 EDTA, 0.13 NaCl, 0.1M NaHPQ) at
room temperature while shaking at 600RPM. Glycans were then spun down at 100 RCF
and the resultant effluent was immediately added to 1mg/ml Maleimide functionalized
carrier protein, OVA or BSA (Pierceh the indicated molar ratias compared to the
maleimide functionalized carrier (0:1, 1:1, 25:1 or 100:1 sugar: carrier .rafithe
conjugates created for the initial carrier selection study were all reacted at 100:1 sugar to
carrier molar ratios. He carriers were dissolved in géssed Buffer 1 and after
combining the reduced glycan and the carrier, argon gas was passed over the solution and
the tubes were sealed with paraffin and allowed to react for 16 hours at room
temperature. After conjugation the glycoconjugates were edrifsing 10K Membrane
Centrifugal Filter Unit (Millipore) using 9 rounds of 1:10 buffer exchanges against
distilled, endotoxin free, water.The glycoconjugate solutions were then assessed for
their protein concentration using a midiinchoninic acid (BA) assay and
resuspended at 1mg/miConjugates with permanently opened rings were created via
periodate oxidation and sodium borohydride reduction via the standard prdfocol.

An identical procedure was followed foretIcNAc, Man3-Br, Man3A2, Man4
A2, Man5Br, and ManBA conjugatesexcept that only a molar ratio of 100:1
glycan:BSAwas usedAll glycan thiols were given by Dr. Daniel Ratner, University of
Washington or produced as discussed in section 4.2.2 ofabisrent and thiolated via

Trautds reagent (Pierce).

4.2.3 Cationization of Carrier
Prior to beginning cationization, three solutions of ethylenediamine (EDA) (0.1,

0.3, orl.8M) wereprepared and pH adjusted péi 4.5 using2ZM NaOH andultrapure
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endotoxin free wter Additionally, a 200mg/mll-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 gigprotein 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 specifieml.these
solutions EDC was added until EDC reached a 7.5mM concentration. The resultant
glycoprotein, EDA, and EDC solutiomas then immediately vortexed for 30 seconds and
allowed to react for two hours at room temperature while beivaken at 900RPM.
Then 0.5 volume percent of 4M acetate buffer, pH 4.75, was added to the glycoprotein
solutions to quench the EDC reactiorAfter conjugation the glycoconjugates were
purified using 10K Membrane Centrifugal Filter Unit (Millipore) using 9 rounds of 1:10
buffer exchanges against distilled, endotoxin free, weegure2 shows an overview of

the procss of creating each of the conjugates and gives a list of all 40 conjugates created.

tMu:tislft; ciilrriers 1)_3&?‘“ .112 Fxt_ev}sive 1) React with four concentrations of EDA (0.0, 0.05, 0.15, 0.9M)
I::;sc:grot:ngw :-.v;nc. °I"B o p::.lyf;_'s 0 2) Extensive dialysis to purify and then lyphilization

activation of DCs. the below 2) Lyophilized. 3) Determine isoelectric point via multiple -potential measurements
Maleimide BSA  ligands. 4) MALDI for mass determination

(mBSA) was

chosen for low 5) ELLA for functional display assessment
activation of DCs.

6) Assess DC phenotype to adsorbed conj. via HTP and multiplex
(tolerogenic or
pro-inflammatory) BSA NC-BSA L-BSA M-BSA H-BSA

BSA-OEG1 NC-BSA-OEG1 L-BSA-OEG1 M-BSA-OEG1 H-BSA-OEG1

OEG2-SH BSA-OEG25 NC-BSA-OEG25 L-BSA-OEG25 M-BSA-OEG25, H-BSA-OEG25

BSA-OEG100 NC-BSA-OEG100 L-BSA-OEG100 M-BSA-OEG100 H-BSA-OEG100
Maleimide-BSA BSA-Glc1 NC-BSA-Glc1 L-BSA-Glc1 M-BSA-Glc1 H-BSA-Glc1
BSA-Glc25 NC-BSA-Glc25 L-BSA-Glc25 M-BSA-Glc25 H-BSA-Glc25

BSA-Glc100 NC-BSA-Glc100 L-BSA-GIc100 M-BSA-GIc100 H-BSA-GIc100

BSA-Man1 NC-BSA-Man1 L-BSA-Man1 M-BSA-Man1 H-BSA-Man1

OE”(';E’Z“_'SH BSA-Man25 NC-BSA-Man25 L-BSA-Man25 M-BSA-Man25 H-BSA-Man25

BSA-Man100 NC-BSA-Man100 L-BSA-Man100 M-BSA-Man100 H-BSA-Man100

Figure 2: Process and characterization methodologthat was used to create the 40
conjugates tested irFigure 9.
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4.2.4 Streptavidin Preparation and Glycoconjugate Presentation

A 384 well tissue culture polystyrene (TCPS) plate was coated with 20ug/ml
streptavidin or 20ug/ml of the BSA glycoconjugates overnightoaim temperature
Next, for the streptavidin coated well$et plates were washed 5 times with a wash
solution1 (ImM PBS, 0.5mg/ml HSA, and 0.01% TWEENZ20) and then biotinylated
glycans at 40uM were incubated in the plate for 2 hours at 37°C. Then, all the wells
were washed with complete DC medi(RPMI-1640 (Invirogen) supplemented with
10% heat inactivated fetal bovine saem Cellgro MediaTech) and 100 U/ml
penicillin/steptomycin (Cellgro MediaTechBnd blocked for two hours at 37°C with
5mg/ml biotin free HSA in 0.1M NaHC{ After blocking the plates were thevashed
5x with complete DC media and 40 pl of cells at 7.5% délls/ml were added to each

well.

4.2.5 Preparationand As s e s sPotentia, Masd andeEndotoxin Content of

Glycoconjugates

Mass spectra of the cationized and +gationized glycoconjugates were
determined using Matrix Assisted Laser Desorption lonization (MALDI) Mass
Spectrometry. The glycoconjugategere 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 expatteplotted and the mean of each mass peak was
determined. After verification of functionalization and determination of number of
glycans/BSA the glycoconjugates were then resuspende@ aanl in PBS, aliquoted
and frozen for later use.

To determinghe isoelectric pint of all glycoconjugatesonjugates were diluted
to 500ng/ml in ultrapure endotoxin free water and then each conjugate was divided

between five different cuvettesThe pH in each cuvette was then adjuste@.@ 5.0,
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7.0, 9.0, or 11 using 1M sterile NaOHbr 1M sterile HCI. Using a Malvern Nano
z et as i -patential tarfd éydredynamic radius of each solution was then determined.
The pH -potentidl Wwas then plotted and the subsequent isoelectric point of each
conjugate was then determined via iptdation of the least squares regression to which
p o i n t-potenhatequaled 0. The solutions for each conjugate were then recombined,
lyophilized, quantified via BCAassay resuspended at 3000ug/ml in PBS, and aliquoted
and frozen for later use.

Theendotoxin contents of the glycoconjugates eb@acentration oL00ug/ml (5x
the coating concentration used) were measured using an endotoxin assessment-kit (QCL
1000 LAL assay, Lonza). Briefly, 50ul of 100ug/ml of psarmed glycoconjugates in
PBSwerd ncubated at 37eC with 50 Ol of LAL Pr
of chromogenic substrate was added and allowed to incubate for six minutes. Then 100
pl of 25% (v/v) Glacial acetic acid in distilled water was added to stop the reaction. The
absrbance at 405 nm was taken for conjugates and standards and the endotoxin content
of all glycoconjugates was determined to be less than 0.2 EU/mL, which is well below
the FDA limit of 0.5 EU/mL Furthermore, all mannose conjugates were below the
detectiom limit of the assay for endotoxin contendll conjugates tested in this paper
were from a single preparation and thus the parameters determined by the above

procedure are applicable for all figures and tables seen in this report.

4.2.6 Enzyme Linked Lectin Assay for Adsorbed Glycoconjugates

A tissue culture polystyrene (TCPS) plate was coated with 20ug/ml streptavidin
or 20ug/ml of the cationized BSA glycoconjugates overnight at RT. Next, for the
streptavidin coated plates, the plates were washed 5 tiittes wash solutior2 (1mM
PBS, 0.5mg/ml BSA, and 0.01% TWEEN20) and then biotinylated glycans at 40uM
were incubated in the plate for 2 hours at 37°C. Then, all the plates were washed and

blocked for two hours at 37°C with 5mg/ml biotin free HSA in 0.0&HCO3 and 0.1%
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TWEEN 20. After blocking the plates wergashed 5x with the wash soluti@nNext, a

lectin specific for the given sugar 15 pg/mhrcissus pseudonarcissbistin (NPA-

biotin) (EY Labss p e ¢ i f-D-rmanrfosepr 150ug/mlConcanavalin Abiotin (ConA-

biotin) (Sigma specific for mannose or glucoseyas incubated with the adsorbed
conjugates for two hours at 37°C. The plates were then washed 5 times with the wash
solution2 and 50ul of a streptavidirlRP (BD Pharmingen) solution diluted 20@ith

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 with the wash soliaod a TMB (3,3',5,5'
tetramethybenzidingeroxide) substrate (BD Pharrogen) was added and theatas
allowed to develop for 10 minutesThen, 1.0N sulfuric acid was added to stop the
reaction and the absorbance at 450nm was determined. A preliminary study was
performed and it was found that for all biotinylated sugar structures 4000 pmol of
biotinylated glycan needed to be delivered per well, (40 uM) in order for binding sites to
be maximizeddata shown irAppendix Figure A1l. Figure 3 below shows the overall
process used in this assay for eitls&eptavidin presented glycans or B&dsorbed

glycoconjugates.

56



40 pM Biotinylated
I Glycans

+
Soluble Streptavidin X
Biotinylated
OR Glycan-AEAB 2 Hour Incubation
N at 37°C
‘
4 HSA
Glycan-BSA o 2 Hour Incubation
r(}'ﬁ > at 37°C
_\,‘\ #
AW

;
o

Lectin-Biotin
3 Hour Incubation
at 37°C

Streptavidin-HRP

1 Hour Incubation
at RT

lTMB +H,0,

Plate Reader
(450nm)

Figure 3: Procedure for ELLA used for adsorbed streptavidin or adsorbed BSA
glycoconjugates.

4.2.7 Dendritic Cell Culture

Human blood was collected from healthy dmnavith informed consent and
heparinized (333 U/ml blood) (Abraxis Pharmaceutical Products, Schaumburg, IL) at the
Student Health Center Phlebotomy Laboratory, in accordance with protocol H10011 of

the Institutional Review Board of Georgia Institute of Airalogy. Dendritic cells were
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derived from human peripheral blood mononuclear cells (PBMCs) using a previously
described methaé® with some modification$?* Briefly, the collected blood was diluted

1:1 in Mg+ and C&" free phospate buffer saline (B°BS; Invitrogen, Carlsbad, CA),

and the 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 NECI, 10 mM KHCGQ, 0.1 mM EDTA), the PBMCs were
washed with BPBS. Ten milliliters of PBMCs were plated in a Primaria 10x20°’mm
tissueculture dish (Becton Didkson, Franklin Lakes, NJ) at a concentration of $x10
cells/ml in DC media [RPMI 1640 (Invitroge), 10% heat inactivated FBS (Cellgro
MediaTech) and 100 U/ml of penicillin/streptomycin (Cellgro MediaTech)]. After 2
hours of incubation at 95% relative humidity and 5%,@C 37eC for the
adherent monocytes, the dishes were washed thres timh warm DC media to remove
nonradherent cells. The remaining adherent monocytes were incubated with 10 ml/plate
fresh warm DC media, supplemented with 1000 U/ml-GBF and 800 U/ml 4
(PeproTech, Rocky Hill, NJ), for 5 days to induce the differéiotiaof monocytes into

iDCs

4.2.8 Exposure of DCs to glycoconjugate adsorbed wells

On day 4 after DC isolation glycan solutions were added to wells of -av8B4
TCPS plate in quadruplicate. The solutions were allowed to incubate in the well in a
humidity chanber at 37°C overnight.On day 5 of culture, loosely adherent and -non
adherent cells containing iDCs were harvested and resuspended in DC media with 1000
U/ml GM-CSF and 800 U/ ml H4 at 7.5x18 DCs/ml. These cells were plated #40 pl
of cell suspensiori3.0x1d DCs) on glycoconjugate adsorbed wells in quadruplicate in
the wells of the coated 384 well TCPS plate. The extent of DC maturation was compared
to untreated DCs (iDCs) for the negative reference control and lipopolysaccharide (LPS)

(3 mg/ml; E. c@ 055:B5; Sigmajtreated DCs (mDCs), adsorbed zymosan A

58



(Saccharomyces cerevisiae; Sigma)Mannan(Saccharomyces cerevisiae; Sigma) for
the positive reference contrfdr IMF. The positive control for the TMF (tDC) lruman
IL10 andhumanl F NRJ& D Systems}reatment of DCs for 24 hours at 3500 units/ml

and 35000 units/ml respectively.

4.2.9 High Throughput Evaluation of Dendritic Cell Phenotype to Adsorbed

Glycoconjugates

Differentially-treated and reference control DCs were harvested after 24 h for
aralysis using an HTP method previously described with modificatféh®Briefly, DCs
were placed in treatment wells on day 5 after isolation at 7°®el8/ml. After 24 hours
al treated DCs and controls were transfervga multi-channel pipettéo a black 384
well filter plate (Pall Life Sciences), and the supemitavere immediately collected
into a 384well plate through the filters by stacking the filter plate on top of the collection
plate and centrifuging at 300 RCF for 4 min. While spinning down the filter plate, wells
of the TCPS plate with glycoconjugatadsorbed to them were incubated with Non
Enzymatic Cell Disassociation Solution (CDS; Sigma). The CDS treated cells were then
lightly pipetted up and down and transferred to the black filter plate after its first spin
down. The CDS was removed by stackihg filter plate on top of a new collection plate
and centrifuging at 400 RCF for 4 min.To the retained cells 5@l of 0.05%
formaldehyde solution was added and the cells were allowed to fix for 40 minutes at
room temperature while being shaken at 660VR The formaldehyde solution was then
removed via centrifugation at 400 RCF for 4 minut@he cells retained in the wells
were assessed for phenotype by immunostaining using antibodigSC8&PE (Clone
BU63; Ancell), ant- DC-SIGN-FITC (Clone 120507R & D Systemy and antlLT3-
AF647 (CloneZM4.1, Biolegend) IgG:-PE (clone MOPC31CAncell) and 1gGs-FITC
(clone 133303 R&D Systems) isotypstained DCs were used for background

fluorescencesubtraction in separate treatméott control wells CD86 isa costimulatory
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molecule that is upegulated upon prmflammatory DC maturatio?* DC-SIGN is an

endocytic receptor that is slightly dowegulated upon prmflammatory maturatiod?*

and ILT3 is a member of the immunoglobulin superfamily which signals via the
immunoreceptor tyrosinbased inhibitory motifs and is wegulated upon anti
inflammatory DC maturatia®* After 30 minutes of staining the cells were washed three

times. For each well, at the ensi®n/excitation wavelengths for each fluorophore
535/590 PE, 485/535 FITC, areb0/668 AF647. The geometric mearfluorescent
intensities(gMFIs) were thencalculatedwith a Tecan Infinite F500 microplate reader,

and the ratio ofespective gMFlsvere detemined asCD86/DGSIGN, a cell number

i ndependent metric named o@fMFh fnd & MBCHDB6par v mat
cel | number independent metrioc (NMakBeskd At ol e
to represenDC phenotypic outcomedFigure4 shows a schematic of the 384 well plate
high-throughput methodology for assessment of DC phenotype to adsorbed

glycoconjugates.
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Figure 4. Diagram of the high throughput cellular assayto assess IMF and TMFof
DCs when exposed to adsorbed glycoconjugates

For the studies where EDTA was used to block CLR receptors, cells were treated
with either 20mM or 5mM EDTA for one hour at 37°C before exposurk i bead
adsorbed glycoconjugates. eld were then transferred, with media still containing
EDTA, to the wells with the adsorbed glycoconjugates and the subsequent phagocytosis
of the 1um beadswvas assessed after 4hrs or DC phenotype assessed via the above HTP
methodology after 24hrs. Fassessment 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 visualexdvia a Nikon Ti fluorescent microscop@likon, Tokyo).
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4.2.10 Viability/Cytotoxicity of Glycoconjugates

Cytotoxicity associated with adsorbed glycoconjugate treatment was assessed via
live/dead staining of the cells using a predefined metfodriefly, cells were treated
with adsorbed glycoconjugates as in the HTP methodology for 24 hours. Cells were
transferred to a 384 well filteplate and supernatants removed as in the HTP
methodology. The cells were then stained with calcein AMeathdiium homodimef
for 40 minutes. Cells were then washed 3x with PBS and the fluorescent intensity of the
cells (xcitation/emission 495/53Gm i live and 528/60nm 7 dead) was taken.
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 AnneXitFITC and the extent of binding to
phosphatidylserinewas measuredsia the HTP format No treatments showed a
significantly different viability from untreated cells and no treatment showed a statistical

increase in Annexin V binding.

4.2.11 Statistical Analysis

To observe any significant differences between all sample groups in pairs, a
pairwise twoway ANOVA f ol |l owed by Tukeybds postte
software (Cary, NC), and the-yalue equal to or less than 0.05 was considered
significant.  Sigificance of general linear statistical model parameters discussed in
section 4.2.12 of this report and seerktguation 1la-d andEquation 2 was determined

by T value in réerence to referent group discussed in section 4.2.12 of this report.

4.2.12 Statistical Modeling

Table?2 lists the quantitative parameters that were collected and separates them by
variable classification: Continuous, ategorical/nominal, and binomial. The
characterization of the variablésflammatory Maturation Factor (IMF), Tolerogenic

Maturation Factor (TMF), isoelectric poirdf glycoconjugateligand attached to carrier,
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donors,anddensity of sugars per glycocgugate can be seen frable2A-C. Table2A
contains IMF, TMF, isoelectric point and density continuous variables. Table 2B
contains the variablesLigand, Isoelectric point, density and dondfhere were 13 total
donors for this analysis.

Equation la-d showsgeneral lineamodels that have IMFa,b) or TMF (c,d) as
outcome variablesnal are a function of the isoelectric point of the conjugates, the ligand
conjugated to BSA, the number of ligands per BSA, and the donor. The models in
Equation la-d sought to isolate and compare the isoelectriatpor ligand density to
that of a reference group, denoted below. The null hypothesis was that charge or density
did not play a role in IMF or TMF and thus that these variables, is continuous or
categorical form, would not have a significant T value nvkempared to the referent
group discussed belowEquation la and Equation 1c both use isoelectric point and
density as continuous variables whitguation 1b and Equation 1d treat isoelectric
point and density as categorical variables. This was done to first isolate the significance
of these factors in their continuous form and then to quantitatively compare the effect of
the categories to each otheithvout bias of scale in the categorical model$he coding
of these variables is shown to denote the reference group, always denoted by the coding
value of 0. The reference ligand was none and thus its value for this variable is shown as
0 in Table2B. Three other ligands were analyzed in this mod#igoethylene glycol
linker (OEG), glucose (Glc), and mannose (Ma&imilarly, norcationized conjugates
with no ligands attached to them were counted as theergfe groups for both isoelectric
point and density.  Finally, the varialldenor 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 prary 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.
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IMF = 1B *fsoelectrict s*figand+ s*blensity+ s*blonor Equation l1a
IMF = 16 hsoelectric_cat s*tigand+ s*blensity ca# s*lonor Equation 1b
TMF= 1§ *soelectrict s*tigand+ s*blensity+ s*fdlonor Equation 1c
TMF= 1H *fsoelectric_catr s*figand+ s*dlensity_cat# s*blonor  Equation 1d

To better understand how the maigtilizesthese categorical variabl@sble2C
further divides several of the variables define@able2A and B into binomial variables.
In each case the variables have been d/islich that the group that is being analyzed is
singled out from the rest of the population. For instancdighad is divided into three
dummy variable©EG, Glc, and Mamnd theno ligandis still the global reference group
and thus its value is alwayd so no dummy variable is needed to define this parameter.
The variableslensityandisoelectric pointwere also divided into three dummy variables
denoted atow, mediumandhigh respectively. Finally, the donor variable was redefined
as a series dfinomial variables each depicting a unique donor (not showialahe 2C).
Therefore, the reference group was any donor with a conjugate that had no cationization,
no ligand, and thus no ligand density.

Table2: Analysis of Continuous Variables Measured for Regression Analyses

Isoelectric

IMF TMF Point Density

Number ofMeasures 520 520 520 520
Mean 0.952 0.109 8.102 8.905
Standard Dev. 0.433 0.133 2.097 9.418
Minimum 0.326 -0.491 3.47 0
Maximum 3.846 0.527 10.1 34
Skewness 1.481 0.033 -0.932 1.113
Kurtosis 1.040 2.030 -0.642 0.018

Table 2B: Analysis of Nominal Variables Measured and Coding Convention for
Regression Analyses Count refers to number of measures of IMF or TMF for that
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class of variable that were measured. Percentage refers to the percent of total
measures the individual class variable count accounts for.

Variable Sub Category Coe  Count! Percentagé
Ligand
None 0 52 10.0
OEG 1 156 30.0
Glc 2 156 30.0
Man 3 156 30.0

Isoelectric Point

No Cationizatior(pl < 5.5) 0 117 22.5
low( 5.5 O pl 1 39 7.5
Medium( 7. 75 O | 2 169 325
High( pI O 9. 5) 3 195 37.5
Density (Sugars/BSA
None( 0) 0 52 10.0
Low (den. < 5) 1 182 35.0
Medium( 5 O den. 2 182 35.0
High( den. O 20 3 104 20.0
Donor
1-13 1-13 40 100.0

*1 Count refers to number of measures of IMF or TMF for that class of variable that were measured.
*2 Percentage refers to the percent of total measures the individual class variable count accounts for.
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Table 2C: Analysis of Binomial Variables Measured and Coding Convention for
Regression Analyses

Category Coding Count! Percentagé

Ligand
OEG Not OEG 0 364 70.0
OEG OEG 1 156 30.0
Glc Not Glucose 0 364 70.0
Glc Glucose 1 156 30.0
Man Not 0 364 70.0
Mannose
Man Mannose 1 156 30.0
Isoelectric Point
Low Not Low 0 481 92.5
Low Low 1 39 7.5
Medium Not Medium 0 351 67.5
Medium Medium 1 169 325
High Not High 0 325 62.5
High High 1 195 37.5
Density
(Sugars/BSA)
Low Not Low 0 338 65.0
Low Low 1 182 35.0
Medium Not Medium 0 338 65.0
Medium Medium 1 182 35.0
High Not High 0 416 80.0
High High 1 104 20.0

*1 Count refers to number of measures of IMF or TMF for that class of variable that were measured.
*2 Percentage refers to the percent of total measures the individual class variable count accounts for.

Equation 2 shows ageneral lineamodel that has IMF as an outcome variable
and is a function of thégand conjugated to BSAligand), the number of ligands per
BSA divided as indicateth Table 3B (density _cat)and the donordpnor). The models
in Equation 2 sought to isolate and compare the structural motifs present in the ligands
outlined inTable 3B controlling for ligand density and donor. The null hypothesis was
that ligand structure did not play a role in IMF and thus that this variable would not have
a significant T value when compared to the referent group discussed bieddwe.3 lists
the quantitative parameters that were collected and separates them by the variable

classifications continuous and categorical/nominal. The variable breakdown and
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nomenclature is identical to that of the first moaelthe second model in this paper but
instead of four ligand structures in the second model there are seven. Also, because an
optimized carrier was used no ranges in cationization were seen and the TMF was not
assessed due to its insignificance from thst fmodel. The seven structural motifs
assessed in the second modeloae, OEG, MNacetylglucosamine (GloAt), Mannose

(Man), Glucose (Glc), Terminal Branched Mannodrafch, and U 22 Terminal
Mannose Alpha). The model from Equation 2 utilizes an identical subdivision of
categorical variables into binomial variables as model 1 (se€alle2C). However, an
equivalent table was not created for this model becausetitally it is an identical
process as that of model 1. All categorical variables weredisiuded into binomial
variables and the reference group remains the group that had a 0 vEdindeiBB. Also,
similarly to model 1, the donor variable is counted as a categorical variable 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 @atosen
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 either maklelR and correlation coefficientsetween
variables were compared to determine how welhtioglelfits the data. Furthermorthe

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 wsedishidurther

deemed as a valid analysis metRéd.

IMF =b, + J*tigand+ s*blensity_cat s*olonor Equation 2
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Table 3A: Analysis of Continuous Variables Measured for Regression Analyses

IMF Density

Number of

Measures 131 131
Mean 0.951 9.535
StandardDev. 0.613 8.35
Minimum 0.258 0
Maximum 3.184 26.2
Skewness 1.560 0.901
Kurtosis 2.262 -0.527

Table 3B: Analysis of Nominal Variables Measured and Coding Convention for
Regression Analyses

Sample

Variable Sub Categry Coding Size Percentage
Ligand
None 0 17 13.0
OEG 1 17 13.0
GlcNac 2 10 7.6
Glc 3 13 9.9
Man 4 17 13.0
Branched
(Man3-Br and Man5Br) S 20 153
Alpha
(Mpan?rAZ, Man4A2, Man5A2) 6 37 28.2
Density
(Sugars/BSA)
None( 0) 0 27 20.6
Low (den. < 5) 1 20 15.3
Medium( 5 O den. < 2 54 41.2
High( den. O 15) 3 30 22.9
Donor
1-17 1-17 10 100.0
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4.3 Results

4.3.1 Carrier Selection

This study began with an assessment of carrier appropriateness for glycan
presentation tdCs. It was found that BSA cationized with an excess of EDA and
functionalized with mannose had the largest change in DC IMF as compared to its
unfunctionalized controlnd thus this platform would be used for further studyo
determine thifOvalbumin(OVA), bovine serum albumi(BSA), and streptavidi{SA)
and their highly cationized counterpavere chosen as three model carriers. Each of
these six carriers was then adsorbed to the wells of a 384 well plate and the subsequent
DC phenotype in responsetteese adsorbed conjugates was assessed after 24 hrs. It was
found that all the carriers except cationized OVA did not show an increase in IMF or
TMF over untreated cells (data not shown). Thus, five protein carriers were initially
functionalized with gtcans or linkers to determine a suitable glycan carrier that had no
appreciable alteration in DC phenotype but that could serve as a platform for glycan
presentation.Figure5 shows the results of this study. BaSA andcBSA were able to
increase the IMF above that of untreated cells (iDCs) to a statistically significant degree.
No change in TMF from untreated cells was shown for any conjugate (data not shown).

Positive control, lipopolysaccharide (LPS) trehteells (mDCs) were also shown to
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activate DCs to a statistically significant extent.

2.59

2.04

1.54

1.04

CD86/DCSIGN IMF

0.54

0.0~

Figure 5. Selection of a carrierfor use as a platform for assessment @C response
to adsorbed glyoconjugates. The DC response to adsorbed conjugates and
subsequent measured IMF is shown. The IMF was shown to be statistically
different than untreated cells (iDC) for both cationized streptavidin presenting
biotinylated mannose and cationized BSA presging mannose. No other conjugate
showed a statistical increase in IMF as compared to untreated cells. The positive
control for IMF, LPS treated DCs (mDC), also showed a statistical increase in IMF.
N=7 donors. Error bars represent standard error, red Ine indicates mean iDC
response, * indicates statistical difference from iDC.

4.3.2 Conjugate Creation and Validation

4.3.2.1Glycoconjugatesvere engineered to scale in density and charge

The conjugates fronfrigure5 were cationized witlan excess of EDA and 100:1
molar ratios of ligand to carrier and thus no idea of the level of cationization or glycan
density necessary for DC phenotype modulation could be obtained from this study. Thus,

40 glycoconjugates were made that scaled bothityesnsd charge of BSA from its nen
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cationized statepl of approximately 4.6to a pl of approximately 10 and from no ligand
per BSA to approximately 26

After formul ation al/l conjugatesd mass
spectrometry and the subseguaverage molecular weight was calculated. The change
in mass between the conjugate and its unfunctionalized analog was calculated and the
molecular weight of the ligand was divided into the change in mass for a calculation of
the average number of ligds/BSA. Figure 6A shows the average number of
ligands/BSA of the 36 conjugates. For glucose and mannose conjugates ligand density
scaled well with increased molar ratios. At higher molar ratios more glycans per BSA
were found. The OEG linker however showed no trend of increasing number of
functionalizations per BSA regardless of molar ratio used. The average number of
ligands per BSA also showed very little variance between conjugate cationization levels.
Thus, inFigure 6A the average number of ligands per BSA can be seen as a function of
molar conjugation ratio below the graph. Additionally, a preliminary study with a 500:1
glycan to protein carrier ratio was also performed and showed no incneasmber of
ligands/BSA over that of the 100:1 molar ratio (data not shown).

Figure 6B shows the calculated isoelectric point (pl) for each conjugate. For all
conjugates the isoelectric point increased with increasing concent@tiEDA. The
mean isoelectric point of each conjugate showed very little variance between EDA
concentrations. Thus, iRigure 6B the average pl for each level of cationization is
shown in the table below the graph. Betweerhdavel of cationization there is a ~1 pl

increase in the conjugates.
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Figure 6. Mass and isoelectric point of all conjugatesAll from Figure 2. were
characterized for their mass and average number fdigands per BSA (A) and for

their mean isoelectric point (B). The average mas®f each conjugate discussed in

Figure 2 was determined via MALDI mass spectrometry The arithmetic mean of

the mass peak profile wagalculated andplotted in (A). The table under (A) shows

the average number of ligands per BSA across each level of cationization.herT

isoelectric pointwasc al cul ated for each compotegfiat e fr o
versus pH plot and can be seen in (B) The average isoelectric point at eaclgand

density can also be seen in the table below (B)

4.3.2.2Glycoconjugates contain bioavailable glycans that scale in density and are

structurally distinct.

Finally, to confirm that the adsorbed conjugates still had biologically available
glycans and that the adsorption of these conjugates produced relatively consistent
presentations of glycans; ELLAs were performed with two different lectins on all
conjugates adsorbdeto the wells of TCPS plateslt was found that conjugates with
increased glycdBSA bound more lectin and that this presentation was structure specific
as kctins that were specific for mannose dal bindglucoseconjugates

Figure 7 shows the results dhe ELLAs performed with both Cénand NPA.
Figure 7A-C shows the mmnalized absorbance of ConA ELLAst 450nm when
incubated with the adsorbed glycoconjugat€®njugates with more glycans/BSA show
increasd functional binding of lectins as evidenced by increased absorbance in wells
containing higher density conjugates. Also, as cationization level of conjugate increased
so did the amount of lectin bound to the plate.  Additionally, the signal tine non
cationized, low, and medium cationized glucose conjug&igsie 7A,C) is significantly
lower than that of the same conjugates when conjugated to marifigsee (7B).
However, the trend betwedhese conjugates is similar as can be seen from the subset of
Figure 7A shown inFigure 7C. Figure 7D shows the results of uncharged and highly
charged mannose and glucose ogajes with the lectin NPA which is specific for

mannose conjugatedrigure 7D shows that the signal from NPARP for the adsorbed
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mannose conjugates is much higher than for that of the adsorbed glucose conjugates
especially forany conjugate above 6 sugars/BSA. This is expected as NPA is a

multivalent receptor and thus as glycan density increases so should the specific binding

of the lectin.
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Figure 7: ELLA using plant lectinson adsorbed glycoconjugatsfrom Figure 2 in a
384 well plate. Lectin affinity increases with increasing amounts of sugar on
conjugates and lectin binding is higher for highly cationized glycoconjugates than
for non-cationized conjugates. Binding of lte 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 stwn by (C) 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 C. Error
bars represent SE.Conjugate absorbance normalized by treament with highest
absorbance to provide similar scales between ELLAS.
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4.3.3 Cationized, High Density, Mannose Conugates were Able to Activate
Dendritic Cells.

After the conjugates had been characterized and valifiatéiblogical availability
the DC response to eh adsorbed conjugate was obtained via the HTP method shown in
Figure4. It was found that the IMF was statisticallycreased for all levels of high
density mannose conjugatexbove that of iDCsand TMF was not significantly
unregulated for any of the glycoconjugates-igure 9 shows the results from these
studies. Controls mDC (LPS&#at ed DCs) , adsor be-glucamalh n a n
showed a statistical increase in IMF as compared to untreated cells (iDC). Also of
interest fromFigure9A is that the level of IMF for the cationized glucose conjugates was
raised. No known receptors on DCs can bind to single glucose and thus the glucose
conjugates were thought to be a control.

While the glucose glycoconjugate treatments did not obtain statistical significance
the trend is obvious and thus another contwals tested to ensure that any glycan
presented from the conjugates did not activate the DCs. The highly cationized mannose
and glucose glycoconjugates were treated with periodates@aidm borohydrideand
thus their carbohydrate rings were permanentlgned. These conjugates were then
adsorbed to the wells of TCPS plates and the subsequent DC phenotype was assessed via
the HTP methodology. No statistical increase in IMF or TMF sesn from these
conjugates as se@mFigure8.

Figure9B shows theaneanTMF of DCs for all treatmentdNo treatment other than
the positive control, tDC, showed an increase in TMF as compared to untreated cells.
Of note is an inverse trend of that which was seen in the. IMow density low
cationized onjugates appeared to incre#éise level of TMF. The apparent shift in trends
was analyzed with the statistical models discussed in Chaptdr td.8letermine their

significance.
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Figure 8: DC Regonse to open ringed glycoconjugatesNo statistical increase in
IMF or TMF can be seen for any conjugate at any cationization level if the
carbohydrate ring has been openedThe positive control for IMF, mDCs, showed a
statistical increase in IMF as did the positive control for TMF, tDCs. N=3 donors.
Error bars represent standard error, red line indicates mean iDC response, *
indicates statistical difference from iDC.
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Figure 9: Dendritic cell IMF and TMF levels in respon® to all engineeredwell
adsorbedconjugatesfrom Figure 2. All positive controls were statistically different
from iDC and L-, M-, and H-BSAManl1l00 conjugates showed a statistically
increased fold change in IMF (A). No treatmeh 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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4.3.4 Density and Carrier Charge Significantly Influence Dendritic Cell IMF but
not TMF.

From Table 2 the mean IMEF TMF, isoelectric point and density were all found to
have a skewness and kurtosis less than |3.0| whassociated with mildon-normality.
FromTable3 the mean IMFand density were also found to have a skewness and kurtosis
less than |2.0] which again is associated with noldnormality. Additionally, whilethe
TMF factorfrom Table 2A hasarelatively large skewness and kurtosis upon analysis of
residuals all factors fall close enough to a normal distribution that they can be assessed
using analyses that assume ndratigtributions of data. Also, all four variables were
plotted against normal percentiles and no outliers of the data were seen (data not shown).
These measures further validate the assumptions of normalcy of variables used in general
linear modeling andllowed for the analyses of the data using parametric analysis means.

An assessment of tretatistical significance ofach factor and its global ability to
influence the DC phenotype controlling for all other factors was desired. A general linear
modéd was created and can be seettquation 1a. From this model it can be seen that
isoelectric point, density of conjugates, and donor all had significance in the model
indicating that each of these factors sigmfitly alters IMF in DCs and is important to
phenotypic modulation of DCs Furthermore, bottdensity and isoelectric variables
showed a positivancreasei n |l MF (positive b <coefficien
increased so too did the IMF, when controlling for all other variables measured. fAlso o
note, is that each ligand did not significantly influence IMF and thus density and charge
are dominant factorfor presentation of glcyans to DC3he significance of thégand
variableswas seen when controlling for density, charge and donor used. The results from
this model can be seenTrable4A. The model shown iEquation 1a was run treating
bothligand anddonoras categorical variables and theelectricanddensityvariables as
continuous variables. The reference for this model was any donor who was treated with a

conugate that had no cationization, no ligand immobilized and thus no density of ligand.
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The model shown irEquation la treats both isoelectric point and density as
continuous variables and shows them both to paeifssant. However, what specific
levels or ranges were significant of each variable would be valuable information for those
trying to design optimized glycoconjugates for activation of DCs. TRgsation 1b
was created. This equation treats both isoelectric point and density as the categorical
variableswith the rangeshown inTable2B and C The results for this model, shown in
Table4B, indicatethathigh glycan density had the greatest impact on IMF while having
a high cationization level was neas shown by the magnitude of théir coef.f i ci en
The variablesmedium isoelectric point, mediumlensity, and any donor were allso
significant variables in the model. Of note is that low isoelectric point conjugates, those
with a pl below 7.5, had no significant impact on IMF. Aléshould be noted that low
density conjugates were linearly related to the conjugates with no ligand and thus these
conjugates had to be excluded from the model. Both low isoelectric point conjugates
and OEG ligands had a negative effect on IMF. Narliyhad a statistically significant
impact on IMF when controlling for density and isoelectric poirithe results of
Equation 1b can be seen iable4B.

Finally, theR? of both models was calculated to determine the goodness of fit
and the appropriateness of these models in assessing the Etptation la had an
adjusted Rof 0.621 andEquation 1b had an adjusted%f 0.639. These indicate that
approximately 60% of the variance seen in the data can be explained by the model used.
These R values were seen as fairly good for the relatively small sample size used (13

donors) and high variability of primary donors.
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Table 4A: Parameter estimates for model 1 using continuous isoelectric point and
density.

Variable bs b Ear.ameter Standard t Value Pr > |t|
stimate Error

Intercept b1 0.50603 0.05453 9.28 <.0001
Isoelectric Point b, 0.0396% 0.00592 6.7 <.0001
Ligand OEG b3 -0.03324 0.04325 -0.77 0.4425
Ligand Glc oN -0.0041 0.04718 -0.09 0.9308
Ligand Man bs 0.06817 0.04623 1.47 0.141
Density be 0.01382 0.00152 9.07 <.0001
Donor* bris  -0.59434-0.66049  0.05966 -9.96-11.07 <.0001

* All donor estimates, standard errors, t values, and probabilities can be seen in tAable A 1 in the appendix.

Table 4B: Parameter estimates for model 1b using categical isoelectric point and
density.

b Parameter Standard

Variable bs Esti t Value Pr> |t|
stimate Error
Intercept b1 0.92276 0.01557 59.57 <.0001
Isoelectric High b2 0.17195 0.03355 5.12 <.0001
Isoelectric Med. b3 0.15722 0.03243 4.85 <.0001
Isoelectric Low. D4 -0.00784 0.04854 -0.16 0.8718
Ligand OEG bs -0.0042 0.04426 -0.09 0.9245
Ligand Glc s 0.0145 0.04791 0.3 0.7622
Ligand Man b7 0.06549 0.04656 141 0.1602
Density High s 0.38133 0.03736 10.21 <.0001
Density Med. b 0.09719 0.03118 3.12 0.0019
Density Low** B1o 0 . . .

Donor* P1122 -0.59434- 0.66049 0.0318 -1021-1135 <.0001
* All donor estimates, standard errors, t values, and probabilities can be seen in tiable A 2 in the

?*pﬁg\?vdg;nsity conjugates varied linearly with the control due to no difference between cell response
to low density and no ligand groups. Thus, this group had to be removed from the model.

An identical model to those shownHlmquation 1a andb was run for TMF and can
be seen irEquation 1c andd. Similarly to the IMF models, the reference for the TMF
model was any donor who was treated with a conjugate that had no cationization, no
ligand immobilized and thus no density of ligad@ble A3 in the appendixshows the

results of the model shown iBquation 1c. From this model it can be seen that

isoelectric point, density of conjugates, and donor all had significance in the model.
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Interestingly, bothdensity and isoelectric variables showed a negative trend in TMF
(negative b coefficients), meaning that
controlling for all other variables measured.

The trends seen in the continuous model showiEgumation 1c were recapitulated
in the categorical model depicted Byuation 1d. Talde 5 shows the results of this
model. Talde 5 shows that the higher densitydahigher cationization levels caused
significantdecreases in TMF. Conjugates with an isoelectric point less thahded a
significant positive increase in TMFFinally, the R of both models was calculated to
determine the goodness of fit and therapriateness of these models in assessing the
data. Equation 1c had an adjusted?Rf 0.530 andEquation 1d had an adjusted?Rf
0.539. These indicate that approximately 53% of the variance seee datéh can be
explained by the model used. While these values were approximately 10% lower than
those for the IMF these?Ralues were seen as fairly good for the relatively small sample

size used (13 donors) and high variability of primary donors.

Table 5A: Parameter estimates for model d using categorical isoelectric point and
density.

Variable bs bParameter  Standard e prsyy
Estimate Error
Intercept b1 0.12018 0.00543 22.15 <.0001
Isoelectric High b2 -0.02412 0.01169 -2.06 0.0397
Isoelectric Med. b3 -0.00020723 0.0113 -0.02 0.9854
Isoelectric Low (oN 0.03534 0.01692 2.09 0.0372
Ligand OEG bs 0.00662 0.01543 0.43 0.6681
Ligand Glc be -0.0291 0.0167 -1.74 0.0819
Ligand Man b7 -0.02491 0.01623 -1.54 0.1253
Density High bs -0.06402 0.01302 -4.92 <.0001
Density Med. bo -0.02769 0.01087 -2.55 0.0111
Density Low** P10 0 . . .

Donor* D1122 -0.59434- 0.66049 0.0=:318 -6.22- 10.57 <.0001
* All donor estimates, standard errors, t values, and probabilities can be seén the Table A 5in the

appendix.
** | ow density conjugates varied linearly with the control due to no difference between cell response
to low density and no ligand groups. Thus, this group had to be removeddm the model.
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4.3.5 Dendritic Cell IMF and Phagocytosis of Glyconjugate Coated Microbeads is

Inhibited by EDTA

Finally, determining whether the interaction with the ligand coated wells was
lectin mediated or whether it was through some other receptor wasdlesipan CLR
inhibitor rather than a specific antibody was chosen as an inhibitor because of the
numerous receptors capable of binding mannose conjugates offlF@gire 10 shows
the results of this test. Two differemethods were used to assess CLR interaction with
the adsorbed glycoconjugates. First conjugates were adsorbegdntofldorescent
polystyrene beads and then incubated with DCs for 4 hours. Fluorescent images were
then taken of the cells and beads for aual assessment of bead internalization or
binding when incubated with cells in the presence of EDTA and Ragure 10A-C
shows the micrographs of DCs withBSA and HBSA-Man100 coated beads and no
EDTA. As is apparent in thesamicrographs, after 4 hours in wells not treated with
EDTA, DCs had internalized many beads and many DCs had internalized >10 beads per
cell. However,Figure 10C shows beads coated withBEA-Man100 in the presence of
5mM EDTA. As is apparent from this micrograph DCs had internalized few if any of the
beads and no cells were seen that had internalized more than two beads per cell.

The second method chosen for these experiments was to look at the HTP readout
of the cells in thgresence and absence of 5mM and 10mM EDFAgure 10D shows
the results of this experiment. Only DCs treated with adsorbé#SAtMan100

conjugates without EDTA treatment had a statistically significanegplation of IMF.
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in IMF (D). N=4 donors. Error bars represent standard error, red line indicates
mean iDC response, * indicates statistical difference from iDC.

4.3.6 Dendritic Cell IMF is Significantly Influenced by Terminal Glycan
Structural Motif.

The models shown iEquation la-d all indicate that ligand was not a significant
factor in either IMF or TMF. Thus, a study to determine if the optimized conjugates
indicated fromEquation la-d were able to distinguish between sug#uctures was
performed. Six different mannose structures were then conjugated to highly cationized
BSA in a 100:1 molar ratio. These conjugates were then adsorbed to the wells of a TCPS
plate and the DC phenotype was assessed via the HTP methoafiegy4 hours.
Figure 11 shows the results from this studyrigure 11A shows the glycan structures
assessed in this study. An additional control sugar was added for these experiments to
further validae that glycan presentation from the adsorbed highly cationized BSA did not
activate DCs. The monosaccharideadetylglucosamine was chosen as a control sugar
because it has no known receptor on DGSgure 11B shows that, asxpected, the
positive control, mDC, and the highly cationized BSIan conjugate showed a
statistical increase in IMF over iDC. Howeveéigure11B also shows that the-BSA-
Man5-A2 conjugate caused a significant increase in IM& @mpared to iDC.

| nt er e st 43 n g6lbganched siructiral homolog for MaAZ, Man5Br, showed

no activation of EBGs-6lrandhad trimimeosenfdai® alsoan U1

showed no activation of DCs.
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Figure 11: Assessment of Dphenotype in response to polynannose structures.
The structures tested can be seen in (A)Here R and R* represent the linker used
for the glycan. R= (CH.CH20)3SH and R*= AEAB-NH2C(CH2)sSH, The IMF was

assessed for all adsorbed conjugates andBSA-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 fnoiDC.

Due to the fact that two different mannose structures were shown to increase the

IMF a model that could group or characterize these structures and use them to predict the
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structural relevance of the glycans for DC maturation was desiredmatiel shown in
Equation 2 has the variabledensity cat ligandanddonor. Equation 2 shows density
modeled as a categoricadriable because it was first tested as aioootis variable, as
in Equation 1a, and found to be significant. Isoelectric point was not included in this
model because all conjugates were the highly cationized form of BSA and thus their
isoelectric points oml varied between 9.9 and 10.1. Tligand variable was divided
into the subclasses seen Tiable 3B. Gl ycan st r3uc#lerminhl mot i f
branched ma-2termisatlinkechgiycat)structures were grouped together for
this analysis. The results from the modelingegiuation 2 can be seen iable6. In
this model structural variableglucose, mannoseand alpha all had a statistically
significant effect on DC phenotype. No density variable had a statistically significant
influence on phenotype nor did yan 31 -6Ubtanched mannose structure of N
acetylglucosamine. Of note is that low and medium density had a negative impact on
IMF and all ligand classes analyzed had a positive influence on DC phen@gpause
the results fromFigure 9 clearly show that no mannose or glucose conjugate had a
significant effect on TMF, only IMF results were assessed and for this study.

The R of the model shown irEquation 2 was calculated to determé the
goodness of fit and the appropriateness of these models in assessing tkedati@an 2
had an adjusted?f 0.622. This indicate that approximately 62% of the variance seen
in the data can be explainbyg the model used. Thesé Rlues were seen as fairly good
for the relatively small sample size used (17 donors) and high variability of primary

donors.
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Table 6: Parameter estimates for model 2 using categorical isoelectric piand
density.

Variable bs b Eg{i?nrgﬁéer ESr:gr t Value Pr> |t|

Intercept b1 1.01253 0.04706 21.52 <.0001
Density High b2 0.09053 0.12926 0.7 0.4852
Density Med b3 -0.05344 0.16854 -0.32 0.7518
Density Low b4 -0.17087 0.21251 -0.8 0.4232
OEG** bs 0 . . .
Glc be 0.52008 0.14115 3.68 0.0004
GlcNac b7 0.135 0.2286 0.59 0.5561
Man bs 0.47628 0.2124 2.24 0.027
Alpha bo 0.43799 0.2124 2.06 0.0416
Branch P10 0.12871 0.15445 0.83 0.4065
Donors +16* 1126 -0.45111-1.07452 0.22732 -1.98-4.23 0.0005

* All donor estimates, standard errors, t values, and probabilities can be seen in tfiable A 6 in the
appendix.

** OEG conjugates varied linearly with the control due to no difference between cell response to
OEG and no ligand groups. Thus, this group had to be removed from the model.
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4.4 Discussion

4.4.1 Carrier Selection

From the results shown ifrigure 5 bovine serum albumin, and specifically
cationized BSA, was chosen over cationized streptavidin tdués ability to be
functionalized with upwards of 37 glycan ligands according to literdgdrdlso,
Oyelaran et at®® showed that BSA was capablesafaling in density to a physiologically
relevant density (>20 sugars/protein) to drastically enhance CLR bindidditionally,
many studies have shown that BSA is a-activating background for which to deliver
molecules to DC$*?4Also of importance fronFigure5 is that the base cBSA protein
tested with o ligand or with OEG linker attached caused no statistical increase in IMF
from DCs and in the case of the highly cationized cBSA had a slightly lower (0.021)
average IMF than did untreated celldzurthermore, display of glycans in a relatively
physiologcal setting (conjugated to a protein backbone instead of synthetic polymer) was
seen as advantageous @dls rarely encounter unbound complex glycan structures in
nature.To date no direct studies have been performet dbmpare how charge of a
glycolconjugate alters DC phenotype. However, historically cationic vaccine conjugates
have been found to play an important role in increasing the immune response to any
conjugate?*?8 Thus, it was not seen as surprising that cationized BSA conjugates with

high ligand densies activated DCs to the greatest extent.

4.4.2 Conjugate Creation and Validation

Mass spectra of the conjugates showed that glycan moieties scaled in density with
increased molar ratios of glycaithe scaling agrees well with results showrOyelaran
et d.2°® However, it was found that OEG conjugates did not appear to scale with
increased molar ratios. This, wasenpected as OEG conjugates were created at the

same time with identical conditions to those of the other glycoconjugates. It was
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therefore concluded that the OEG linker mass was small enough that the number of
functionalizations per BSA were lost in tm@ise generated by 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 o€p®0kD 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 profffegure 12 shows two typical sets of MALDI mass

profilesfor produced glycoconjugates.
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Figure 122 MALDI mass spectra of four levels of cationization of glucose and
mannose glycoconjugates.
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Figure 6D shows that the range of isoelectric points tested wagy famall
(approximately two pl units) between low and highly cationized conjugates. However,
the plis the pH at which a particular molecule or surface carries no net electrical charge
and thus a single unit increase in pl indicates a 10 fold increaseiged moieties per
conjugate. Thus, while the difference between low and high is only approximately two
units this represents 100 times the charge density per conjugate and thus is seen as an
acceptable range especially when including the-caiionizedconjugate as a reference
which increases the range of pldés test fr

The ELLAs shown irFigure7A-C show that the glycoconjugajeghen adsorbed to
TCPS platesare able to present their ligands in a biolodycalzailable manner. This is
indicated by the fact that lectins were able to bind to the conjugates when they were
adsorbed to the wells of a TCPS plate and that the higher density conjugates showed an
increase irsignal This was expected as ConA bindihas been shown to scale with
density of glycan presentatiéff: Also, because the lectins used are multivalent the
increased binding trend is most consistent and demible with higher glycan density
conjugates. This is indicated by clear differences in density being shown with
glycoconjugates that have more than 6 glycans/BSA. Also notEgyime 7A-C is the
trend of increased signal withcreased 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-gpatifically bind more
strongly to the cationed conjugates and thus allow for longer and more intimate
association of the lectins with the glycans presented from these conjugates. This longer
and stronger associatidras been hypothesized lead to more multivalent interaction
with the lectins andthus higher overall binding of the lectins to the cationized
conjugateg? Also of interest when comparirfjgure 7A to Figure7B is that the signal

from the ksscationized glucose conjugates is much lower than that of the equivalent
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mannose conjugate. This is expected as Cors\historically been shown to have a
lower affinity for glucose as compared to mannose conjugétes.

Finally, Figure 7D indicates that the sugars presented from the glycoconjugates are
structurally distinct and biologically idéfable. This is shown by the affinity of the
NPA being significantly higher for the mannose glycoconjugates than for the glucose
glycoconjugates. Because NPAs been shown in the literatucebind to mannose and
not glucose glycoconjugates this confs the specificity of the glycan presentatféh.

This was expected as CLRs have been shown to have high structural specificity in the
literature and all glycans were closed ring structtmaswererecognizable by the NPA.

An inherent limitation of ELLAs is their inability to quantitatively state surface
densities of ligand. The measures produced by ELLA are always relative to kach ot
However, a rough estimate of surface density of ligand would be useful for reference to
future researchers designing novel combination products that include glycans. Thus, an
order of magnitude calculation was performed by assuming that the hydroiyradius
obtained when the-potential of each conjugate was measured at pH 7.0 was performed.
In this estimate the conjugates were spheres with the averaged measured hydrodynamic
radius 0f3.64x10°m and that the conjugates adsorbed to the surfat®wtideforming
outside of this radius. In other words, the conjugates had perfectly circulassenhsmns
on the surface. Using this assumption and maximum packing, the surface packing factor
was calculated to be 0.9069. Glycans were assumed to foemigidistributed across
the surface of the conjugate and upon adsorption on average half of the glycans were
covered by the protein structure adsorbing to the surface of the TCPS dish. Using these
assumptions conjugates with 26 glycans/BSA had an awetagsity of approximately
2.83x10° glycansfim?. Using the densities found by Osborne et*alor BSA proteins
adsorbed per unit area in a polystyrene tube, as measuté-lapeled proteins, and an
average molecular weight of BSA of 66,460 Da, it was found3HE+05sugargim?

were present on the surface. This continues with thengstion that conjugates had 26
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glycans/BSA and that half of these glycans would be covered by the adsorbed protein.
The calculation of these densities can be seelRigare A 2 in the appendix,of this
report. These two numbease seen as a low and high estimate for glycan density of the

Ahi gho density conjugates produced in this

4.4.3 Cell Response to Adsorbed Conjugates

The results fronfigure 9A show that there is a necessity for cationizationhef
carrier in order for DCs to be able to recognemd respond tesurface adsorbed
glycoconjugates. Also, only the highest density of conjugates showed significant
activation of DCs when the glycoconjugates were cationized so not only is a high
(~>20glycan/protein) density of glycan needed but also there is a synergistic affect
between charge and density of display. The BSA backbone appears to not be required for
activation as identical carriers with different charges showed no change in DC activation
at equivaleniglycan densities and/or charges.

Another point of interest foFigure 9 is that the cationized forms of the glucose
glycoconjugates showed an increase in IMF. The monosaccharide glucose was thought to
be a negative cdrol because no known receptor B€s b i n d s-D-glucosedq e b
However, upon searching the literature it was found that DécttnCLR expressed on
DCs, c an -plucandwhiah ois am extremely high density, structurally
heterogeneous, patye r -D-fjlucdse!® Thus, it could be paible that the high
d e n s-D-glycosé conjugates have enough glucose to marginally engage-Deatid
thus a slight upegulation of IMF can be seen for these conjugates. Most concerning
from this result is that it leaves the possibility that any ajtycould activate DCs when
presented from the adsorbedB$A conjugate. However, concerns over 1specific
glycan activation of conjugates were allayed by the results from the open ring conjugates
shown inFigure8. Figure9B shows the TMF expression level by DCs. No differences

between conjugates were seenTMF. However, dgrendwas seen betwedaw glycan
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density and low cationization levelnd increased TMF The associations between
charge andlensity and TMF weranalyzed in the models of this datiad discussed more
in-depth below

Due to the inherent variability of formulation of protein glycoconjugates results
produced by different formulations of conjugates are frequently varied andlitieas
associations and recapitulation of experimental results is challenging. Thus, there is an
advantage to modeling the data so that direct comparisons between different formulations
and experimental conditions can be made. To that end, the models shEquation
la-d were produced. The validity of using these types of models has been discussed
previously in this report.Furthermore, the dateollected in this studyas historically
been shown to be applioxately normal and the variance of the data remains constant
across all samples?

Table4A and B show that both isoelectric point and glycan density are significant
factors in the regulation of IMF. When comparing the coefficients se€alile4B high
densityand high cationizationhave the largest effect on IMF of any other conjugate
characterization variable. Additionallidigh densityhas twice the magnitude of impact
than does having high isoelectricvalue; indicating that deitg is the most important
factor for consideration when designing glycoconjugates. Interestingly, the models shown
in Equation la-d all indicate that ligand was not a significant factor in either IMF or
TMF. This is surprising given that in the ANOVA analysis only the cationized mannose
conjugates showed a significant increase in IMF over untreated cells. It was
hypothesized that this was due to the fact that all conjugates were pooled together for
these analysesd compared controlling for densities and cationization levels. Thus, two
way interaction variables between ligand, cationization level, and density were
introduced to the model (equation not shown). However, due to the limited number of
donors capable obeing tested the model with these interaction variables could not

converge and thus was not able to be used. Thus, the study sh&guaition 2 was
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performed to remove the variability of isoelectric point anchgare glycan structures of
similar density and charge to each other directly.

Also of note, is that an inverse correlation between variables was seen between
IMF and TMF which would be expected as they are measuring inverse relationships
between DCs (prinflammatory \ersus tolerogenic). Keeping this in mind and
comparingbetween the two models it can also be noted that the coefficients for all
variables in the TMF model were lower in magnitude from those of the IMF model
indicating that they play a siher roll in modification of the TMF than they do in the
IMF. This indicates that optimal factors for modification of TMF might not have been
assessed in these studies and that more variables and ligands are necessary for a more
thorough understanding ohow to optimally modify DCs toward a tolerogenic
phenotypic state.

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 of EDTA. AllldRs are calcium mediated and thus it has been shown in
literature that incubating DCs with a calcium chelater, in this case EDTA, can drastically
impair the function and signaling of a variety of CLR&.EDTA is a broad spectrum
inhibitor and was chosen due to the plethora of CLRs that can bind mannose &t DCs.
Seveal of these receptors have no known blocking antibody and others have not had the
molecular signaling pathway that they signal through elucidated?3jethus, treating
DCs with EDTA was seen as the best approach for confirmation of CLR interadtion w
the conjugates.Figure 10A-C shows internalization of coated 1um fluorescent beads in
the presence or absence of EDTA. Phagocytosis was chosen as a readout because the
CLRs DGSIGN and mannose receptor (MR), two of the nsdstlied and understood of
the mannose binding lectins on DCs, are known phagocytic receptors. Thus, an
inhibition of phagocytosis of the beads would indicate that these two receptors were

inhibited. Figure10A-C clearly shows fls inhibition. Furthermore, the DC phenotype
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was assessed in the presence and absence of 10mM and 5mM EDTA and the adsorbed
conjugates and the IMF was found to not be statistically increased in conjugates when in
the presence of EDTA. These two concerires of EDTA were chosen as common

concentrations known to inhibit CLR binding in DCs without activating ESs¢¥°

4.4.4 Dendritic Cell Response to Diverse Mannose structures

One of the glycan structures used had a base GloNBo&IcNAc 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 thigngstoucture is a common
motif found in humans from which many other glycan motifs are addethe other
glycans are not commonly found in healthy humans and are insteadEatardoeb&*’
The change in linking chemistry was chosen because the sugar was isolated from a
protein, RNase B, and not made via synthetic carbohydrate ¢heamsl 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 resouwcethe glycan
community, and thus it is seen as unlikely to of caused the difference in cell response
between it and its structural homolog M&#A2. In support of this conclusion Feinberg
et. al?*®found that any glycan structure with a termib&(R2 manman linkage showed
a drastically higher binding affinity for DSIGN than did those structures that did not.
Also, Wattendorf et at’’ showed that for ManBr conjugates presented from a non
fouling PEG backbone produced no change in CD80, CD86, and Mirfdh iDCs
which also agrees with the results herein. Not only does this confirm the results shown
here lut it also has implication for the Ma#t8r structure tested iRigure11 because this
structure is two Man®r conjugates linked via abl-Us linkage. Thus, he fact that

glycan structure had a significamipact on IMF was not surprisingheresults from the
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model shown irEquation 2 that indicate that terminal branched structures were not able

to significantly change DC IMF while mdii- (Pman terminal linked conjugates were is
supported by the literature but has never been shown to be applicable across sugar
structures before this report.

A discussion of why the donor variables were kept imaddels is necessary as
these variabl es wer e al ways statistically
multitude of ligands for each study was performed and thus the repeated measures of the
donor needed to be controlled for in the analysis. If wlendt do this then underlying
associations between variables for a given donor would not be accounted for in the
analysis and thus the beta values calculated would be skewed. Secondly, models without
donors included had®Rralues below 20% due to the higariability of primary donors.
Because of the small amount of glycan structures available small sample sizes were
required when testing all conjugates. Donors that vary in their response to carbohydrate
ligands frequently vary by an order of magnitutteough underlying trends remain
constant. Thus, without being able to sample a large populatiordomter variability
must be controlled for in order to see othgnificanttrends. All tested models showed
identical trends to those discussed forheawdel regardless of inclusion of tdenor
variable but the overall fit of the model was poor and thus doaor variable was
retained in the models.

The model seen ikquation 2 was the result odn unbiased ahgsis of structure
groupings. All combinations of glycan motifs were tested and models run for each
combination. Grouping glycans via terminal linkage of glycani a-3 ,U 46 branched
or U 42 mannose,showed the highest statistical significance for ligands and also
produced the greatesf Ralue fa the model. Furthermorehe resultant glycan groups
used inEquation 2 yielded the mostignificant grouping of structuresAlgorithmically
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. dpiagtbat
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were determined as signifint were therassessed for thephysiological implications

and two instances of the truncatecrmose structures were foundFirst, the U 12

terminal linked mannose structures have been shown to be expressed on the surface of
Entamoebd*’ Second, thdJ 22 mannose terminal mannose structures can be seen in
class E Thyl negative mutant lymphom&®:%>° The Thy1 negative mutants show an
inability to prodwe dolicholP-mannose and thus cannot effectively modify the block
transferred Nglycan core structur&€®?! 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 DAMPs or PAMPs
and become activated by them. Futhermore, that CLRs could recognize these structures
was notsurprisng considering the affinity studies that were completed by Feinberg et.al.,
Ratneretal. and the Consortium for Functional Glycomics open datatas®.252In

these stude a complex lectin specificity for glycans is consistently shown and high
structural specificity is common among lectins. For example, the Consortium has shown
that DGSIGN is able to distinguish betweenwo i sof or ms of Man3, o
U, t he o t-3,e#20Wkhihighepeejudic&since version 2.1 of its Mammalian
Printed Array.

To our knowledge, modeling ligands based on terminal sugar epitopes and density
of glycan to predict cellulabutputs has not been seen before in the literature. 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 inerences made from the models in bBtjuation 1a-d and Equation 2 it
could be theorized that permutating a limited number of terminal glycan structural motifs
across densés could account for the largest impact on DC phenotype. However, this
conclusion is seemingly confounded Table 6 because in this model density is not a
significant factor. However, this can be explained by the fact thabajugates used in

this study were conjugated at the 100:1 molar ratio. Thus, the variance that was seen
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between number of ligands per BSA was much smaller than that of the previous study.
This lack of variance leads to the density variable being divedla uninformative

variable in this model. However, it was retained in the model so that future researchers
are able to compare their glycoconjugates to ours regardless of density or formulation

used.
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CHAPTER 5 ELUCIDATION OF HOW PRESENTATION
MODALITY OF G LYCOCONJUGATES ALTERS DENDRITIC
CELL PHENOTYPE

51 Overview

Currently the field of glycobiology is focused on assessing the
immunomodulatory ability of differenglycan structures, densities, and molecular
contexts of presentation. However, the experiment®mmeed herein test the hypothesis
that it is also modality of glycan display that can shafephenotype. The study pan
by using the optimized glycoconjugates fro
ability to be bound by recombinant human CLRAfter confirming that recombinant
human CLRs could bind to the conjugaties DC response to these conjugates pteden
in three modalitiesg range of soluble concentrations, adsorbed to 1 um polystyrene
beads, and adsorbed to the wells of a 384 watEplvas performed.The DC response to
different modalities of presentation were found to be have differential DC responses
across each of the conjugates tested. ,Tdngsnfrimation of whether this difference was
due toDC apoptosis andr necrosis wasneasured in response to each of the conjugate
modalities to ensure thatll viability was not the cause of the differential respoitse
was found that cell viability was not altered for any of the modalities from that of
untreated cells, however, cell ggosis was increased for high amouont$ -glUran.

Once confirmedhat cell response to the conjugates presented in different modalities was
not due to cell viabilitya general linear model was created to determine if differences in
cell response to dérent modalities of display were statistically significant. In this model

b-glucan and mannan were removed to avoid the confounding viability results. The

10C



model showed a difference in DC IMF between modalities and thus confirmation of what
receptorsDCs were using to interact with these conjugates was performezhdridic
Cell CLRs were blocked with antibodies specific for two likely candidates for
glycoconjugate interaction and compared to DCs that wetgpe control Ab treatedr
treated with norspecific CLR inhibitor EDTA. These studies showed that DC IMF, in
response to adsorbed mannose conjugates, was inhibited by antibody blocking and EDTA
treatment. Finally, with the knowledge that DCs wetsing CLRs to interact with the
adsorbed mannose cagptes an assessment of whetli@ernalization ofthe adsorbed
conjugates was occurring was determined. It was foundflinatescently modified
adsorbed conjugatesere internalized by DCs, though to a lesser extent than soluble
conjugates. Thus, it & concluded that removal of glycoconjugates from adsorbed
surfaces was occuring but that internalization of conjugates was not sufficient to cause
cell activation.

The experiments in this chapter show that modality of display of glycoconjugate
is significant in determining DC phenotype in response to the conjugatesre3ponse
to the mannose conjugates mediatedat least in partby lectins and it is not
internalization of the conjugates that is simg DC phenotype to change. The exact
molecular mechasms for why and how phenotype modulationocurringwere not

uncovered in this report but future works are discussed to address this shortcoming.

5.2 Methods

5.2.1 Glycoconjugate Presentation to Dendritic Cells in Three Modalities

For all experimerst whereglycan conjugates were adsorbed to flat wall384

well tissue culture polystyrene (TCPS) plate was coated with 20ug/ml of the BSA
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glycoconjugateslissolved in PBS overnight at room temperatuiehen, all the wells
were washed with complete DC medidive timesand blocked for two hours at 37°C
with 5mg/ml biotin free HSA in 0.1M NaHCO After blocking the plates were then
washed 5x with complete DC media and 40 pl of cells at 7.8xdlG/ml were added to
each welland allowed to incubate for 24 hourBC phenotype was then assessed using
the HTP methodology discussed in Chapt@r3}

For all solubleconjugate deliveriewells of a 384well platewere precoated with
complete DC medium overnight and themashed and blocked as p&e method used
abovefor glycan conjugates adsorbed to flat wellSlycoconjugates were dissolved in
complete DC mediunat concentrations starting at 1@@/ml with 1:10 dilutions and
used to resuspend DCs which were then immediately added to tbogked wells of
the 384well plate for 24hours of incubatiorDC phenotype was then assessed using the
HTP methodology discussed in Chapt&t.4

For all experiments where DCs were treated wgliftoconjugates adsorbed 1o
pm beadstreatment wells of the 384well plate weretreated as per the method used
above for glycan conjugates adsorbed to flat wells. Polystyrene bkads; (Fisher
Scientific, Waltham, MA polystyrene beads were coated with 20ug/ml of the BSA
glycoconjugates dissolvesh PBS overnight at room tempersgdu Beads were then
centrifuged atlOK RCF for 3 minugs, sipernatants removednd beads resuspended in
complete DC medium with vortexing for dispersion of beads. This process was repeated
twice more to wash beadsBeads were then resuspended to tbeginal volume in
complete DC medium and added to DCs in the blocked wells of the 384 wellaplate

bead numbers corresponding to 0.2x, 1.0x, 5.0x and 25.0x the surface area of a well and
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incubated for 24 horusDC phenotype was then assessed using fhie kethodology

discussed in Chapter249,

5.2.2 Assessment of DC Uptake of Fluorescent Glycoconjugates

To assess uptake of glycoconjugates fromnilali surfaces to which they had
been preadsorbed as described above or as soluble glycoconjugates, the tesnyuge
fluorescently modified wittAlexa-fluor-488TFP Ester (AF488lnvitrogen accordingo
ma n u f a cdiractiorgr ®refly, cationized glycan functionalized glycocogaies
were incubated with AF48&mg/mlin sterile PBS, ad 10:1 AF488 to prote molar
ratio (1 hour,room temperatude After conjugation the glycoconjugates were purified
using 10KDa molecular weight cenff Membrane Centrifugal Filter Unit (Millipore)
using 9 rounds of 1:10 buffer exchanges againstilldd, endotoxin free, war and
stored in the dark. When delivered to cells in a soluble form all wells were precoated
with complete DC medium overnight prior to addition of cells or soluble conjugates. To
determine internalization of conjugateslls were harvested onto atdit plate and
analyzed for fluorescence uptake. Thafer 24 hours of incubation with fluorescent
conjugatescell suspensions were pipetted up and down vigorously 3 times and then
transferred to a 384 well filter plate (Pall). Cells were then spun @éwA0 RCF for 5
minutes and the resultant supernatant was removed. While this was occurring adherent
cells remaining in wells were incubated with remzymatic cell dissociation solution
(CDS; Sigma Aldrich) for 2 minutes and then transferred to the slmwn filter plate.
Cells were then spun down at 400 RCF for 5 minutes and the resultant supernatant was
removedIn the 384 filter plate, alls were then washed with wash buffer (1.0 wt.% BSA,

0.1 wt.% TWEEN 20, 1x PBS) one time, fixed with 1% formalgkhfor 30 minutes,
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washed with PBS, and incubated with 0.1% trypsin (Sigma Aldrich) for 1 minute. Cells
were then washed three times with wash buffer, resuspended in wash buffer and
guantification of fluorescenglycoconjugateinternalization was perfored via plate

reader with fluorescence Excitation/Emission of 488/520.

5.2.3 Assessment of DC Uptake of Glycoconjugate CoatéduorescentMicrobeads
in the Presence of Blocking Agents

All studies where thylenediaminetetraacetic acigDTA) or blocking antibodies
were used to block CLR receptors, cells were treated with either 10mM EDTA, 10 pg/ml
of mouse anthuman Dentirl (clone 259931, R&D Systems), 10 pg/ml of mouse-anti
human DGCSIGN (clone 120507, R&D Systems) or 10 pg/ml of mouse-faunnan
lgG2B (Clone20116 R&D Systems) for 30 minutes at 37°C before exposure to adsorbed
glycoconjugates. Similarlyfor the negative contratells were incubated at 4°C for 30
minutes prior to exposure to the glycoconjugaded then maintained at 4°C for four
hours in thepresence of the coated fluorescent microbeagsy(Purple high intensity,
Exc./Emm. 590 nm/ 630 nm, Sphereotechhe 4°C treatment is a common rgpecific
inhibitor of DC phagocytosis and thus was seen as a negative control asgeauniic
inhibitor for DC phagocytosis. EDTA is a common inhibitor of CLR activity in DCs
because it chelates calcium and prevents these calcium dependent receptors from forming
a functional binding pocket. However, EDTA also has broad effects on DC beffavior.
Thus, two blocking antibodies specific for common, well charastd CLRs, Dectin 1
and DGSIGN, were chosen to show specific inhibitory ability of DC interaction with
conjugates. Cells were then transferred, with media still containing EDTA or antibody

(where applicable) to the wells with tfleorescentbead adsdred glycoconjugates in a
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1:10 cell to bead ratio and the subsequent phagocytosis was assessed after 4hrs. For
assessment of phagocytosis cell suspensions were pipetted up and down vigorously 3
times and then transferred to 1.5ml eppendorf tubes. Celstiven spun down at 300

RCF for 10 minutes and the resultant supernatant was removed. Cells were then 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 watiree times with PBS,

and quantification of phagocytosis was performed via flow cyton{&@yLSR Il Flow

Cytometer, BD Biosciences)

5.2.4 Preparation an d A s s e s shotential, Mas$ andeEndotoxin Content of
Glycoconjugates

All mass spectra and-potential measurements were performed in an identical
manner to that of Chapter he endotoxin contents of the glycoconjugates assessed
in an identical manner to that of Chapter /e'Bndotoxin content of all glycoconjugates
was determined to be less thau2 EU/mL, which is well below the FDA limit of 0.5
EU/mL. Furthermore, all mannose conjugates were below the detection limit of the assay

for endotoxin content.

5.2.5 Binding Assay of Recombinant Human CType Lectin Receptors to
Adsorbed Glycoconjugates

A 384 welltissue culture polystyrene (TCPS) plate was coated with 20ug/ml of
the glycoconjugates overnight at room temperatuBguring this incubation, rhDectih
or rhDC-SIGN-Fc Chimera (R&D Systems) were biotinylatedccording to
manufact ur efrord Soldua IrGevrkodmsarL i nkE Bi otin. Prote

Briefly, biotin-PEGs-bis(arylhydrazine)succinimidyl ester dissolved in
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dimethylformamideat 5 mg/mlwas added to rhDectih or rhDGSIGN-Fc in a 10:1
biotin to protein molar ratio @ahallowed to reacfor 2hrs at room temperatuneixing at

900 RPM. Next, proteins were purified via provided Zeba spin columns (Pierce) and
then diluted to 15g/ml with lectin buffer (0.1 mM MgGl| 0.1mM CaCJ, and 1x PBS)
(Sigma). Extent of biotinylation was then conied via included standards and UV
fluorescence at 354nm.

After the completion of the overnight incubation all wellsth glycoconjugates
were washed and blocked for two hours at 37°C Wwititk solution (1x PBS, 5 mg/ml
biotin free BSA, 1mM MnG, 1mM CaCk and 0.1wt% TWEENZ20) After blocking the
plates wereghen washed 5 timesith thewash solutior8 (0.5mg/ml BSA in 0.1x PBS,
0.1mM MnCp, 0.1mM Cad4, and 0.01wt% TWEEN 20Next, a 15 pg/ml rhDectinl
biotin or 15 pg/ml rhDESIGN-FC-biotin (diluted inlectin buffer: 1x PBS1ImM MnCb,
and1mM CaC}) was incubated wit the adsorbed conjugates for thhemirs at 37°Qr
overnight at 4°CThe plates were then washed 5 times with wash sol8aonl40ul of a
streptavidinHRP (BD Pharmingen) solution died 100x with lectin buffer from stock
was added to each well and allows&d incubate in the well forl hour at room
temperature The plate was then washed 5x more with the wash solBi@zod a TMB
(3,3',5,5tetramethybenzidineperoxide) substrate (BBPharminogen) was added and the
plateswere allowed to develop for 10 minutes. 1.0N sulfuric acid was then added to stop

the reaction and the absorbance at 450nm was determined.
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5.2.6 Culture and Phenotype Assessment of DCs

Culture and HTP assessment oDC phenotype upon treatment with
glycoconjugates presented on various modalities of display identical to that of
Chapter 4. The extent of DC maturation was compared to untreated DCs (iDCs) for the
negative reference control and lipopolysaccharide JLASmg/ml; E. coli 05:B5;
Sigma)treated DCs (mDCs) for the IMF control, ahd. 1 0 a n(R&D ISysthinmsat

3500 units/ml and 35000 units/ml respectiviellythe TMF contral

5.2.7 Viability/Cytotoxicity and ApoptosisAssessment of Glycoconjugates

Cytotoxicity associated with glycoconjugate treatment was assessed via live/dead
stainingin an identical manner to that of Chapter#he 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 AnfdXi@ V
(BD Biosciences)and the extent of binding tphosphatidylserinavas measured. No
treatments showed a significantly different viability from untreated cells and no treatment
showed a statistical increase in Annexin V binding c e pt f o r-gluéad @hicidg / ml
showed a statistically significant increase in Annexin V from untreated cells (Data shown

in Figure16) Dead controls were freezkawed two times prior to placement into wells.

5.2.8 Statistical Analysis

To observe any significant differences between all sample groups in pairs, a
pairwise repeated measuresvoway ANOVA fol |l owed by Tuke
performed using the SAS software (Cary, NC), and tlialpe equal to or less than 0.05
was conglered significant. Significance of general linear statistical model parameters

discussed in section 520f this report and seen Model 3a andb and Model 4 was



determined by T value in referenceriferent group discussed in section %.@f this

report.

5.2.9 Statistical Modeling

Table7 lists the quantitative parameters that were collected and separates them by
variable classification: Continuous, categorical/nominal, and nhiglo The
characterization of the variablésflammatory Maturation Factor (IMF), Tolerogenic
Maturation Factor (TMF), ligandattached to carriemodalityof display, andlonorscan
be seen inTable 7A and B. Table 7A containsIMF and TMF continuous variables.
Table 7B contains the variables Ligand, modality, and donor. There were 2QGotal
donors for this analysis.

Model 3a andb showthe generalinear models that have IMia) or TMF (b) as
outcome variables and are a function of the ligand conjugated to B®A4ality of
display, and the donorThe models irModel 3a andb sougth to isolate and compare the
effect of presentation modality when controlling for ligand and donor variations. The
null hypothesis was that modality of presentation did not play a role in IMF or TMF and
thus that this variable would not have a significant T value when compared to the referent
group discussed belowThe coding of these variables is shown to denote the reference
group, always denoted by the coding value of 0. The reference ligand was none and thus
its value for this variable is shown as OTiable 7B. Threeotherclasses ofigand were
analyzed in this model:oligoethylene glycol linker (OEG)nonosaccharidglucose
(Glc), and monosaccharidenannose (Man).Similarly, adsorbed glycoconjugates were
the reference group for the modalities of display and bpadsat a surface area ratio of
1x to that of well adsorbednd 10 pg/ml soluble modalities were the other modalities
compared in the model.Finally, the variabledonor was included in the analysis to
account for the repeated measures of each donassaconjugates and to help limit the

large interdonor variability that is seen with primary donors.
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IMF = 1® *donor+ s*tigand+ s*bnodality Model 3a
TMF= 1% *dlonor+ s*fligand+ s*bnodality Model 3b

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 dombrss, thereference

group was any donor with a conjugate that had no ligemdwas adsorbed to the well of

a plate
Table 7A: List of continuous variables and their statistics
IMF TMF

Number of Measurés 96 93
Mean 0.9705 0.1081
Standad Dev. 0.5833 0.1414
Minimum 0.273 -0.107
Maximum 3.309 0.735
Skewness 1.552 1.952
Kurtosis 2.656 5.821

*Three donors fell below the detection limit of the askayl MF and were not included in the dataset.



Table 7B: List of categorical variables, their coding in the model, and the frequency
of occurrence

Variable Sub Category Code Count

Ligand
None 0 24
OEG 1 24
Glc 2 24
Man 3 24
Modality
Adsorbed 0 48
1 um Bead 1 24
Soluble(lug/ml) 2 24
Donor
1-20 0-19 96

For the comparativenodelusedthe R wascalculatedo determine how well the
modelfits the data.The R value of model was 0.874 and thus the model was seen as a
reasonably good model for the dat&urthermorethe IMF data has histimally 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??*

Model 4 shows a general linear model that has IMF as outcome variables and is a
function of donor us# (donop), ligand linked to BSAIl{gand), modality of presentation
(modality), and the interaction between modality and ligdighfd*modality). Model 4
sought to isolate and compare the pairwise comparisons between all pagesndfon
BSA and modality of display of that ligand. The null hypothesis was that no digand
modality combination would be different from each other. To make this comparison,

after the ANOVA was performed, all ligarrdodality combinations were compareding
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T u k e y 6test. Mhatlesstmodel the reference group was any donor tested with a BSA
conjugate with no ligand, presented from a well adsorbed mod&lhally, the variable
donorwas included in the analysis to account for the repeated measuwashotionor

across conjugates and to help limit the large idteror 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 theutated coefficients or

their significance was seen when changing between reference donors.

IMF = 1$ 2*pblonor+ s*tigand+ s*bnodality+ s*ftigand*modality Model 4

53 Results

5.3.1 Overall Experimental Approach

In house produced glycoconjugates were produced as per the methoagsdogy
in Chapter 4 for the highly cationizedgh density BSA conjugates. These conjugates
were chosen based on the results from that section and because luSttheal
precedence of importance of cationization and high density of glycan for response from
DCs. The bioavailability of sugars from dsorbed conjugates was confirmed waa
binding assay of recombinant human CLRs, Dettiand an FOC-SIGN chimeric
protein, to adsorbed glycoconjugates. The primary focus of this study was to assess how
DC phenotype of presented glycoconjugates was tafleby the modality of display
adsorbed to a flat well surface, soluble, or adsorbed to a 1 um PS beads. The overall
experimental approach is shown kigure 13 including glycan modification of the
maleimide functionalized BSAgationization of the BSA with an excess of EDA, the
subsequent adsorption of the glycoconjugates onto plates or microbeads, and finally
assessmentf DC phenotype to either soluble, bead adsorbed, or flat well surface

adsorbed conjugates. Analysis of ssuof DC interactions with glycoconjugates

111



included examining phenotype for DCs pretreated with blocking antibodies for the CLRs,
DC-SIGN and Dectirl, and uptake of fluorescently labeled glycans during DC treatment

with these reagents.
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Adsorbed or Soluble Glycoconjugates Cultured with DCs

lCuIture with DCs

Figure 13: Diagram of the modification of BSA, adsorption orto well or microbead,
then culture with DCs as either adsorbed to flat well surface adsorbed to
microbead, or soluble modalities

5.3.2 Characterization of Glycoconjugates
The same set ofjlycans prepared for, characterized and used in the study

described irChapter 4 wereised again for these studielSlore specifically,Table8 also
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shows the calculated isoelectric point (@hd hydrodynamic daus for each conjugate.

The mean isoelectric point of each conjugate was approximately equal for all conjugates
and was close to a pl of 10. While obtaining thpotential of each conjugate the
hydrodynamic radius was also measured and can also be sEable8. Of interest is

that each of the ligand reacted conjugates was smaller than that oBBA Hlone.

Table 8: Molecular properties of the BSA conjugates used in this study.
Isoelectric  Hydrodynamic

Name Ligand  Sugars/BSA
Point Radius (nm)
H-BSA None 0 10.08 5.12
H-BSA-OEG100 OEG 4.41 9.85 2.97
H-BSA-GIc100 Glc 26.2 10.1 3.62
H-BSA-Man100 Man 23.5 9.63 2.99

5.3.3 Recombinant Human Lectins Are Able to Bind to Flat Well Adsorbed

Glycoconjugates.

To confirm that the adsorbed conjugates had biologically available glycans that
were able to interact with CLRs on DCs and that the adsorptiohesktconjugates
produced relatively consistent presentations of glycahénding assay with recombinant
CLRs was performedn all conjugates adsorbed to the wells of 384 well TCPS plates
Unexpectedly, the mean absorbance for thBSA-Man100 conjugatewith DC-SIGN,
was higherthan was observed fomannan, the positive controlFigure 14 shows the
results of this study. Figure 14A shows the binding of B)GN andFigure 14B
shows the binding of rhDectih. Figure 14B shows little binding of Decthi to any of
the conjugates other than the positive conffblis Positive controls Mannan for BDC
SIGN andb-glucan for the Dectii both showed high binding of DEIGN and Dectirl
respectively.  No signal above the detection limit of the assay was seerBf6AH

Glc100, HBSA-Man100, or mannan.
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Figure 14: Binding assay for dycan recognition by recombinant human CLRs,
rhDC-SIGN-Fc and rhDectin-1, showed CLR specificity for the conjugates. A)
Biotinylated rhDC-SIGN-Fc was incubated with adsorbed conjugates and the
subsequent mean absorbance for each conjugate was measuredB) Shows
biotinylated rhDectin-1 incubated with adsorbed conjugates. All signals are
background subtracted from untreateid well
indicates below detection limit of the assay.

5.3.4 Dendritic Cell Response tdslycoconjugates wa Different Between theT hree

Display M odalities for Both DC IMF and TMF

Assessment of DC resposnes to glycoconjguates presented in three different
modalities shows that glycans adsorbed to flat well surfaces support the highest level of
IMF response Kigure 15E) while presentation of glycoconjugates in the soluble form
(Figurel5A) resulted in the smallest effect on IMF, both compared to iDCs. Presentation
of glycoconjugates adsorbed to 1 um PS beadsltegs in an intermediate level of
induced IMF expressionF{gure 15C) . Figure 15A and B show the DC response to
glycoconjugates when adsorbed to 1 um polystyrene (PS) beads at feuerditbead
surface area ratios. Each ratio represents a multiplicative of the surface area of a well.

The surface area of a well was chosen as a standard rather than bead number or ratio of
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beads to cells because it was desired that the results from sheties be directly
compared to those of the well adsorbed studies showigure 15 and F. Figure 15A

shows thatwhenconfro | i gands L P-8lucannvere adsorbed toal pndbedus

all caused a statistically significant increase in IMF. LPS slgawe highest level of
activation,with significant increases ilMF at all surface area ratios while mannan and
b-glucan showd a significant increase in IMF at 25x, and 5x ratios respectivély.

other treatments were different from iDC epicthe positive control (mDC) However,

of note is the increased trend in IMF for 5x and 25x surface area ratios for {BSiAH
Glc100 cofugates and HBSA-Man100 conjugates.The trend of increasing IMF with
increasing surface area ratio was then analyzed using a GLM in which donor and
treatment were controlled for and surface area ratios were complredi ng Tukey?o
Posttest all pairwisecomparisons between surface area ratios were performetiahiel

9 shows the results. Both 5x and 25x surface area ratios were significantly different from
0.2x and 1.0x. However, 0.2x and 1.0x were not statstically differ@mt éachother, nor
were 5x and 25x ratios. Thus, the trend of increasing IMF with surface area ratio was
further substantiated using this mod&lo significant increase in TMF for any conjugate
adsorbed to 1 um polystyrene beads was seen except foMiRgadsitive control, tDC.
When TMF wasmodeled in &5LM with surface area, ligand, and donor as categorical
predictor variableso surface area ratiosacled significance.

Table 9: Pairwise comparisons between all surface area rats for DC IMF.

Surface
Area Ratio| 0.2x 1.0x 5.0x 25.0x
0.2x 0.8146 0.0002 0.0006
1.0x| 0.8146 0.004 0.0092
5.0x| 0.0002 0.004 0.9928
25.0x| 0.0006 0.0092 0.9928
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Figure 15 DC Response to glycoconjugates presented in tleenodalitiesof display.
(A), (C), and (E) show the IMF response of DCs to the conjugates and (B), (D), and
(F) show the TMF response from DCs. (A)and (B) show the DC response to
glycoconjugates when adsorbeto 1 um PS beads at 0.2x, 1.0x, 5.0x and @%.the
surface area of a well. Bead surface area was scaled by increasing bead number
until the desired ratio was reached. (C) and (D) indicate DC response to soluble
conjugates across five orders of magnitude of concentration. (E) and (F) show DC
response to well adsorbed conjugates. For 4 N=6 donors, E and F N=12 donors.
Error bars represent standard error, red line indicates mean iDC response, *
indicates statistical difference from iDC.
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Figure 15C and Dshow the DC response to glycoconjugates when delivered in
five different soluble concentrations. The concentration of conjugate was varied over 5
orders of magnitude, from 10 ng/ml to 100 pg/nfrigure 15C showvs that when control
| i g agtudan ib delivered to DCs at any concentration between 100 ng/ml to 100 pg/ml
IMF increases significantly over that of untreated cells. Interestingly, the 100 pg/ml
treatment did not cause the highest level of IMF. This duestostatstically significant
increasesimpopt osi s o-@lucad Comcerdarationtah measuréd by Annexin V
FITC. Results of the apoptosis test can be sedfigare 16. No other treatments,
including soluble mannan, at any concentration, were statistically different from
untreated cells. No significant increase in TMF for any concentration of soluble
conjugate was seen. However, for BSA glycoconjugates as soluble concentration
increased an increasimiggnd in TMF is seem. This trend, when modeled using a general
linear model, wasm ot f ound to be statistically signi
found to be consistent with visual trends
were positive when predicting TMF as a function of concentration, BSA conjugate, and
donor(daa not shown because bs did not reach O
Figure15E and F show the DC response to glycoconjugates when adsorbed to the
wells of a 384 well TCPS plateérigure15E shows that when control ligands Mannan or
b-glucan were adsorbed to wells and displayed to DCs, IMF increases significantly over
that of untreated cells. The positive IMF control, mDC, was also shown to be statistically
different from untreated ds. Interestingly, both adsorbedBSA-GIc100 and HBSA-

Man100 were also significantly increased over untreated deitgire 15F shows that no



significant increase in TMF for any adsorbed conjugate was seaptebar that of

positive control tDC.
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Figure 16: DC apoptosis as measured by Annexin ¥ITC Binding. The average
fold change over untreated cells is shown. Positive control (dead) and 1,0¢/ml b-
glucan showed a statistical increase in fold change of Annexin V bindingN=3
donors. Error bars represent standard error, red line indicates mean iDC response,
* indicates statistical difference from iDC.

5.3.5 Display Modalities are Significantly Different for DC IMF when Statistically
Modeled.

A measure of Wwether DCs showed an altered phenotype when expdsed
conjugateglisplayed in different modalities, when controlling for ligand used and donor,
was desired Thus, two sets of statistical models wereated. The first set of models
assessed whether DC response to modality of display was different controlling for ligand

of glycoconjugate and donor and can be seedadel 3a andb. The second model
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assess® which specific conjugates and display modality combinations were statistically
different for IMF. This models can be seerEiuation 1.

The results oModel 3a show hat for IMF all modalities are statistically different
from each other controlling for ligand and donor with all probabilities being lower than
P<0.0042. The results dModel 3b showed that for TMF no modalitieseastatistically
different from each and that adsorbed and bead adsorbed modalities|imeaic@and
thus can either be combined or one must be excluded from the model for it to converge.
In bothModel 3a andb all variables were treated as categorical variable as s€Eabie
7B and when modeled were divided into their binomial substisuas indicated in the
methods othis dissertationA table of the comparison betese all modalities and their P
values can be seenTiable A7 of theappendix.

Based off of the results fromlodel 3a andb a model assessing the interaction
between ligad and modality was desired to determine which ligand/modality
combinations were significantly different from each otheModel 4 showed that
Adsorbed HBSA-Man100 was statistically different from soluble delivery oBBA-
Man100and soluble FBSA-GIc100. To do compare these ligand/modality paitsdel
4 creates an interaction variable to determine which specific pairwise comparisons
between the modality/ligand combinations are different. No othirelifces between
modalities of display were noted from this analysis. A TMF model using an interaction

variable was not performed due to the instabilitivioidel 3b.

5.3.6 Cell Interaction with Glycoconjugates

5.3.6.1DC phagogtosis of mannose glycoconjugate coated microbeads is inhibited by

antFCLR antibodies




After identifying that display modalities altered DC phenotype an attempt to
determine Vkich receptors DCs were using to respond to these glycoconjugates
performed An assessment of DC phagocytosis of conjugate coated 1 um fluorescent
polystyrene beads was performeBendritic cell phagocytosisof the mannose
glycoconjugate coated beadss significantly inhibited when blocked with antibodies
specific for lectins DESIGN or Dectinl, 10mM EDTA, or treatment at 4°&s can be
seen inFigure17D. No antibody or EDTA significance was found for any of the other
conjugates other than the mannan congsbbwn in Appendixdigure A3). Figurel7
shows the results from this study. Higure17A-C only the negative control, 4°C treated
DCs, were statistically different from the isotype cohtreated cells. Frorkigurel17D
it is clear that EDTA and 4°C treatment of DCs has a larger impact on phagocytosis as
compared to the antibody treated cells, however no statistical differences can be seen
betwe@ these groups. Figure 17D thus indicates that for beads coated witiB&A-
Man100 phagocytosis is mediated through lectin interaction and specifically can be
inhibited partially by blocking DESIGN or Dectinl. Phagocytosis of other conjugate
coated beads is not mediated by lectins as indicated by lack of statistical inhibition via
EDTA. The <controls wuncoated b egudan coatedrbedsn c o0 a
can be seen in the Appendix of this reporFigure A3. The uncoated bead showed
similar results to that of BSA while mannan was significantly inhibited by the EDTA

and 4°C.

12C



A) H-BSA B) HBSA-OEG100

16 1 14

£ £ 1.2 1
] S

2 g 1

o 0.8 -
@ o

© S 06 -
5 5

3 5 0.4 -

WL 0.2 - 902 ;

0 4

‘\o
C) HBSA-Glc100 D)

1.8 - 1.2
16 T
S 14 S
% 1.2 g
o 19 ]
(=] o)
€ 08 5
G 06 - 5
T 0.4 T
£ 0.2 £
0 B

Figure 17. Antibody blocking to confirm receptor specificity. Blocking antibodies
reduce phagocytosis of beadsData is fold change over isotype treated DCs. N=4
donors. Error bars represent standard error, red line indicates meanisotype Ab
treated cel |l sd6 i rluoesceneel* indicatésistatisticab differdnesa d s

from isotype Ab treated cells

5.3.6.2DCs are internalizing adsorbambnjugates but to a lesser extent than soluble

conjugates
Finally, whether DCs were internalizing conjugates from adsorbed surfaces was
guantified to determine if cells were capable@hoving adsorbed conjugates from the
surface. DCs internalizd both adsorbed and soluble conjugates as indicated by all
treatmentsin Figure 18 having a net positive fluorescenaghen cultured with
fluorescently modified BSA cgugates From Figure 18 it can be seen that for the
adsorbed conjugates, as compared to #&SA coated wells, more glycoconjugate was

taken into cells for both the -BSA-GIc100 and FBSA-Man10Q The results fnm
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Figure18 were produced frorsonjugateghatwere fluorescently modified and adsorbed

to well surfaces or delivered in a soluble form to DCs for 24 hours. Two concentrations
of soluble ligand were chosen test the hypothesethat 1) DCs were capable of
internalizing these conjugates and 2) that at a concentration osathe order of
magnitude as that oddsorbed glycoconjugatea greater fluorescence was seen for
soluble conjugates than for adsorbed conjugaéisconjugatesdelivered at 10 pg/ml

had a fluorescence above the detection limit of the plate reader when set at a gain which
allowed for resolution of DC/conjugate fluorescence at 1.0 pg/ml and when conjugates
were adsorbed to welldlso of note was that adsorbedBSA-Man100 conjugates had a
higher mean net fluorescence than dieBSA-GIc100, though not to a statistically
significant amount. Also, the soluble 1 pg/ml conjugates showed a higher mean net
fluorescence regardless of ligand used than that of the adscob@thates. Finally,
adsorbed FBSA-OEG100 conjugates had a lower mean net fluorescence than did any

other group.
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Figure 18 Quantification of internalized fluorescent adsorbed conjugates. The
relative amount of fluorescentglycoconjugatesadsorbedto wells or in soluble form
internalization by DCs after 24 hour incubation. Net fluorescence measured by
subtracting signal from DCs treated with nonfluorescent equivalent conjugate.
N=2 donors. Error bars representone half range.! indicates above the maximum
detection limit for the plate reader.
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5.4  Discussion

In the studies herein we test only two types of sugars, mannose and glucose
conjugates. Glucose was chosen because no known CLR on DCs can bind to the
monosaccharide gbese. Mannose was chosen because mannose CLRs on DCs are some
of the most heavily studied and well characterized CLRs. AdditiorfaiBsg constantly
encounter mannose glycans in different modalities: soluble glycoproteins (plasma
glycoproteinsy>3, particulate bound glycoproteins (bacterial and viral surf&ées} and
nonphagocytosable glycoproteinendothelium and parasite'sy:>>* The outcome from
stimulation by each of these modalities ranges from tolerogenic tmftaoymatory.

Thus, we hypoths&zed that DCs wilteact to each modality in a different fashion even if
identical glycans are presente#inally, the studies from Chapter 4 show that DC IMF

was increased to an equal amount using the monosaccharide mannose as it was with more
complex nannose structures. Thus, single mannose was used in these assays because of
its availability, relatively inexpensive cost, and for its ability to provide no confounding
structural indications in the modality comparison.

Cellular adhesion or migratiowerenot used in this report as an indicator of DC
phenotype because these outputs have been shown modrseindicaors of DC
phenotype® Also, the end result ohe DCmaturation process, whether its pro or -anti
inflammatory, CD4 or CD8 stimulating, etc. is independentadhesion and thus,

adhesion wasotseen asin ideal reporter fddC, and in general APC, activatiéY.

5.4.1 Characterization of Glycoconjugates

The ELLAs in Figure 14 showed that not only were the-BSA-Man100
conjugates capable of being bduby rhDGSIGN-Fc but also that the Glc conjugates
were not recognized by rhBSIGN-Fc or rhDectirl. The magnitude of rhDGIGN
binding to the HBSA-Man100 conjugates was seen to be greater in magnitude than that

of mannan, the positive control; howeydhis difference was not statistically different
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and thus was seen as a confirmation that ligand density was high enough for these
conjugates to cause functional bindingliDC-SIGN-Fc. Additionally, the higher mean
fluorescence of the 8SA-Man100 conjgates from that of wells treated with HBSA,
HBSA-OEG100 andH-BSA-Glc100indicate thathDC-SIGN-Fcwas able to bind to the
glycoconjugates with relatively higbpecificity. Therefore,from this the results of the
rhDC-SIGN-Fc bidnign assayin Figure 14A it was inferred that HBSA-Man100
conjugates could be bound by CLRs found on DCs. The Glc conjugates did not show a
higher binding affinity for theecombinanDectin1 receptor as no signal was above the
detecton limit of the assay. Because the positive control worked for this ELLA the
conclusion that the activation seen Higure 15 was not mediated by Dectih and
therefore unlikely to of occurred through any lectiadiated process on DCs was made.

A discussion of what possible receptors could be playing a role is further discussed

below.

5.4.2 Cell Response to Glycoconjugates Across Three Modalities

FromFigurel5it is clear ttat DC response to identical glycoconjugates displayed
in different modalities is disparate. Adsorbed mannaBSA-Manl100 and FBSA-
Glc100 conjugates were all able to increase DC IMF to a statistically relevant amount as
compared to untreated controlsHowever, whe these same glycoconjugates were
delivered in a soluble form no change in IMF for any of these conjugates was seen. Also,
when HBSA-GIc100 and HBSA-Man100 were adsorbed ontquin beads and cultured
with cells a statistical increase in IMF wast seen even for treatments containing
enough beads for 25 times the surface area of that of well adsorbed conjugates. From

Figure17 andFigure 18 it is clear that DCs are able to rgoize and internalize these
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conjugates when adsorbed to 1 um beads or delivered at low soluble concentrations.
Thus, we hypothesize that a different molecular signaling mechanism is involved
between each of the modalities. From the raw IMF averages cedhs@etween
modalities for both mannose and glucose conjugates DC activation is highest for well
adsorbed glycoconjugates and lowest for soluble conjugates even delivered at the
relatively high concentration of 100ug/ml. DC activation when exposed to lgaihs is
between these two bat significant trend wa seen between surface area and increased
IMF and thus it is possible that high ligand concentration is needed to activate DCs in this
modality. This has been postulated by other researchers andgbis further supports

the assertions made by Dam ef?4l.

Of note is that DCs did not respond to soluble mannan at any of the
concentrations tested.The negative outcome of the mannan conjugates goesstga
previous studies that showed that mannan was an immune adoffiét>However, in
these studies mannan was combined with particulates based on liposomes linked through
membrane lipids, such as cholest&fbbr palmitoykmannarf®® Therefore, it could have
been the synergistic effect of theitlp and the mannan that led to these activation
reports. This implies that the FMh, cell proliferation that was seen in these studies,
that were thought to be mediated through mannan, may not represent the result of the
ligand alone but through the sngistic recognition of the conjugates by TLR4 and
CLRs. Indeed, in an elegant study by Wattendorf et®lhuman DCs were cultured with
phagocytosable polystyrene microbeads functionalized ehittranched PLEPEG that
had a manMan3-Br ( U3l -B)lor mannan attached to the end of the PEG branch. The

mannan and PLL were passively adsorbed onto the PS beads leaving the mannan and
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PEG functionalized glycan monomers free in solution insteadinglfeund on the bead
surface and no DC maation was found. This finding further supports our hypothesis
not only by confirming the findings herein but also by showing the mannan did not
activate cells when in solution and not @b
The fact that the DC response to diffgrenodalities appears to be different from
Figure1l5 was then confirmed usirg general linear modeljodel 3a. Model 3a shows
that cell response is statistically different between all modalities of display even when
controlling for ligand and donor variances. Furthermore, all pairwise comparisons
between modalities of display fdviodel 3a and b were done using @onferroni
correction for multiple comparisons. Bonferronicorrection was used for these models
so as to be more conservative in estimation of significance. However, the argument
could be made that the glycan display density efl adsorbed surfaces is much higher
than that of the soluble or phagocytosable modalities. Because CLRs are multivalent
receptors this increased density could be causing the increased activation of the DCs.
Determining quantitative estimates of glycaarface density presented to cells is
extremely technically challenging when looking at microbead presentation and virtually
impossible in solution. Thus, large ranges in concentration and bead number were tested
to try to mitigate this concern. Additiolhg the same material is used between the well
adsorbed and im bead adsorbed modalities. Thus, the surface density between these
two should theoretically be identical as steric hindrance of protein adsorbtion on such
relatively large beads (1 pm versaisnaximum hydrodynamic radius of 5.2 nm) has been

shown to not affect protein adsorbtitf2>°
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Equation la used the iteraction variable between ligand and modality to assess
differences between modality/ligand combinations. The results of the modeling yielded
that Adsorbed FBSA-Manl100 was statistically different from soluble delivery of H
BSA-Man100 and soluble 8SA-GIc100. In this model, and iModel 3a and b,
mannan and-glucan were not included. This was done so as not to skew the data
toward showing different modalities as significantly different when using poorly defined
ligands that clearly showed differences in cell response between modalities. While the
result hat adsorbed HBSA-Man100 was different than soluble glycoconjugates was
anticipated from a cursory comparison of the statistics showigure15. Confirmation
t hat DCs6 | MF was statistical latg mataliies er e nt
further confirms the hypothesis of this report: that modality of glycan display alters DC
phenotype; especially when combined with the-bBotly blocking data seen kigurel?.

Finally, no significance for any land or modality, other than the positive control,
was seen in any of the TMF studies or models. This was not unexpected as mannose
conjugates are frequently used as agonists for vaccines and to increase DC recognition
and uptake of particle§/-260261 Similarly, no known effect of the monosaccharide
glucose has been shown on DCs. Thus, that no treatments or modality claims were
significant for the tolerogenic reporter was expdcteThese data were left in the
manuscript as validation that such an assessment is possible for DCs using this HTP
methodology. This is valuable because CLRD@s are als&known to beinstrumental
in promoting tolerance and maintaining immune cell hostasis4%%3262  The
assessment of tolerogenic phenotypes is especially impdoiaitCs when CLRs are

ligated because it has been shown that identical CLR stimulation can promote tolerance



or proinflammatory responses from DC depending on if the bdédftf®* Thus, any
methodology that assesses activation andingtammatay responses from DCs using

CLRs must also evaluate tolerogenic responses from DCs.

5.4.3 Cell Interaction with Glycoconjugates

When combining the cell response data fréigure 15 and the antibody
blocking data ofigurel7it is clear that at least some of the DC response is due to lectin
interaction with the FBSA-Man100 conjugates. However, frdfigurel7 it is clear that
the lectns tested do not mediate BEA-GIc100 activation of DCs shown Figure 15E.

This indicates that the DC response to th®$A-Glc100 glycans is independent of
lectin activation due to the fact that no other le&tmown on DCs, other than Dectin

can bind glucos# Thus, another mechanism for DC response to tHBSHA-Glc100
conjugates must be used for activation of the DCs. Other groups have shown that
Complement recepte8 (CR3), latosylceramides, and scavenger receptbtsan all

bind b-D-glucose and thus it is hypothesized that it is these receptors that are mediating
the increase in IMF for adsorbedBSA-GIlc100 conjugates.

Phagocytosis of beads was chosen as a way to assess DC interaction with any
form of glycoconjugate fotwo reasons. 1) Mannose CLRs on DCs are known to be
phagocytic receptors thus this was a functional repa2ietlsing the HTP reporter of
IMF or TMF could not be performed after 24hrs due to activation of cells occurring with
prolonged incubation of relativelyigh concentrations of Abs. All Ab treatments of DCs
with 10 pg/ml of Ab, including isotype, were found to activate DCs significantly at
24hrs. A 2ug/ml concentration of Ab was attempted but showed no functional blocking

of the receptors in terms of @focytosis at 4hrs and no influence of IMF or TMF at 24
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hours (Data not shown). IMF and TMF were checked at 4 hours witty/b@l and no
up-regulation of either was seen for any conjugate. However, this does not mean that
DCs were not being activated byese high concentrations of Ab, just thatragulation
of surface receptors had not occurred yet. Thus, isotype antibody control treated DCs
were chosen as the referent group in these studies to overcome concerns ever non
specific activation and thushpnotype modulation of DCs due to Ab treatmé&imally,
mannan was not inhibited by either of the lectin blocking antibodies, however this was
not surprising given that many other CLRs on DCs are capable of binding and
recognizing mannan, as indicatedliablel.

FromFigurel8it can be seen that for the adsorbed conjugates, as compared to the
H-BSA coated wells, more glycoconjugate was taken into cells for both {B8A4
GIlc100 and HBSA-Manl100. This dirther provides evidence indicating that
internalization is receptor mediated, especially feB&HA-Man100 when combined with
the Ab blocking data shown iRigure17. Receptor meditated internalization is further
supported by théact that the adsorbed-BSA-Man100 conjugates had a higher mean
net fluorescence than didther conjugatesthough not to a statistically significant
amount. Also of interest frorRigure 18 is that adsorbed BSA-OEG100 conjug&s
had a lower mean fluorescence than did any other group. This was expected as PEG
coated ligands have frequently been reported to in inhibit phagocytosis in the
literature®®®’ Addi t i onal ly, when | ooking at any cc
that DCs are internalizing the soluble conjugates. Thus, the internalization of conjugates
from the adsorbed wells must not be the sotE@ss necessary for the increase in DC

IMF seen inFigurel5.



Finally, the soluble 1 pg/ml conjugates showed a higher mean net fluorescence
than adsorbed conjugates regardless of ligand used. This is significant because an
appioximately equal amount of soluble BSA was delivered as was present on the surface
of the adsorbed wells. This calculation came from using the surface density of BSA
found by Osborne et. &t for BSA proteins adsorbed per unit area in a polystyrene tube,
as measured b{f°-labeled proteins. Using this calculation, 0.0168 ugs of protein are
adsorbed to each well surface and thus an equivalent amount of BSA in 40ul of media
would be needed. This amounts to 0.438 pg/ml of conjugate being delivered per well.
Assumptions for this calculation were that BSA had an average molecular weight of
66,460 Da and that the surface area of the 384 well TCPS plate was 5.6 Tima 1
Hg/ml concentration was chosen over delivering 0 4@8nl because a direct comparison
between the DC internalization of fluorescent conjugates to that of the soluble delivery i

Figure15C and D was desired.
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CHAPTER 6 CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusions

This study uncovered a novel mechanism for the alteration of DC phenotype with
adsorbed glycoconjugates that had not been reported in thatureer before.
Furthermore, this report showed quantitatively for the first time that density had the
largest impact on DC IMF response and that charge also was a significant factor in DC
response to adsorbed glycoconjugates. Additionally, this reponteshthat factors for
promotion of IMF were inversely correlated to factors that promoted TMF. While this
claim seems to be common sense, to the knowledge of the authors, this is the first time
this has been shown to be statistically true. Finally, #psnt showed that DC response
to oligomannose structures presented from adsorbed conjugates was different between
glycan structures. When these structures were grouped in a model by terminal glycan
motif it was found that terminal structural motifs playadsignificant role in the
prediction of DC IMF. To date this is the first time that terminal glycan structural motifs
have been found to correlate to DC phenotype in response to adsorbed glycoconjugates
across a variety of glycan structures. Finallys tetudy showed that general linear
modeling of DC interaction with adsorbed glycoconjugates produced models that had
relatively high predictive capabilites?® 0. 6 f or al | model s, for
human donors with relatively small sample sizes (N<20). It is expected that based off of
these results other labs will incorporate this type of modeling into their analyses of DC
response to glycoconjugates

This report also quantitatively shows for the first time that glycoconjugate
presentation modality alters DC phenotyp€his is of importance for the glycobiology
field becausdt challenges th@receptdhat glycan structure, density, and context hee t
only factors of importance for recognition and response from DCs. This paper also helps

to resolve conflicts in reports from multiple labs showing differential DC profiles in
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response to similar if not identical ligands delivered in different modalitheditionally,
this study beings to bridge the gap between microarray binding data and functional cell
responses by highlighting the different phenotypes induced from adsorbed conjugates as
compared to those in solution or adsorbed onto micropartick®wever, this study
leaves many questions unanswered that must be investigated in the future. First, given
that different modalities of display are capable of producing differential DC phenotypes,
what molecular signaling mechanism is involvedthe diferential response? Possible
explanations include mechanical interaction, length of time of interaction with CLRs on
the surface, ability of CLRs to docalize in a single area for extended periods of time on
the cell surface, ahdAbedgphagatiybnsiod o as
release ROS and MMPs that leads to activation of surrounding A@wore indepth
discussion of these can be found in the future directions of this chapter.

Second, for the HBSA-GIc100 conjugates we hypothesizeatthhe activation
seen inFigure 15F was not caused by lectin interaction. However, this was not directly
proved and ambody blocking produced inconclusive results. Thus, cell knockout
studies should be performed with thessatled conjugates to determine if dedtims
necessary for DC activation by theBSA-Glc100 conjugates and if not which receptors
are necessary for activation (see Albeituni et al. for probably receptor ct&Ssemally,
the results frontigure 18 show that adsorbed conjugates are being internalized by DCs.
Whether this internalization is necessary for DC activation and to what extent the
internalization of conjugates plays in the phenotype modulation of DCs is an important
and unanswered questionA more indepth discussion of these issues can be found in
the future directions of this chapter.

Overall, the experiments proposed above and disdusseletail in the future
directions of this chapter are not trivial and will require large amount of glycans and
reagents. However, with the usestétistical modelingt was shown in this report that

important and herto-fore unknown associations beten glycan structure and DC
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phenotype are capable of being uncovering using statistical modeiihgrelatively
small amounts of glycan used (mg quantitiesYhis report shoed the power of
modeling and from this modeling strong indicators for futurdaaydrate presentation
approaches were uncovered. Not only was it found that density and charge are both
significant factors in adsorbed glycoconjugate alteration of DC phenotype but that
grouping carbohydrate structures by terminal motifs one can caeatedel that has
significant structural variables for the modification of DC phenotydeerefore, t is
expected that this report will provide a guide for futghgcobiologiststo analyze their
data so that different glycan formulations can be compareck reasily and so that
underlying trends in the data can be uncovered. Also, with the relative robustness of the
models presented herein, as judged Byv&ues, it is considered rational that other
studies will use multivariate linear modeling of themtal to determine the relative
significance of othemolecular factoraot considered here (linker charge, length, or
flexibility or different polymeric carriers, etcthat are relevant tphenotype modulation
of DCs via CLRs.

In addition to the modelingignificance of this workthis dissertation uncovers
the importance of nephagocytosable display of glycans to DCs. This area has generally
received little attention in the field of glycobiology and it is expected that this report will
increase its expkation andattention. Use of glycans for implant coatings or as adjuvants
for combination products for any other purpose than to increase phagocytosis or targeting
of APCs is still relatively unexplored. This dissertation shows that not only are glycans
able to perform the functions typically associated with glycans but that they can serve as
immunomodulators in their own right especially when delivered in a modality that DCs
are able to recognize. It is expected that with further optimization ofcoiatefactors
glycoconjugates could be engineered to tune the immune response to any desired

outcome. Furthermore, the work shown here begins to demonstrate what molecular
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factors are of importance for DC recognition of fuitagocytosable glycans which cdul

eventually lead to more efficacious clinical therapies.

6.2  Future Directions

While the studies conducted herein took large steps toward the elucidation and
analysis of pertinent molecular factors and modalities of glycan display for optimal DC
phenotypicmodulation; they do not bridge the gap between basic science and clinical
therapy. The field of glycoimmunology, specifically at the cellular and systemic level, is
still in its infancy. Many steps are needed to cross the divide between the fundamental
cellular responseand potent clinical therapies. This project was seen as building part of
the foundation necessary to create these therapies and the future directions listed below
are seen as the next steps that would be necessary to begin to fuilstamdieoptimize,
and engineer a relevant diagnostic/therapy based on glycoimmunology in the future. The
field is still rife with challenges including amount of complex glycan structures able to be
produced, scale of assays conducted, relevant and accooatrols, and highly
efficacious and specific blocking agents. These are fundamental building blocks that
must be created prior to the field being able to quickly, easily, and accurately assess cell
responses and are seen as more broaak ark exploraon for the field that do not
necessarily stem from this project but that are important to its continued advancement.

Theimmediatefuture directions of this project can be seen to wotkvmparallel
tracks. Track one is the elucidation and assessniiemiderlying molecular mechamis
for the response discovered in this dissertatidirack two is the development of a
synthetic polymeric carrier thatecapitulates the results seen in this study for the
adsorbed conjugates but that has more fine coatr®i density of carbohydrate display,

charge of carrier, and sugar linker length and motility. Also, varying simple sugars
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(disaccharides or less) with the polymer across a range of charges, densities, linker
lengths, and linker motilities would be advag¢ous for this track.

After these two tracks are completed tracks three, four, five and six can be
performed in concert. Track three, which was found to be desirable as a result of this
dissertation, would be to further scale down the HTP assay toGawléBplate and print
glycan arrays within the wells of these plates. Ideally, the polymers developed in track 2
would be used here and thus development of a delivery/coating system that delivered the
polymer from track 2 with reproducible coating delesitand glycan presentations would
be needed for the successful completion of this track. Additionally, the fundamental
reporting mechanism of this assay would need to be different than the current HTP assay
as filter plates are not available in this siaed signal to noise ratios of staining
antibodies at the volumes necessary for 1536 well plate assays are too low. Track four
would be to assess the DC responsedverseset of welldefinedsugar structuregsing
the polymer developed in track Here, well defined sugar structures in each class of
sugar known to bind to CLRs on DCs would be iterated to determine the exact structural
motifs needed to stimulate DC IMF or TMF. Essentially, taking the basic sugar
structures possible in each class gicgh and iterating them over the optimized polymer
seen from track 2 and modeling these interactions for prediction of DC response to more
complex structures. The sensitivity and specificity of predictive models could be
determined by using the motifs #se training and validation set and then then more
compl ex structures as the At e studythas would The
isolate and functionalize glycans frotine glycoproteins otancer patientswhich are

known to show aberrant gigsylation, and display these carbohydrates to DCs for use in
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identification of novel targets for therapeutics and novel detection or screening
methodologies. Finally, track six would be to isolate, functionalize, and identify glycans
from serum glycopreins that mediate the immune response to implanted materials and

utilize these glycans in vaccine or combination products.

6.2.1 Molecular Mechanisms of Dendritic Cell Response to Adsorbed
Glycoconjugates.

This dissertation uncovered a previously unknown respaofs DCs to an
adsorbed glycoconjugate. It was shown also shown that cationized conjugates produced
a much greater response than did -nationized carriers. The question then must be
asked: vy is the response to the cationized adsorbed conjugates $gd@uch higher
than that of the nenationized conjugatesThe cationization of carriers and its effect on
immune response has been studied a great deal anddaptin discussion has been
performed for other cell typ&&-2°8270 perhaps the most obvious explanation for these
data is the fact that cationized proteins tend to adhere better stightty arionic cell
membrané&! However, this has not been shown on DCs and thus a study similar to that
of the Schalkwilk et. al. could be perfned with labeled cationized BSA
glycoconjugates and DCs to determine if cationized conjugates adhere better to DC
surfaces. The gssibility also exists that cBSA may be recognized more efficiently by
DCsbecause of its altered structufidnis is more dificult to assess but a study could be
performed in which @&crylic acid N-hydroxysuccinimide estdSigma) was used to cap
all the amine groups of the cationized glycoconjugate and look at the subsequent DC

response. However, this is seen as a less tiefirexperiment because by altering the
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charge of the protein the structure of the protein is altered and thus confounding structural
changes are introduced.

While this dissertation uncovered a novel ligand capable of inducing DC
maturation, how this lignd was able to do so was not uncovergdhat signaling and
specific receptors are mediating this responggfh 2 implicates both DEIGN and
Dectinl are important to the DC interaction with the conjugates however, it does not
conclusively show that #se receptors are necessary for DC IMKFegulation due to the
activation caused by the high concentration of Ab necessary for blocking of these
receptors. Thus, DCs from B&IGN and Dectirl knockout mice could be obtained and
treated with the conjugatdo determine the receptors necessary for activationS B0
KO mice are available through the Consortium for Functional Glycomics and Hectin
KO mice can be generated as per Taylor ét?alThe response to surface adsorbed and
the conjugates in diffent modalities should be assessed as DC response was found to
vary drastically between modalities of display as well.

Also, given that different modalities of display are capable of producing
differential DC phenotypes, whatnolecular signaling mechamms is involvedin the
differential response? Possible explanations include mechanical interaction, length of
time of interaction with CLRs on the surface, ability of CLRs tdamalize in a single
area for extended periods of time on the cell surfacd, and gener ati on of
phagocytosiso state in which DCs release
surrounding. Mechanical testing could be performed by displaying covalently bound
carbohydrates to DCs from polymers with different rigiditiand exploring the

subsequent DC response. Substrate rigidity has recently been found to influence T cell



activation and proliferatici®® and thus it is expected that DC responseild also scale
with these factors and could be assessed
Transducing DCs to express fluorescently tag@€ttSIGN and Decintl and then
measuring the length of time of interaction with fluorescently labelezbgbnjugates via
confocal microscopy could be used to determine the length of time of interaction between
adsorbed and soluble conjugatdhese same&ansducedCs could then be used to look

at CLR calocalization in response to different modalities lyicgconjugate presentation

Finally, measuring ROS and MMPs in solution after exposure of DCs to adsorbed
conjugates could be performed to determine whether DCs were entering into a
Afrustratedo phagocytic state.

Of additionalinterest from these studieshow the cells treated with thedsorbed
conjugates affect the systeammmune system, i.e. Tlor The proliferation, cytokineand
chemokine production, MHC and other costimulatory molecule expression, and
presentatiorof co-delivered antigen. The supatants from the studies performed in this
dissertation were saved a80°C and can be assayed at any time for cytokine and
chemokine content. However, due to the large number of groups that could be tested and
the relatively large variability that hasdreshown to exist for the profiles in the as$&ys
the benefit tgperforming these assays versus the cost of them was seen as low. However,
a smaller study could be done in which the highly cationized conjugates were compared
across display modalities for a limited number of donors and the subsequent cytokine and
chemdine profiles assessed. Additionally, in this reduced study DCs could be stained
with a variety of antbodies for a range of costimulatory molecules and analyzed via

flow cytometry.
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For a more functional immune response assessmedelo@ry of a mode
antigen, OVA, with the HBSA-Manl1l00 conjugates could be performed and the
subsequent proliferation of OTl and OTII T cells could be measured. This would identify
whether the high IMF seen in the DCs led to a higharirh, response. Also, the DCs
could be assessed for epitopes presented on the MHCI and MHCII of these molecules via
antibodiesknown to bind to OVA or BSA for an assessment of how well the DCs were
presentinghe coedelivered antigen.

Also, Aim 2 showed that DCs were being activated by atiorbed HBSA-

Glc100 conjugatesHowever, in the dectifh blocking studies and the ELLAs performed

in this Aim, no interaction with Dectiefh was shown for these conjugates. It is known

that CR3, lactosylceramide and scavenger recelbrsan bind glcose and thus a fully
reductive study blocking each of these receptors and assessing the DC phenotype to the
adsorbed FBSA-GIc100 conjugates could be perfornted.

Finally, the resultsfrom Aim 2 showed that adsorbed conjugatesrevbeing
internalized by DCs but whether this internalizatiorswacessary for DC activation and
to what extent the internalization of conjugates plays in the phenotype modulation of DCs
was not mcovered Thus, a study where DCs are treated with the adsorbed conjugates at
4°C and the subsequent DC phenotype assessed after 24 hours could be performed. In all
Ab blocking experiments performed in Aim 2 internalization of coated beads was the
lowest for DC treated at 4°C thus, internalization and subsequent maturation of well
adsorbed conjugates should be performed at 4°C to determine extent of maturation of

DCs when minimal internalization of conjugates is occurring.



6.2.2 Development of a Tunable $nthetic Polymeric Carrier for Non-
Phagocytosible Display of Glycans to Dendritic Cells.

Track two is the assessmaitmannose and sialic acid in mono and disaccharide
form from a polymeric structure. Functionally, this track will be very similar to that of
Aim 1 in this dissertation. However, instead of development of the BSA carrier the
researcher would develop a polymeric carrier for glycans. This polymer would need to
be able to be able to scale in charge, glycan density, glycan linker length, and
motility/lability of linker. Several types of polymers are possible but Dr. Ravin Narain of
the University of Alberta has already developelibeary of cationic glycopolymers of
pre-determined molar masses and narrow polydisiessanging from 3 to 30 k®that
were synthesized using RAFT polymerization technigue Furthermore, using RAFT
polymerization it is easy to scale the level of cationization to that of virtually any desired
level using different block copolymers. This chemistry is standard aedl w
characterized’ Thus, in collaboration with Dr. Narain a library of conjugates scaling in
glycan density, level of cationization, and in linker length could be produced.

In this track only two sets of sugars @r@posed to be tested: Mannose and sialic
acid. Mannose was chosen because the mannose binding CLRs are the most studied and
well understood DC CLRs. Additionally, mannose was shown in this dissertation to
produce a prénflammatory response from DCS hus, the results from this dissertation
could be compared to the results of the RAFT polymers produced in this Track. Sialic
acid, was chosen as the other sugar of interest because this sugar is known to be bound
by Siglecs which have ITIM motif§:1% Ligation of Siglecs has been shown to induce
tolerance and apoptosis IDCs?” and thus it is expected that using sialic acid will

increase the TMF in DCs. Though no literature has shown that Siglec ligation leads to
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increased ILT3, Siglecs asgalic-acid-binding immunoglobulidike lectinsand thus are
in the same receptor super family as{BBnd it is therefore seen as likely that these two
are linked.

Thus, a polymeric carrier can be optimized for both aipilammatory and anti
inflammatory DC phenotype using these two glycans. Optimization for TMF was a
shortcoming of this dissertation as no combination of properties were found to
significantly upregulate TMF; though trends of low density and cationizatiemd
favorable for TMF was shown in the models. Furthermore, the properties of the polymer
can be optimized for each glycan and then applied to other sugar classes in later studies.
Mono- and disaccharides are recommended for use in this section sma®ése lectin
affinity for the glycan moieties and to better permutate possible structural motifs found in

nature.

6.2.3 High Throughput Development of a Functional Cellular Output in 1536 Well

Plates for Use with Printed Glycan Arrays.

This track of expements has two main development components that can be
developed simultaneously. The firstthe printing and validation of glycoconjugates in
the wells of a 1536 well plate. For this Track the RAFT polymer developed in Track 2
would be immobilized inhlte wells of a 1536 well plate. Ideally, from Track 2, several
polymer formulations would be necessary to exploit the range of DC phenotypes desired
across different sugar structures (from tolerogenic teirffammatory) and thus the
subsequent characteaition of the spotted glycopolymers will need to be performed. A
liquid handling system will need to be purchased and ideally the glycopolymers would be
formed and spotted simultaneously. The heterogeneity of the spotted conjugates could
then be assessed standard MS and SPR methodologies. This process would be similar

to the process used by Langer et. al. and Bradley €f:%4lexcept using glycopolymers
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instead of strictly polymeric or hydrogel substituents. Also, instead of being performed
on nonwelled slides the procedure would have to be optimized for a 1536 well plate.

The second is a 1536 WeiTP approach that uses DCs and T cells to produce a
functional output. HTP approach is necessary to assess functional phenotypic effects of
glycans for four key reasons. First, only limited amounts of oligosaccharides {at sub
pmol levels) can typicél be isolated from natural sources when cleaved from proteins or
lipids and they are highly heterogeneous in structité’'’® Second, the structural
diversity of oligosaccharides leads to difficulties in their structural characterization;
curently, there is a lack of an efficient means of automated assignment and the
characterization is mainly reliant on expert interpretation by MS anai§fs€kird, the
biosynthesis of oligosaccharides is not template driven as it is for DNA and proteins, and
thus the drerse repertoire of oligosaccharides that would be representative of the
glycoform of a typical glycoprotein is extremely difficult to reproduce by chemical
synthesig®183 Fourth, most carboluyateprotein interactions are of low affinity, and
there is a requirement of multivalent presentation of carbohydrate ligands for detection of
binding in microscale screening analy$ts!®184 All of these challenges are addressed
and mitigated by using a carbohydrate microarray as indicated herein.

While the HTP assay developed in this dissertation is a significant improvement
over other HTP screening strategies in terms of functiorsgsament of DC phenotype
the assay does have several limitations. First, the assay only agbessesurface
markers on the DCs. Many more surface markers show differential expression on DCs in
response to various challenges and thus the full repeabeffector functions these DCs
are capable of producing is not assessed in this assay. Second, in order to determine the
cytokine profile a relatively expensive bioplex assay is needed. While many cytokines
profiles can be determined using this methlody the expense of performing this assay
on every well of a HTP assay is prohibitive. Thirdly, no time course of expression is

seen in this assay. This assay uses a static time point analysis and no information about
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temporality of expression/secretiaman be gleaned from it. Finally, this assay only
provides a read out for the nadherent fraction oDCs that have responded to an
agonist. The adherent fraction could be substantial if a surface is modified with an
adhesive ligand. As many CLRs on ®@re known to be adhesion recepttt€the loss

of this population could result in a biaseell assessment. Thusesigning a new HTP
methodology that addresses these shortcomings would have large implications for DC
response to glycan arrays.

The new assay must still rely on wells for DC treatment bedaGseare loosely
adherent and thusan migrate to other treatment spots invulled arrays. Additionally,

DCs also produce large amounts of soluble cytokines and thereforecordgasination

of soluble factors between treatment groups is a concern in-aelled array format.

This is epecially valid if longer time courses of response than a few hours are of interest.
The smallest welled plate currently commercially available is a 1536 well plate. The
advantage of utilizing this format over the 384 well assay is the reduction in resgen

The 384 well screen uses nanomoles of glycan per assay and the 1536 well plate reduces
the amount of glycan needed into the picomolar range. Furthermore, the scale down to
the 1536 well plates has the potential to increase the number of ligatedksitea single

test by a factor of 4.

Unfortunately, the scale down to a 1536 well plate changes the nature of the assay
because 1536 well filter plates are not produced. However, the removal of the filter plate
is not necessarily a negative aspecaafew assay. The use of filter plates increases the
complexity of the assay in that more washes and incubation steps are needed and because
the cell culture is performed in a separate,-fiber plate, well only the nomdherent
fraction of DCs is asseg$én the current protocol. Thus, elimination of the filter plate
potentially reduces the complexity of the assay and allows for the assessment of the
adherent DC population. A new reporteoudd beneeded for a read out in these plates

as Ab staining, wich is the current reporter mechanism, is not able to be used without a
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filter plate. A mixed lymphocyte reaction (MLRJaschosen as the reporter mechanism

for this assay because T cells can become highly proliferate when exposed to activated
DCs. The bsic principle of the MLR is that when allogeneic T cells are added to a
culture of APCs, in thisase DCs, th@ CR recognizes the MHC, either MHC | or MHC

Il depending on T cell phenotype, of the APC as being foreign and the T cell becomes
primed to clondly expand. However, clonal expansion requires more than just
recognition of a foreign MHC, the T cell must also have its costimulatory molecules
activated in order to clonally expand. This can only occur if the APC has been activated.
Thus, in an MLR nal expansion of the T cell occurs only when the APC has been
activated and when the T cell recognizes the MHC presented from the APC as being
foreign. Therefore, if one can quantify the amount of T cell expansion as compared to an
unstimulated controbne could assess the activation state of the APC. When using DCs
in a MLR there is the added advantage of being able to stimulate, CD8", and T
regulatory (Teg cells in an antigen independent manner as DCs have a high expression of
MHC | & 1l as wel as the ability to stimulate ds2’%2%° Thus, this new reporter has the
advantage of directly assessing a complete DC phenotype across multiple activation
profiles. T cell expansion is itself an effector function of DCs thwd is an extremely
applicable reporter. The new methodology addresses the shortcomings of the previous
assay in that the surface marker and cytokine profile is indirectly assessed. The
proliferation of T cells requires the appropriate regulation ahynsuface markers and

the secretion of many cytokines not to mention accurate temporal expression of these
molecules. Therefore, if a T cell population expaimdsuld be inferredhat the DC has
become activated and has up and down regulated thessipreof the correct surface
molecules and cytokines. In summary, the new methodology is able to directly assess an
effector function of DCs in its reporter unlike any HTP methodology before it, it assess
the effector function of the entire DC populatias it does not require a transfer of cells

to a filter plate, it can assess 4x as many ligands as the current HTP protocol, it requires
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5x less reagent to perform, and is cheaper to perform as it does not require expensive
antibody or bioplex assays fds ireporter.

Two protocols to quantify the amount of T cell proliferatf@ve been considered
for further development and are outlined beldiach protocol has its own strengths and

weaknesses that will be discussed.

6.2.3.1T Cell Hybridoma High Throughput Ass

The first protocol involves the use of an antigen specific T cell hybridoma that has
been transduced to express a fluorophore. T cell hybridoma are a combination of a
healthy antigen specific T cell and a lymphoblast. Due to the nature of thesbeeli®
not proliferate as traditional T cells do and are considered immortal. Of note is that while
T cell hybridoma are lymphomas they express relatively normal signaling and surface
markers, as compared to T cells lines, for DCsetmgnize, signaknd/or activaté®® 2%
For this assay the hybridoma could be cultured with primary DCs in the presence of the
antigen that the T cell is specific for. The hypothesis is that if the DC is activated then
the hybridoma will clonally expand more quickly than if the DC is not a&dat
Expansion of the T cell woulde measured by fluorescent intensity as compared to the
intensity of unstimulated wells. Through careful analysis of literature five T cell lines
have been identified that have correct surface marker expression of Jigrelling
molecules and do nautologousy pr ol i f er ate excessively, do
These cell lines ardurkat, Molt3, Molt-16, CCRFHSB2 andTALL-104 Thus, while
these cell lines are lymphomas they express relatively normal signaling and surface
markers for DCs to recognize, sanand/or activate and are seen as good candidates for

creation of T cell hybridoma.
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There are many advantages to using T cell hybridoma. First, these cells are
capable of being stably transduced with a fluorescent marker that is constitutively
expresed. This fluorescent tagging can be used as a reporter for cell number as the cells
proliferate. Therefore, if a DC stimulates the T cell it will begin to clonally expand and,
if this occurs in a well, the GMFI of that well will increase as comparetth¢éomean
fluorescence of an unstimulated well. A second advantage of this method of analysis is
that it also allows for a time course study to be possible as the fluorescent intensity of the
well can be taken at multiple time points to determine howdadtto what magnitude
the cells are proliferating. A third advantage of using T cell hybridoma is that they
expedite the high through put nature of the assay. The cells need only be cultured,
transduced, and then selected out for their GFP productidier tAis process the cells
can be frozen and then thawed several days before use. This provides for easy access to
an almost infinite amount of GFP expressing T cells that are ready without any real
culture time, reagent expenditure, ordepth preparan. The final advantage of using
hybridoma is that they allow for a similar reaction to be assessed for each culture
condition and each DC donor. T cell hybridoma are clones of cells and thus their
response is very homogeneous and so variability ofdiovmrs, one for DCs and one for
T cells, does not have to be accounted for when performing this assay.

The use of T celhybridomavs. primary cells has its caveats in that the T cells are
lymphomas and therefore not a completely accurate representatiosalfiy T cell
proliferation. This reduces the ability of the assay to determine actual effector function
of the DC stimulation which is one of the main strengths of the assay. However,
stimulation of T cell proliferation still requires the up and doregulation of many
surface receptors, intercellular interaction, and et@or of a dearth of cytokin€¥,
regardless of if it is a hybridom@ primary cell, and thus is still a much more relevant

output \ersuscurrent HTP strategies.
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6.2.3.2Primary Allogeneic T celHigh Throwghput Assay

The second protocol involves the use of primary allogeheells. This protocol
more closely follows the MLR protocol previously established in this lab. T cells are co
cultured with DCs from a different donor to determine if the DCs are activated. This
protocol involves only measuring an end point repicat This end point is total
guantification of DNA present in the well as measured by the fluorescent intensity of the
DNA of all of the cells in a well stained by Pigoeen. The cell proliferation auld be
assessed by staining with pigeeen 5 days #&dr the DCs and T cells have been seeded
together in the wellsThis reporter is chosen because of the previously mentioned
resistance of primary cells to be stably transduced with a reporter and because even if this
stable transduction occurs it is in yéow prevalence.

This assay has the advantage of using primary T cells that are healthy and fully
functional. However, it has several weaknesses that make thisideabmssay in a high
throughput evaluation. First, the quantification is an emdpmd thus no time course of
replication can be easily determined. Second, the quantification ispsmific. What
cells have proliferated and to what extent they have proliferated is unknown, only the
total DNA concentration per well can be determindthirdly, T cells must be taken from
a second donor for every experiment. This not only entails significantly more time and
work for every donor tested but also introduces another level of variability in the data. It
is thought that it is this added nebility that has caused confounding results in the 96

well plate MLR that has begerformed in the Babensee lab.



6.2.3.3High Throwghput Assay Conclusions

With eithermethodologybefore the final analysis the supernatant of theiDIC
cell coculture can be aken and applied to a different well of activated clonally
expanding GFP expressing T cells. This assay will be performed to determine if the co
culture of the cells has created an -amfiammatory, immunosuppressive
microenvironment. This is valuabletause two types of tolerance are possible. One
type of tolerances active tolerance in whichrfsare stimulated and clonally expand to
actively inhibit the inflammatory response. However, another type of tolerance can be
seen in the literature that@ws the release of asitiflammatory cytokines that inhibit the
further activation and maturation of immune cells without causing T cell expansion. This
second kind of tolerance is much more common but also difficult to detect with a typical
MLR. An addtional analysis of the soluble factors must be done in order to determine if
this is the case. At the volumes possible in a 1536 well plate soluble factors cannot be
analyzed. Thus, this further culture with activated T cells will allow for the
determiration of this second type of tolerance. There are technical concerns for this
methodology because of the small volume of liquid in each well of a 1536 well plate,
01001 . These are val i dshaldbedae initally amtie c el |
supenatants to determine if it is possible to remove them without significant
simultaneous cellular ugta. After validation a liquid handling robot would be needed to
perform this expiration of supernatants and so it is expected that after optimization this

will significantly reduce the variability of the removal.
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6.2.4 Assessment and Modeling of the DC response to a Diverse Set of

Incremental, Well-Defined, Sugar Structures.

In this dissertation it was shown that glycan structure and specifically terminal
structural motif of glucan is a significant predictor of DC phenotype. Additionally,
microarray studies have repeatedly shown drastically altered affinity for different glycan
structures from the same lectit. However, the analysis conducted in Aim 1 of the
dissertation was not a thorough and mechanstidy of glycan structure versus cell
function. Additionally, not enough glycan structures were able to be tested to create a
validation and test set for the models created. Thus, a future proposal for this Track
would be to assess DC phenotype to \&erdie set of incremental, well defined, sugar
structures presented from the polymer surface optimized in Track 2. From the study
conducted in Aim 102 tl imksedf awendni ntadt gU¥y c
associat ed wl3JHhUe6l MFAdaaamdseStdictures were nétowever,
this grouping-UBefnmanmwtsesilngqlkeag®s as well
above motifs. Therefore, a complete understandinghaéh components of the glycan
structures fiect DC phenotype is unknown.Figure 19 shows the oligomannose
structures that could be tested to quantitatively prove which structural motifs were
necessary for DC activation.

With the glycan structures proposed Rigure 19 a predctive model could be
created using the general linear model technique used in Aims 1 and 2 of this report. The
model would be similar to that shown Bguation 2 of Aim 1 of this dissertation, just
with more structural ligands. The hypotheses would beséime for this model as for the
model shown irfEquation 2.

The difference between the proposed model and the model shdvgquation 2
would be that the proposed model has a fully reductive set of terminal glycan motifs and
that the purpose of thesexperiments would be to validate the model against more

compl ex glycan structures and against anot
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of donors could be used to create the proposed model, the output for which would be DC

IMF and be obtained frorthe HTP assay developed in this dissertation. In this model

DC IMF would be modeled as a function of glycan terminal motif. Iterative models

could be created including each level of mannose from below MahMan3-X, etc. and

its predictive ability cod be measured against t hat of a
Additionally, these models could then be used to predict the DC phenotype to the more
complex sugar structures shownhRigure19. This could originally be performeditiv

the same set of donors to determine which motifs are predictive of DC phenotype and
then applied to the DC response of a @nte
structures. The predicted values would be compared to the actual values via least squar
regression and the models compared based upon their relatixsduRs. Glycans from

Figure19 could be produced in house or purchased ftaiGella BiosciencedHowever,

it is recommended that the glycan be produced in hoisahe solid state glycan

synthesis perfected by Ratner et?dldue to the prohibitive cost of producing a large

array of glycan structures.

In addifon to the scientific value of the modeling and DC response above the DC
response to complex mannose structures and an understanding of which structures
modulate DC phenotype to the greatest extent could be applied to vaccine adjuvants,
combination productormulation, and for coating for implants. Additionally, several of
the structures fromFigure 19 are known glycan structures of pathogens such as

Entamoeb#’ and could be used to develop a vaccine for these parasites.
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Figure 19: Mannose glycan structures for training, validation, and test set analysis.
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After proving that this methodology is valid for the test set and for prediction of
phenotype of DCs in response to more complex structures this methpadalold then
be applied to another set of sugars. Glycan classes of possible interest include the Lewis
glycan structures and human Blood antigenrsjo{N-tetraose ) LNT based strucutres,
sialyl derivitized structures known to bind Siglecs, and Coedestructures. A fully
reductive study could be done for each of these sets of sugars in an identical fashion to
that of the polymannose described in detail herein. Each of these classes is of interest for
different reasons: knowledge of the blood anmigy@and Lewis structures could provide
novel mechanisms for adjuvants for vaccines or combination products or for immune
avoidance for implanted materials/scaffolds. The LN based structures are commonly
found in breast mi#® and as antibody targets for Schistosoma mansonitiofec®
Sialyl derivatized structuregatargets for siglecs which have broad immune regulatory
ability from cell adhesion to inhibiting immune cell activation via ITIM&inally, Core
1-4 strwctures are found on a variety of mucins and mammalian glycoproteins and have
been shown to have broad antigenic capabilifies.

Finally, the cost of producing the sugars suggested for further research would be
prohibitive for a fully reductive study on each sugar class. However, the Consortium for
Functional Glycomics s a large library of glycans that are readily available in quantities
that would be well suited to the HTP polymeric assessment of DC phenotype. Currently,
the Consortium makes 85 sugar structures available in 1 or 5 mg quantities which would
be enoughd produce the optimized sugar/polymer conjugates. These sugars span the
Lewis and blood antigens, LN based structures, and contain many sialyl functionalized
structures.  Table 10 shows the list of all available structuresnfraghe consortium.

With the structures provided by the Consortium it would be possible to easily model the

Lewis, blood, and TN antigens in fully reductive structural models.
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Table 10: List of sugars available from the Consortum for Functional Glycomics.

No. | Consortium | Saccharide Structure and Type | Common Quantities
Compound #| Spacer Name Available
1 M5 GIcNAcb-Sp GN lor5mg
2 D11 Galbl:3GalNAcaThr TF 1 mg
3 D8 Galb1-3GIcNAck-Sp Lec 1or5mg
4 D9 Galb14GIcb-Sp Lac,L 1mg
5 D10 Galb1-4GIcNAcb-Sp LacNAc, LN | 1 mg
6 D14 Neu5Aca26GalNAcaThr STn 1mg
7 Trl16 Fucat2Galbt3GIcNAchb-Sp H-typel lor5mg
8 | Tri120 Fucat2Galbt4Glcbh-Sp 2'FL lor5mg
9 | Trl17 Fucat2Galbt4GIcNAcb-Sp H-type2 lor5mg
10 | Tr260 Galat3Gab1-3GIcNAchb-Sp Gala3typel |1 mg
11 | Tr59 Galat3Galbt4GlIcb-Sp Galili-tri lor5mg
12 | Tr60 Galat3Galb:4GIcNAch-Sp B2-tri 1 mg
13 | Tr6l Galat4Galbt4GlIcb-Sp Pk lor5mg
14 | Tr62 Galat4Galb:4GIcNAch-Sp P1 tri 1or5mg
15 | Tr57 Galb13[Fucal4]GIcNAch-Sp LeA lor5mg
16 | Tr38 Galb13[Neu5Aca26]GalNAcaThr | 6'STF lor5mg
17 | Tr58 Galbl4[Fucal3]GIcNAcb-Sp Lex lor5mg
18 | Tr307 GIcNACcb1-3Galb13GIcNAcb-Sp 3'GNtypel |1mg
19 | Tr55 GIcNAcbh1-3Galb:4GIcNAch-Sp GNLN 1or5mg
20 | Tr54 GIcNAcb1-3Galbt4GIcbh-Sp LNT-2 lor5mg
21 | Tr48 KDNa2-3Galb13GIcNAch-Sp 3-KDNLec |1or5mg
22 | Trd7 KDNa2-3Galbt4GIcNAcb-Sp 3'KDNLN 1lor5mg
23 | Tr34 Neu5Aca23Galb13GIcNAcb-Sp 3'SLec lor5mg
24 | Tr113 Neu5Aca23Galbt4Glc GM3 (no| 1 or5mg
spacer)
25 [ Tr32 Neu5Aca23Galbt4Glch-Sp GM3 lor5mg
26 | Tr33 Neu5Aca23Galbt4GIcNAcb-Sp 3'SLN lor5mg
27 | Tr35 Neu5Aca26Galbt4Glcbh-Sp 6'SL lor5mg
28 | Tr36 Neu5Aca26Galbt4GIcNAchb-Sp 6'SLN 1 mg
29 | Tr269 Neu5Aca26GalNAcbt4GIcNAch- | 6'SLDN lor5mg
Sp
30 | Tr323 NeuBAc(9Ac)a23Galbt3GIcNAch | 90Ac3'Slec | 1 mg
Sp
31 | Tr322 Neu5Ac(9Ac)az3Galbt4GIcNAch | 90AC3'SLN | 1 mg
Sp
32 | Tr4l Neu5Gcaz23Galb:3GIcNAch-Sp 3'SLec(Ge) | 1mg
33 | Tr39 Neu5Gcaz23Galbt4Glch-Sp 3'SL (Ge) 1 mg
34 | Tr40 Neu5Gcaz3Galbt4GIcNAch-Sp 3'SLN (Gc) | 1mg
35 | Tr43 Neu5GcazbGalb4GIcNAch-Sp 6'SLN (Gc) | 1mg
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Table10 Continued

36 | Tel34 Fucal2(Galb:4GIcNAcb1-3)2b-Sp | H2 lor5mg

37 | Tell8 Fucalt2Galbt4[Fucal3]GIcNAch- | Ley lor5mg
Sp

38 | Te212 Fucat2Galbt4[Fucat Ley-Lex 1or5mg
3]GIcNAcb1-3Galbt4[Fucat
3]GIcNAch-Sp

39 | Te267 Fucat2Galbt4[Fucat Ley-Di-Lex |1 mg
3]GIcNAcb1-3(Galbt4[Fucalt
3]GIcNAcb1-3)2b-Sp

40 | Tel35 Fucat2(Galb:4GIcNAcb1-3)3b- H3 1mg
Sp

41 | Te258 Galat3[Fucal2]Galb13GIcNAch | B tetra type 1| 1 mg
Sp

42 | Te262 Galat3[Fucal2]Galbl}4[Fucakt 2'FBtype 2 |1 mg
3]GIcNACch-Sp

43 | Te225 Galat3[Fucal2]Galb}4Glcb-Sp B tetra L 1mg

44 | Te223 Galat3[Fucal2]Galb}4GIcNAch- | B tetra type 2 1 mg
Sp

45 | Te221 Galat3Galbt4[Fucal3]GIcNAch- | Gala3Lex 1mg
Sp

46 | Te327 Galat4Galbt4GIcNAcb13Galbt | P1 penta 1mg
4Glcb-Sp

47 | Te287 Galb13[Fucat4]GIcNAcbl- LeALex 1mg
3Galbt4[Fucal3]GIcNAch-Sp

48 | Te318 Galb13[Fucat4]GIcNAcbl- Di-LeA 1mg
3Galb13[Fucal4]GIcNAch-Sp

49 | Te286 Galb13GIcNacbh13Galbt4[Fucat | LecLeX 1mg
3]GlcNachSp

50 | Te302 Galbk3GalNAcbt3Galat4Galbt | P1 penta 1mg
4GIcNAch-Sp

51 | Te271 Galbl-3GIcNAcb1-3Galbt LNT 1 mg
4GIcNAch-Sp

52 | Te316 Galb1-3GIcNAcb1:-3Galbt Di-Lec 1 mg
3GIcNAch-Sp

53 | TelOl (GalbZ4[Fucal3]GIcNAcb1-3)2b- | Di-Lex 1mg
Sp

54 | Tel02 (GalbZ4[Fucal3]GIcNAcb1-3)3b- | Tri-Lex 1mg
Sp

55 | Te319 Galbl4[Fucal3]GIcNAcbl- Lex-LeA 1mg
3Galbt3[Fucal4]GIcNAcb-Sp

56 | Te98 (Galb:4GIcNAcbh1-3)2b-Sp Di-LN 1or5mg

57 | Tel00 (Galb14GIcNACcb1-3)3b-Sp Tri-LN 1or5mg

58 | Te72 Galb1:4GIcNAcb1:3Galbt4GIch- | LNnT 1lor5mg

Sp
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Table10 Continued

59 | Te259 GalNAcat3[Fucalt2]Galbl Atetratype 1 1 mg
3GIcNAch-Sp

60 | Te261 GalNAcat3[Fucal2]Galbl 2'FAtype 2 |1 mg
4[Fucal3]GIcNAcb-Sp

61 | Te224 GalNAcat3[Fucal2]Galb:4GlIcb | Atetra L lor5mg
Sp

62 | Te222 GalNAcat3[Fucal2]Galbl Atetratype 2 1 mg
4GIcNAch-Sp

63 | Te289 GalNAcb1-3Galat4Galbt P1 tetra 1 mg
4GIcNAch-Sp

64 | Te99 GIcNAcbh1-3(Galbt4GIcNAcb I 3'GN-Di-LN |1 mg
3)2b-Sp

65 | Te325 Neu5Aca23(Galbt3[Fucalt 3'SDi-LeA |1mg
4]GIcNAcb1-3)2b-Sp

66 | Te304 Neu5Aca23Galb13[Fucat 3'SLeALeX |1mg
4]GIcNAcb1-3Galbt4[Fucal
3]GIcNACch-Sp

67 | Te291 Neu5Aca23Galbt3GalNAcht SSEA4 1mg
3Galat4Galb14Glch-Sp

68 | Te321 Neu5Aca23Galb13GIcNAcbl: 3'SDi-Lec 1mg
3Galb13GIcNAch-Sp

69 | Te288 Neu5Aca23Galb13GIcNAcbL: 3'SLecLN 1 mg
3Galb14GIcNAcb-Sp

70 | Te75 Neu5Aca23[Galbl-3GalNAcbt GM1 1 mg
4]Galb1-4Glcbh-Sp

71 | Teb4 Neu5Aca23Galbt4[Fucal 3'SLex lor5mg
3]GIcNAch-Sp

72 | Tel4d0 Neu5Aca23(Galbt4[Fucalt 3'SDi-Lex 1 mg
3]GIcNAch1-3)2b-Sp

73 | Tel75 Neu5Aca23[Galbl-4GIcNAcbI 3'SDi-LN 1lor5mg
3)2b-Sp

74 | Tel92 Neu5Aca23[Galbl-4GIcNAcbl: 3'STriLN 1 mg
3)3b-Sp

75 | Te320 Neu5Aca23Galbt4GIcNAcbl: 3'SLN-Lec 1mg
3Galb13GIcNAch-Sp

76 | Te74 Neu5Aca23[GalNAcbl-4]Galbl GM2 1mg
4Glcb-Sp

77 | Te201 Neu5Aca23[GalNAcbl-4]Galbl CT/Sda 1 mg
4GIcNAch-Sp

78 | Te303 Neu5Aca23[NeuS5Acaz23Galbt GDla 1 mg
3GalNAcbt4]Galbl-4Glch-Sp

79 | Tel76 Neu5Aca26[Galbl-4GIcNAcbL: 6'SDi-LN 1or5mg
3)2b-Sp

80 | Te324 Neu5Aca26Galbt4GIcNAcb1 6SLN-Lec 1 mg
3Galb13GIcNAch-Sp
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Table10 Continued

81 | Te78 Neu5Aca28NeuSAca?2 GD2 1 mg
3[GalNAcb1-4]Galb14GIcb-Sp

82 | Te79 Neu5Aca28Neu5Acaz3Galbt GD3 lor5mg
4Glcb-Sp

83 | Te97 Neu5Aca28Neu5Acaz8NeuS5Acaz | GT3 1mg
3Galbt4GIch-Sp

84 | Tell9 Neu5Aca28NeuSAcaZz8NeuSAcaz | GT2 1 mg
3[GalNAcbl-4]Galb14GIcb-Sp

85 | Te306 Neu5Aca28NeuSAca28NeuSAcaz | GQ2 1 mg
8NeubAcaz3[GalNAchl-4]Galbl
4GlIcb-Sp

6.2.5 Isolation, Functionalization, and Identification of Serum andPathologic

Glycan Motifs from Cancer Patients for Use in Identification of Novel

Targets for Therapeutics and/or Detection/Screening Methodologies.

Track five and six can be performed while the models and testing of the
consortium glycanssibeing performed. These tracks will be discussed in concert due to
their similarity and structure and ultimate goals. For these tracks endogenous glycans
from the plasma of healthy human donors and that of cancer patients, here pancreatic
cancer patiest could be tested. It is important to note that many cancers have shown
aberrant glycosylation and that pancreatic cancer was chosen as a model here due to its
low survival rates and clinical ties with Dr. John Kauh from Emory University of my
Committee. More in-depthdi scussi on of pancreatic can
glycosylation is discussed below.

The first hypothesis is that glycans from the plasma of healthy donors will
differentially modulate DC phenotype. This hypothesis stems from the idga th
glycoprotein adsorption to a biomaterial can modulate DC phenotype via the glycan
moieties of the glycoproteins found in plasma. Also implicit to this step is the hypothesis
that glycans presented in a mphysiological milieu will be able to modulateC

phenotype. After this assessment is completed the DC response to glycans from the
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plasma of patients with pancreatic cancer should be determined and compared to that of
healthy patients. The inherent hypothesis here ighlegbrinciple constituentsf plasma
glycans from pancreatic cancer patients can modulate DC phenotype differentially as
compared tgplasma glycans frorhealthydonors. After obtaining DC response to both
healthy donor and pancreatic cancer patient glycansttheture of glycanshat show
promising results would be determiném use in vaccine developmeahd biomarker

identification.

6.2.6 Endogenous Glycans

6.2.6.1.1 Isolate the glycans from plasma proteins of healthy donors and sort them by

molecular weight.

Plasma glycans from a pool of hisg donors(Approximately 30 donors) would
be solated and sorted by molecular weighi discussion of the sample size will be
performed later in this discussion. The outcome of these experimeunld be an array
of glycan fractions, that each contamsilieu of glycans of similar molecular weight. In
order to easily separate and quantify glycans that have been cleaved from glycoproteins a
fluorescent linker is necess&®.Cummings et. alhave developed a simple chemistry
that will nonspecifically functionalize free reducing glycans with a fluorescent linker
thatcan be easily functionalized with-iy/droxy succinimide (NHS) chemistry.

There is precedent in the literatuceisolate differentiallyglycosylated proteins
from the milieu of plasma proteins of cancer patients via their carbohydrate #fbitfs.
Also, glycans isolated from plasma glycoproteins have been successfully obtained,
isolated, and chacterized beforé?®3%2 Thus, this track is seen as a novel combination
of these two techniques. In order to obtain glycans from plasma the plasma proteins must
first be digested, and-Nand QGlinked glycans separatdtbm the proteins. This step is
necessary as separation of the glycan from their protein carriers is necessary to isolate the

effects of the differential glycosylation from the effects of the protein carrier. A simple
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size exclusion separation of the gips was chosen based on its speed and simplicity.
Further chromagraphic separation techniques should be used in later steps to isolate and
purify glycans more thoroughly if they show a functional DC response when cultured for

24hrs with DCs.

6.2.6.1.2 Identify glycan fractions of interest from donors that show a functional

phenotypic effect from the immobilize glycans using a HTP format.

The objective is to identify glycan fractions that cause maturenfieenmatory
DC phenotype or an immunosuppressive/toleray&C phenotype upon contact with
surfaceimmobilized glycans. The initial size exclusion sorting of glycans will yield a
heterogeneous mix of glycans at each molecular weight separation, but as glycans are
almost never seen in an isolated form in natame are always presented from the
heterogeneous glycocalyx around cells it is thought that separation in this fashion will
still be able to elicit responses from DCs. This novel approach was chosen because it
allows for a significantly reduced amount ebpessing of the glycans and because unlike
contemporary HTP methods presented in the literature this will allow for assessment of
functional immunological outcomes prior to structural identification and characterization
of glycans of interest.

Many oligosaccharides have different structures but identical molecular weights
due to the chemical composition of each carbohydrate being identical/similar. For
instance, mannose, glucose, galactose, and altrose all have identical molecular weights
but are bound Ydrastically different lectins. All of these structures also have alpha and
beta confirmers that have identical molecular weights but that differ in binding
specificity. This functionally means that at any given size range for the glycan fractions
isolated by size, many different glycan structures could be present. Thus, if a well is
shown to modulate DC phenotype many different sugar structures would be present in the

well. Thereforeseveral rounds of separation and isolation should be performedédn o
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to reduce the number of glycans in each fraction down to almost single structures after
the initial DC response assay. Initially, the size sorted glycans can be assessed using the
polymeric carriers from Track 2 and the HTP method used in this @igsaror from

Track three of the future work. Wells showing a DC response using these methodologies
can then be further sorted using reverse phase and normal phase high pressure liquid
chromatography. The constituents will then be immobilized in a agdin and DC

phenotype assessed.

6.2.7 Aberrant Endogenous Glycans

Differential activation of the DCs between the two patient groups is expected due
to reports in literature that glycans from orglgcoproteins have shown
immunomodulatory effects on DG$3%393 Current methods for relevant glycan
identification center around the hypothesis that in order to be a therapeuticalpntelev
glycan it must be relatively high in abundance AND that in order to be in high abundance
this structure must therefore be on highly prevalent proteins. This has been shown
numerous times in the literature by the analysis of the elevated proteigs/anacancer
and then the subsequent analysis of the glycoform of the protein. However, unlike
proteins and DNA which are template driven processes glycosylatiegutated by a set
of glycosytransferases and in general time spent in EhdoplasmicReticulum and
Golgi apparatus (also for selectgl/cans time spent in the cytoplasm). This time is not
as rigidly regulated as transcription or translation and thus a diverse glycoform is often
seen on a single protein originating from a single cell. otner key facet of this
processes is that a single set of post tagiomal proteins, the glycodyansferasg are
responsible for glycosylation of all proteins and ligtds Therefore, if a
glycosyltransferase activity is altered or has an altered expression due to abnormal
oncogene regulation not just one proteirtype of protein is altered but all proteins that

would undergo post translational modification by that glycosyltransferase are altered in a
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similar fashion. Thus, a glycan structure could in theory, be highly prevalent and have a
high biological signiicance and only be present on low @emce proteins. This is
possible because while the low palnce proteins may individually be rare their
aggregate occtence account$or a significant portion of thgrotein found in blood.
Therefore, a proteinndependent analysis of glycan structures is needed in order to
determine which structures are pakent and which have biological significance
regardless of protein carrier.

Based on the plasma protein content, blood would be collected from healthy
humandonors or from patients with pancreatic cancer (in collaboration with Dr. John
Kauh, Winship Cancer Center, Emory University); objective is 30 donors per group.
Plasmais composed of75mg/ml of proteirandif one were toobtain600 mlof plasma
from a pwl of 30 randondonorsapproximately 8 grams of proteinvould be isolated
Approximately half of this protein is human serum albumin (HSA) which is a non
glycosylated protein in healthy patied?s. Thus, from 600 ml of plasmaone would
obtain approximatel®2.5grams of glycoprotein. A general estimate for glycan weight
of glycoproteins is that ~10% of the molecular weight is carbohydrates and thus we
should obtain abow.25grams of carbohydrates. Cently it is thought that plasma is
composed of approximately 3020 proteiffs.Knowing that the lowest concentration of
the 60 most abundant proteins in plasma is 50#i¢/and assuminghat all the
glycoproteins that have a relative abundamd at least 10D times lower than this
concentratiorare desirable because thanye abundant enough tontribute significantly
to the glycan pool(50ug/L or a 1:1,500,000 molecular weight prevalehdecan be
calculatel that approximately 2@ nmol of the least abundant sugar fré®0 ml of
plasmawould be collected As one wouldneeda minimum of10nmol of glycan to
perform our study00 mlof blood is seen as a sufficient quantity of blood to isolate t
glycans of interest that are at the loweslevant concentrationwhile allowing for

decreases in glycan pool due to conjugation efficiencies and incomplete reactions
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The isolation, separation, cell response, and identification progestd be
identical to that discussed for endogenous glycan study. To conserve time and resources
the healthy donors in this study would be the patients from the endogenous glycan work
and would be chosen to be age, gender, and race matched to the pancreatic cancer
patients. The key difference between the endogenous and aberrant endogenous glycan
study is that for the aberrant glycan study a differential activation profile from that seen
in the endogenous glycan work would be the output. Thus, instead of looking for any
activation of the DCs (as in the endogenous glycan work) only wells containing fractions
of identical mass range showing activation of DCs that show no response in the healthy
donors would be analyzed in in the exogenous glycan work. This comparisussilsi@
because wells would be sorted in both healthy and pancreatic cancer patients using the
same size exclusion column methodology. Care should be taken to sort identical mass
ranges into identical wells for comparison. While it will not be knowrhd éxact
glycans are identical in between the two wells it will confirm that all glycans at X size
range for each sample are represented and thus if there is a difference in DC response
between the two it is due to some difference in either glycan cargstor concentration
between the two sets of donors. In either case this would be interesting and identifiable

with further analysis.

6.2.8 Experimental Design

6.2.8.1Endogenous Glycans

The blood carbe obtained from primary donors, treated with 10 mmadfftiaf
Disodium Ethylenediaminetetraacetic acid, EDTA, spowrm at 1000g for 10 minutes
and the plasma supernatant collected and collectively pooled from 30 .dowdrde
these donors are being obtained the plasmald be stored at8 0 A C . Once all

plasma has been obtained the plasma would be lyophiliZde: resulting lyophilized
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protein powder would then be dissolved in denaturing buffer, at a concentration of
20mg/ml and heat to a boil for 10 minutes. Lyophilize this denatured solution.

For N glycan isolation dissolve the lyophilized plasma in1&®O(w/v) RapiGest
solution (Waters Inc.) add Pronase (Sigma) in sufficient quantity to digest all protein
overnight at 37C. After an overnight incubation freeze and lyophilize the solution again.
Dissolve in fresh RapiGest solution and add an equal aiafupronase to that which
was added previously. After another overnight run an-BBSE gel to determine if all
digestion has occurred. If not, repeat the above steps until all protein has been
completely digested. After this digestion has occurred #re resulting solution
lyophilized take the resulting powder and dissolve and then add PNGase F (Sigma).
Initially add 1500 units of PNGase F per ml of solution and incubate for 48 hours.
Repeat this process for 8 days. Boil the solution for 5 minatesctivate the PNGase F
and pass the slurry through a 2g C18-Bak cartridge. Collect the flow through. Wash
the column with methanol to collect the protein trapped in the cartridge. Collect this
methanol flow through as well and dry this solutiorder vacuum. Take the initial flow
through and apply to a carbograph coloumn. Elute the glycan off of the column. This
fraction should contain all inked glycans from the plasma.

To isolate the remaining-finked glycans use the methanol flowdhgh that was
previously obtained from the Séfak cartridge.Resuspenthe vacuum dried volume in
water and then freeze and lyophilize. Make a 28vol% ammonium hydroxide solution
saturated with ammonium carbonate (28AHAC). Add glycoprotein to the 28AtdAC
concentration of 1mg/ml. Add additional ammonium carbonate to the solution,
~10mg/ml and heat the solution at°60for 96hrs. Remove the ammonium hydroxide
and ammonium carbonate by repeated evaporation of water using vacuum centrifugation.
Add 05M boric acid to powder and heat the solution t8C3for 90mins. Remove boric
acid by adding methanol and passing nitrogen over solution until dry. Add a 50% boric

acid solution and spin the resultant suspension down at 10000g. Collect the supernatant
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and dry under vacuum centrifugation and tmesuspendn H>O. Finally, purify the
glycans collected using the cerograph column method expounded upon abbee.
above protocols were developed by Song étl.

The above Ninked and Glinked glycans are not to be combined as identification
of the glycans later becomes much simpler if the linkage of the glycan is known. The
above procedure would be performed for a pool of 3Qtmedonors. After isolation the
two glycan solutions would beon-specifically functionalize with a fluorescent linker as
shown by Song et al° Briefly, the fluorescent linke2-aminaN-(2-aminoethyl)-
benzamide(AEAB) is added in a 10:1 molar excess of glycan. Dimethyl sulfoxide
(DMSO) and sodium cyanoborohydride is added and this solution is allowed to incubate
at 63C for 4 hours. After the reaction with AEAB the glycans ldooe separated nen
specifically using a size exclusion column (SEC) and HPLC. The polyacrylamide P4
SEC columns provided by BiBad are known to separate oligosaccharides differing by
only one sugar, a pentasaccharide vs. a hexasaccharide, and thesltirasswould be
used for the separation of the above sugar solutions. -&artfractionswould be
collected for each set of glycans. Thus, 46 fractions-tfilkéd glycans and 46 fractions
of O-linked glycans, for a total of 92 glycan fractiomsuld be collected. 92 fractions
were chosen so that fractions could be spotted in quadruplicate wells of a 384 well plate
using the HTP methodology used in this dissertation while still allowing for control wells
to be used in the same plate.

The glycans wold then be immobilized in a 384 well or 1536 well plate
(whichever HTP methodology has been developed) via the optimized synthetic carrier
developed in Track 2. The resultant DC response to the glycans can be assessed via the
HTP method used in this dissgron or via the HTP methodology seen in Track 3 if it
has been developed. The glycans from the wells showing a DC response, either pro or

antrinflammatory, will then be further separated.
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The immobilization strategy for the 38ell plate would b&o add ten microliters
of each of the 92 Nor Olinked glycan fractions in triplicate into the Disuccinimidyl
tartrate (DST) functionalized wells at a concentration of 100uM. The glycans would be
allowed to conjugate to the NHS functionalized surfacarmght. A fourth well will also
be functionalized with each glycan fraction for use as an isotype control well to ensure
that the glycan that is immobilized in the well does not randomly increase binding of the
labeling antibodies that would hesed later In the 1536well assay 1.5 microliter of
each ofthe 92 N or O-linked glycans fractions would be added to the plate in duplicate.
Two additional wells would be functionalized for the later addition of DCs with no
transduced T cells to ensure that amgrease in signal found in the wells later is due only
to the proliferative ability of the T cells.

After the first round of separation and cell response the wells showing positive
response from the DCs will undergo reverse phase and normal phasesdpdi@tion.
After the glycans have been separated usingHBIRC they will then be immobilized
again in a 384 well microtiter plate and DC response to the isolated glycans would be
assessed. Glycans that show an immunomodulatory effect will then beiédkemté
matrix assisted laser desorption/ionization mass spectrometry (MALDI) and
exoglycosidase array digestion. The information from these analysis techniques, mass
and glycan constituents respectively, along with whether the glycanslarked or O
linked provides glycobiologists with enough information to accurately determine what
the structure of the sugar3®. This information can then be used by synthetic chemists
to repicate relevant and interesting glycans for further study and also by physicians and

screening facilities to help identify cancer markers for pancreatic cancer.

6.2.8.2AberrantEndogenous Glycarfeom Pancreatic Cancer Patients

The exact experimental design seanthe endogenous glycan wovkould be

used again for this section.ld®d from patients who have a stage | or Il pancreatic tumor
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that is still resectable and is static would be colleciduis group offers the dual benefit

of being able to identify glyans that are of immunological interest and that can be used
as early tumor biomarkers to identify pancreatic cancer in its early stdges, by
isolating the glycans/glycoproteins earlier in tumor development they will necessarily be
at a lower concerdition and thus if they are still able to elicit an immunomodulatory
effect on the DCs at this lower concentration they are more likely to be an efficacious
target for therapy.This fact coupled with the fact that the glycans could have a dual use
as a nwel biomarker outweighs the potential therapeutic benefit of obtaining blood from

late stage patients.

One of five outcomes is anticipated when comparing the two carbohydrate activation
profiles:

1) A differential profile is seen on a feasible number @fls/for further study but
the onceglycan group causes less stimulation of DCs than does the healthy
glycan group

2) A differential profile is seen on a feasible amount of wells for further study but
the healthy glycan group causes less stimulation of D@s tloes the oneo
glycan group

3) No DC response difference between the two groups but an activation profile is
seen in a feasible number of wells

4) Too many wells show activation of DCs to make further isolation and purification
feasible.

5) No wells show activatin of DCs to any significant level.

The term feasible is relative but here refers to any amount of wells over 10

positive Ahitsodo as judged by the fold chan
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the threshold for feasibility as this is ~10% of toéal glycans tested and any number
higher than this begins to defeat the advantage of using a HTP methodology. Outcome
one or two provides an interesting result as these wells can be further separated and
characterized to better determine the cell respdnssmaller sets of glycans and to
determine these glycands structures. Out
phenotype modulation to glycans immobilized in an array format has not been shown
before and thus the information from this outcome @dod used to further direct cancer
vaccine and biomaterial research in the future. Outcome four could be mitigated by
altering our initial criterion of a hit to be more selective, such as above two standard
deviations of the inactivated signal or not statally different from DCs treated with
LPS. Finally, outcome five could also prove interesting as there are many reports in
literature of glycans produced by tumors having immunomodulatory effects on DCs
18:301.3033nd thus the fact that they do not modulate DC phenotype when immobilized on
a surface could be used to further direct cancer therapy development in the future.

Outcomes four and five are seen as unlikely because DC activation in many wells
would indicate that the glycans across a wide range of molecular weights obtained from
plasma are capable of activating myeloid derived DCs or that glycans immobilized on a
surfa@ are unable to modulate DC phenotype. The former seems unlikely as DCs
encounter these glycans in tissue and blood constantly and thus to avoid autoimmunity
would need to have a high level of tolerance to the majority of them regardless of
presentationtsategy. The latter seems unlikely because DC phenotype has been shown
to be modulated by glycans in the literature previod8fjf*393

The aberrant endogenous study is meant to test the hypothesis that a differential
DC phenotypic profile is capable of being produced from the glycoform of pancreatic
cancer patients as compared to that of the profile produced by healthy ddohmsack
iS not meant to be an-epth analysis of the immune response to tumor glycans. As

such additional controls and moredepth analysis of glycans from these patients is not
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proposed. However, for future studies, tissue samples of the tambrhealthy
pancreatic tissuevould be collected from the patients who undergo resection. Also,
blood before tumor resection aneBénveeks after tumor removabuld be collected as

blood after tumor resection could serve as an excellent control for thetpa In
addition, common controls for pancreatic cancer patients in studies similar to these
include pancreatitis patients and diabetic patients as people with pancreatic cancer often
share these comorbidities and thus the differential response semebdealthy donors

and pancreatic cancer patients could be due to these comorbidities and not the pancreatic

cancer itself0¥311



APPENDIX

A.1. Supplemental toElucidation and Optimization of Pertinent Molecular

Factors for Dendritic Cell Response to Adsorbed Glycocoonjugates.
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Figure A 1. Enzyme linked lectin assaydetection of biotinylated glycanswith a

range of sizes [monesaccharide (mannose) to an 11 sugar oligeaccharide (Man9)
immobilized on a SAcoated TCPS 96well plate to determine the concentration of
glycan that needed to be delivered per well to saturate the SA binding sites.
Generally, 4000 pmol of biotinylated glyca needed to be delivered per well in order
for binding sites to be maximized. Data presented as mean+S.D.; n=6 independent
determinations

168



Table A 1: Full model of from Table 4A with all donor coefficients

b Parameter Standard

Variable bs . t Value Pr> |t|
Estimate Error

Intercept b1 0.50603 0.05453 9.28 <.0001
Isoelectric Point () 0.03965 0.00592 6.7 <.0001
Ligand OEG b3 -0.03324 0.04325 -0.77 0.4425
Ligand Glc (on -0.0041 0.04718 -0.09 0.9308
Ligand Man bs 0.08817 0.04623 1.47 0.141
Density be 0.01382 0.00152 9.07 <.0001
Donor b7 -0.59434 0.0966 -9.96 <.0001
Donor bg -0.11864 0.05966 -1.99 0.0473
Donor dy 0.01207 0.05966 0.2 0.8398
Donor P10 -0.33773 0.05966 -5.66 <.0001
Donor b11 -0.57418 0.05966 -9.62 <.0001
Donor P12 -0.24482 0.05966 -4.1 <.0001
Donor D13 -0.14216 0.05966 -2.38 0.0176
Donor D14 -0.24173 0.05966 -4.05 <.0001
Donor D15 -0.42702 0.05966 -7.16 <.0001
Donor P16 0.66049 0.05966 11.07 <.0001
Donor P17 -0.35118 0.05966 -5.89 <.0001
Donor P1s -0.38287 0.05966 -6.42 <.0001

Table A 2: Full model of from Table 4B with all donor coefficients.

. b Standard
Variable bs Parameter tValue Pr> |t
Estimate Error

Intercept b1 0.92276 0.01557 59.27 <.0001
Isoelectric High b2 0.17195 0.03355 5.12 <.0001
Isoelectric Med. b3 0.15722 0.03243 4.85 <.0001
Isoelectric Low (o -0.00784 0.04854 -0.16 0.8718
Ligand OEG bs -0.0042 0.04426 -0.09 0.9245
Ligand Glc be 0.0145 0.04791 0.3 0.7622
Ligand Man o7 0.06549 0.04656 1.41 0.1602
Density bs 0.38133 0.03736 10.21 <.0001
Density dy 0.09719 0.03118 3.12 0.0019
Density D10 0 . . .
Donor P11 -0.59434 0.05818 -10.21 <.0001
Donor b1z -0.11864 0.05818 -2.04 0.042
Donor D13 0.01207 0.058B 0.21 0.8358
Donor D14 -0.33773 0.05818 -5.8 <.0001
Donor b1s -0.57418 0.05818 -9.87 <.0001
Donor D16 -0.24482 0.05818 -4.21 <.0001
Donor P17 -0.14216 0.05818 -2.44 0.0149
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Table A2 Continued

Donor D1s -0.24173 0.05818 -4.15 <.0001
Donor b1o -0.42702 0.05818 -7.34 <.0001
Donor dxo 0.66049 0.05818 11.35 <.0001
Donor dy: -0.35118 0.05818 -6.04 <.0001
Donor dy -0.38287 0.05818 -6.58 <.0001

Table A 3. Parameter estimates for model 1c using coimuous isoelectric point and
density.

Variable bs b Par_ameter Standard t Value Pr > |t|
Estimate Error

Intercept b1 0.16929 0.01871 9.05 <.0001
Isoelectric Point () -0.00474 0.00203 -2.34 0.0199
Ligand OEG b3 0.00301 0.01484 0.2 0.8395
Ligand Glc (o -0.03615 0.01618 -2.23 0.0259
Ligand Man bs -0.03053 0.01586 -1.92 0.0548
Density s -0.00209 0.000522 -4.01 <.0001
Donor* D7.18 -0.12619-0.21436  0.02036  -6.17-10.47 <.0001

* All donor estimates, standard errors, t values, and probabilities can bseen in theTable A 4 in
the appendix.

Table A 4: Full model of from Table 5A with all donor coefficients.

Variable bs b Parameter Standard t Value Pr>|t|
Estimate Error

Intercept b1 0.16929  0.01871 9.05 <.0001
Isoelectric Point () -0.00474  0.00203 -2.34 0.0199
Ligand OEG b3 0.00301 0.01484 0.2 0.8395
Ligand Glc ba -0.03615 0.01618 -2.23 0.0259
Ligand Man bs -0.03053 0.01586 -1.92 0.0548
Density bs -0.00209 0.00052 -4.01 <.0001
Donor b7 0.10193  0.02047 4.98 <.0001
Donor bs 0.20634  0.02047 10.08 <.0001
Donor dy 0.21436  0.02047 10.47 <.0001
Donor P10 -0.12619  0.02047 -6.17 <.0001
Donor D11 -0.01768  0.02047 -0.86  0.388
Donor D12 -0.02878  0.02047 -1.41 0.1603
Donor P13 0.07103  0.02047 3.47 0.0006
Donor D14 -0.03678  0.02047 -1.8 0.0729
Donor P1s 0.03078  0.02047 1.5 0.1332
Donor D16 -0.02929  0.02047 -1.43 0.1531
Donor D17 -0.01219  0.02047 -0.6 0.5517
Donor Dis 0.05221  0.02047 255 0.011
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Table A5: Full model of from Table 5B with all donor coefficients.

Variable bs b Ear_ameter Standard tValue Pr>|t
stimate Error

Intercept b1 0.12018 0.00543 22.15 <.0001
Isoelectric High b2 -0.02412  0.01169 -2.06 0.0397
Isoelectric Med. b3 -0.0002072 0.0113 -0.02 0.9854
Isoelectric Low ba 0.03534  0.01692 2.09 0.0372
Ligand OEG bs 0.00662  0.01543 0.43 0.6681
Ligand Glc be -0.0291 0.0167 -1.74  0.0819
Ligand Man b7 -0.02491  0.01623 -1.54  0.1253
Density Ds -0.06402  0.01302 -4.92 <.0001
Density dy -0.02769  0.01087 -2.55 0.0111
Density D10 0 . . :
Donor P11 0.10193  0.02028 5.03 <.0001
Donor D12 0.20634  0.02028 10.18 <.0001
Donor D13 0.21436  0.02028 10.57 <.0001
Donor D14 -0.12619  0.0203B8 -6.22 <.0001
Donor b1s -0.01768  0.02028 -0.87 0.3836
Donor P16 -0.02878  0.02028 -1.42 0.1564
Donor D17 0.07103  0.02028 3.5 0.0005
Donor D1s -0.03678  0.02028 -1.81 0.0703
Donor b1o 0.03078  0.02028 1.52 0.1297
Donor dxo -0.02929  0.02028 -1.44  0.1493
Donor dy1 -0.01219  0.02028 -0.6 0.548
Donor dx. 0.05221  0.02028 2.57 0.0103
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Table A 6: Full model of from Table 6 with all donor coefficients.

Variable DF Parqmeter Standard tValue Pr> |t
Estimate Error

Intercept b1 1.01253 0.04706 21.52 <.0001
Density High b2 0.09053 0.12926 0.7 0.4852
Density Med.  bs -0.0534 0.16854  -0.32 0.7518
Density Low b4 -0.1709 0.21251 -0.8 0.4232
OEG bs 0 . . .

Ligand Glc bs 0.52008 0.14115 3.68 0.0004
Ligand Man bs 0.47628 0.2124 2.24 0.027
Ligand GIcNAc bz 0.135 0.2286 0.59 0.5561
Ligand Alpha  bs 0.43799 0.2124 2.06 0.0416
Ligand Branch bg 0.12871 0.15445 0.83 0.4065
Donor b1o -0.4511 0.22732 -1.98 0.0498
Donor D11 -0.3717 0.22732 -1.63 0.1®
Donor b12 -0.2281 0.22732 -1 0.3179
Donor D13 -0.3564 0.22732  -1.57 0.1199
Donor D14 -0.4134 0.22732 -1.82 0.0718
Donor b1s -0.3026 0.22732 -1.33 0.186
Donor b1s -0.0399 0.22732 -0.18 0.8609
Donor P17 0.81132 0.22732 3.57 0.0005
Donor D1s -0.2714 0.22732 -1.19 0.2351
Donor P19 0.4375 0.22732 1.92 0.057
Donor b20 1.07452 0.25388 4.23 <.0001
Donor D21 -0.1844 0.25388 -0.73 0.4693
Donor b22 0.20063 0.25388 0.79 0.4312
Donor b23 0.98387 0.26648 3.69 0.0004
Donor b24 0.17857 0.26648 0.67 0.5042
Donor b2s 0.55334 0.26648 2.08 0.0403

Method 1:

R1= mean hydrodynamic radius of all conjugates = 3.641h0

P== Optimal Packing factor for a circle = 0.9069

Su= Unit Surface area= 1 fw 1.0*10* m?

Lm = Mean Glycans/BSA = 26
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Lm2= Mean Displayd Glycans = /2 = 13

Surface area footprint of a circler=+ (R,)*

Ligands Displayed Per Unit Surface Area =
L R
pp » 212 ®%) _ 5 83, 105
Sy
Method 2:

W1 = Weight of BSA/Weight of Polystyrene: (0.0171 g BSA)/(gram of PS)
D = Density of Polystyrene= 1.05 g/@m 103000 g/n3

R2= Radius of Polystyrene Bead = 5.0*10

Wgsa = 66463 g/mol

Su= Unit Surface area= 1 v 1.0*10%?

Su= Unit Surface area= 1 [frs 1.010%? m?

Na= Avagadrods Nufber = 6.02214*10

Surface Area of a Sphered= * T * r?
4 3
Volume of a Sphre = * L *T

Carbohydrates/uf =

W N,
_5'(*;:-[*}2 * [) 1):{: *L —
v 2 Wpsa 4*“*Rz M2~

SyDW1RNalyz — 3 59 4 10°
SWgsa

Figure A 2: Estimation of glycan density. Estimates calculated from the average
measured hydrodynamic radius of the conjugatesMethod 1). Estimates calculated
from the average number of BSA proteins per unit area of polystyrene as measured
by Osborne et. ak*> (Method 2).
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A.2. Supplemental to theElucidation of How Presentation Modality of
Glycoconjugates Alters Dendritic Cell Phenotype

Table A 7: ANOVA table comparing all modalities of display. Significance of
comparison was determmed using aBonferroni correction to allow for a more
conservative estimate of error. Thus, atJ < 0.0167 was used as the determinant of
the level of statistical significance.

1 pg/ml Solubl¢ 1 um Beaq Well Adsorbed

1 pg/ml Solublg <0.0001 0.004

1 um Beac <0.0001 <0.0001
Well Adsorbed 0.0047 <0.000]
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Figure A 3: Phagocytosis of Jum PS, mannanor b-glucan coated fluorescent beads
by DCs when exposed to blocking antibodies, EDTA, or &>
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A.3. Madification of High Thr oughput Assay for Assessment of Tolerogenic DC
Phenotype

A.3.1. Overview

A HTP approach is necessary to assess functional phenotypic effects of complex
carbohydrates obtained from natural sources on DC phenotype for four key reasons.
First, glycan structures dm natural sourceare typically only available irsub-pmol
levelsand they are highly heterogeneous in structtifé!’”® Second, there is a lack of an
efficient means of automated assignment sindcturalcharacterizatiorof glycans from
these source’$® Third, the biosynthesis of oligosacchi@s is inherently heterogenous
even between cells from éhsame cell line and thus developingrepertoire of
oligosaccharidethat would be representative of the glycoform of a typical glycoprotein
is extremely difficult to reproduce by chemical synthesi$¥8 Fourth, most
carbohydrateorotein interactions are multivalerthus, dense carbohydrate displays are
necessary fordetection of cellular interactionin screening analysé®!®184 The
combination of dense coating and low prevalence yields testing apparatuses that must
have small presentation surfaces for cell interactidfurthermore, when assessing the
DC phenotype in response to glycoconjugates it is necessary to detdvotm pre
inflammatory and tolerogenic DC phenotypes as ligation of CLRs has been shown to
have both preand anti inflammatory phenotypic modulation, as can be seéralriel.
Thus, a surface marker associated with a tolenegeC phenotype was desired. After
reviewing the literature it was found that ILT3 was an excellent indicator of tolerogenic
DC phenotypé!?314 However, the current HTP assay does not assess tolerogenic
phenotype in any way other than via analysis of cytokines. Due to its screening reporter
(CD86/DGSIGN fold change) being biased toward qprlammatory DC responses it is
possible that treatmentsathinduce a tolerogenic DC phenotype could not be assessed for

cytokine profile and thus, missed as important modulators of DC phenotype.
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To mitigate these concerrtike HTP DC phenotype assessment assay originally
developed by the Babensee lab wealeddown to a 384 well plate from a 96 well plate.

To accomplish this the assay was first validated in a similar way to that of the original
HTP assay. The 96 well HTP assay veaginally validated using clinically relevant
biomaterials PLGA and agarose.f these materials only PLGA showed a statistically
significant increase in CD86/DSIGN fold change over that of iDC. Additionally, the
magnitude of the DC response to PLGA was at an intermediate level between that of
iDCs and mDCs.Thus, for the HTP aay iDCs, mDCs, and PLGA treated DCs were
tested for their CD86/D<IGN fold changen both 96 well plates and 384 well plates.
Next, the addition of a tolerogenic reporter, ILT3/CD86 (TMF) was developed and
validated via flow cytometry. Finally, the atidn of cell disassociation solution (CDS)

and effect of seeded cell number was assessed to determine if these factors needed to be
varied to obtain more consistent results from the IMF and TMF assays in 384 wells.

It was found that 96 and 384 well agsaproduced results that were not
statistically different from each other and showed identical trends in DC response to
PLGA and LPS. Then TMF was found to be an excellent reporter for tolerogenic DC
phenotype and that the HTP assay produced equivakanits¢o that of flow cytometry.
Finally, it was found that for treatments where DCs were found to adsorb to plates more
readily, LPS, use of CDS produced higher signals with lower variance than did the
conventional HTP methodology. Additionally, it wiasind that seeding cells at 7.5%10
cells/ml produced higher signals, particularly for the TMF, as compared to the
conventional culture method.

The addition of a tolerogenic reporter to the HTP assay was seen as a significant
improvement of the assayjareasing its ability to effectively screen ligands that induce
both proeinflammatory and tolerogenic phenotypes is an important step in functional
assessment of DCs. Additionally, the scale down to 384 wells was seen as significant for

reagents where guotties of ligand are precious. For glycans, and in particular complex
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glycan structures, this is unilaterally the case and thus the scale down to 384 wells made
this dissertation possible. On average, the scale down to 384 wells reduced the quantity
of reagents needed by 5x while maintaining the number cells used for four times the

number of treatments.

A.3.2. Methods

A.3.2.1. Original 96 well High Throughput Dendritic Cell Phenotype Methodology

Differentially-treated and reference control DCs were harvested aftdr {4
analysis using an HTP method previously descri8&dBriefly, all treated DCs and
controls were transferreda multi-channel pipettdo a black96-well filter plate (Pall
Life Sciences), and the supernatants were immediately collected i98wall plate
through the filters by stacking the filter plate on top tbé collection plate and
centrifuging at 300 RCF for 4 minTo the retained cell$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 RPMhe formaldehyde solutio was then removed via
centrifugation at 400 RCF for 4 minute3he cells retained in the wells were assessed
for phenotype by immunostaining using antibodies-@mB6-PE (Clone BU63; Ancell)
andantr DC-SIGN-FITC (Clone 120507R & D System} 1gG:-PE (clone MOPC31¢C
Ancell) and IgGg-FITC (clone 133303R&D Systems) isotypstained DCs were used
for background fluorescenaibtraction in separate treatméot control wells CD86 is
a costimulatory molecule that is npgulated upon prnflammatory DCmaturatioré?*
DC-SIGN is an endocytic receptor that is slightbwarregulated upon pronflammatory
maturatior??* After 40 minutesof staining the cells were washed three timese
fluorescent intensitydr each wellwas measuredt the emission/excitation wavelengths
for each fluorophore 535/590 Pdhd 485/535 FITC The geometric meariluorescent

intensities(gMFIs) were thencalaulatedwith a Tecan Infinite F500 microplate reader,



and the ratio ofespective gMFIs were determined @86/DGSIGN, a cell number

independent metric

A.3.2.2. Initial 384 well High Throughput Dendritic Cell Phenotype Methodology

Prior to the addition of #ILT3 reporter and CDS solution DCs were assessed
for their phenotype with an identicalethodologyto that of the 96 well plate described
above but in a 38%vell TCPS plate and 384ell filter plate. All volumes used in this

assay were ¥4 those usedhe B6 well plate assay.

A.3.2.3. Comparison of 96 well high throughput to 3®&ll high throughput

Methodologies

Primary human DCs were cultured as p&t.7. On day 5 after isolation DCs for
experimentswvhere the 96 well and 384 wathethodologies were compared DCs were
transferred to wells that had a PLGA film already in them and allowed to incubate in the
presence of the PLGA film for 24 hourkPS was also added to mDC wells at each plate
as outlined in Chapter 4. The resultanC Dohenotype was assessed via the

methodologies described /13.2.1andA.3.2.2

A.3.2.4. Preparation of PLGA films

PLGA (molar ratio = 75:25, inherent viscosity = 0.7@gdh trichloromethane,
MW = 100000 Da; Birmingham Polymers, Birmingham, AL) films were prepared by
solvent casting without a porogen as previously repdfted. Briefly, PLGA was
dissolved 20% w/v in dichloromethane overnight at room temperature and poured into a
50 mm Teflon dish (Col®armer, Vernon Hills, IL) in a chemical fume hood. After
evaporabn of the solvent and drying to form films (@& h), the PLGA films were
punched to fit into the wells of 384 or 96well plate, followed by three washing steps
using endotoxiffree 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.
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A.3.2.5. Addition of CDS and optimization of cell count.

An identical assessment and culture methodology to that described in Chapter
4.2.9was performed for thesstudies except that DCs were resuspended at 3,0x10
7.5x1@, or 1.5x16 cells/ml and then placed in wells. For wells where 1L10 was added

3500 units/ml of human IL10 was added.

A.3.2.6. Flow cytometric analysiand validation ofILT 3 expressiorior

tolerogenc DCs

To show that the 384 well HTP methodology produced similar results to the of
flow cytometry DCs were placed in treatment wells with 8 replicates for flow cytometry
and four replicates for the HTP methodology. After 24 hours of treatnfents\els of
surface marker expression were monitored by flow cytometry per the methods described
previously?* and compared to the control&riefly, 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 (celbtaining buffer), and stained with fluorescentipdied antibodies
discusedearlier. Thecells were stained for 1 h at@‘and analyzed using a BD LSR
flow cytometer (Beckton Dickinson, San Jose, CA). Data analysis was performed using
FlowJo (Tree Star, Ashland, OR) based on the differential shiftstddriams compared
to the controls unless otherwise indicated. TME and TMFvalues were determined by
dividing the geometric mean fluorescence intensities (gMFIs) oiGID&6-PE by that of
ant-DC-SIGN-FITC or antlLT3-AF647 by that of artCD86-PE. LT3/CD86 was
chosen as the tolerance reporter due to the fact that LPS, and all other activating ligands
tested in this dissertation, also showed a large increase in ILT3 expression. This is
typical of healthy DCs as they have been shown to up regulateinen dampening
receptors when highly activated so that sepsis does not occur. However, these activated
cells also dramatically upegulated CD86 and CD80 and tDCs and those cells treated by

IL10 showed no increase in expression of these receptors. fbnusjerogenic DCs
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CD86 became the normalizing agent of cell number per well and provided a stronger
signal to noise ratio than ILT3 expression alone or that of ILT3 divided b [BD due
to CD86 expression being strongly correlated to inflammatory aaiiv and anti

correlated to tolerance of DCs.
A.3.3. Results

A.3.3.1. Validation ofa 384Well HTP MethodologyAgainst that of the96-Well

HTP Methodology

Using the scaled down 384 well high throughput methodology discussed in
Chapter 4.2.9 it was found that no diffece between the 96 well and 384 well plate
assays were foundFigure A4 shows the results of this study. It was shown that both
LPS treatment (mDC) and PLGA treatement of DCs caused a statistical increase in fold
change of CD8®CSIGN in either the 98vell or the 384well assay. Furthermore, an
ANOVA was run comparing all groups and it was found that no differences were
significant between treatments run in 96 well plate versus the identical treatment in a 384

well plate.
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B 96-Well
B 384-Well

CD86/DCSIGN Fold Change

Figure A 4: The fold change in CD86/DCSIGNnN a 384 well and 96 well platevas

measured in response to LPS (mDC) and PLGA plate simultaneouglean of iDC

normalized data shown. Error bars indicate standard error, N=8 independent

donors, * represents statistical significa

A.3.3.2. Development of a Tolerogenic Reporter

A.3.3.2.1.  Cell Numberand Cell Disassociation SolutigDptimization

Dendritic cellIMF and TMFexpressiorcan be seen at three cetincentrations
andwith or without CDS washing for all controls Figure A5. Identical profiles for
IMF can be seen at the classic cell concentration (5.0E5 cells/ml) as with 7.5E5 cells/ml.
Additionally, while not statisticédy significant CDS treated wells generally had higher
mean IMFs than did cells not rinsed with CDS. Additionally, the variance of IMF was
seen to be lower for CDS washed cells. While IMF trends remained similar for all
treatments at 5.0E5 and 7.5E5 erllconcentrations, a higher and more consistent TMF
signal was shown for cells seeded at 7.5E5 cells/ml. Also of note was that cells treated
with IL10 only were expected to have a lower TMF than tDC but a higher TMF than
iDC. Using 7.5E5 cells/ml clearlghowed this trend and thus 7.5E5 cells/ml with
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washing with CDS were chosen as the ideal culture and processing steps forwed 384

HTP assay.
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Figure A 5. Dendritic cell response to controls at three different cell seeding
concentrations and when rinsed with CDS.Mean of two independent donors is
shown. Error bars represent half range.
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A.3.3.2.2.  Validation of Tolerogenic Reporter

Once optimized, the tolerogenic reporter needed to be validated against flow
cytometry to ensure corssency with an industry standarttientical trends between flow
cytometry and the HTP assay were sedfigure A6 shows the results from this study.
In all graphs significance of positive controls were identical between dgpayg.
Additionally, it was found that for TMF, the assay was able to measure an increase in
TMF for IL10 treated cells that was smaller than that of tDC but greater than that of
carriers and iDCs. Additionally, concerns of spectral overlap betweentingpor
fluorophores were allayed by the fact that signal intensity and ratios of expression were
similar in magnitude to that which was historically measured using the HTP technique

without the tolerogenic reporter.
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Figure A 6: Validation of HTP assayusing ILT3 as a reporter for tolerogenic DCs.
(A,B) Measure IMF via plate reader (A) and flow cytometry 8). (B,D) Measure
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TMF via plate reader (C) and flow cytometry (D). IMF was measured

simultaneouwsly to TMF to ensure no confounding of the original reportes occurred.

Data is mean expression ratio not normalized by iDC. Error bars indicate standard

error, N=7 independent donorsfor (A,C) and N=3 independent donros for (B,D) *
represents statista | si gni ficance from i DC U<0.05.

A.3.4. Discussion and Conclusions

A.3.4.1. Validation of a 384Nell HTP MethodologyAgainst that of the96-Well

HTP Methodology

To validate the HTP methology two requirements were set, 1) that the sensitivity
of the assay was not dimihisd. 2) That the DC response to treatments that have been
shown to historically activate cells in the-@@ll HTP assay be statistically similar in the
384well assay. An ANOVA showing identical statistical significance between mDC and
PLGA treatments asompared to iDCs for both the 9%l and 384 well plates proved
the first claim. However, a more rigorous ANOVA was performed in which all data from
both 384 and 96 well plates was combined and compared. This comparison showed that
there was no differemcbetween identical treatments between assay types. Thus, with the
information from these ANOVAs it was concluded that there was no significant

difference between the assays.

A.3.4.2. Development of a Tolerogenic Reporter

A tolerogenic reporter was seen asicait for assessment of DC phenotype to
glycans due to the plethora of CLRs on DCs that have been shown to induce a tolerogenic
phenotype, as seen irablel. Thus, an antibody staining for ILT3, a tolerogenic cell
surface markeon DCs, was added to the assay. However, it was found that ILT3 was
not expressed to as great of an extent on DC cell membranes as that of CD86 or DCSIGN
as indicated by the relatively high gain of the plate reader when measuring stdised ¢
(data not shown). Thuthe number of cells per well was increased to try to increase the
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signal produced by the stained cellss expected ,als seeded at 7.5E5 cells/ml showed

a dramatic increase in TMF signal intensity and a decrease in liriabicompared to

the 5.0E5 cells/ml treatments. Cells seeded at 1.5E6 cells/ml were found to clog fliter
plates and provide inconsistent signals as indicated by the large error bars in many of
their treatments ifrigure A5.

Additionally, because many CLRs on DCs are adhesion receptors ensuring that
adherent DCs were being measured in the HTP assay was seen as important. Thus, a
washing step was added to the classic HTP procedure in which DCs were treated with
CDS and then émsferred to the filter plate and spun dowhigure A5 shows that cells
washed with CDS appeared to provide a higher signal to noise ratio with lower variance
in signal than their unwashed analogs. Additionally, wells wenegaiimed before and
after washing with CDS and it was visually confirmed that virtually all cells were being
removed form wells after washing with CDS while many cells remained prior to CDS
wash. Finally it was desired that no difference in the profiléween that of the old
lower cell concentration anithe new higher cell concentration be seen. Thus IMF and
TMF trends between the concentrations were visually compared and found to be
qualtitatively similar.

A more rigorous comparisoaf IMF and TMF adwation between assays was
desired than the qualitative comparison performedigure A5. Thus, cell response in
the optimized 384vell HTP protocol were compared to the industry standard flow
cytometry. It wsa found that idecal IMF and TMF trends were seen between that of
flow cytometry and the 38dell HTP assay. Additionally, the magnitude of the response

between these two was similar and response trends were identical between
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methodologies. Flow cytometry showed a leighensitivity to ILT3 staining than did the
plate reader as indicated by the magnitude of the signal shotgune A6C and D.
However, the fold change of TMF over that of iDC was not statistically different between
the two asays and thus the differences were not seen as significant.

In conclusiorthese studies show that the new HTP assay performs similarly to the
previous assay while adding a tolerogenic reporter, allowing for assessment of adherent
DCs, using 5x less reaggefor surface modification, and assessing 4x as many treatment
with the same volume of cells as the old assay. Assessment of tolerogenic DC phenotype
is critical for future glycan work as CLRs have been shown to induce tolerogenic DC
phenotypes repeatgdin literaturet®84264315Thys, the development of this assay is seen
as pivital to continuig glycan research in the DC field. In addition to the studies
performed here all studies performed in this dissertation were completed with the 384
well HTP assay; further verifying its applicability to glycan systems and its ability to
assess DC phengty across display modalities which has not been shown in the literature

to date.

A.4. Development of Zero Length Fluorescent Linker for Carbohydrate

Immobilization on Well and Bead Surfaces

A.4.1. Overview

Currently, isolating glycans from natural sources inveleteaving the glycan
from the protein, functionalizing it with a fluorescent linker and then separating different
glycan structures via HPLC. This method was shown in detail in the first Aim of this
dissertation for the ManBr conjugate. Other chemigs have been used by other labs

but the process essentially remains consistét! This fluorescent moditation serves
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two purposes, first it makes glycan identificatiand isolation simplefrom an often
complex milieu of glycans. The other idor quantifying the amount of glycan
immobilized on a surface after functionalizatiao validate the glycan has been
immobilized The value of this was highlighted 414.20f this dissertation. Briefly, it is
almost impossible to determine the density of glycan presentation from a surface
guantitatively withait that glycan being fluorescent or radio labeled allow for
guantification. However, the chemicamoiety which the carbohydrate is attached
drastically alters the binding affinityf @arbohydrate binding proteis& Briefly, it has
been shown thakeduction of the inherent level of flexibiliyf the linker hadh favorable
impact on cell bindingespecially for cells displaying a hig8LR density, and the
structure of thecarrier can modiate inhibitory potencywhen comparing different
lectins?®® This not only shows that lectin affinity can be modulated via linker properties
but it also shows that different lectins haveiféedential ideal molecular signature that is
optimal for maximum glycan bindingThus, the smaller and more labile a glycan linker
can be made so that the carrier it is linked to can exhibit the optimal properties necessary
for glycan display the better A more detailed discussion of the influence of linker
chemistry can be seen in secti®b.20f this report.

With this in mind he purpose of this projeetas to create a small linker whose
attachment could still be quangfl Instead of linking a large fluorophore to the glycan,
a smaller, less intrusive linker will be attached to the glycan; this linker will be used to
attach the glycan ta surface. The surface that it links to would be fluorescently
modified and ideajl, the linker would substitute for the fluorophore, leaving a covalent

link between the glycan and the surface and the fluorescent linker in solution to be



washed away. To accomplish this we chosalsstitution reaction in which a fluorescent
moiety (damsyl chloride (DsClI)) was substituted for an azekthyl modifiedglycan. To
accomplish this optimization of a DsCI coating was first performed on 1.5 %pand

silica beads. Then an azide modified fluorophore was used to substitute off the DsCI
moiety aml the effect of concentration of the fluorophore was measured. After that
azidoethyl modified lactose was used as a model glycan to show that substitution of the
DsCI group could occur with Glycan. Finally, stability of the structure in PBS was tested
over a 48 hour period to ensure that the substitution was permanent in buffers commonly
used by cells It was found thaboth 1.5 andl5 um amine modifiedsilica beads could be
modified with DsClat a 5000:1 DsCI to Amine ratio and that fluorescence fraaeth
beads scaled linearly with bead number. Then it was found thatitiséitution reaction
between azide modifiedlexa Fluor 594(AF594) and the DsCIl beads occurred and
could be easily quantified in a plate readiiext, a concentration dependentuetion in
fluorescence was shown between agitieans and DsCI beads. Finally, it was show
that beads modified with the AF594 did not show a statistical decrease in fluorescence
over the course of 48 hours in PBS but that background fluorescence fronwBsC
almost completely abrogated. From these graphs we conclude that the chemical
mechanism proposed by Suenaga ét%tan be used for glycan substitution and that
modification with glycan is capable of reducing fluorescence in such a way so as to be
quantifiable. Future work to be done includes, ELLAs with the glycan modified beads
and ceculture of beads with DCs to determine if DCs can recognize and respond to

glycans reacted with this chemistry.
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A.4.2. Methods

A4.2.1. Conjugation of Lactic Acid to Amine Coat&ilica Microbeads

First, amine coated silica microbeads (1.5 pum or 45 pm; Microspheres
Nanospheres) were aliquoted into a 15 ml polypropylene centrifuge tube and spun down
at 2000 RCF for 5 minutes. Tisepernatanivas removed and beads were resuspended
in dichloromethaneCM). Beads were then added to a 100 mM stock of lactic acid
(Sigma) dissolved in DCM, in an equal volume ratio. Next, the bead/lactic acid solution
was mixed with an equal volume of 2 mg/mll-Ethyl-3-(3-
dimethylaminopropyl)carbodiindie (EDC) dissolved in water. The solution was allowed
to react for 2 hours at room temperature. Finally, beads were spun down at 2000 RCF for

5 minutes, supernatants removed, and washed with DCM three times.

A42.2. Dansylation of Lactic Acid Functionalizedibfobeads

Lactic acid functionalized microbeads suspended in DCM were then
functionalized with §dimethylamino)naphthalin&-sulfonyl chloride (Dansyl chloride,
DsCl). Beads were added in d ¥olume ratio to 130mM DsCI dissolved in DCM. For
experimerg where optimization of DsCl concentration was performed beads were
dissolved in a 1:1 volume ratio with twice the indicated concentration of DsCIl. Tubes
were then sealed with aluminum plate sealers (VWR) and covered from light. The
reaction was allowetb run for 72 hours at room temperature while shaking at 600 RPM.
Finally, beads were spun down at 2000 RCF for 5 minutes, supernatants removed, and
washed with DCM three times.

For studies where bead number was varied and fluorescence of DsCI beads was
measured, DsCl modified and unmodified beads were aliquoted into wells of a silica
coated polypropylene Pl&dt884 well plate (SUNSRI) and fluorescence was measuaied

excitation/emission 34@nV/535 nm using a Tecan Plate Reader (Tecan, Switzerland)
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All measures in each well were performed twice with 1 second of shaking at 1000 RPM
between each measurement and then averaged for the mean fluorescent intensity of each

well.

A.4.2.3. Azide Substitution of Dansylated Microbeads

Dansyl chloride functionalized micbeads suspended in DCM were then
functionalized with azide linked moieties. First, beads were spun down at 2000 RCF for
5 minutes, supernatants removed, and washed wvmtetylformamide(DMF) three
times. Beads were added in a 1:1 volume ratio to 2@wdium azide dissolved in DMF.

For experiments where Alexa Fluor 594 (AF) substitution was used beads were added to
a 600 pM stock solution dissolved in DMF in a 1:1 volume ratio. For experiments where
optimization of lactos@zide (LaeNs) concentrationwas performed beads were
dissolved in a 1:1 volume ratio with twice the indicated concentration eNkatubes

were then sealed with aluminum plate sealers (VWR) and covered from lighttubiéhe

was then heated to 70°C in a water bath and allowed tb figal hour. Finally, beads

were spun down at 2000 RCF for 5 minutes, supernatants removed, and washed with
DCM three times.Figure A7 shows a schematic of this overall process.

For studies where bead fluorescence of wassured, modifiedbeads were
aliquoted into wells of a Plate+ 384 wegllate and fluorescence was measured at
excitation/emission 340 nm/535 rend 590 nm/ 635 nm by the Tecan Plate Readdr
measures in each well were performed twice with 1 second &fnghat 1000 RPM
between each measurement and then averaged for the mean fluorescent intensity of each

well.
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Figure A 7: Overview of chemistry for functionalization of amine beads via AF594
or Lac-Ns.
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A4d42.4. Stability of AzideLinked Moiety on DsCI Modified Microbeads

Fluorescence from unmodified, DsCI functionalized, and AF functionalized beads
was measured by placing beads into wells of a Plate+ 384 well plate and fluorescence
was measured at excitation/emission 340 nm/53@anth590 nm/ 635 nm by the Tecan
Plate Reader. To measure fluorescence of beads in different buffers beads were spun
down at 2000 RCF for 5 minutes, supernatants removed, and washed with one of three
buffers: DCM, PBS, or mediaRPMI-1640 (Invitrogen) sudpmented with 10% heat
inactivated fetal bovine sam (Cellgro MediaTech) and 100 U/ml
penicillin/steptomycin (Cellgro MediaTech))three times. Then fluorescence was
measured at excitation/emission 340 nm/535 nm and 590 nm/ 635 nm for each well at O,
12,24, or 48hours after final buffer exchange. All wells were sealed with an aluminum
plate sealer between measures to ensure no loss of buffer. All measures in each well
were performed twice with 1 second of shaking at 1000 RPM between each measurement

and then averaged for the mean fluorescent intensity of each well.
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A.4.3. Results

A.4.3.1. Dansyl Chloride Saturates Binding Sites on Microbead<$atdM

Concentration
The desired amount dDsCl necessary to saturate binding sites on the amine
functionalized microbads was determined. It was found that DsCI at a concentration of
65mM saturated binding sites of beads as indicated by fluorescence of beads in wells not
increasing significantly above this concentratiofigure A 8 shows the rsults of this
experiment. Interestingly.3 um beads appeared to saturate binding sites at a lower

concentration that that of the fitnh beads.
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Figure A 8. Fluorescent intensity of 45 um and B um amine coated silica beadas
a function of DsCIl concentration. All data is background subtracted from
unmodified beads. Error bars represent standard deviation of three wells.

Whether the fluorescence of the beads after functionalization with DsCl scaled
linearly with bead numdr was tested next. This was of concern because beads were not

optically clear and thus at high bead centrations occlusion of fluorescence could occur

19¢



from beads. It was found that for both g and 15 um beads fluorescence scaled
linearly over the rage of bead concentrations tested (100 ta1® and 5x18 to 9x1¢
respectively. Figure A9 shows the fluorescence versus number of beadwar trend
lines using least squares regression were added to each graph and eéheesb® of
the fit from the data was calculated. Thef&® the 45um beads was found to 829795
and The R for thel 5um beads was found to ®9876. Both of these Rvalues were
above the 95% threshold considered as relevant to consider eachlitresid in

correlation.
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Figure A 9: Fluorescence of beads versus number of beads functionaliz¢d) 45 pum
bead fluorescence and (B) 1 um bead fluorescence as a function of bead nun
Linear trend lines are added to each graph in black.

A.4.3.2. Dansyl Chloride Fluorescence Amine ModifiedBeads Scales Linearly

with Bead Number

Finally, whether the DsCI group could be replaced by sodiudeas reported in
Suenaga et.al. was confirmed via plate reader. It was found that in the presédmodlof 1
sodium azide fluorescence frabsCl bead returned to that of backgrourteigure A10
shows the results from this stutty 1.5 um beads Identical results were found for 45

pm beads (data not shown).
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Figure A 10: Fluorescence at 535nm for unfunctionalized, DsCI nabfied, and DsCI
modified with 10mM sodium azide beads. All data was background subtracted
from unmodified beads. Error bars represent standard deviation, N=3 wells.

A.4.3.3. Azide Functionalizd FluorophoresubstituteDansyl ChlorideGroups

FromBeads

While Stenaga et.al. showed that DsCI fluorescence on microbeads decreased
dramatically with the addition of sodium azide no other proof of functionalization was
made. Thus, it was desired to show quantitatively that the fluorescence decrease in the
DsCI functioralized beadsvas occurring viea substitution reactiowith the azide. It
was found that Alexa Fluor F5%kide (AF) reactedDsCIl functionalized beads
dramatically reduced their fluorescence, below that of background unfunctionalized
beads, at the DsCI ession wavelength (535 nm). Additionally, AF reacted beads were
found to dramatically increase their fluorescence at the AF emission wavelength (635
nm) over that of unfunctionalized beadBo determine thi&\F was incubated with DsCI
functionalizedbead and the resultant fluorescence 5&5 nm (DsCl) and 635 nm
(AF594) was measured as a function of time in a plate redéigure A 11 shows the
results of three independent formulations & dm beads. Similar results were falfor
45 uym beads (data not shown). All plotted fluorescences were background subtracted

from unfunctionalized beads.
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Figure A 11: Mean fluorescence ofAF594 reacted DsCl modified beads as a
function of time. The average luorescence at the emission of AF594 (635nm) and
DsCl (535nm)was plotted as a function of time. Error bars represent standard
error of three independent formulations of beads.

Fluorescent images of AF reacted beads were taken at both 535 nm amd #835 n
gualitatively show that fluorescence decreased for AF reacted beads. It is clear from the
pictures shown irFigure A12 that AF reacted beads had a significant decrease in DsCI
fluorescence and a significant increase in Alorfescence.Figure A12A and B were
unfunctionalized beads that showed a very low fluorescence at both waveldrigiing
A 12C and D were DsCI modified beads and had an expectedly high fluorest&3te a
and almost no fluorescence above background at &8fure A12E and F were DsCI
beads that had been reacted with AF. These beads showed a relatively low fluorescence
at 535 but a very high fluorescence at 6&%erestigly, some fluorescence remained in

the AF reacted beads as seehigure A12E.
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Figure A 12 Fluorescent micrograph of functionalized beadsFluorescence of (A,B)
unmodified beads, (C,D) DsCl modied beads, and (E,F) AF reacted DsCI beads
wasviewedat 535nm and 635nm.

A.4.3.4. Azide Functionalized Glycans Reduce Dansyl Chloride Fluorescence in a

Concentration Dependent Manner

Now that the fluorescencgtudies had shown that beads were being modified with
azidelinked ligands the concentration of glycan necessary to abrogate DsCI fluorescence
was determined. It was found that at 45 mM -Dacwas able toattenuate DsCI
fluorescence to that of background. Additionally, it was seen that asN3ac
concentrabn increased the mean fluorescence at each bead concentration decreased.
Figure A13 shows the results from the5lum bead study. Similar results were seen for

45 um beads (data not shown).
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Figure A 13 Fluorescence of beads at multiple.ac-N3 concentrations was plotted

against bead number for 15 um beads. Fluorescencewas background subtracted

from sodium azide treated DsCl beads. Error bars represent standard error of 3
independent formulations for 1.0 um beads.

A.4.3.5. Functionalized Microbeads are Stable in Physiological Solutions

Finally, whether the azide substituted ligand was covalently bound and could stay
attached in physiological media or wady adsorbed to the surface was determined. It
was found thatbeadsreacted with AFand suspended in PBShowed almost no
attenuation of signal as compd to AF reacted beads in DCM that had beealed for
the 48 hours.Furthermore, fluorescence at 535 nm from AF reacted DsCI Beads in PBS
decreasedo background levels after only 12 houfsigure A14 shows the results from
this study. Figure A 14A shows the fluorescent intensity of DsCl and AF reacted DsClI
beads at 635 nm when beads were susgemd®CM, PBS, or media.Figure A 14B

shows the fluorescent intensity of DsCl and AF reacted DsCI beads at 535 nm when
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beads were suspended in DCM, PBS, or media. Interestingly, AF reacted beads in media

showed a very high backaund fluorescence and thus when background subtracted

results appear to not be consistent with the PBS data.
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Figure A 14: Mean fluorescence of DsCl and AF modified DsCI.% pm beads was
determined when beads were suspended DCM, PBS or mediaat 635 nm (A) and
535 nm (B). Mean of three wells is plotted; error bars represent standard deviation.



A.4.4. Discussion and Conclusions

A glycan presentation chemistry that could quantify the amount of glycan
immobilized on a surface wibut having to have a large fluorescent moiety attached to
the linker was desired due to the known influence that linkers play in CLR recognition of
glycans??® Thus, a subtractive methodologyas developed in which a fluorescent
surface was functionalized with an azide modified ligand. This functionalization
removed the fluorescent moiety from the surface, thereby allowing for the assessment of
functionalization via a decrease is surface #soence. An azide was chosen because
the library of glycans available from the Consortium for Functional Glycomics have
azido linkers attached to them and thus a seamless integration with this library was
desired.

In the experiments below large 45 prmalde and phagocytosable beads were both
functionalized and tested. The reason for this was twofold: 1) this dissertation has
highlighted the importance of modality of display in how DCs respond to glycans and
thus a display chemistry that can quantify giyammobilization on two modalities was
seen as important and significant. 2) The chemistries used herein are not conducive to
well plates as both DCM and DMF dissolve polystyrene and if left to incubate in
polypropylene will eventually degrade the polgpylene. Thus, functionalization of
TCPS wells or other cheap, readily available, cell culture surfaces cannot be performed
with this chemistry and therefore cell response to flat well presented glycans cannot be
easily obtained using this chemistry. Base this dissertation highlights the importance
of this display modality an alternative display methodology was desired. Therefore,
developing a chemistry that was able to be functionalize a large bead in a reaction vessel
that would not be dissolved IYMF or DCM was deeloped A large bead was chosen
because we hypothesize that DCs would nfAsee
large nomphagocytosable bead in the same way as that of a flat well sulfidesd

preliminary work with DCs showed th&0 pm bead display of adsorbed glycans showed
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an identical trend in DC phenotype. The results of this study can be déiguria A15

below.
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Figure A 15. DC response to conjugates adsorbed ttaf wells or adsorbed to 50 pum
PS beads.Error bars represent standard error. N=12 for adsorbed conjugates and
N= 8 for 50 um bead studies.

To accomplish this goalhé first step was to develop a fluorescent coating
chemistry that could bsubstitutedby an azide and optimize that reaction to obtain
maximum fluorescence. A mechanism propose@bgnaga et.d&L was found but this
paper did not test the chemistry quantitatively or when azide what linked to other
moieties such as glycans. Thus, we p#tcdated the study performed by Suenaga
et.al®8 using quantitative fluorescence assessment and optimized the reaction elucidated
by them for our purposesit was found that 65mM DsCI saturated fluorescence on the
DsCI beads for both 1.5 pm and 45 pm bead$e 1.5 um beads saturated at a lower

concentration of DsCI than did the 50 um beads. s Was hypothesized to be due to
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poor mixing of the larger beads in the reaction vessel due to their increased size and thus
increasedsettling time at the bottont the wells. The 1.5 um beads stayed in suspension
for a long period of time and thus their functionalized could more readily occur.

Next, a validation of bead number versus fluorescence was needed to ensure that
functionalized beads were not opticalijear and thus at high beadnmentrations
occlusion of fluorescence could occur from other beads in solution. Additioaatly,
fluorescencemeasures could be of concern in a plate reader due to neighboring bead
stimulation. It was found that this wast occurring and that fluorescence was linearly
related to bead number for both 1.5 um beads and 45 um beads.

Following the validation of bead fluorescence reduction of DsCI fluorescence on
bead surfaces by sodium azide was determined. The mecharmlsnodnproposed by
Suenaga et.dl showed that this wouldccur however a quantitative fluorescence
measure was desired as none was given in their report. It was found that 30mM sodium
azide abrogated all fluorescence as reported.

Next, proof of substitiion of azide groups when connected to another ligand for
that of DsCI groups was desired. For the reaction performdegime A 11 as AF
fluorescence increased DsCI fluorescence decreased as expected. This trend was seen as
consistent as three separate independently functionalized bead lots were measured and
shown inFigure A11. Further confirmation of thisubstitution was provided visugl
with images taken of the beads witHl@orescent microscap Interestingly, while the
plate reader shows a lower than background fluorescence for beads functionalized with
AF fluorescent microscopy pictures show that some DsCI fluorescence remained. It is
thought that this discrepancy was due to the relatigensitivity of the plate reader as
compared to fluorescent microscope and thus this difference was not seen as significant.

After confirmation that azide substitution of DsCI groups could occur with a
ligand attached to the azide an azide modified cauth@ite, laeN3, was tested for

concentration dependence of DsCIl fluorescence. A relatively high concentration of
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glycan, 45mM, was needed to abrogate DsCL fluorescence to that of background at all
bead concentrations. Ideally, mietm nanemolar concetrations of glycan would be
needed to functionalize surfaces as these are the quantities able to be obtained from
natural ligand sources. Thus, in future work for this aim it is proposed that more work be
done to optimize this reaction for more efficietbstitution of glycan azide. Factors

such as temperature and incubation time can be varied, (temperature increased and
incubation time increased) to get higher ligand substitutions at lower concentrations.

Finally, stability of azide reacted beads imypiological solutions was measured
to ensure that reacted beads would be able to display glycans to cells. Stability of linked
fluorophores over the course of two days was measured as 48 hours is twice as long as is
typically measured in the HTP assayed in this dissertation. It was found that beads
retained their fluorescence in PBS and that background fluorescence from DsCL
decreased in incubations with PBS. The loss of DsCI fluorescence was expected as the
DsCI can be reacted with water via a hatéhn reaction and removed from the surface.

The stability of the AF indicates that reacted moieties were covalently bound to the beads
and that they were not hydrolyzed form the surface significantly over the course of 48
hours. However, beads incubaiedmedia were found to have a high background that
overshadowed bead fluorescence. This was hypothesized to be due to the fact that bead
fluorescence was measured in the presence of media and thus it is thought that if beads
were removed and washed arekri measured for fluorescence that results would be
identical to that shown in the PBS. This experiment is also proposed for future work of
this aim.

In conclusion, the work shown here constitutes a promising avenue for
guantification of glycan immobiation on surfaces without using large and/or inflexible
linkers. This immobilization strategy still has several key experiments before it can be
seen as ready for use with the HTP assay. First, optimizing reaction temperatures and

times with glycan azels to decrease the concentration of glyaaille necessary to
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saturate binding sites available is necessaryfdactional use with available glycan
sources. Second, an actual quantification of glycan immobilized on the surface versus
the fluorescence lssby DsCl must be performed. This could be easily done using a
standard curve of amine modified DsCI and radiolabeled glycans. Thadng that
glycans are still on bead surfaces after incubation in PBS or media must be confirmed by
performing ELLAs @ immobilized surfaces. Fourth, confirmation that azide ligands are
stable in media needs to be confirmed. Fifth, DC response to azide modified glycans
immobilized on these surfaces must be performed in order to confirm that the chemistry

creates a presgtion context that is recognizable by DCs.
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