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Abstract

In this thesis, I describe a multiplexed liquid glycan array tool for serological assays.
Human serum has a diverse assortment of carbohydrate binding antibodies that are generated
as a response to glycans present on the cell surface of pathogens, tumor cells and vaccines.
Glycan arrays are an established high-throughput tool that allows characterization of the
interactions between glycans and glycan binding receptors (proteins, antibodies). One of the
drawbacks of conventional “solid” printed array is the necessity for specialized array reader
instruments that are not available in most clinical laboratories. Most questions previously
answered by DNA-array and reader technologies are now answered by deep-sequencing of
DNA. Building on this change, I demonstrate the utility of a “liquid” glycan array (LiGA)

technology for specific detection of ABO blood group antibodies in human serum.

In the first chapter of this thesis, I briefly reviewed the different glycan array platforms
developed for the detection of carbohydrate binding antibodies in human serum. I also
collated the corresponding glycan array data from different research groups that would

potentially benefit the glycobiology community.

In Chapter 2, I constructed a multiplexed LiGA (m-LiGA) which is an upgraded
variant of previously published LiGA. I introduced multiple technical replicates within the
same bulk assay to allow for quantification of reproducibility and robustness using Z’-score.
I conjugated ABO blood group glycans to m-LiGA and performed quality control using

MALDI-TOF, ELISA and PFU assays. ELISA was used to fine-tune the concentration of
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targets - anti-A and anti-B antibodies as well as of the antigens - ABO LiGA library to be
used for binding experiments. I used PFU assay as a proxy for deep sequencing during

optimization of binding assays.

In Chapter 3, I checked the integrity and functional performance of ABO LiGA using
PCR and NGS technologies. I demonstrate how multiple DNA barcodes encoding the same
glycan structure and same glycan density makes it possible to calculate the Z’-score and

characterize the confidence of LiGA-based assay.

In Chapter 4, I demonstrate the utility of ABO LiGA for specific detection of anti-A
and anti-B IgG and IgM antibodies in human serum samples. I also compared the antibody
binding response to ABO LiGA with other existing glycan array platforms like the traditional

glass, Luminex and neoglycoprotein arrays.

In summary complex, I developed a LiGA-based tool that can be used for profiling
anti-glycan antibodies in a mixture like the human serum. This tool was functionally
validated using different quality control methods such as ELISA, PFU assays and NGS.
However, in this project I specifically focused on profiling antibodies that bind to the 3 ABO
blood group determinants. Construction of an ABO array with 18 different subtypes of
glycans is needed to thoroughly profile the human serum for blood group antibodies. I believe
that this project laid the groundwork for using LiGA to screen biologically relevant

carbohydrate binding antibodies in diseased patient samples.
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In Chapter 1, I briefly reviewed the different glycan array technologies used for
profiling carbohydrate binding antibodies in human serum and is not published. I wrote the
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multivalent liquid glycan array displayed on M 13 bacteriophage,” Nat. Chem. Biol. 2021, 17
(7), 806-816. My contribution to this publication was performing LiGA screening on anti-A
and anti-B antibodies. Figure 1-4 is reused with permission from Purohit, S.; Li, T.; Guan,
W.; Song, X.; Song, J.; Tian, Y.; L1, L.; Sharma, A.; Dun, B.; Mysona, D.; Ghamande, S.;
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V.; Smith, D. F.; Song, X., “Next-Generation Glycan Microarray Enabled by DNA-Coded
Glycan Library and Next-Generation Sequencing Technology,” Anal. Chem. 2019, 91 (14),
9221-9228. Copyright © American Chemical Society. Figure 1-6 is reused from
Kondengaden, S. M.; Zhang, J.; Zhang, H.; Parameswaran, A.; Kondengadan, S. M.; Pawar,

S.; Puthengot, A.; Sunderraman, R.; Song, J.; Polizzi, S. J.; Wen, L.; Wang, P. G., “DNA
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Encoded Glycan Libraries as a next-generation tool for the study of glycan-protein
interactions,” bioRxiv 2020, 2020.03.30.017012. Figure 1-7 is reused with permission from
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C.; Bailey, J. J.; Ling, C.-C.; Lowary, T. L.; Paulson, J. C.; Macauley, M. S.; Derda, R.,
“Genetically encoded multivalent liquid glycan array displayed on M 13 bacteriophage,” Nat.

Chem. Biol. 2021, 17 (7), 806-816. Copyright © Nature Publishing Group.

Chapter 2 is based on non-published work initiated by R. Derda. I was responsible
for the construction and characterization of mLiGA. I performed the optimization of
screening conditions for anti-A and anti-B antibodies, functional validation of mLiGA on
anti-A and anti-B antibodies using ELISA and PFU assay, organized and analyzed the data.
N. Bennett constructed the SDB M13 phage library. N. Bennett, S. Sarkar, J. Maghera and
M. Sojitra isolated SDB clones. 1 was responsible for amplifying the clones previously
isolated in the lab. S. Sarkar monitored phage viability in CuAAC reaction and performed
regioselectivity experiments on phage pVIII. ABO glycans were synthesized and
characterized by T. Lowary’s group at the University of Alberta. Anti-A and anti-B
antibodies produced by Immucor Inc. were donated by L. West group at the University of
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Rodrigues, E.; Carpenter, E. J.; Seth, S.; Ferrer Vinals, D.; Bennett, N. J.; Reddy, R.; Khalil,



A.; Xue, X.; Bell, M. R.; Zheng, R. B.; Zhang, P.; Nycholat, C.; Bailey, J. J.; Ling, C.-C.;
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Chapter 3 is based on non-published work initiated by R. Derda. I was responsible
for performing all the binding experiments on anti-A and anti-B antibodies. Two-step semi-
nested PCR method was developed with help from A. Atrazhev. LiGA-65 was constructed
by M. Sojitra. I analyzed the sequencing data with R script written by E. Carpenter. I

calculated the Z’-score for the binding assays.

Chapter 4 is based on non-published work initiated by R. Derda. Serum samples were
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at NIH. I was responsible for designing screening assay for human serum, optimizing
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Chapter 1: Glycan arrays as a tool to profile anti-glycan antibodies in the human serum
1.1.  Glycans and the immune system

Along with nucleic acids, proteins, and lipids, glycans are one of the four fundamental
classes of molecules that make up all living systems.! Every cell in the human body is decorated
with a thick layer of glycans called the glycocalyx. Since the immune system is tasked with
surveying the body for “danger”, the glycocalyx is routinely engaged when an immune cell
contacts another cell or any component of its environment.? In such situations, glycans help
modulate the behaviour of immune cells and play a major role in the discrimination of “self” and
“non-self”. For the immune system to elicit a response against invading pathogens, it needs to
identify “foreign” bodies as “non-self”. Several discoveries since the 1990°s have demonstrated
that the human body uses “pathogen-associated molecular patterns” (PAMPs) and “danger
associated molecular patterns” (DAMPs) to respond to foreign antigenic invasion. Many of these
PAMPs and DAMPs are glycoconjugates on the bacterial cell surface and their immune receptors
are lectins on the host cell surface or anti-glycan antibodies.> * For example, glycan structures on
eosinophils are known to be modified during an event of inflammation such as bronchial asthma.>
6 These structural changes on the glycocalyx lead to the formation of DAMPs which stimulates
the production of anti-glycan antibodies.” Along with PAMPs and DAMPs, “self-associated
molecular patterns” (SAMPs) are also known to be equally important in preventing robust

immune responses to non-pathogenic external stimuli.
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Figure 1-1: [llustration of Pathogen associated molecular patterns (PAMPs).and Self associated

molecular patterns (SAMPs)

Glycans from pathogens and self-antigens act as PAMPs and SAMPs respectively and elicit an

immune response in hosts by binding to glycan binding proteins and antibodies

Over the years, several pathogenic microbes have been discovered to mimic SAMPs to evade or
dampen the host’s immune response.® ° The mechanisms discussed above generate a diverse pool
and high levels of anti-glycan antibodies in human serum at different stages and events of life.
Anti-glycan antibodies are essential for both fundamental research as well as therapeutic and
diagnostic purposes. Since direct detection of glycans from complex biological samples is
difficult, most studies rely on antibodies to detect and monitor expression of carbohydrate
antigens using techniques such as immunohistochemical staining, Western blotting, and ELISA.!°
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More recently, anti-glycan antibodies are also used in clinical applications. For example, an anti-
GD2 antibody Unituxin was granted FDA approval in March 2015 and ever since it is an
important part of line-of-treatment of neuroblastoma.'!> 1> Several other antiglycan antibodies are
in clinical trials for cancer therapy, such as antibodies to GD3, GM2, fucosyl-GM1, and Lewis
Y1321 Examples of antiglycan antibodies used for diagnostic applications include antibodies that
target Sialyl Lewis A (CA19.9) currently used in detection and monitoring of advanced pancreatic

cancer. 2224

1.2. The ABCs of ABO antibodies in human serum

In humans, the most well-known examples of anti-glycan antibodies are those that bind
A, B and O (H) antigens. When Karl Landsteiner and colleagues discovered the ABO blood group
system in the 20" century, they were not aware of the underlying glycan basis. Their work allowed
humans to be categorized in different groups based on serum substances that agglutinated antigens
on red blood cells. We now know that the antigens are glycans and the serum constituents are
anti-blood group antibodies. A, B and O (H) blood group antigens are oligosaccharides expressed
as glycoproteins or glycolipids on the surface of cells and tissues. The monosaccharides are
sequentially added by glycosyltransferases encoded by the ABO blood group locus to different
precursor chains — types [-VI (Figure 1.1). At least four of these six subtypes are known to be
present in humans.?>?’ The variations in precursor structures that carry ABH antigens create
unique antigen epitopes.?® 2%2° West and co-workers recently demonstrated that subtype antigens
are expressed differentially between erythrocytes and tissues or organs which is important to

consider especially during an organ transplantation.



Early in life, an individual’s immune system generates IgM class antibodies directed
against the ABO oligosaccharide antigens that are absent from their red blood cells. The
antibodies likely represent an immune response to oligosaccharide antigens synthesized by
bacterial and fungal organisms in the environment, and whose structures are similar or identical
to those of the A and B blood group molecules. For instance, type-O individuals do not make A
and B antigens and therefore maintain relatively high titers of circulating IgM antibodies that
react with A and B blood group molecules. Similarly, blood group B individuals maintain
circulating IgM class anti-A antibodies, but they do not make antibodies against the blood group
B antigen, which is, in these individuals, a “self” antigen. Sera taken from blood type A
individuals usually contain high titers of IgM class anti-B antibodies, but not anti-A antibodies.
Finally, individuals with the AB blood group do not make either anti-A or anti-B IgM antibodies.
Anti-H antibodies are not made in most individuals because a substantial fraction of the H
structures is not converted to A or B antigens, even in those with a functional A or B transferase

allele.
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1.3.  Historical review of the development of glycan arrays for the detection of anti-glycan

antibodies in the human serum

Previously, glycan-lectin or glycan-antibody interactions were investigated by indirect
methods such as hemagglutination inhibition and inhibition of precipitation assays. These assays
were performed by using free carbohydrates as inhibitors of binding between glycan-presenting
substances, such as red blood cells and glycan binding proteins such as anti-glycan antibodies.
These assays led to the discovery of ABO blood group antigens by Morgan and Watkins, and

Kabat and colleagues between the 1950's and 1970's.%!

Detection of ABO antibodies Neoglycoprotein array

; allows for multivalent PCR based quantification Next generation sequencing
(::;:ggil:ip;ucm glycan presentation of glycan-antibody binding enabled detection of serum
(Gildersleeve group) (Kwon and co-workers) antibodies
(Song group)
1988 2006 2012 2019
N/ i \/ o @ ® \Jj \
Detection by
glycan inhibition
(Feizi group)
2002 2007 2017 2021
Advent of Printed Glycan Array Glycans are conjugated Luminex bead based Phage display based
IgG and IgM profiling of healthy ~ to DNA m”u'::::f:( ::say for ABO profiling
serum samples (Chevolot and co-workers) detection of ABO antibodies
(Glycosciences laboratory, CFG
Wang and co-workers) (She and co-workers)

Figure 1-3: Scheme of the history of glycan arrays developed for serum antibody profiling

The method of measuring glycan binding by inhibition was later replaced by solid phase assays
where anti-glycan antibodies were radio-labeled, and the assays were performed on thin layer
chromatography (TLC). Some seminal discoveries that used this technique include identification
of stage specific embryonic antigens (SSEA)** 3*, the pancreatic cancer associated biomarker

CA19-9°** and GM-1 as cholera toxin ligand®’. In early 2000s, this method was replaced by



enzyme linked assays where secondary antibodies conjugated to an enzyme or fluorophore were
used to detect anti-glycan antibodies. This assay format formed the basis of glycan microarrays

where multiple glycans could be probed at the same time.

Glycan arrays can be made from individual, synthetically made components or from
natural sources like cells, pathogens, tissues, milk and urine.*® Glycan arrays made from natural
sources complements arrays made from chemically prepared glycans, especially where the actual
biological target of a glycan is unknown. Smith and Cummings pioneered a “shotgun microarray”
approach where glycolipids were harvested from human erythrocytes and attached to glass surface
for interrogation by GBPs and carbohydrate binding antibodies in human serum.®’ Since then,
shotgun glycan arrays have been used to identify biologically relevant glycans such as brain
glycosphingolipids*®, endogenous receptors for influenza viruses*®, O-glycans on Schistosoma

Mansoni cell surface*, glycans on ovarian cancer cell surface®’, and milk oligosaccharides*'.

In this chapter, I review various types of glycan arrays that were developed using glycans
that are “definitive synthetics” or “natural isolates” and are currently being used for profiling anti-
glycan antibodies in the human serum. The goal of this review is to not only disseminate
knowledge about glycan arrays used in serological profiling but also share the data collected by
scientists to the glycobiology community. Data from all publications discussed in each section is

uploaded to github (https://github.com/derdalab/Serum-glycan-array-data) in a .csv format. There

are 4 sections with 9, 40, 8, 3, 1 glycan array datasets each from ELISA, printed glycan array,
Luminex bead glycan array, DNA-encoded glycan array and phage-display library respectively

(a total of 61 array datasets).


https://github.com/derdalab/Serum-glycan-array-data

1.3.1. Enzyme linked immunosorbent assay (ELISA)

The ELISA was developed in 1971 as an alternative to radioimmunoassay and first used
to determine the levels of IgG antibodies in rabbit serum.*>**** Half a century later, it is still the
gold standard for serological testing and is currently one of the most commonly used assays for
serum testing of SARS-CoV-2 antibodies.***** In 1988, Buchs and Nydegger at the University
of Bern isolated antigen A and B from horse gastric mucosa and coated them on 96 well
polystyrene plates, incubated with human serum and probed it with alkaline phosphatase
conjugated to polyclonal IgG or IgM secondary antibodies.*® This was the first time when ELISA
was used for the detection of IgG and IgM anti-A and anti-B blood group antibodies from the
human serum. The same group reported an extension to the ABO ELISA where synthetic ABO
trisaccharides conjugated to BSA were immobilized on to the plate. Serum titers of IgG and IgM
ABO antibodies was determined in healthy serum samples using monoclonal subtype specific
secondary antibodies and compared to the classical hemagglutination assay. ** Over the years,
several research groups have used ELISA as a diagnostic test to detect anti-glycan antibodies

) 3132 multiple sclerosis (MS) >

specific to diseases® such as inflammatory bowel disease (IBD
5% Crohn’s disease (CD) °">°. The glycans that bind to these antibodies are laminarin, chitin,
laminaribioside, chitobioside in IBD (ELISA.csv, Al and A2), galactocerebroside and glycans
with terminal glucose in MS (ELISA.csv, A3 and A4), and laminaribioside and chitobioside in

CD (ELISA.csv, AS).

1.3.2. Printed glycan array

Since their invention, glycan microarrays printed on a solid surface have played a key role

in unveiling the binding specificities of known glycan binding proteins, anti-glycan antibodies as

8



well as identifying novel ones. The Glycosciences Laboratory at the Imperial College London
developed the world’s first robotically printed glycan array (PGA) in 2002. Today, along with the
Consortium of Functional Glycomics, it is one of the most widely used printed microarrays by
the scientific community. The high-throughput nature of the PGA was first put to test by Wang
and co-workers in 2002.°° 48 polysaccharides were printed onto a glass slide and used to profile
antibodies in 20 healthy human serum samples. The authors observed anti-glycan antibodies
binding to specific glycans with a sample volume as low as 1 pL. Since then, PGAs have emerged
as an indispensable tool for not only studying the anti-glycome in normal sera®’ but also disease

prognosis, diagnosis, risk prediction and monitoring the immune response.’® >

1.3.3. PGA for antibody profiling of healthy serum

Bovin and co-workers at the Russian Academy of Sciences were among the first ones to
delve deeper into the anti-glycan repertoire of healthy individuals.®® 106 normal serum samples
were screened with a PGA composed of 205 glycan structures including blood group antigens,
N- and O- linked glycans, tumor associated antigens and lipopolysaccharides (Printed Glycan
Array.csv, Al). The sera were observed to interact with at least 50 normal human glycan motifs.
Although all the serum samples were obtained from healthy volunteers with no previous history
of a disease, the authors observed some variations in their antibody profiles. The serological
profile of the same samples obtained by PGA was observed to be different than that when the
antibody samples were processed by affinity purification of pooled sera. More recently, the same
group studied the serum antibody profiles of healthy infants in their third, sixth and twelfth month
of life.®! A representative PGA of 487 glycans consisting of fragments of N- and O- linked

glycans, glycolipids and bacterial lipopolysaccharide was used to study the innate immunity in



the first year of life and the impact of nutrition type on antibody development. The total amount
and diversity of IgG observed at 3 months of age corresponded to the maternal repertoire and
decreased after 12 months time. In contrast, IgM levels elevated after the first 6 months of life

and corresponded closely with an adult human serum IgM profile.

1.3.4. Infectious disease diagnosis

A 2021 study by the Seeberger group emphasized the importance of applying glycan
microarrays to diagnostics and studying antibody development at different stages of an infectious
disease.®? Glycan specific IgA, IgG and IgM antibodies were profiled in the serum of 3 SARS-
CoV-2 patients (1 moderate, 2 mild disease) using 3 assays — i.) Full proteome peptide arrays ii.)
ELISA iii.) PGAs and the results were compared to each other. Glycans such as Man.GlcNAc:
that correspond to the N-glycan core on the SARS-CoV-2 spike protein showed significant
binding to the antibodies. An increase in binding to al-2Mans glycan was observed in patients
with mild infection (Printed Glycan Array.csv, A35). Even though this was the first time PGA
was used to detect glycan specific SARS-CoV-2 antibodies, it is important to note that this study
involved only 3 subjects and a more extensive study is needed to fully understand the role of anti-

glycan antibodies in COVID-19.

1.3.4.1. Host-microbe interactions and autoimmune disorders

Microarray based technologies have enabled researchers to study and characterize
autoantibodies generated during autoimmune diseases.®***> Overexpression of galactocerebroside,
galactolaminaribioside and galactochitobioside and other glycan moieties in brain tissues

belonging to the glycolipid class are known to trigger autoantibody generation and cause Multiple
10



Sclerosis (MS). Wang and co-workers developed an integrated microarray consisting of proteins,
lipids and carbohydrates to screen autoantibodies in the serum of mice with an experimental

autoimmune disorder and cerebrospinal fluid of MS patients.

Glycans expressed on the surface of bacteria are known to elicit an immune response in
humans by presentation of foreign glycans to immune receptors present on the host cell surface.
Sometimes during an infection, bacteria start to synthesize glycans similar to those on the surface
of host cells. Presentation of such structures to host immune cells was reported to cause an
autoimmune response.®’” Printed Microbial Glycan Microarrays (MGM) were produced to
understand the interaction of immune system with microbial glycans. Arrays that contain
sufficiently large number of glycans can also yield insights into the structural motifs driving these
interactions. Several groups have used MGM for serological diagnosis of distinct microbial
infections caused by pathogens belonging to the Klebsiella class’®(436), E.coli’® %(436),
Pneumococcus’®(436), Meningococcus®5(A436), Burkholderia® 700437, A38)
Mycobacterium’ (439), Saccharomyces’ (439), Salmonella®® 7°, Streptococcus’ class and
Bacillus anthracis™, Francisella tularensis’’(438) and  Haemophilus influenzae’®(A36)
(Numbers in the bracket indicate the sheet name in the Printed Glycan Array.csv file where

corresponding PGA data can be found).

Glycosphingolipids (GSLs) expressed on several Borrelia correspond to that of humans
and induce an autoimmune response. Smith and Cummings used a shotgun microarray approach
to construct an array of GSLs to determine the levels of antibodies in the sera of patients affected
with Lyme disease.” GSLs harvested from Borrelia cells were fractionated, characterized by

MALDI-TOF/TOF and immobilized onto glass slides to generate a small focused PGA and used

11



to screen the sera of patients with Lyme disease. A strong IgG response to a disialylated

ganglioside GD1-b lactone was observed.

1.3.4.2. Development of carbohydrate vaccines

PGA were instrumental in development of vaccines by making it possible to understand
the interaction between carbohydrate antigens present on tumor and viral cell surfaces and
antibodies in human serum. Stage specific embryonic antigen 3 and 4 (SSEA 3/4) and Globo-H
are among the most widely investigated tumor associated carbohydrate antigens. Globo-H antigen
found on epithelial cells are observed to be over expressed in various types of cancer.”® 7’ After
more than 30 years of research conducted out of labs based in the Scripps Research Institute in
USA, Academia Sinica in Taiwan and RIKEN Institute in Japan, the Wong group developed a
Globo-H cancer vaccine candidate that is currently in Phase III clinical trials.”® Initial studies used
PGAs to identify elevated serum antibody titers against Globo-H in breast cancer patients.”’
Preliminary studies of two Globo-H vaccine candidates in mice revealed elevated antibody levels
for a glycoconjugate with CD1 as ligand, cross reacting material 197 (CRM197) as carrier protein
and C34 as an adjuvant as opposed to keyhole limpet haemocyanin (KLH) and QS-21 used in
phase II clinical trials.>® 7° Based on these results obtained using a PGA, phase III global trials
with this new vaccine candidate are being conducted by the Taiwanese biopharma company OBI

Pharma, Inc.

One of the key goals of HIV vaccine development is induction of broadly neutralizing monoclonal
antibodies (bnmAbs).* N-glycans of the high mannose type conceal the protein epitope of the
virus and PGA experiments identified many bnmAbs targeting the HIV glycan shield in patients

with an active infection. 2G12 was the first reported anti-glycan bnmAb that showed a nanomolar

12



affinity to glycan residues with o(1-2)-mannosides.?! Some potent bnmAbs of the PGT series
bound to high mannose glycans whereas the others were characterized as binding to complex-

type N glycans. %2

1.3.4.3. The neoglycoprotein array

Shortly after the discovery of printed glycan array, in 2006 the Gildersleeve group at the
NIH pioneered a novel glycan array technology known as the neoglycoprotein array. In contrast
to traditional arrays, in which glycans are attached directly to the surface, production of
neoglycoprotein array is a sequence of two steps. 20-50 copies of glycans were first were
covalently attached to a carrier protein bovine serum albumin (BSA).** BSA-glycan conjugates
were then printed on epoxy slides. The multivalent presentation of glycans and the local spacing
between the glycans is predictable and it is dictated by the spacing of glycans on BSA carrier. In
contrast, the density or spacing of glycans directly attached to glass are often impossible to
measure. There is an even distribution of about 60 amines on the surface of BSA, out of which
54 are solvent exposed and available for glycan conjugation.®* This was the first time the local

spacing of glycans could be predictably controlled and high-binding avidity could be achieved.
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Figure 1-4: Design and workflow of printed glycan array. Glycans are covalently immobilized

to a glass slide or conjugated to bovine serum albumin (BSA) and then attached to glass slides.

Glycan binding proteins and antibodies are then detected using a secondary antibody conjugated

to a fluorophore.

1.3.5. Bead based arrays
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1.3.5.4. Luminex bead array

The discovery and development of new flow cytometric tools in the 1970s laid the
groundwork for multiplex microsphere-based assays.®> It was identified that fluorescently
encoded microspheres coupled with an antigen can be used to measure antibody response using
flow cytometry. Building on this technology, two decades later, Luminex Corporation launched
the most widely used bead based multiplexing platform — the xMAP® microspheres. The XMAP
system consists of 5.6 um diameter polystyrene microspheres, each internally dyed with a
fluorochrome that has a distinct emission profile.®® The unique internal fluorescent “barcode”
allows for simultaneous detection of multiple analytes in a complex mixture like the human
serum. The Luminex platform was approved by FDA in 2008 for application in clinical

laboratories and can screen large number of patient samples in one run.®’- %

In 2011, Bovin and co-workers described the first Luminex-like assay with bead
immobilized glycans to detect IgG and IgM antibodies to ABO antigens in human serum.® In
2017, the Gildersleeve group demonstrated the use of bona fide Luminex bead-based assay for
the detection of anti-blood group antibodies in the serum of patients receiving prostate cancer
vaccine (PROSTVAC-VF).”’ A previous study from the group suggested that measuring the
serum IgM levels of blood-group A trisaccharide before receiving the vaccine could predict the
overall survival rate of the cancer patients. °' The authors developed a multiplex assay by
conjugating four neoglycoproteins — BG-A-tri antigen, alpha-Gal antigen, IgG, BSA to Luminex

beads and measuring BG-A-tri IgM levels in human serum.”
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Figure 1-5: Design and workflow of Luminex glycan bead array. Each glycan was conjugated to
one region specific Luminex bead, using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride. After blocking the beads, the beads were probed with biotinylated anti-glycan
antibodies and human serum. After washing, anti-glycan antibodies were detected using
phycoerythrin labelled streptavidin (SAPE). The unbound SAPE was removed by washing, and

beads were resuspended in wash buffer.

Within a year, She and co-workers developed a Luminex based Multiplex Glycan Bead Array
(MGBA) consisting of 184 glycans (Figure 1-4). The authors demonstrated the utility of this high-
throughput platform by screening 13 recombinant anti-glycan antibodies and 961 human serum

samples for both naturally occurring IgG and IgM antibodies and anti-glycan antibody biomarkers
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for ovarian cancer. °> More recently, the West group at the University of Alberta is developing a
Luminex based ABO array consisting of different subtypes of the blood group antigens and
profiling the IgG and IgM ABO antibodies in human plasma to evaluate the role of blood group

subtypes in organ transplantation.”

1.3.6. Next generation sequencing (NGS) based arrays
1.3.6.5. DNA-encoded glycan array

30 years ago, Lerner and Benner first proposed the concept of conjugating small molecule
building blocks to DNA tags. This concept is now popularly known as DNA encoded libraries
(DEL).** %5 With the advent of high-throughput DNA sequencing technologies, pipettes were put
into action and the idea of DEL transformed into a powerful drug discovery tool employed in
pharmaceutical companies and academic labs. **'% Mixing of these libraries with an immobilized
target protein, amplification of the DNA barcode by polymerase chain reaction followed by next
generation sequencing allowed for the detection of binder molecules.!?! 192 Several research
groups have previously reported different bioconjugation strategies for the development of DNA
encoded glycan libraries and their application in vaccine-design. Chevolot and co-workers were
the first ones to synthesize and use DNA-glycan conjugates in a microarray format to probe

glycan-lectin interactions.'*®
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Figure 1-6: Design and workflow of next generation DNA encoded sequencing based array.a.
Song and co-workers developed the next-generation glycan microarray (NGGM) based on
artificial DNA coding of glycan structures. In this approach, a glycan library is presented as a
mixture of glycans and glycoconjugates, each of which is coded with a unique oligonucleotide
sequence (code). The glycan mixture is interrogated by anti-glycan antibodies followed by the
separation of unbound coded glycans. The DNA sequences that identify individual bound glycans
are quantitatively sequenced (decoded) by next-generation sequencing (NGS) technology, and
copy numbers of the DNA codes represent relative binding specificities of corresponding glycan

structures to anti-glycan antibodies.

In the 2000s, Linhardt and co-workers developed a singleplex assay based on quantitative
polymerase chain reaction (qQPCR) for detecting glycan-lectin interactions. !+1% However, it was
only in 2019 that Song and co-workers successfully leveraged the power of NGS to develop the
first DNA-glycan multiplex assay called Next Generation Glycan Microarray (NGGM) (Figure

1_5).]06
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Figure 1-7: DNA encoded glycan array on multivalent headpiece Peng Wang and co-workers
developed a DNA-encoded glycan array using a unique headpiece conjugation-code ligation
(HCCL) strategy where single or multiple copies of glycans were attached to a headpiece linked
to a unique DNA barcode. A library of 50 glycan epitopes was screened against anti-glycan

antibodies and bound glycans were decoded by NGS.

Among other glycans, the NGGM array consisted of different types of human blood group
antigens and their specificities were validated against four commercial blood group antibodies —
anti-A, anti-B, anti-Le* and anti-LeY. A 2020 pre-print by Wang and co-workers reported the
development of a novel DNA encoded glycan library (DEGL) that allows for both monovalent
and multivalent display of glycans on unique DNA barcodes (Figure 1-6). This DEGL consisted
of glycans of biological importance such as blood group antigens, gangliosides, 2-3 and 2-6 linked
sialic acids and were tested against both anti-glycan IgG and IgM antibodies — VK9 (mouse, IgG
binds to globoside H), anti-A (mouse, IgM binds to blood group antigen A) among others.!’
However, it is important to note that none of these NGS DNA-glycan arrays were used to profile

anti-glycan antibodies in a more complex environment like the human serum.
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1.3.7. Phage-display based glycan microarray

Since its inception in 1985, phage display has primarily been used for discovery of ligands
and selection of ligand-binding proteins. Several examples of the utility of such “liquid arrays”
in serodiagnostic applications are: Displaying proteins such as antibodies on phage for discovery
of antibodies that detect leukocyte surface antigens'®®. Display of libraries of peptides enabled
discovery of short peptides that bind to antibodies in sera of patients with cancer.!®” cDNA
libraries has been used for the diagnosis of lung cancer.'!”

If libraries of glycans could be displayed on phage and encoded in its genome, the concept of
phage display could be extended from protein antigens to glycan antigens.

So far, only 3 groups have reported the development of glycan functionalized phage.
DeElisa!!'! and Aebi''? groups developed a “glycophage” microarray based on M13 phagemid
particles by cloning the glycan biosynthesis machinery into E. coli and by displaying the
glycosylation acceptor peptide sequence on the plll protein of phagemid (Figure 1-7). Both
groups observed that only 1 in 100 phagemid particles carried a glycan biosynthesized by the
bacterial host. The displayed glycopeptides were often truncated. DeLisa and co-workers solved
the latter problem by employing truncated plII instead of full-length pIIL.!'* However, even in the

optimized construct, the authors could not quantify the density of glycans on the different

glycophages due to the low level of phage glycosylation.
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Figure 1-8. [llustration of glycophage array Phage particles were engineered to display the glycan
present on the surface of C. jejuni and the glycophage constructs were validated by screening of

C. jejuni and P. aeruginosa glycan-specific antibodies in the human serum.

Another critical limitation of this approach is that it can only be employed for monovalent display
of glycans. The DeLisa group demonstrated the utility of the glycophage display for antibody
testing by probing with serum antibodies against the P. aeruginosa O-11 O-antigen.

The authors used a detection system like that of traditional PGA assays by employing a
fluorescently labelled secondary antibody and observed strong binding to glycophages displaying

the O-11 antigen but not to any other glycophages or control glycans.
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1.3.8. Genetically encoded multivalent phage-display enabled liquid glycan array
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Figure 1-9: Illustration of Liquid Glycan Array (LiGA) and experimental workflow of a typical
LiGA experiment

The genetically encoded multivalent glycan array on M13 phage was developed and
recently published by our group.'!'* Unlike the ‘glycophage display’ system that employs the
biosynthesis of glycans, LiGA decouples DNA encoding and glycan display from biosynthesis.
Chemical manufacturing of LiGA components allows the repurposing of many chemical
approaches previously employed in the construction of traditional PGAs. LiGA is built on
filamentous M 13 phage particles with silent DNA barcodes inside the phage genome. The authors
chemically conjugated glycans to a subset of ~2700 copies of major coat protein pVIII to produce
a multivalent display of ~150-1500 copies of glycans. LiGA was used to screen lectins, cells and
in-vivo. Figure 1-9 adapted from the publication shows the summary of results obtained by

screening LiGA with different glycan binding proteins.
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Figure 1-10: Heatmap describing the binding of proteins and monoclonal antibodies to LiGA
consisting of 65 different glycophage constructs. CTb, Cholera toxin B; LCA, Lens culinaris
agglutinin; PSA, Pisum sativum agglutinin; ACG, Agrocybe cylindracea lectin; NPL, Narcissus
pseudonarcissus lectiny MAL, Maackia amurensis leucoagglutinin; UEA, Ulex europaeus

agglutinin SNA, Sambucus nigra lectin.

I contributed to this paper by measuring LiGA binding to purified IgM anti-A and anti-B
antibodies (Figure 1-10), thus paving the way to my use of LiGA for investigation of blood group

antibodies in Chapters 2 -4.
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Figure 1-11: Screening of LiGA on anti-A and anti-B antibodiesAnti-A IgM and anti-B IgM were
coated on polystyrene wells and binding of LiGA was performed (n=5 and 6 independent
biological replicates). The data was analyzed using EdgeR differential enrichment analysis using
anti-A and anti-B as two sets. The volcano plot describes fold change (FC) difference and p-value
of glycans enriched on anti-A (FC <0) and anti-B (FC > 0) antibodies. Red circles denote four
DNA barcodes that exhibited enrichment with FDR <0.05. The structures of the glycans
associated with these barcodes are known blood group glycans targeted by anti-A and anti-B

antibodies.

1.4. Thesis overview

In my project, I demonstrated the utility of LiGA for specific detection carbohydrate
binding antibodies in human serum. Application of LiGA to serological samples was not shown
in the previous publication from our lab. In chapter 2, I will discuss the design and construction
of a multiplex liquid glycan array (mLiGA) conjugated to the 3 blood group antigens — A, B and
O glycans and its validation using ELISA and PFU assay. In chapter 3, [ will discuss the functional

performance of mLiGA by PCR and Next generation sequencing technology (NGS) and
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calculation of a Z’-factor to evaluate the robustness of mLiGA assays. In chapter 4, I will show
the application of mLiGA to specifically detect blood group antibodies from human serum
samples and comparison with other existing platforms such as neoglycoprotein array and

Luminex bead array.
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Chapter 2: Synthesis and validation of ABO LiGA array

2.1. Introduction

In this chapter, I describe the construction of an ABO liquid glycan array (ABO LiGA)
for detection of specific anti-glycan antibodies in humans. As described in chapter 1, there are
~70 publications from 33 research groups that already demonstrated the utility of ELISA arrays,
glass microarrays and bead-based arrays for profiling antibodies in human serum. ELISA-style
assays based on micro-well plates are not amenable to large-scale multiplexing and
miniaturization. Glass-based glycan arrays can profile 100’s of glycans with millimolar sample
volume but they require specialized microarray reader instruments that are not available in
clinical diagnostic laboratories. The QC of printed array or components is not possible, with one
exception'”® (MALDI-based QC of the glycan-conjugated BSA in neoglycoprotein array
manufacturing). The Luminex strategy allows for encoding and tracking of different glycan
structures in a multiplex fashion. However, the number of glycans that can be tested with this
method is limited to ~100. Based on the overview of prior technologies in Chapter 1, an ideal
platform for serological test and detection of glycan binding antibodies in the human serum
should have the following properties: i. Reading by instruments already available in the clinic
such as FACS, PCR and DNA sequencers. ii. A simple standardized workflow and built-in
quality control procedures (QC). iii. Ability to display and test glycans with different linkages
and densities. The same ideal standardization highlights the shortcomings of the existing
platforms. The Liquid Glycan Array (LiGA) platform developed and published!'* by our lab has
the potential to fulfill these requirements. It is based on genetic barcoding of M13 virions with

silent DNA barcodes in the genome of the phage. 2700 copies of outer phage coat protein allow
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for multivalent display of glycans (between 10-1500 copies per virion). The DNA barcodes inside
the phage with theoretical diversity of ~12 billion variants (Figure 2-1) can encode a vast number
of variables such as composition and density of glycans and, as shown in this chapter it can
encode replicates and glycan concentration. LiGA was validated using lectins and cell-based
targets. In my project, I took it one step ahead and demonstrated the ability of LiGA to detect
antibodies against carbohydrates in a more complex environment of human serum that contains

116

billions' '° of diverse antibodies.

As this chapter deals with the synthesis of ABO glycan array, I will briefly review several
traditional chemical strategies used for glycan array synthesis and the rationale behind using

ELISA and PFU assays to perform the quality control (QC) phage-glycan conjugates.
2.1.1. Robustness and reproducibility of the assay

ABO LiGA is a profiling/screening tool that can measure the enrichment of specific
glycan by specific antibody from a mixture of glycans. Like any diagnostics or
profiling/screening tool, LiGA should be characterized by statistical criteria that describe the
ability of LiGA to distinguish true from false measurements. The traditional high throughput
screening assays in which target-binding of individual compounds is tested in parallel are
evaluated using a Z’ statistical parameter that evaluates the robustness of an assay.!!” In 1999,
DuPont Pharmaceuticals introduced this parameter to HTS field to standardize and quantify the
evaluation of robust assay as the one assay condition that gives reproducible results every single
time an experiment is repeated. Z’-score is the measure of such reproducibility, and it is
calculated from variability of signal in a positive and negative control samples across N technical
replicates. In LiGA binding assays, there are different parameters - the amount of ABO LiGA

used for screening, wash stringency, human error, and PCR bias that influence the robustness and
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reproducibility. To allow for quantification of robustness and reproducibility, I introduced
multiple technical replicates within the same bulk assay. Instead of attaching one glycan to one
phage with SDB, I mix ten clones each with a unique SDB to create a multiplexed SDB (MSDB)
and then conjugate the MSDB mixture to the glycan (Figure 2-1d). Having ten clones attached
to a single glycan allowed to measure ten replicates of binding response of the same glycan to
antibodies in the same bulk assay. These replicates can be used to evaluate the Z’-score
(robustness) of ABO LiGA. Similar DNA-based encoding of replicates in one bulk assay has
already been used by Krusemark and co-workers to calculate Z’-score of assays that used DNA-
encoded libraries (DELs).!!® To know the Z’-score for the interaction of a serum sample from a
patient ‘X’ with LiGA, a set of ‘positive’ and ‘negative’ controls is needed which is unknown for
a complex mixture of the human serum. The only known identity of the serum sample is the
individual’s ABO blood type and that knowledge allows for the calculation of Z’-score. It is thus
logical to build an MSDB-ABO reagent that can be spiked into any sero-LiGA and serve as an

internal reference.
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a Multiple silent double barcode (MSDB) = SDB1+SDB2............. + SDB10
g ST O G 6 G4
6 7 8 9 10

SB1 REGION SB2 REGION M13KE SDB SVEK

C F-barcode W TGGAGATTTTCAACGTG-3" SB1 SB2 3’ -AGCCGGCCCGCGCAY R-barcode
TTTGGAGATTTTCAACGTGAARAAAGTNN | GGNTCGGCCGARACTGTTGAA:
( KILLFATPLVVPFYSHSSVEKNDQKTYHAGGGS j

d SB1 REGION SB2 REGION
CTN CTN TTY GCN ATH CCN CTN AGY GTN GAR AAR AAY GAY CAR AAR ACN TAY CAY GCN GGN GGN GGN
4 4 2 4 3 4 4 2 4 2 2 2 2 2 2 4 2 2 4 4 4 4
6144 possible 2,097,152 possible
Silent double barcode (SDB) = SB1 + SB2 Total 6144 = 2,097,152 = 12 billion possible SDBs
€ llumina Adapter (A1) or (A2) Barcode  priming region
SDB FWD 5 {CAAGCAGAAGACGGCATACGAGAT CGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT TTGCAGATTTTCAACGTG-3"

SDB REV 5’ ﬁAATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-ACAGTTTCGGCCG}\* 37

Figure 2-1: Scheme of silent double barcode (SDB) and multiple SDB (MSDB) a, Illustration
showing that MSDB is prepared by mixing individually cloned SDB stocks b, Each SDB clone
contains two unique barcoding sites in M13-SDB vector termed silent barcode 1 and 2 (SB1 and
SB2). These regions are located in plll gene of M13 genome. ¢, Hybridization of Illumina seq
primers to SDB vector d, Theoretical analysis of SDB diversity e, Sequences of the Illumina

sequencing primers.
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2.1.2. Conjugation strategies

Conjugating glycans to a scaffold is the first step towards creating a glycan array.
Traditionally this conjugation is done by immobilizing glycans on a solid support such as a
surface of glass slide or agarose bead either by physical adsorption or covalent attachment to the
reactive groups on the surface. In a typical serological assay, the array is then incubated with
serum or purified glycan binding antibodies (GBA). Subject to wash procedure that removes
non-specifically bound proteins, and the binding response to each glycan component of the array
is measured using a fluorescently labelled secondary antibody. There are comprehensive reviews
that discuss previously published physical and chemical methods of immobilizing glycans.?% %
59. 119124 Ope of the most commonly used covalent immobilization strategies is the reaction of
amine functionalized glycans with glass or agarose bead surfaces that display N-
hydroxysuccinimide (NHS) esters.!?>"!?® The alternative to the amine-NHS chemistry is the
reaction between thiol functionalized glycans and maleimide groups printed on the glass slide.!'?’
Both and amine and thiol functionalized glycans can also react with epoxy coated glass slide. All
three types of reactive groups (activated esters, epoxides and maleimides) require access to a
library of glycans with a definitive reactive group (amine or thiol). The source of these glycans
is either synthetic, semi-synthetic or biological. In the latter case, natural glycans from the
surfaces of cells can be used as source of reagents for glycan array as long as the appropriate
linker with reactive moiety (e.g., amine) can be introduced into these glycans.!3% 13!

Preparation of LiGA requires bio-orthogonal conjugation between glycan and proteins of
the M 13 virion. First generation LiGA uses glycans with azido-alkyl linker as the glycan source
and these glycans react with cyclooctyne moiety on the surface of the phage. In my project, I

used azido blood group glycans Tri-AN3 (trisaccharide blood group A), Tri-BN3 (trisaccharide

blood group B) and Di-N3 (disaccharide blood group O) that were prepared by Dr. Todd
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Lowary’s group at the University of Alberta. I also used ~70 glycophage conjugates prepared
from azidoglycans by Consortium of Functional Glycomics (CFG). Majority of these glycans
have been validated extensively in glass and bead arrays. Most of them have also been tested in

LiGA platform using traditional lectins as model reagents.

2.1.3. Glycan presentation

The density at which glycans are displayed on the surface of the carrier influences both
the binding specificity as well as the affinity for glycan binding proteins.?* 12> 132 All antibodies
have multivalent binding sites.!*® For example, classical IgG type contains two binding sites,
whereas the IgM class of antibodies exist in the serum as a pentamer with ten binding sites and
are capable of forming a multivalent complex with up to 10 antigens.®* Antigen presentation and
density is especially important for certain classes of antigens like carbohydrates since the Kqg
value of a binding equilibrium (affinity) between a monomeric glycan ligand and individual
glycan binding receptors is usually in the high micromolar to millimolar range.'** But once the
ligands and receptors are presented to one another as multiple copies, the “avidity” of multiple
binding events can be orders of magnitude lower (better) than monovalent affinity. There are
several studies that focus on the role of density in not only avidity'**!37 but also selectivity.!*>
142 Even though most of these interactions were investigated with lectins, similar behaviour was
observed for anti-glycan antibodies in a study by Gildersleeve and co-workers.** In this study,
systematic variation of glycan density on microarrays enabled differentiating subpopulations of

serum antibodies that are not detectable using a single glycan density.

Based on well-established importance of multivalent presentation of glycans in

serological assays, I conjugated ABO glycans to phage at 3 different densities to test the role of
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glycan presentation denoted as low [90-120], medium [600-800] and high [1500-1800]. The
numbers in square brackets indicate the number of glycan particles per phage and as we showed
in our published report!!', these numbers can be used to calculate the average spacing between
glycans on the bacteriophage surface. The construction and validation of these conjugates are

discussed later in this chapter.

2.2.  Quality control of glycophage conjugates and components of LIGA
2.2.1. Enzyme Linked Immunosorbent Assay (ELISA)

Since the discovery of phage-display technology in 1985, it has been widely used for the epitope
mapping of monoclonal antibodies, therefore, there exists a wide repertoire of technologies to
infer phage-antibody interactions.!* Traditional epitope mapping by phage display is identical
to any phage panning campaign: it employs repeated rounds of target guided selection (here:
antibody) and phage propagation. Phage ELISA is often used to assess the efficiency of the
rounds of biopanning. In this ELISA, the phage library from different rounds of selection is
incubated on antibody coated plate and, after multiple washes, the phage population bound to the
antibody is detected by a secondary anti-M13-HRP that recognizes the major coat protein and a
suitable HRP chromogenic substrate. A more intense color of wells with selected libraries
compared to that of control (e.g., unselected, naive) libraries indicates that phage pools is
enriched in clones that bind to the target antibody. In LiGA, we repurposed traditional phage-
ELISA to evaluate the functional integrity of individual glycosylated phage constructs. In my
project, ELISA was also a convenient method to optimize the concentration of purified anti-A
and anti-B antibody to be coated on a plate. I also used this method to fine tune the concentration

of the ABO LiGA library to be used for binding experiments. In this chapter, I will discuss the
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functional validation studies of ABO LiGA using ELISA. However, it is important to note that
ELISA can only track the response (binding) of individual glycosylated clones or a global
response of a population of clones. But it cannot decouple responses of different phage clones in
a library of mixed phage clones. Such responses can be measured by plaque forming assay (PFU,

this chapter) and sequencing assays (next chapter).

2.2.2. Plaque forming Units (PFU) and PFU assays

In 1917, virologist Felix d’Herelle developed a method to quantify bacteriophages called
“plaque forming assay”.!** In this method, agar plates seeded with phage samples and their
specific bacterial host cells are mixed in molten soft agar and poured onto a nutrient rich layer
that can help the bacteria to grow. The rationale behind the plaque forming assay is that a single
lytic phage particle interacts with a strain of bacterium such as E.coli, which causes the host
bacterium to lyse and release the phage progeny.'** Where phages are absent, the bacteria grow
to the stationary phase and form a confluent and opaque “lawn” in the soft agar overlay. In areas
where phages are present, the phage progeny released from each infected bacterium lyses or slow
down the growth of neighboring bacteria and produce a growing zone of released phages, which
eventually becomes visible to the naked eye as a clear circular area or “plaque” in the otherwise
opaque lawn. The plaques are then counted, and number of molecules (particles) of phage is
calculated as plaque forming units (PFU/mL) of the assayed sample. Despite 100 years of age,
the PFU assay is still widely employed because it has an “infinite dynamic range”: on its low end
it can detect one molecule (particle) of phage in the entire assay volume. In a typical assay with

100 pL volume, this corresponds to 10* molecule/L = 1/6*102" moles/L = 1.6*10'® molar
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concentration (i.e. 1.6 attomolar). On its upper end PFU assay can detect phage at the limit of

solubility (10'3 particles/mL) once the sample is serially diluted to yield ~100 particles per plate.

PFU assay can be further upgraded to be a gene reporter assay as well. Recently, our group
constructed phages that transduce three reporter genes: galactosidase!*>, mNeonGreen (G) or
mCherry (R) reporters within the E.coli host cells.''* This was a formal upgrade from a classical
two color blue-white screen to a four color BWGR screen. As example of such screen was
published by our group: The tracer clones were conjugated to four different glycans or controls
and were used to track and evaluate the binding of glycans to glycan binding proteins or cells''*.
In my project, I conjugated ABO glycans to phage with lac-Z reporter that encodes for -

galactosidase. I used PFU assay as a proxy for deep sequencing and for optimization of binding

assays.

2.3.  Results and discussion
2.3.1. Construction and characterization of MSDB phage-ABO glycoconjugates

Each set of MSDB consisted of 10 phage clones each with a unique DNA barcode
uniformly mixed by matching the titer of the phage stock. ABO glycans were then chemically
conjugated to this mixture to yield MSDB-ABO phage-glycoconjugates. I used synthetic
trisaccharide antigens A (blood group A) and B (blood group B) and disaccharide antigen H
(blood group O) glycans with alkyl-azido linker (Figure 2-2) prepared by Dr. Todd Lowary’s
group at the University of Alberta and as described in previous publication!'*. The glycans were
ligated to phage in a two-step process using strain promoted azide-alkyne cycloaddition

(SPAAC). This method was used as an alternative to the Cu-activated azide-alkyne cycloaddition
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(CuAACQ). Ligation of glycans to phage using CuAAC was tested in the publication that describes
LiGA technology and the authors observed that this method reduced the number of infective M 13

phage particles, indicating damage either to the viral capsid or the enclosed DNA.
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Figure 2-2: Structures of ABO glycans before and after conjugation to phage a, Disaccharide H
b, Trisaccharide A ¢, Trisaccharide B d, Azidoethanol
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In contrast, SPAAC did not decrease the number of infectious particles (Figure 2-3 adapted from

the publication''*). Based on the published procedure, I ligated the ABO glycans to MSDB phage

using a two-step procedure (Figure 2-4a).
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Figure 2-3: Toxicity of the chemical glycosylation to phage a, General steps of the procedure to
incorporate the glycans via CuAAC. b, Glycosylation of phages using copper-free (SPAAC)
chemistry. ¢, Phage titers as total counts of plaque-forming units (PFU) from chemical
glycosylation experiments, n=3. d, Phage viability results represented as percentage of remaining

infectivity observed after first and second coupling steps amine and alkyne respectively, relative

to the unmodified phage mixture (input).
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Figure 2-4: Synthesis and characterization of ABO phage glycoconjugates a, Representation of
two-step chemical glycosylation of phage with disaccharide antigen H b, MALDI mass
spectrometry characterization of starting material (protein pVIII), alkyne-functionalized product
(DBCO—pVIIIL, P1) and glycoconjugate product (P2). ¢, Representation of synthesis of MSDB

glycan conjugates.

In the first step, N-terminus of phage pVIII protein was acylated with dibenzocyclooctyne-N-
hydroxysuccinimidyl ester (DBCO-NHS) followed by SPAAC ligation with ABO glycans with
azido-alkyl linker. Subsequent addition of 2 mM azido-glycan ligated the A, B, O glycans or
azidoethanol to pVIII. I monitored each step of the reaction using matrix assisted laser
desorption-ionization (MALDI) time of flight (TOF) mass spectrometry. Disappearance of pVIII-

DBCO peak confirmed a complete conversion of DBCO to pVIII-glycan conjugate.
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Figure 2-5: MALDI-TOF spectra of MSDB conjugated to ABO glycans with varying densities

The peak intensities semi-quantitatively represented the number of glycans on phage particles or
what fraction of a total of 2700 copies of pVIII has been modified by DBCO and then by glycan.
I conjugated A, B and O glycans each with ~50% density yielding phage particles with ~1500
copies of glycans per MSDB. This modification density was achieved by controlling the reaction
conditions and concentration of DBCO-NHS ester. For example, by changing the concentration
of DBCO-NHS from 1.5 mM to 1 mM and 0.5 mM, I was able to produce conjugates Tri-AN3-
[1500], Tri-AN3-[600], Tri-AN3-[90], Tri-BN3-[1800], Tri-BN3-[600], Tri-BN3-[120], Di-N3-
[1500], Di-N3-[750], Di-N3-[120]. Numbers in square brackets indicate the number of glycans

per phage particle (Figure 2-5).
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2.3.2. Validation of ABO LiGA using ELISA

To confirm the functional integrity of ABO glycans, I designed a sandwich type enzyme
linked immunosorbent assay (ELISA) and measured the binding of individually glycosylated
MSDB populations to anti-A and anti-B antibodies. The blood group antibodies used in this assay
are readily available reagents used in clinical laboratories for blood typing. The MSDB phage-
ABO glycoconjugates mimicked the presentation of blood group antigens on erythrocytes and
were tested with murine monoclonal anti-A and anti-B IgM antibodies kindly donated by Dr.
Lori West at the University of Alberta. I performed an antibody dilution study to determine an
optimal coating concentration of antibodies on 96 well plates (Figure 2-6b). In binding to anti-A
antibody coated wells, phage displaying antigen A trisaccharide exhibited the highest signal
while phage conjugated to antigen O disaccharide exhibited 8-10x lower binding. Similarly,
phage displaying antigen B trisaccharide exhibited the highest binding with anti-B antibody and
a 15-17x lower binding with disaccharide O. Both A and B phages show a significantly lower
binding to plates coated with bovine serum albumin (BSA). Since both anti-A and anti-B
antibodies exhibited optimal signal-to-noise for 1:1000 and 1:2000 dilutions, determination of
dose response of glycosylated phage particles was performed using these two dilutions. The
EC50 of phage particles was 5-8 X 10° PFU when tested with both anti-A and anti-B antibodies

(Figure 2-6¢).
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Figure 2-6: Functional validation of ABO phage glyco-conjugates using ELISA a,
Representation of the phage-ELISA assay b, Dilution studies to determine the optimum coating
concentration of anti-A (top) and anti-B (bottom) antibodies: Antibodies were coated at 5
different dilutions and tested with phage glycosylated with antigen A and O. Indicated p-values
are calculated using two tailed t test ¢, EC50 of ABO phage particles was determined using dose

titration curve experiment.
Thus, the results of ABO ELISA helped me determine the optimum coating concentration of
antibodies as well as the minimum amount of glycosylated phage particles to be added to wells

for detectable binding. Based on antibody dilution screen, antibodies were diluted 1:1000 to
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ensure that the wells have optimal coating. In all LiGA experiments, the input concentration of

LiGA was calculated to contain at least 10° copies of every glycosylated clone.
2.3.3. Functional validation of MSDB phage-ABO glycoconjugates using PFU assay

The PFU assay is a convenient method to further fine tune the performance of a LiGA binding
assay before DNA sequencing. I used PFU assay in my project to validate the binding of
individually glycosylated ABO LiGA clones as well as mixture of clones to purified anti-A and
anti-B IgM antibodies (Fig. 2.7). Clones conjugated to Tri-AN3 (Tri-AN3[1500]) and Tri-BN3
(Tri-BN3[1500]) were each tested separately for their ability to bind on anti-A and anti-B
antibody coated wells. The recoveries for Tri-AN3[1500] and Tri-BN3[1500] anti-A and anti-B
antibodies respectively, were higher than that on BSA coated wells (Fig. 6b). MSDB ABO LiGA
library that contained 5 sets of phage conjugates — Tri-AN3[1500], Tri-BN3[1500], Di-N3[1500],
azidoethanol and non-conjugated “blank” phages were mixed together and tested on anti-A and
anti-B antibodies and an isotype mouse IgM antibody as a control. The recovery of each
subpopulation of phage was calculated as PFU(output) + PFU(input). The library recovery on
anti-A antibody was 10000 higher than that on the isotype antibody, whereas the recovery on

anti-B antibody was 8000 higher when compared to that of the isotype antibody.
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Figure 2.7: Functional validation of MSDB phage-ABO glycoconjugates using plaque forming
assay a, Graphical illustration of phage binding assay workflow b, Recoveries of phage clones
glycosylated with Tri-AN3 and Tri-BN3 on anti-A, anti-B antibodies and BSA coated wells. ¢,
Recovery of MSDB ABO LiGA library on anti-A, anti-B antibodies, isotype mouse IgM and
BSA coated wells

2.4. Conclusion

Based on MALDI, ELISA and PFU assay, I validated that phage clones conjugated to
trisaccharide antigens A and B bind to purified anti-A and anti-B IgM antibodies respectively, as

expected. Next step is to use polymerase chain reaction (PCR) and deep sequencing to
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characterize binding of glycosylated MSDB samples and mixtures to antibodies and serum

samples. These steps are discussed in detail in Chapters 3 and 4.

2.5. Materials and methods

PBS buffer contains 137 mM NaCl, 10 mM Na:HPOs, 2.7 mM KCI with pH adjusted to
7.4 after preparation. Solutions used for phage work were sterilized through 0.22 um filters.
Murine monoclonal anti-A and anti-B antibodies were generous gifts from Dr. Lori West
(University of Alberta, CA). Trisaccharide A, B and disaccharide O was provided by Dr. Todd
Lowary (University of Alberta, CA and Academia Sinica, Taiwan). Azido ethanol was kindly
donated by Dr. James Paulson (The Scripps Research Institute, USA). MS-MALDI-TOF spectra
were recorded on AB Sciex Voyager Elite MALDI, mass spectrometer equipped with MALDI-
TOF pulsed nitrogen laser (337nm) (3ns pulse - up to 300 pJ/pulse) operating in Full Scan MS
in either positive or negative ionization modes. All ELISA measurements were done on BioTek

Cytation™ 5 microplate reader and imaging software.

2.5.1. Construction of silent distal barcode (SDB) M13 phage library

This protocol was performed by Dr. Nicholas Bennett in our lab and it is described in the
publication.'*¢ A library of degenerate codons, termed, silent double barcodes (SDB) was created
in the phage genome at a position proximal to the glII cloning site starting from a M13KE vector
containing the stuffer sequence CAG TTT ACG TAG CTG CAT CAG GGT GGA GGT
corresponding to the peptide QFT*LHQ, with * representing an amber stop codon. The insert
fragment was PCR amplified using the primers P1 and P2 and the vector fragment was PCR

amplified using primers P3 and P4:
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Name Sequence (5°->3’):

P1IGAGATTTTCAACGTGAAAAAACTNCTNTTYGCNATHCCNCTNGTGGTACCTTTCT

ATTCTCA

P2 TTAAGACTCCTTATTACGCAGTA

P3 TTGCTAACATACTGCGTAATAAG

P4 TTTTTTCACGTTGAAAATCTC

PSGTGGTACCTTTCTATTCTCACTCGAGYGTNGARAARAAYGAYCARAARACNTAY

CAYGCNGGNGGNGGNT-CGGCCGAAACTGTTGAAAG

P6 CGAGTGAGAATAGAAAGGTAC

PCR was performed using 50 ng phage dsDNA with 1 mM dNTPs, 0.5 uM primers, 0.5 pL
Phusion High Fidelity DNA polymerase in 1x PCR buffer (NEB #B0518S) in a total volume of

50 pL. The temperature cycling protocol was performed as follows:

a) 98 °C 3 min,

b) 98 °C 30 s,

¢) 60 °C 30's,

d) 72 °C 4 min,

e) repeat b) - d) for 35 cycles,

) 72 °C 10 min,

g) 4 °C hold.
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PCR amplified fragments were treated with restriction enzyme DPN 1 (NEB #R0176S) and then
gel purified. NEBuilder Hifi DNA assembly was then carried out following the manufacturer
protocols by mixing 100 ng of vector, 4 ng insert, 10 pL of NEBuilder Hifi DNA assembly master
mix (NEB #E26218S), and deionized H20 up to a total volume of 20 puL. The resulting ligated
DNA was transformed into E.coli K12 ER2738 and propagated overnight at 37 °C. The overnight
culture was then centrifuged to separate bacteriophage from host cells. Deep sequencing of the
resulting SB1 QFT*LHQ cloning vector with 6,144 theoretical sequence combinations in the

leader region is available at: https://48hd.cloud/file/20161105-680000IC-NB. We observed that

many of the 6,144 theoretically possible sequences were eliminated due to grow disadvantage
and top 200 sequences occupied ~90% of the available diversity (Figure S1). The cloning of a
degenerate codon library of the SVEKNDQKTYHAGGG peptide to produce SB2 region was
conducted as follows. Primers P5 and P2 were annealed to and amplified by PCR following the
35-cycle protocol described above to produce a dsDNA insert. The vector SB1 QFT*LHQ was
PCR amplified using primers P4 and P6. PCR fragment were processed using NEBuilder Hifi
DNA assembly kit (NEB #E2621S) as described above. The resulting ligated DNA was
transformed into electrocompetent cells E.coli SS320 (Lucigen). The resulting overnight culture
was centrifuged to remove host cells and incubated with 5% PEG-8000, 0.5 M NacCl for 8 h at 4
°C, followed by 15 min centrifugation at 13000 g to concentrate released phage. PEG precipitated
phage were re-suspended in PBS-Glycerol 50% and stored at -20 °C. M13-SDB-SVEKY is a
library of chemically identical phage with 6,144 theoretical redundant sequence combinations
SB1 region (~200 practically observed), and 2.1x106 theoretical redundant sequence
combinations in SB2 region yielding between 108 to 1010 possible sequence combinations.

Sequence of the vector containing M13-SDB-SVEKY library is available on GeneBank
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(#MN865131). Deep sequencing of the resulting library is available at:

https://48hd.cloud/file/20161215-67000000-NB

2.5.2. SDB clone isolation and amplification

Isolation of SDB clones was performed by Dr. Nicholas Bennett, Susmita Sarkar, Jasmine
Maghera and Mirat Sojitra in our lab. For my own project, I amplified the clones previously
isolated in the lab. The M13-SDB-SVEKY library described in the previous section was used to
isolate each monoclonal silently encoded phage. A 10 pL aliquot of phage was diluted and plated
at a density of 100 plaques per plate. Single colonies were manually picked, and individually
transferred into a clean 1.7 mL plastic tube containing 0.5 mL of PBS-Glycerol 50% and
incubated at room temperature for 30 min. The tubes were then placed in 55 °C heating block for
10 min to inactivate any remaining bacterial cells. After the incubation, 20 pL sample of each
colony suspension was amplified for 4.5 h in 5 mL of LB supplemented with a 0.5 mL of log
phase E. coli K12 ER2738. After amplification the phage clones were collected from the culture
supernatant by centrifugation at 4500 g for 10 min. Next, bacterial cell pellet and culture
supernatant were processed separately. The supernatant was incubated with 5% PEG-8000, 0.5
M NaCl for 8 h at 4 °C, followed by 15 min centrifugation at 13000 g to precipitate the viral
particles. The phages were re-suspended into 1 mL PBS-Glycerol 50%, titered, and stored at -20
°C until further use. The bacterial cell pellet was processed for phage-DNA extraction using
GeneJET Plasmid Miniprep kit (Thermo Fisher, #K0502). For SDB identification, a sample of
400 ng of the phage DNA was submitted for Sanger sequencing. We selected the clones that

contained three or more base pair substitutions from one another (i.e., Hamming distance (H)>3).
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H>3 permits correction of any point mutations that may have arisen during the analysis by deep

sequencing.

2.5.3. Monitoring phage viability in CuAAC reaction

This protocol was performed by Susmita Sarkar in our lab and it was described in a
publication.!'* A tube containing 150 pL of 3.4 x 10'> PFU/mL of phage clone SBD3 in PBS pH
7.4 was concentrated using 0.5 mL Amicon filter (Sigma, # UFC5010) with 10 kDa MW cut off,
and resuspended in Tris-borate 200 mM pH 8.0, to a final volume of 150 pL. The phage solution
was now tittered by plaque forming assay and then divided into triplicates containing 50 puL of
phage solution. Each aliquot was reacted with NP (1mM final concentration) at room temperature
1 h. The reaction mix was then passed through Zeba Spin Desalting Columns 40K (Thermo-
Fisher, #87766) to eliminate unreacted linker following these steps: first the column was washed
with 0.5 mL PBS, then, the phage mix was loaded onto the resin and centrifuged at 1000xg for 1
min. After filtration, 10 pL sample of phage mix was used for analysis by MALDI-TOF
spectrometry and plaque forming assay. The CuAAC reaction was implemented following
literature procedures with minor modifications. Bathophenantroline/Cu'* catalyst was prepared
as follows: glass vial (4 mL) was charged with 10 mg of Cu2SO4-5H20 and bathophenantroline
sulfonate (64.4 mg) (GFS Chemicals Inc.) dissolved in 0.2 M Tris HCI, pH 8.0 buffer (1 mL).
Copper powder (~50 mg) was added; the vial was closed with a rubber septa and purged with
argon. The vial was rotated for 2 h; the reduction of copper II to copper I by metallic copper was
indicated by the appearance of a dark green color. To the filtered phage solution was added azido-
glycan JB-1 up to a final concentration of 2 mM and ~1 mg of copper powder. The phage solution

was now degassed by 30 min sonication in argon atmosphere. The glycosylation reaction was
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then initiated by adding 3 pL of 130 Bathophenantroline/ Cu'* catalyst. The tube was closed
under argon atmosphere and incubated 8 h at 4 °C. The mixture was then passed through Zeba
Spin column as described above. The viability of the recovered phages was analyzed by plaque

forming assay and the chemical modification was analyzed by MALDI-TOF.

2.5.4. Ligation of ABO glycans to M13 phage

A solution of SDB phage clone (10'2-10'* PFU/mL in PBS) was combined with DCBO-
NHS (20 mM in DMF) to afford a 0.2-2.0 mM concentration of DCBO-NHS in reaction mixture,
which typically yields 5-50% of pVIII modification after 45 min of incubation. After conjugation
of DBCO-NHS, each clone was individually purified on a Zeba™ column following the
manufacturer instructions. Solutions of azido-glycans (10 mM stock in Nuclease Free H20) were
added to the filtrates to afford a 2 mM concentration of glycan-azide and the solutions were
further incubated overnight at 4 °C. All chemical reactions were verified and quantified by
MALDI-TOF as described on the previous sections. If reactions were incomplete and residual
pVIII-DBCO peak was detected in MALDI, we added additional amount of azido glycan and
extended the incubation. If reactions were completed, the conjugates were purified by Zeba ™
column and stored at 4 °C or supplemented by glycerol and stored as 50% glycerol stock at -20

°C. LiGA mixture was prepared by combining these stock solutions.

2.5.5. Characterization of phage-ABO glycoconjugates by MALDI-TOF MS

The sinapinic acid matrix was formed by deposition of two layers. Layer 1 was prepared
as 10 mg/mL solution of sinapinic acid (Sigma, #D7927) in acetone-methanol (4:1). Layer 2 was

prepared as 10 mg/mL solution of sinapinic acid in acetonitrile:water (1:1) with 0.1% TFA. In a
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typical sample preparation, 2 puL of phage solution in PBS was combined with 4 uL of layer 2,
then a 1:1 mixture of (layer 1): (layer 2+phage) was deposited in that order onto the MALDI inlet
plate ensuring that layer 1 is completely dry before adding layer 2+phage. The spots were washed
with 10 pL of water with 0.1% TFA to remove salt ions from the PBS. To estimate the ratio of

modified to unmodified pVIII, we fit and plotted the data using MatLab.

2.5.6. Binding of phage-ABO glycoconjugates to anti-A and anti-B measured by

ELISA

Blood group reagents Anti-A and Anti-B murine monoclonal antibody (Obtained from
Immucor, Inc. and generously donated to me by Dr. Lori West at the University of Alberta) was
dissolved in PBS at final dilution of 1:1000 and 1:2000. 50 pL of the solution was added to each
well of 96 well plate (Corning®, #CLS3369). The plate was covered with sealing tape (Thermo
Scientific, #15036) and incubated overnight at 4 °C. The following day, the wells were washed
3 times by adding washing buffer (200 uL, 0.1% Tween-20 in PBS) in the wells and discarding
the solution by inverting the plate on top of a paper towel. Thereafter, blocking solution (100 pL,
20 pg/uL BSA in PBS) was added to the wells and incubated for 1 h at rt. The solution was
discarded by inverting the plate, the wells were then washed three times with washing buffer.
Thereafter, solutions of LiGA clones (50 pL in PBS) was added to the wells and incubated for 1
h at rt. The solution was discarded by inverting the plate, the wells were washed three times

washing buffer (200 uL 0.1% Tween-20 in PBS) and probed with anti-M13-HRP conjugate.
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2.5.7. Construction of Multiplex Silent Distal Barcodes (MSDBs)

There are two ways to construct MSDBs. In the first method, an MSDB was prepared by
mixing 10 phage clones each with a unique SDB. Individual phage clones amplified in 25 mL
flasks were characterized by deep sequencing and mixed by matching the titer of the phage stock.
The MSDB was then used to conjugate blood group antigens. Each MSDB was assigned a two-
letter identifier (e.g., ZA) and a “dictionary” (e.g., ZA xlIsx, Figure 2-8), a table that describes the
correspondence between the DNA barcodes and the glycan conjugated to the respective MSDB.
In the second method, 10 individual clones were amplified separately in 3 mL volume and mixed
together before purification of phage by PEG precipitation. The initial set of MSDBs described
in this chapter were constructed using the first method, however, since the second method utilizes
lesser volume of reagents (amplification in 3 mL tubes as opposed to 25 mL flasks in the first

method), moving forward, I used the second method to construct all my MSDBs.

B = D E
...S5DB Position.... BT L (T e Alphanum. .# Modification...........
SDB181 [7:27 52:96 TTATTATICGCARTTCCTTITAAGTGTGGAGRARAACGACCARRAGACCTACCATGCTGGGGGGGGT  Tri—AN3-1 Galal-3[Fucal-2]Galb-Sp

SDB12 [7:27 52:96 CTICTGTTCGCGATACCTCTAAGTGTGGAGARAGAATGATCAGARAGACTTATCATGCGGGTGGAGGT  Tri-AN3-2 Galal-3[Fucal-2]Galb-Sp
SDB16 [7:27 52:96 CTGCTGTTCGCAATCCCGCTGAGTGTGGAGARAGARATGATCAGAAGACTTATCATGCGGGTGGAGGT  Tri-AN3-3 Galal-3[Fucal-2]Galb-Sp
SDB70 [7:27 52:96 CTACTGTTCGCAATCCCGCTCAGTGTIGARRRARACGATCARARARCGTATCATGCTGGTGGAGGT  Tri-AN3-4 Galal-3[Fucal-2]Galb-Sp
SDB11 [7:27 52:96

SDB45 [7:27 52:96 CTGCTGTTTGCGATTCCTCTGAGCGTGOARAAARATGACCARAAAACCTACCATGCAGGGGGGGGA  Tri—AN3-7 Galal-3[Fucal-2]Galb-Sp
SDB48 [7:27 52:96 TTATTATTCGCAATTCCTTTAAGCGTAGAGARAAACGACCAGAAGACCTATCACGCGGGAGGAGGT Tri-AN3-8 Galal-3[Fucal-2]Galb-Sp
SDB49 [7:27 S2:96 CTACTGTTCGCTATCCCGCTGAGTGTGRARAAGAATGATCAGAAGACTTACCACGCTGETGGTGGEE  Tri-AN3-9 Galal-3[Fucal-2]Galb-Sp
SDBS0 [7:27 52:96 CTGCTCTTTGCGATTCCGCTGAGTGTCGAGAAGRACGACCAGARAACATATCACGCGGGGGGGGGA Tri-AN3-10 10 Galal-3[Fucal-2]Galb-Sp

1 1 ]

1 2 1

1 3 ]

] 4 ]

] CTACTATTIGCGATICCCCTGAGTGTGGAGAAGRATCATCAGAAGACTTATCATGCGGGETGGAGGT Tri-aN3-5 & Galal-3[Fucal-2]Galb-Sp
SDB25 [7:27 52:96] CTGCTITICGCAATACCTCTAAGTGTGGAGAAGRATGATCAGAAGACTTATCATGCGGGETGGAGGT Tri-aN3-6 6 Galal-3[Fucal-2]Galb-Sp

] 7 ]

] 8 ]

] 9 ]

1 ]

Figure 2-8: Snapshot of ZA xlsx

2.5.8. Binding of ABO glycosylated clones to different dilutions of anti-A and anti-B

antibodies measured by ELISA

Murine monoclonal anti-A and anti-B IgM antibodies (produced by Immucor, Inc. and

generously donated by Dr. Lori West at the University of Alberta) were each dissolved in PBS
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to yield the dilutions — 1:500, 1:1000, 1:2000, 1:4000 and 1:5000. 50 pL of the dilutions was
added to each well of 96 well plate (Corning®, #CLS3369). The plate was covered with sealing
tape (Thermo Scientific, #15036) and incubated overnight at 4 °C. The following day, the wells
were washed 3 times by adding washing buffer (200 pL, 0.1% Tween-20 in PBS) in the wells
and discarding the solution by inverting the plate on top of a paper towel. Thereafter, blocking
solution (100 pL, 20 pg/ul. BSA in PBS) was added to the wells and incubated for 1 h at rt. The
solution was discarded by inverting the plate, the wells were then washed three times with
washing buffer. Thereafter, solutions of antigens A and O and antigens B and O (50 pL in PBS)
were added to the wells coated with anti-A and anti-B antibody respectively and incubated for
1.5 h at rt. The solution was discarded by inverting the plate, the wells were washed three times
with washing buffer (200 puL 0.1% Tween-20 in PBS) and probed with anti-M 13-HRP conjugate.
100 pL of TMB ELISA substrate (Thermo Scientific, #34028) was added to each well and
incubated for 5-10 min until a deep blue color developed. The solutions were then quenched with

100 uL 1 M phosphoric acid and absorbance at 450 nm was recorded.

2.5.9. Dose titration study of ABO glycosylated clones measured by ELISA

Anti-A and anti-B antibodies were each dissolved in PBS to yield final dilutions of 1:1000
and 1:2000. Plates were prepared as described in previous section 1.4.9. Antigen A and antigen
B glycosylated phage clones of concentrations - 10*, 10°, 10°, 107, 10® PFU were added to wells
coated with anti-A and anti-B antibody respectively and incubated for 1.5 h at RT. The solution
was discarded by inverting the plate, the wells were washed three times with washing buffer (200
pL 0.1% Tween-20 in PBS) and probed with anti-M13-HRP conjugate. 100 uL of TMB ELISA

substrate (Thermo Scientific, #34028) was added to each well and incubated for 5-10 min until a
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deep blue color developed. The solutions were then quenched with 100 pL. 1 M phosphoric acid

and absorbance at 450 nm was recorded using BioTek Cytation 5 Plate reader

2.5.10. Generation of MALDI plots using MATLAB script

000000000000000000000000000000000000000000000000000000000000000O0

P B R R

addpath (fullfile('/Volumes/Data/!! OUTLINES/Jasmine -
LiGA/MALDI/Mirat/untitledfolder"')):;

P B B

manual = 0;

filename = 'Phage+Lac finish reaction.txt';
names = 'Lac';

full temp = 'Galbl-4Glcb-S2';

XLIM1 = 3000;

XLIM2 = 8000;

$range around the peak for gaussian fitting and baseline fit
RANGE = 255;

fid = fopen(filename, 'r');

disp([names ' glycan is in ' filename ' ' fgetl (fid)...
char (10) fgetl (fid)1);

FORM = '$f $f $*["\n\r]';

AllVar = textscan(fid, FORM) ;

mass = AllVar{l};

intensity = AllVar{2};

disp(['Read ' num2str( size(mass, 1)) ' lines' ]);
fclose (fid) ;

IX = find(mass>XLIM1 & mass<XLIM2) ;
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plot mass = mass (IX);

plot intensity = intensity (IX);
YMIN = min(plot intensity);
YMAX = max(plot intensity);

YH = YMAX-YMIN; 272

SCALE = 1000/YH;

plot intensity = plot intensity*SCALE;

YH = YH*SCALE;

YMIN = min(plot intensity);

YMAX = max(plot intensity);

margin = 0.1;

h = figure(l);

set (h, 'Units', 'normalized', 'position', [0.2 0.6 0.45 0.25] )

% find the full name based on abbreviated name

S

plot (plot mass, plot intensity, '-k');

o°

add full name of glycan to the title
title([names ' - ' full temp]);

set (gca, 'yscale','lin', "xscale', 'lin', ...
'TickDir', 'out');

ylabel ('intentisy');

xlabel ('"M/z"');

x1im([4000 8000]);

ylim([YMIN - margin*YH YMAX + margin*YH]);
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drawnow;

hold on;

IX2 = find ( plot intensity ==

max (plot intensity(plot mass>5000 & plot mass<5500)) );
PVIII = plot mass (IX2(1));

[e)

% define the RANGE and make sure it doesn't exceed the
boundaries 273

if IX2+RANGE > size(plot intensity,1)

H = size(plot intensity,1);

else

H = IX2+RANGE;

end

if IX2-RANGE < 1

L =1;

else

L = IX2-RANGE;

end

initial mass = pVIII;

initial int = max( plot intensity(L:H) );

fo = fitoptions('Method', '"NonlinearLeastSquares', ...
'StartPoint', [initial int initial mass 1 1 1]);

ft = fittype('al*exp (- ((x-bl)/cl)"2)+el*x+fl', " 'options"', fo);

f

fit(plot mass(L:H),plot intensity(L:H),ft);
X = plot mass(L:H);

MASS P8 = f.bl;

MASS P8 DBCO = MASS P8 + 315;

HEIGHT P8 = f.al;

MAX P8 = max (f (X))

plot (X, £(X), '-r');
54



plot (X, f.el*X + f£.f1, '-b');

line (MASS P8*[1 1], [MAX P8, MAX P8-HEIGHT P8], 'color','r');
text (MASS P8*1.01, MAX P8, ...

['M(pVIII)="' num2str (round(MASS P8)) char(10)...

'"H(pVIII)="' numZstr (round (HEIGHT P8))], ...

'VerticalAlignment', 'bottom',6... 274

'HorizontalAlignment', 'left');

text (pVIII, YMIN, 'pVIII',

'FontWeight', 'bold', ...

'VerticalAlignment', 'top',...

'"HorizontalAlignment', 'center');

line (MASS P8 DBCO*[1 1], YMIN + [0 0.3*f.al], 'color', 'r'");
text (MASS P8 DBCO, YMIN, ['pVIII' char(10) '+DBCO'],
'FontWeight', 'bold', ...

'VerticalAlignment', 'top',...

'HorizontalAlignment', 'center');

P B B e e e B R

sugar = GlycanLeaf.createObj (full temp);
hold on; plot(l,1);
drawGlycan ('input', sugar.String, 'XY', [7500 YMAX], ...

'spacing', 150, 'angle',6 pi):;

TEXT = ['MW=' num2str (round(sugar.MW)) char(10)];
DEBUG = O0;

[MW (char (10)),b,c] = sugar.MW;

if DEBUG

for j = l:numel (sugar.glycans)

TEXT = [TEXT sugar.glycans{j}

't ' num2str (round(c(j) )) char(10)];
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end

end

text (7500, 0.90*YMAX, TEXT, 'HorizontalAlignment',6 'left', ...
'VerticalAlignment', 'top');

% set(gca, "xtick',[], 'ytick',[]) 275

000000000000000000000000000000000000000000000000000000000000000O0

00000000000

MASS P8 DBCO GLY = MASS P8 DBCO + MW (char (10));

line (MASS P8 DBCO GLY*[1 1], YMIN + [0 O.1*HEIGHT P8], 'color',
lbl);

text (MASS_P8_DBCO_GLY, YMIN, '*',...
'FontWeight', 'bold',...
'VerticalAlignment', 'bottom', ...
'"HorizontalAlignment', 'center');

text (MASS_P8_DBCO_GLY, YMIN, 'P+glycan',...
'FontWeight', 'bold', ...
'VerticalAlignment', 'top',...
'"HorizontalAlignment', 'center');

drawnow;

repeating = 1;

3=0;

while repeating>0

if manual

choice = questdlg('define a peak?', ...
'define a peak?',...

'define a peak', 'no mo peaks', 'escape','define a peak');
switch choice

case 'escape', return;

case 'no mo peaks', repeating = 0; continue;
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case 'define a peak',
[x]=ginput (1);

J = J+1;

3= J+1;
if j==

% find the main peak

lineX (j) = MASS P8 DBCO GLY;

276

IX =

(strcmp ('NeubAc',sugar.glycans)
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strcmp ('Neub, 9Ac2', sugar.glycans) |...
strcmp ('NeubGec', sugar.glycans) |...

strcmp ('KDN', sugar.glycans) );

repeating = sum(IX);

elseif j==2 && repeating

IX = ~(strcmp('NeubAc',sugar.glycans) |...
strcmp ('Neub, 9Ac2', sugar.glycans) |...
strcmp ('NeubGec', sugar.glycans) |...

strcmp ('KDN', sugar.glycans) );

Nsialo = sum( ~IX );
[~,~,c]l= sugar.MwW;
asialoMW = sum(c(IX)) - 18* (sum(IX)-1);

MASS P8 DBCO GLY = MASS P8 DBCO + asialoMW;
lineX(j) = MASS P8 DBCO GLY;

line (MASS P8 DBCO GLY*[1 1], YMIN + [0 0.1*HEIGHT P8],
'color', 'b');

text (MASS P8 DBCO GLY, YMIN, '*', ...
'FontWeight', 'bold', ...
'VerticalAlignment', 'bottom', ...
'HorizontalAlignment', 'center');
text (MASS P8 DBCO GLY, YMIN, ...

['"-' num2str (Nsialo) 'xSialo']l ,...
'FontWeight', 'bold', ...

'VerticalAlignment', 'top',... 277

'HorizontalAlignment', 'center');
repeating = 0;

end



% find the index of data nearest to the mouse click
IX2 = max ( find( plot mass < lineX(J) ));

% define the RANGE and make sure it doesn't exceed the
boundaries

1f IX2+RANGE > size(plot intensity,1)
H = size(plot intensity,1);

else

H = IX2+RANGE;

end

if IX2-RANGE < 1

L =1;

else

L = IX2-RANGE;

end

initial mass = lineX(J);

initial int = max( plot intensity(L:H) );

fo = fitoptions('Method', 'NonlinearLeastSquares', ...

'StartPoint', [initial int initial mass 1 1 1]);

ft = fittype('al*exp (- ((x-bl)/cl)"2)+el*x+fl"','options', fo);
f = fit(plot mass(L:H), ...

plot intensity(L:H),ft);

X = plot mass(L:H);

MASS(j) = f.bl;
HEIGHT (j) = f.al;
MAX (§) = max (£(X)); 278

plot (X, £(X), '-r');

plot (X, f.el*X + f£.f1, '-b');
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line (MASS (J)*[1 1], [MAX(J), MAX(j)-HEIGHT(3j)], 'color',6'r');

Delta(j) = round(abs (MASS(j)-MASS P8 DBCO)) ;
Ratio(j) = round (100*HEIGHT (J) / (HEIGHT (j) + HEIGHT_P8));
if ==

text (MASS (j)+200, MAX(j)*0.7,...
['M=' num2str (round (MASS(j))) char(10)...
'dM="' num2str (Delta(]j)) char(10)...

'R=" num2str (Ratio(j)) '%' char(10)],...
'VerticalAlignment', 'bottom', ...
'HorizontalAlignment', 'left'");

elseif j==

text (MASS (j), MAX(Jj) + (MAX(Jj)-HEIGHT(j))*0.1,...
['M=" num2str (round (MASS(j))) char(10)...
'dM=' num2str (Delta(j)) char(10)...

'R=' num2str (Ratio(j)) '%' char(10)1],...
'VerticalAlignment', 'bottom', ...
'HorizontalAlignment', 'right');

end

end

end
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Chapter 3: Validation of MSDB ABO LiGA by deep sequencing
3.1. Introduction

In this chapter, I discuss the use of PCR and next-generation sequencing (NGS) technology
to check the integrity and functional performance of the multiplexed liquid glycan array
technology m-LiGA. The m-LiGA is an upgraded variant of previously published LiGA!!*,
in which multiple DNA barcodes encode the same glycan structure and the same glycan
density and introduce multiple in-situ measurements for every binding event. I demonstrate
how this multiplexing makes it possible to calculate Z’-factor of the binding assay and
characterize the confidence of the LiGA assay. As this chapter deals with sequencing and
calculation of Z’-factor, I will briefly introduce different DNA sequencing technologies,

DNA encoding strategies and common biases encountered in NGS based assays.

3.1.1. Sequencing technologies
3.1.1.1. Sanger sequencing

Developed in 1977 by the two-time Nobel laureate Fredrick Sanger, Sanger
sequencing is based on the “chain termination method”. In this method, the DNA sequence
of interest is amplified using a special type of polymerase chain reaction called chain
termination PCR. Along with the deoxyribonucleotide (INTP) used in a standard PCR, chain
termination PCR involves addition of dideoxyribonucleotide (ddNTPs) that terminates the
elongation of DNA strands. Since ddNTPs lack a 3’-OH group that is critical in the formation

of a phosphodiester bond, DNA polymerase ceases the extension of the template strand. In
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automated Sanger sequencing, all ddNTPs are mixed in a single reaction and each dNTP has
a unique radioactive or fluorescent label. The chain terminated oligonucleotides are further
run in a single capillary gel electrophoresis where DNA fragments are separated based on
size. The output is read in the form of a chromatogram which shows the fluorescent peak of

each nucleotide along the length of the DNA strand.

Since the discovery of the phage-display platform in 1985, Sanger sequencing was the
only available tool for identification of binder sequences.!*’"!>! The implementation of
Sanger Sequencing to identify binders from a DNA-encoded library was first described by
Neri and co-workers. After PCR amplification of the enriched library compounds,
concatamers with coding sequences were generated and ligated into a puC19 vector. A
representative number of the resulting colonies were Sanger sequenced which revealed the
frequencies of codes present in the library before and after the selection experiment.'*’ In a
phage-display based selection experiment, Sanger sequencing is usually used to analyze the
DNA sequence of individual clones. It can be repeated for separately isolated clones to
sequence <100 different clones. With the help of automated colony picking and automated
DNA preparation, it can be used to sequence rarely up to 1000 phage clones. More
importantly, even for a library with less than 1000 phage clones, this process is labor-

intensive as it involves the isolation of DNA from individual phage clones.
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3.1.1.2. Roche 454 sequencing

Launched by 454 Life Sciences in 2005 and later acquired by Roche in 2007, the 454-
sequencing method was the first next-generation DNA sequencing technology to reach the
market. The 454 method is based on detection of release of the pyrophosphate group in the
form of luminescence mediated by an enzymatic reaction. Library preparation for sequencing
begins with fractionation of DNA templates into smaller fragments and ligation of short
adaptors onto the ends of the DNA fragments. Biotinylated DNA library is immobilized on
streptavidin beads containing sequences complimentary to that of the library and PCR
amplified in an emulsion of water-in-oil mixture. These beads are then sequenced in parallel
wells and the light emitted during the incorporation of nucleotides is recorded by a camera.
The intensity of the light corresponds to the number of nucleotides of the same type that have

been incorporated.

Most of the early work in DNA-encoded libraries and phage-display technologies
were done using the Roche 454 sequencing method.'**!%* This technology allows for pooling
of multiple DNA samples from different experiments and processing and sequencing in the
same run, thus, reducing the sequencing cost per experiment. This process is known as
multiplexing which is achieved by using primers with short, standardized DNA sequences
(“barcodes”), that allow segregating independent samples during the processing of
sequencing data. For example, Sidhu and co-workers sequenced 22 phage screening
experiments in one run by using barcoded primers.'>* These primers enable the analysis of
specific sequences present in a library before and after a selection experiment and enrichment

against a target of interest. In 2009, Arap, Pasqualini and co-workers demonstrated the utility

63



of next generation sequencing in phage-display library selection using the 454 sequencing
method and did a thorough side-by-side comparison with the Sanger Sequencing technology.
The authors performed in vivo biopanning of a phage CX5C library on a terminally ill patient.
Phage clones recovered from biopsies of various organs and tissues were sequenced through
Sanger or Roche 454 sequencing. Sanger sequencing identified 3,840 sequences, while 454
identified 319,361 sequences. The time required to sequence 3,840 clones by Sanger
sequencing was ~15 days. The authors extrapolated the cost and time required to sequence
100,000 phage clones by Sanger as 9,898 hrs (412 days) and $338,884. Analysis of 100,000
phage clones by 454 sequencing required only 74.8 hrs and $1,307. Though the 454 method
is now discontinued, other NGS platforms like Ton Torrent and Illumina have further
dramatically reduced the sequencing cost, time and increased the amount of data that can be

obtained.

3.1.1.3. Ion Torrent Sequencing

Ion Torrent Sequencing is where chemistry meets electrical engineering. This
technology translates the nucleotide sequence information stored in a DNA to digital
information (0,1) on a semiconductor chip. The sensors on the chip detect the release of
hydrogen (H") ions during addition of dNTPs to the template strand by DNA polymerase.'
The semiconductor chips are made of a dense array of more than a million micro-wells. Each
micro-well contains an ion sensitive transistor and space for one bead with a clonal
population of DNA. The change in pH during DNA polymerization is measured by

transistors in real time, which is then converted into a voltage. The dNTPs are sequentially
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added to the semiconductor chips containing the DNA template. Hydrogen ions are released
if the nucleotide is complementary to the DNA strand and the ion sensor is triggered. The
sensor detects an electrical signal that is proportional to the number of bases incorporated.
No signal is detected if the added dNTP is not complementary to the template nucleotide
since no polymerization occurs. In Ion Torrent platform, amplification of DNA sequence
occurs by emulsion PCR. Ton sphere particles (ISPs) contain sequence complementary to
that of adaptor sequence on the DNA template. PCR amplification of DNA library fragments
in microdroplets results in population of beads containing a monoclonal population of single
DNA fragment. The microdroplets are then loaded onto proton-sensing wells where
sequencing is primed from a specific location on the adapter sequence.'”’ Our group
optimized the protocol for performing phage-display library selection using Ion Torrent
platform. This optimized method was used to demonstrate the utility of Ion Torrent to
identify growth bias in phage libraries and characterize the parasitic sequences in phage

screening experiments, '3 159

3.1.1.4. Illumina deep sequencing

The Illumina DNA sequencing platform is based on the ‘sequencing by synthesis’
(SBS) chemistry. The sample preparation for Illumina sequencing begins by ligating
specialized adapters to both ends of the DNA fragment to be sequenced. The sample is then
loaded into a glass flow cell where single-stranded DNA fragments complementary to that
of the adapters are hybridized on the surface of the flow cell. Each fragment is amplified into

distinct monoclonal clusters through a process called bridge amplification. Sequencing
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reagents along with fluorescently labelled nucleotides at the 3’-OH position are added to the
flow cell. The 3°-OH blocking group allows only one nucleotide to be incorporated by DNA
polymerase. After the nucleotide incorporation, fluorescence intensity is recorded, and the
blocking group is chemically removed to incorporate the next base.

Several groups have demonstrated the utility of Solexa/Illumina platform in phage-
display library screening and selection experiments.!%*!”! Using Illumina, Fischer and co-
workers assessed the quality and diversity of sequences in single chain antibody libraries
developed using different strategies. They also monitored the evolution of antibody
sequences after each round of phage panning and identified enriched antibody sequences
against the target antigen.!®® Dunnen and co-workers first demonstrated that Illumina
sequencing can successfully identify binder sequences after first round of selection. The
authors employed Illumina NGS to characterize Ph.D.-7 phage display library before and

after several rounds of biopanning on osteoblast cells.'®!

More recently, Borner and co-
workers did a comparative study using phage-display screening combined with Illumina and
Sanger sequencing to identify peptide based binders for polypropylene. In this study, the
authors showed that after just one round of panning Illumina identified arginine rich
polypropylene binders that were not evident in Sanger sequencing. !¢

In 2012, our group developed a protocol that converted a library of plasmids isolated
from the phage library to double stranded DNA sequences suitable for Illumina sequencing
using one-step PCR.!? Our Liquid Glycan Array platform also uses Illumina deep

sequencing to decode the structure and density of the recognized glycans.'!'* In this chapter,

I will discuss the validation of ABO LiGA with deep sequencing in further detail.
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3.1.2. DNA encoding strategies

Multiplex deep sequencing is a powerful approach in which multiple DNA samples can
be mixed together and sequenced in a single run using high-throughput sequencing platforms
instead of analyzing one sample at a time. Multiplexing in sequencing is possible because of
DNA tags that can identify specific sequences in a mixture and assign them back to original
samples. Known as DNA barcodes, or barcodes for short, these DNA tags are a distinctive
DNA sequence commonly used to identify a molecule of interest or for encoding information
in a larger region of DNA.!” For example, combinatorial libraries like ribosome display
libraries, phage display libraries, DNA-encoded libraries (DELs) comprise a large variety of
protein variants and/or small molecules individually connected to DNA sequences that code

for them.!”*

Every barcode design relies on the simple combinatorial rule that, with a given number
of bases ‘a’ (typically 4 in DNA barcodes) and defined length of the sequence ‘b’, the total
number of combinations is a°. This rule identifies the minimum required length of the barcode
that can be used to generate a sufficient number of barcoded primers for all samples. Several
barcoding strategies described in literature differ in the strategy for selection of barcodes out
of all possible combinations.!”>"18 DNA barcode libraries can be grouped into two categories,
i.) randomly generated DNA libraries and ii.) rationally designed libraries. In randomly
generated libraries, oligos are physically assembled in pools whereas rationally designed
libraries are designed using computer simulations and then manufactured.!” Commercially
available barcoded primers from Illumina belong to the in silico category.'®” Hamming

distance and Levenshtein distance, based on the popular Hamming'®® and Levenshtein'®
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codes respectively, are the two common ways of rationally computing the sequence
difference between DNA barcodes to ensure that each barcode can be identified
unambiguously even if the PCR or sequencing procedure introduces random errors into such
barcode. The rationale behind these codes and strategies for error correction are beyond the

scope of this thesis and can be found elsewhere in literature, !8% 188190

In 2015, our group developed phage-displayed peptide libraries with chemical post-
translational modifications encoded using a “silent barcoding” approach.!'*® This approach
leverages the degeneracy of codons to translate chemically identical peptide sequence from
genetically distinct DNA sequence. The authors used silent barcodes to trace specific
sequences in a mixed modified library. Our group has demonstrated the utility of silent
barcoding in several projects.!'* 1197 The LiGA platform is also based on silent encoding
of glycans where each phage clone is attached to a distinct glycan. The concept of MSDBs
used in my project is also based on silent encoding of same glycan using multiple DNA

barcodes.

3.1.3. Errors and biases in DNA sequencing and NGS screening

[llumina deep sequencing uses a “sequencing by synthesis” approach where one end of
the DNA molecule is attached to a chip and nucleotides are chemically added to the
immobilized DNA strand.'”® This chemical addition of new nucleotides on a growing DNA
strand can introduce various errors: “insertion” of a nucleotide at an incorrect position and

“deletion” of a nucleotide from a desired position, giving rise to “indel” errors, addition of a
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nucleotide other than the intended one yielding a “substitution” error, and sometimes, loss of
chemical reactivity at the end of growing strand leading to “termination”. Growing strands
of DNA in any given spot on the chip may undergo one or more of these errors leading to
single or multiple types of variations for one target sequence. To overcome these errors,
[Nlumina introduced paired-end sequencing where both ends of a target region are sequenced
and the reads are aligned.!” Paired-end sequencing produces twice the number of reads

compared to single-read data which helps in detecting the indel variants.

Along with sequencing errors, factors such as selection parameters, library size, sample
handling, sample processing and PCR amplifiability can affect the outcome of a screening
experiment. To ensure a higher success rate of a screening campaign, it is important to
implement statistics that would take all possible variables into consideration. Several groups
have worked on the development of statistical methods for the evaluation and comparison of
HTS experiments. Some of these methods include the use of negative binomial

118,203

201,202 7> score metric

distribution**, Poisson distribution and more recently, machine
learning approaches®** 2% In my project, I use Z’ score as a statistical parameter to evaluate
the robustness of LiGA-based assay to profile carbohydrate binding blood group antibodies.
Calculation of Z’ score in MSDB ABO LiGA experiments is shown in the results and

discussion section of this chapter.
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3.1.4. PCR bias

NGS is usually preceded by PCR amplification of DNA strands with target sequence.
Depending on the PCR method and DNA sequence, each DNA molecule is replicated by a
factor of about 1.6 - 1.8.2° PCR in itself is understood as a “high-fidelity” process, however,

it is not error-free. Previous studies have shown that PCR is known to preferentially amplify

Cycle 1 Cycle 2 Cycle 3
copied copied
—_—
el
Barcode red ~ copied

not copied copied
DA — 7
N

Barcode green DDA

Figure 3-1: Illustration of PCR stochastic bias

some sequences over others, which can distort the distribution of copy number of individual
sequences within a mixture.??’2% For example, Strauss and co-workers showed that PCR
bias is related to copy number of the template, and the bias is particularly severe for sequences
with low copy numbers in the initial mixture.?!® This phenomenon is known as PCR
stochastic bias. It is based on the concept that every molecule in PCR undergoes replication
with a probability less than 1. For example, if probability of amplification is 0.9, PCR will

fail to replicate one out of ten molecules amplified every cycle. This is not a problem for
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high-copy number templates, but it can be concerning when certain sequences in a mixture
are present in very low copy numbers. For example, consider the red barcode (Figure 3-1)
that undergoes replication in the first cycle. In cycle 2 there are two copies and if it undergoes
replication again, cycle 3 will have 4 copies. In contrast, the green barcode (Figure 3-1) that
fails to get amplified in both cycles will just have one copy at the end of cycle 3. Even if in
subsequent cycles, both barcodes get amplified equally, the red barcode will appear at a copy
number of four times more than that of green barcode. Strauss and co-workers demonstrated
PCR stochastic bias by performing a serial dilution-PCR experiment. The authors arbitrarily
chose a DNA pool with 7,373 sequences and diluted to different copy numbers ranging from
8 to 113. Each dilution was PCR amplified using a two-step PCR. First step was done with
[Nlumina PCR primers with overhangs and second step installed the Illumina adapters. Post-
PCR Illumina sequencing of the dilution series showed that lower the copy number, lower
was the sequencing coverage. This shows that PCR stochastic bias can significantly affect
the outcome of a screening experiment where low copy number samples are involved. In my
project, having a mixture of 10 clones encoding the same glycan allows us to better
understand the different biases originating from PCR and sequencing and their effect on low-

copy number phage clones in a LiGA-based diagnostics assay.
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3.2.  Results and discussion
3.2.1. Design and validation of a semi-nested PCR for amplification of MSDB library

PCR amplification of phage samples recovered from a binding assay is an important
step that must be performed before Illumina sequencing. Amplification of phage samples
obtained from m-LiGA binding assay on anti-A and anti-B antibodies was done using the
PCR protocol published!'* by our lab. The primers used in this protocol amplifies the Silent
double barcode (SDB) region as well as append the Illumina adapters to the barcode region
in a “one-step” process. However, using this protocol, amplification of phage samples that
had a pre-PCR titer of 10* copies was not successful (Figure 3-4a). Experiments performed
by lab member Dr. Alexey Atrazhev revealed that PCR amplification of low copy phage
samples using primers with Illumina adapters resulted in the formation of “primer-dimers”
and no detectable amplification of target sequence was observed. To overcome this
challenge, Dr. Atrazhev designed a “semi-nested” PCR method for phage amplicons with
titer <10* PFU. Traditionally, a nested PCR involves an initial set of thermal cycles with a
pair of primers spaced relatively far apart from the target sequence. Then, a small amount of
output from the first round of PCR is used as a template for the second step and is amplified
using a set of primers that are located between the outer primers. When one of the two inner
primers is used as an outer primer in the initial amplification, it is known as “semi-nested”
PCR. The first step of our protocol involves a quantitative PCR (qPCR) assay since qPCR
has higher sensitivity compared to traditional PCR and allows for easy real-time

quantification of phage titers even before performing a PFU assay.

72



a SB1 REGION SB2 REGION M13KE SDB SVEK
[_G TGGTACCTTTCTATTCT morcummmmamm;!mamamcmm@smmuj

forward prmer reverse primer
TTGGAGATTTTCAACGTG-3' SB1 sSB2 3" -GCAATGCGATTGATACTCCC
TTGGAGATTTTCAACGTGAAAAANCTN | | GATCGITACGCTAACTATGAGG
(T KLLFATPLVVEFYSHSSVEKNDQKTYHAGGGS ﬁ

qPCR (35 cycles)

|

Semi-nested PCR with illumina primers (10 cycles)

F-barcode VITGGAGATTTTCAACGTG-3 SB1 sB2 3’ -AGCCGGCCCGCGCRAY R-barcode
TTGGAGATTTTCAACGTGAAARAACTNNNN | GGNTCGGCCGAAACTGTTGAA . . .. ... .. GGG
[AT KLLFAIPLVVPFYSHSSVEKNDQKTYHAGGGS
d Ilumina Adapter (A1) or (A2) Barcode  priming region
SDB FWD 5 JCAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT, TTGGAGATTTTCAACGTG-3"

SDB REV 5’ JAATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT MBBIACAGTTTCGGCCGA-3

e

F-barcode forward primer SB1 SB2 reverse primer R-barcode
IS T TTGGAGATTTTCAACGTGAAAAANGTNN | GGNTCGGCCGAAACTGT TGAA R

Figure 3-2: Scheme of qPCR and semi-nested PCR amplification a, Each SDB clone
contains two unique sites in M13-SDB vector termed silent barcode (SB1) and (SB2 regions)
b, first step qPCR with SDB forward primer without the Illumina overhangs and an outer
reverse primer ¢, Second step semi-nested PCR with inner Illumina primers d, Sequences of
the [llumina sequencing primers e, Region visible after [llumina sequencing of the second-

step PCR product

In contrast to the protocol previously published by our lab, since this method involves two
steps, I will henceforth refer to the semi-nested PCR as “two-step PCR”. To validate the two-
step protocol and evaluate its limit of detection, I performed a serial dilution qPCR consisting
of LiGA copies ranging from 10 - 10® PFU (Figure 3-3). qPCR quantification cycle (Cq)
values revealed that phage amplicons with copy number as low as 100 could be detected

using the designed qPCR assay.

73



gPCR amplification Sample | PFU Cq
L — | 108 3
P —_— 107 | 13
: VA L ‘

| / | // / m— 10° 17
2 ey o |

o [ /f "
// / f / — 10 5

J / /

/‘/ I 10° | 28
. o0 /o
R IR — 107 | 31
el L

0 5 10 15 20 25 30 35 10 | NA

Cycles

Figure 3-3: Serial dilution-qPCR of an MSDB ABO LiGA library a, qPCR amplification
curve of different dilutions of a naive MSDB library ranging from 10 to 10® copies of phage

calculated by PFU assay. b, Sample concentrations and their corresponding Cq values

As recovery of LiGA on control targets such as BSA or blank wells falls in the range of 10*
—10° PFU, all binding experiments in my project is done using two-step PCR. For example,
Figure 3-4 shows the result of a binding experiment done with MSDB ABO LiGA. Two-step

PCR resulted in successful amplification of samples with a copy number of 5000.
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Figure 3-4: Comparison between one step and two step semi-nested PCR for low copy
number phages a, Gel electrophoresis image showing bands (highlighted in red) after one-
step PCR amplification of phage with 2000 copies as PCR template b, qPCR amplification
curve of phage samples recovered after a panning experiment ¢, Gel electrophoresis image
showing bands after second-step semi nested PCR of low copy number phage with Illumina

sequencing primers

3.2.2. Comparison of sequencing performance of ABO MSDB LiGA amplified by one

vs. two-step PCR

This experiment was performed to systematically investigate the effect of two
different PCR methods on the composition of an MSDB mixture after [llumina sequencing.
MSDB ABO LiGA consisting of 5 sets of MSDBs, each conjugated to an ABO glycan or
azidoethanol and non-conjugated phages were mixed together. The total copy number of the
PCR template was chosen to be 10° since it can be successfully amplified by both one and
two-step PCR. Parts per million (PPM) reads of individual clones in a MSDB mixture is

shown in Fig. 3.5 for both one and two-step PCR.
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Figure 3-5: Comparison of Illumina deep sequencing results after one and two-step PCR
a, [llustration showing the sequencing workflow after PCR of a mixture consisting of 5 sets
of MSDBs with 10°-10° templates used as input, each conjugated to either b, blood group
antigen A (Tri-AN3), ¢, blood group antigen B (Tri-BN3), d, blood group antigen H (Di-N3),
or e, azidoethanol, f, unconjugated “blank™ phages g, MSDB ABO library PCR amplified
using one step and two-step PCR showed little deviation of each clone’s contribution to the

total library sequenced with correlation coefficient of 0.98.
Since individual clones in a MSDB mixture were mixed uniformly based on the phage titer
ina l:1:1...:1 ratio, the “ideal” expectation would be to see uniformity in clones by Illumina

sequencing too. However, as shown in Figure 3-5, this was not true for all the MSDB
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mixtures. This could be because of biases introduced during sample processing, PCR and

[Mlumina sequencing. However, further QC studies such as qPCR of individual phage clones

in an MSDB could be potentially performed to better understand the library composition.
While comparing one-step to the two-step PCR, small deviation from one-step PCR

was observed with a correlation coefficient of 0.98.

3.2.3. Screening m-LiGA on anti-A and anti-B antibodies

In this experiment, binding of ABO LiGA to purified anti-A and anti-B IgM
antibodies was tested using a focused library consisting of 5 sets of MSDBs. Each set of
MSDB consisted of 10 phage clone with a unique DNA barcode and conjugated individually
to Tri-AN3, Tri-BN3, Di-N3 blood group glycans or azidoethanol (Figure 2-2 in Chapter 2
that describes glycan structures). Non-conjugated “blank™ and azidoethanol MSDBs were
used as controls. The individual MSDB glycoconjugates were mixed together to yield MSDB
ABO LiGA. Selection of phage with binding activity to a target protein depends on the
strategy used to immobilize the target protein on a surface. I designed this experiment to test
the binding of MSDB ABO LiGA to anti-A and anti-B antibodies immobilized using two
methods — 1.) passive adsorption of antibodies on polystyrene 96 well plates (plate panning)
and ii.) incubation with Protein-L magnetic beads that are known to bind to mouse IgM

antibodies (bead panning).
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Figure 3-6: Deep sequencing analysis and Z’ score calculation of m-LiGA with purified anti-

A and anti-B IgM antibodies coated on a,b, plates and ¢,d, beads

Plate panning was done manually using a multichannel pipette, whereas bead panning was
done using an automated magnetic bead handling system (Kingfisher). In plate panning,
bound phages were recovered by elution with 10 mM HCI and in bead panning, boiling the
beads released DNA of the bound phage. DE analysis confirmed the binding of Tri-AN3 and

Tri-BN3 MSDBs to anti-A and anti-B antibodies adsorbed on the plate surface respectively
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(Figure 3-6). However, this enrichment was dramatically attenuated antibodies were coated
on Protein L magnetic beads. The enrichment of Tri-AN3 on bead-immobilized anti-A or
Tri-BN3 on bead immobilized anti-B was statistically significant but the fold enrichment
(FC) factor decreased from ~5 to < 2. Binding results were compared using the Z’ score,
commonly employed in the evaluation od HTS assay robustness. Plate panning yielded Z’
score >0.5 (0.57) for anti-B antibody and >0 (0.39) for anti-A antibody, indicating robust
signal by HTS metrics. Z’ scores for bead panning on both anti-A and anti-B antibodies were
<1, which means no significant difference in binding was observed between the test and the
control MSDBs. This maybe due to weak or insufficient binding of anti-A and anti-B IgM
antibodies to Protein L magnetic beads. An SDS PAGE assay can be done in the future to
further investigate this. A limitation of bead panning is that only 12 samples can be tested at
once on a 12-channel Kingfisher instrument, in contrast to plate panning where 96 samples
can be assayed simultaneously. Based on the results obtained from this experiment and a
higher throughput when compared to beads, all future experiments were done by coating

purified antibodies or serum on plates.

3.2.4. Screening a complex LiGA library on anti-A and anti-B antibodies

In the previous experiment, I screened a focused library consisting of MSDBs
conjugated to ABO glycans. In this experiment, I mixed MSDB ABO LiGA with another
LiGA library composed of 65 different glycophage constructs (produced by lab member

Mirat Sojitra).
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Figure 3-7: Screening m-LiGA library mixed with LiGA-65 on a, anti-A and b, anti-B
antibody. Red lines highlight ABO tetrasaccharide subtypes present in LiGA library.

This experiment was done to understand the behaviour of ABO MSDBs in a complex library
consisting of glycans that are not known to bind to anti-A and anti-B antibodies along with
A and B tetrasaccharide antigens belonging to subtype I and II. Tri-AN3[1500] MSDB
showed significant binding when tested on anti-A antibody but not on anti-B antibody.
Similarly, Tri-BN3 [1500] was enriched when tested on anti-B antibody but not on anti-A
antibody. This shows that the specificity of Tri-AN3 and Tri-BN3 MSDBs towards their
respective target antibodies is preserved even in the mixture with ~70 glycosylated phage

clones that display non-ABO epitopes.
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Along with Tri-BN3 [1500], B tetrasaccharide [920] also showed significant binding
on anti-B antibody. B tetra type 1 [350] showed a modest yet significant enrichment, whereas
no binding was observed for B tetra type 2 [1000]. For anti-A antibody, none of the A
tetrasaccharide subtypes in the library showed any significant binding. Some groups have
studied the correlation of different blood group subtypes with anti-A and anti-B IgG and IgM
antibodies. For example, using a neoglycoprotein array, Gildersleeve and co-workers
demonstrated that type 2 blood group tetrasaccharides show better correlation with ABO IgG
and IgM antibodies in human serum than the trisaccharide determinants. The West lab used
a printed ABO glycan microarray to study the different subtype specific blood group
antibodies in human serum. For a more direct comparison of the results of my experiment
with other similar studies, factors such as the density of the conjugated glycans, array design
and detection methods would have to be considered. Subtype specific antibody binding
studies are beyond the scope of this thesis but can be potentially investigated in the future

with an ABO LiGA consisting of different subtype glycans conjugated at different densities.

3.2.5. Avidity based response of m-LiGA

As described in the publication from our group, LiGA measured density dependent
binding of glycans to purified lectins and lectins on cells in vitro and in vivo. To
systematically investigate the importance of density in my project, I created 3 sets of MSDBs

for each blood group antigen.

81



200
150

100

- * o, N * **
o 150 L
2100
g 50 Anti-B ‘
INTEERENRnEREENTen |IIﬂ'""rﬂr"""ﬂ'lI'IIIIIII'I"llll"lllllilllﬂli’l eI T eet i iritqiTeririel

Blank  Azidoethanol TiAN3-[100] THAN3-[540] TriAN3-[1500] TiBN3-{100] TriBN3-[540] TriBN3-[1500] DiN3-[100] DiN3-[540] DiN3-[1500]

s e s o i e e pogade 8§ 8588

Fold Change
0
o

1-10 11-20 21-30 3140 41-50 51-60 61-70 71-80 81-90 91-100 100-110
7 7 « ° e e ° 6 o
6 e o PR ° o o 6
5 ° . 5 °
4 anti-A anti-B 4
3 ‘— iz factoranalysis—' 3
g2 2 2 °
o " —
g1 . 7=0.82 g1 . Z=057
0 Losose—emse-ssse-s0se-s0omsso—sslo—s-sesssomi— 0 Lsoo—oets—soso—ssotses—ssss—sso—ssss—si—o—
12 3 4 5 6 7 8 9 10 [.7iAN3 TriBN3 °DiN3 °Blank *AzOH] 12 3 4 5 6 7 8 910
Barcode Barcode

Figure 3-8: Density scan of m-LiGA on a, anti-A and b, anti-B antibodies ¢, Z’ score analysis
of MSDB ABO LiGA screening on anti-A antibody d, Z’ score analysis of MSDB ABO
LiGA on anti-B antibody.

Each set of MSDB was conjugated to blood group glycan at either low (90-120 copies),
medium (500-700 copies) or high (1500-1800 copies) density. MSDB phage decorated with
high copy number of Tri-AN3 and Tri-BN3 exhibited stronger binding to anti-A and anti-B
antibodies respectively, when compared to MSDBs that contained low or medium copy
numbers (Figure 3-8). Tri-AN3 [1500] in anti-A screening had a Z’ score of 0.82 whereas

Tri-BN3 [1500] in anti-B screening had a score of 0.57. Since a Z’-score > 0.5 indicates that
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an assay is robust by HTS metrics, it can be concluded that MSDB ABO LiGA can decouple

both affinity- and avidity-based observations.

3.3. Conclusion

Based on PCR and Illumina sequencing, I evaluated the functional performance of
MSDB ABO LiGA as well as calculated Z’ factor to determine the robustness of a LiGA-
based diagnostic assay. In the next chapter, I demonstrate the utility of MSDB-ABO LiGA
to profile blood group antibodies from human serum samples and comparison with two other

existing glycan array platforms.

3.4. Materials and methods
3.4.1. Binding assay of mLiGA on 96 well plates

A 1:1000 dilution of murine monoclonal IgM anti-A and anti-B antibodies (produced
by Immucor Inc. and donated by Lori West at the University of Alberta) was added to a 96-
well plate (Corning, CLS3369), which was sealed with tape (Thermo Scientific, 15036) and
incubated overnight at 4 °C. The following day, wells were washed three times with washing
buffer, incubated with blocking solution (1 h at room temperature) and washed three times
with washing buffer. Solutions of m-LiGA was added to the wells (50 pul, 10'° PFU/mL in
PBS) and incubated for 1.5h at room temperature. Wells were washed three times with
washing buffer. To elute bound phage, 50 ul HC1 (pH 2.0) was added to the wells and

incubated for 9 min at room temperature, and the content of each well was transferred to a
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microcentrifuge tube containing 25 pul 5x Phusion HF buffer (NEB, M0530S). The

neutralized solution was used for titering and as template for the PCR reaction.

3.4.2. Binding assay of mLiGA on Protein L beads

A 30 uL suspension of Protein L magnetic beads (Thermofisher, 88850) was rinsed
with wash buffer (1 mL). 1 pL of anti-A and anti-B antibody was added to the bead
suspension in PBS buffer (1 mL). The mixture was incubated overnight at 4 °C with mixing.
The following day, the bead suspension and other reagents were added to a 96-well Deepwell
plate (Thermo Fisher, 95040450), and the KingFisher Duo Prime Purification System was
used to perform the experiment with the following steps: (1) wash buffer (1 mL), (2) blocking
buffer (1 mL), (3) binding with m-LiGA (1 mL), (4) wash buffer (1 mL), (5) wash buffer
(1 mL) and (6) PBS buffer. Beads were transferred to microcentrifuge tubes and centrifuged
(500g for 1 min). Pelleted beads were resuspended in nuclease-free water (30 pl); 2 pl of the
suspension was used in the PFU assay. The remaining solution was incubated at 90 °C for
15 min and centrifuged at 21,000g for 10 min, and 25 pL of the supernatant was used as

template for the PCR reaction.

3.4.3. One-step PCR Protocol and Illumina sequencing

This protocol is adapted from the publication'!*. 25 mL of DNA template solution
after bead panning procedure in Nuclease free water and 15 mL of eluted phage after plate

panning procedure was amplified in total volume of 50 mL with 1x Phusion® buffer, 50 mM
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of each dNTPs, 500 mM MgCl,, I mM forward barcoded primer, 1 mM reverse barcoded
primer and one unit of Phusion® High-Fidelity DNA Polymerase (NEB, #M0530S). In
amplification of naive libraries, volume of template (phage solution) was 2 puL. Cycling was
performed using the following thermocycler settings: a) 98 °C 3 min, b) 98 °C 10 s, ¢) 50 °C
20 s, d) 72 °C 30 s, e) repeat b)-d) for 10 cycles, f) 98 °C 10 s, g) 72 °C 30s, h) repeat f)-g)
for 20 cycles, h) 72 °C 5 min, i) 4 °C hold. The PCR products were quantified by 2% (w/v)
agarose gel in Tris-Borate-EDTA buffer at 100 volts for ~35 min using a low molecular
weight DNA ladder as standard (NEB, #N3233S). PCR products that contain different
indexing barcodes were pooled allowing 10 ng of each product in the mixture. The mixture
was purified by eGel, quantified by Qubit (Thermo Fisher) and sequenced using the Illumina
NextSeq paired-end 500/550 High Output Kit v2.5 (2x75 Cycles). Data was automatically
uploaded to BaseSpace™ Sequence Hub. Processing of the data is described in section

“Processing of Illumina data”.

3.4.4. Two-step semi-nested PCR

15 mL of eluted phage after plate panning procedure was used as qPCR template and
amplified in total volume of 50 mL with 1x Phusion® buffer, 50 mM of each dNTPs, 500
mM MgCl, 1 mM forward qPCR primer, 1 mM reverse qPCR primer and one unit of
Phusion® High-Fidelity DNA Polymerase (NEB, #M0530S). In amplification of naive
libraries, volume of template (phage solution) was 2 pL. Bio-Rad C1000 gPCR machine was
used for DNA amplification. Cycling was performed using the following thermocycler

settings: a) 95 °C 3 min, b) 95 °C 10 s, ¢) 58 °C 30 s, d) 72 °C 20 s (with picture), e) 80 °C
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20 s (with picture) f) repeat b)-e) for 34 cycles, g) Melt curve 65 °C — 95 °C (with picture)
h) end. qPCR data was analyzed using Bio-Rad CFX Manager software. For the second-step
semi-nested PCR, 1-5 pL of the qPCR product was used as DNA template and amplified in
total volume of 50 mL with 1x Phusion® buffer, 50 mM of each ANTPs, 500 mM MgCl, 1
mM forward qPCR primer, 1 mM reverse qPCR primer and one unit of Phusion® High-
Fidelity DNA Polymerase (NEB, #M0530S). Amplification was performed using the
following thermocycler settings: a) 95 °C 3 min, b) 95 °C 10 s, ¢) 58 °C 30s,d) 72 °C 20 s
e) repeat b-d for 9 cycles f) 72 °C 5 min g) hold 4 °C. The PCR products were quantified by
2% (w/v) agarose gel in Tris-Borate-EDTA buffer at 100 volts for ~35 min using a low

molecular weight DNA ladder as standard (NEB, #N3233S).

3.4.5. Processing of Illumina data

This protocol is adapted from the publication'!*. The Gzip compressed FASTQ files
were downloaded from BaseSpace™ Sequence Hub. The files were converted into tables of
DNA sequences and their counts per experiment, essentially as previously described'®.
Briefly, FASTQ files were parsed into separate files based on unique multiplexing barcodes
within the reads. Reads that did not contain an identifiable multiplex barcode were discarded.
Reads that contained a Phred=0 quality score in any position were also discarded. Additional
quality control was based on: (i) mapping the forward and reverse primer regions allowing
no more than one base substitution each, (ii) alignment of the forward and reverse read-end
overlap, allowing no mismatches between forward and reverse read in the overlap region.

Reads that did not match criteria (i) and (ii) were discarded. The two ends of read-pairs that
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pass the filtering criteria were joined and trimmed to the DNA sequences located between
the priming regions; the reads were organized in a tab-delimited text file containing the
unique DNA sequences and their copy numbers. Technical replicates were often combined
in the same file. Using an SDB-lookup table, we mapped DNA sequences to SDB and
translated them to glycans using a LiGA-specific lookup table (“LiGA dictionary”). Any
reads with one substitution away from the expected SDB sequence were assigned to the
parent SDB sequence. Abbreviated names of glycans are based on those used on CFG

website: (http://www.functionalglycomics.org/static/consortium/resources/resourcecored2.s

html). The files with DNA reads, raw counts, and mapped glycans were uploaded to

http://ligacloud.ca/ server. Each experiment has a unique alphanumeric name (e.g.,

20180711-87YOrdRB-JM) and unique static URL: for example,

http://ligacloud.ca/searchLibInfo?f=0&b=0&d=20180711-87YOrdRB-JM.
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Chapter 4: Testing of MSDB ABO LiGA on human serum samples

4.1. Introduction

In this chapter, I used MSDB ABO LiGA for the specific detection of blood group
antibodies in human serum samples. Several glycan array platforms have been developed
and used for detecting carbohydrate binding antibodies in human serum. These platforms

have already been covered in Chapter 1.

Glycan arrays differ in ligand presentation, glycan origin (isolated from natural sources
or chemically synthesized), assay conditions, detection method, and immobilization
strategies - on flat surfaces (printed glycan array, ELISA), microspheres (Luminex bead
array), DNA (DNA encoded glycan array), M13 phage (glycophage, LiGA) all of which
contribute to the affinity, avidity and selectivity of binding. Given the diversity of the glycan
array platforms, there is a crucial need for standardization and comparison between different
glycan array formats. To date, only a few groups have compared different glycan array
platforms. Of these, most studies have compared glass based glycan arrays to the traditional
ELISA and only investigated the effect of sample size, dynamic range and sensitivity in
signal detection.?!!2!* A cross-platform comparison between different glass based glycan
array formats was performed for the first time by the Mahal group in 2014.2"> The authors
compared glycan arrays developed by 6 different groups — CFG, Huflejet, Gildersleeve,
Joshi, Reichardt and Pieters. These arrays varied in size, density and composition. Each of

the six research groups analyzed five biotinylated plant lectins (concanavalin A, Helix
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pomatia agglutinin, Maackia amurensis lectin I, Sambucus nigra agglutinin and wheat germ
agglutinin) and the results were compared using a “universal threshold” method. The
strongest binding glycans were consistently detected across all glycan array platforms, as
long as the epitope was present. However, this was not true for weakly binding glycans. The
method by which “positive” signals are assigned on an array is known as thresholding. The
authors found that a difference in thresholding values between different glycan arrays had a
significant effect on the interpretation of results especially for weaker binders. Spacing and
local concentration of glycans was another determining factor in detection of weak binders.
For example, the authors observed that binding response of WGA to its monomeric ligand 3-
GlcNAc was only detected in densely conjugated neoglycoprotein array and not in the
traditional glycan array printed on a glass slide. It is important to note that in this study, all
six microarrays had the same detection system — using a fluorescently labelled streptavidin.
With the emergence of newer technologies like the Luminex bead array and the DNA
encoded glycan array that have a completely different detection system, there is a need for

an improved method of cross-platform standardization.

Given the diversity and complexity in construction and detection methods of different
glycan array platforms, systematic comparison between the different glycan array formats is
a topic for doctoral studies in itself. In my project, I first used MSDB ABO LiGA for specific
detection of blood group antibodies in human serum samples and then compared to three
other glycan array platforms — traditional array printed on a glass slide, Luminex bead ABO

glycan array (developed by the Lori West group at the University of Alberta) and
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neoglycoprotein array (developed and published?'® by the Gildersleeve group at the NIH).

The results of this study are covered in results section.
4.2. Experimental design

Serum samples used in this study were obtained from the West group at the University
of Alberta and the Gildersleeve group at the NIH. A total of 20 samples from healthy
volunteers belonging to different ABO blood types were analysed in this experiment. MSDB
ABO LiGA consisted of 11 sets of MSDBs (a total of 110 clones) and each ABO glycan was
displayed at 3 different densities — [1500 copies], [540 copies] and [120 copies]. LiGA-65
library (made by lab member Mirat Sojitra) composed of 65 different glycophage constructs.
Sera samples were tested with both MSDB ABO LiGA and LiGA-65 mixed with MSDB
ABO LiGA. Traditionally, blood group antibodies are known to belong to the IgM class,
however, studies from the Gildersleeve?!” and West groups have also shown the presence of
serum IgG antibodies to blood group determinants. In my project, I designed an assay for the
detection of blood group antibodies belonging to both the IgG and the IgM class in the same
experiment. This was done by coating the wells of 96-well polystyrene plates with a
secondary human IgG or IgM antibody that could bind to antibodies in human serum. Sera

were diluted 1:100 to ensure that majority of the antibodies are detected.

Serum samples obtained from the West lab were analyzed using 3 platforms - LiGA,
glass array and Luminex bead array whereas samples obtained from the Gildersleeve group
were analyzed using 4 platforms — LiGA, glass array, Luminex bead array and the
neoglycoprotein array. Glass array and Luminex array experiments were done by the West

lab and neoglycoprotein array experiments were done by the Gildersleeve group.
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4.3. Results and discussion

4.3.1. Detection of blood group antibodies in human serum tested by MSDB ABO

LiGA

Figure 4-1 shows the binding response of blood group glycans in the ABO LiGA
mixture to IgM (Figure 4-1a) and IgG (Figure 4-1b) antibodies in the serum sample. IgG
antibody signals to both A and B trisaccharides correlated to the blood type with a much
lower background signal compared to the IgM signals. This maybe due to multiple (10)
binding sites in IgM as compared to 2 sites in IgG. Another important observation was that
serum antibodies to blood groups did not correlate perfectly with the blood type. For
example, individuals with blood type A would be “expected” to have anti-B antibodies,
similarly blood type B individuals would have anti-A antibodies and individuals with blood
type AB would not have either of the two antibodies. However, in this assay, both A (Tri-
AN3[1500]) and B (Tri-BN3[1500]) trisaccharides showed binding to IgM antibodies in
some individuals with blood type A. Few of the same individuals showed little to no signal
for IgG antibodies. Individuals with blood-type B showed stronger IgM signal to Tri-AN3
[1500] and a modest response to Tri-AN3[540] and Tri-AN3[120]. Similar response was seen
for IgG antibodies. All blood type O individuals showed binding to both antigen A (Tri-
AN3[1500]) and antigen B (Tri-BN3[1500]) in the IgM class. For the same O type
individuals, IgG signals to Tri-AN3[1500] were the strongest. Another important observation
in this experiments was density-dependent binding of certain ABO glycans to blood group
antibodies. In theory, individuals with blood type AB are not expected to either anti-A or

anti-B antibodies.
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Figure 4-1: Heatmaps of sera antibody response to ABO LiGA a, IgM antibodies b, IgG
antibodies. Subjects are clustered by blood-type in the rows. Tri-AN3, Tri-BN3 and Di-N3

glycans were conjugated at 3 densities and are organized in columns

In this assay, 2 out of 3 individuals of the AB blood type showed IgG binding to Tri-
AN3[120] as opposed to IgM binding to Tri-AN3[1500]. Preference for Tri-AN3[120] in the

IgG class was also seen in certain O type individuals.

4.3.2. Detection of blood group antibodies in human serum tested by ABO LiGA mixed

with LiGA-65

ABO LiGA was mixed with LiGA-65 comprising 65 glycoconjugates produced from

56 different glycans. This experiment was done to evaluate the binding response of serum
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Figure 4-2: Heatmaps of sera IgM signals to ABO LiGA mixed with LiGA-65 Subjects are
clustered by blood-type in the rows. Glycans highlighted in red represent the ABO blood
group glycans in the LiGA-65 mixture. Heatmap shows comparison of logz FC values for

different glycans obtained by DE analysis.

antibodies to the focused ABO LiGA in a complex mixture comprising majorly non-ABO
glycans. 5 glycans in the LiGA-65 mixture belonged to the A and B subtypes — A tetra L
(Tetrasaccharide A), B tetra L (Tetrasaccharide B), B tetra type I, B tetra type Il and B2 tri
(Trisaccharide B). These glycans are highlighted in red in Figure 4-2. Along with A and
trisaccharides, purified anti-A and anti-B IgM antibodies showed strongest binding to A tetra
L and B tetra type 1, consistent with our observation in the publication.!'* As expected, anti-

B antibody also showed some binding to B tetra type 1.
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Figure 4-3: Comparison of IgM signals to ABO LiGA with ABO LiGA+LiGA-65 mixture

Black boxes indicate expected correlation of bloodtype to their respective antibodies

Some non-specific binding to blood group tetrasaccharides were also observed. For example,
anti-A antibody showed modest binding to B tetra L and B tetra type 2 and anti-B antibody
to A tetra L. However, from the ABO LiGA mixture, only Tri-AN3 showed binding to anti-
A antibody and Tri-BN3 to anti-B antibody. No detectable binding was observed to the A
and B tetrasaccharides in most serum samples, except in two individuals with blood type O
who showed some binding to B tetra type L and B tetra type 2. There was a general
agreement in binding response when serum samples from the same individuals tested with
the focused blood group library ABO LiGA were compared with signals obtained from ABO
LiGA + LiGA-65 (Figure 4-3). This was observed even across differeny densities. For

example, the individual with blood type B showed strong binding to Tri-AN3 [1500] and
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modest binding to Tri-AN3 [540] and Tri-AN3 [120] when tested with ABO LiGA. The same

pattern was observed when the sample was tested with LiGA-65.

4.3.3. Comparison of MSDB ABO LiGA with glass, neoglycoprotein and Luminex

bead array

In this experiment, I compared the results of sera testing obtained by glass, Luminex
and neoglycoprotein arrays with ABO LiGA (Figure 4-4). Binding responses to glycans other
than the A and B trisaccharides and O disaccharide in the glass, Luminex and
neoglycoprotein arrays were excluded from this comparison since my project only deals with
the ABO di- and trisaccharides. Signal from the glass, Luminex and neoglycoprotein arrays
were recorded as mean fluorescence intensity (MFI) and LiGA signals were recorded as
log>(fold change). Binding of Tri-AN3 [540], Tri-AN3 [120] and Tri-BN3[540], Tri-
BN3[120] in ABO LiGA were excluded from this comparison since Tri-AN3 [1500] and Tri-
BN3 [1500] showed the strongest binding signal to both purified IgM anti-A and anti-B
antibodies as well as ABO antibodies in sera. There was a general agreement between glycan-
sera interactions measured by LiGA and binding of serum antibodies to glass, Luminex and
neoglycoprotein arrays. Some individuals consistently showed a stronger IgM response

across all arrays compared to their IgG response
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Figure 4-4: Heatmaps showing comparison of IgG and IgM signals tested by glass array,
luminex array, neoglycoprotein array and ABO LiGA Signals for glass, Luminex and
neoglycoprotein arrays were recorded in mean fluorescence intensity (MFI) and logz(Fold
Change) for ABO LiGA. Black and white boxes indicate the “expected” antibody response
for the ABO blood types.

For example, individuals with blood type AB are not expected to have any anti-A or anti-B
antibodies but, in this experiment, binding was observed to both A and B trisaccharides in
glass, Luminex and neoglycoprotein arrays and only to A trisaccharide in LiGA. There were
some cross-platform differences that were observed between LiGA and other arrays. For
example, the individual with blood type B showed a strong IgM signal to the A trisaccharide

across all arrays and a modest signal to B trisaccharide for arrays other than LiGA. IgG
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antibodies in the pooled serum, which is a mixture of ten sera samples obtained from
individuals with different blood types showed non-specific binding to the control
azidoethanol conjugated MSDBs as opposed to no binding seen in the control BSA
conjugates for other arrays. This maybe due to the bulky DBCO linker used for glycan
conjugation. The effect of linker on binding response can be potentially investigated in the
future by conjugating ABO glycans to MSDBs with a linker other than DBCO, for e.g.,

sugars functionalized with carboxy groups.

4.4. Conclusion

In summary, I demonstrated the utility of LiGA for specific detection of IgG and IgM
blood group antibodies from a complex mixture like the human serum. In addition, I also
compared ABO LiGA to other existing glycan array platforms like the glass-based glycan
array, neoglycoprotein array and Luminex bead array. However, I only focused on antibodies
binding to the blood group trisaccharides. The West and the Gildersleeve group have reported
the presence of subtype specific antibodies in human serum. Future experiments would
involve constructing a panel of ABO LiGA consisting of all the 18 blood group subtypes and
testing on human serum. I believe that my project laid the groundwork for LiGA based testing
of antibodies in serum and can be expanded to applications like screening of antibodies in

diseased human serum samples.
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4.5. Materials and methods
4.5.1. Serum samples

All serum samples were generous gifts from the West group at the University of
Alberta and the Gildersleeve group at the NIH. Table 4.1 summarizes information regarding
the serum samples. Samples from the West group were collected from healthy volunteers at
the University of Alberta hospital. Some samples contained heparin as an anticoagulant in
them. Healthy donor sera from the Gildersleeve group were purchased from Valley
Biomedical Products and Services (Winchester, VA). The reference pooled human sera was
purchased from SeraCare Life Sciences (Milford, MA). Samples were stored in -20°C prior

to use.

4.5.2. Microarray fabrication and binding assay
4.5.2.1. ABO glass array

This experiment was performed by Jean Pearcey from the West Lab at the University
of Alberta. The glycan array consisted of blood group antigens A and B subtypes I-VI, A
trisaccharide, B trisaccharide, O disaccharide and aGal antigen and BSA conjugates as
control. The chemistry, fabrication and characterization of ABO glass array has been
previously described.?!®?2! The protocol described here is adapted from the publication®?*.
Microarray slides were printed at Engineering Arts LLC. Plasma samples were diluted (100

pl at 1:100) in blocking buffer and incubated for 30 min at 37°C.
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Sample ID Blood Age Sex Antibody | Group

type titer
F50873-02 O 49 M NA Gildersleeve
F50869-05 AB 39 F NA Gildersleeve
F50874-05 O 20 F NA Gildersleeve
F50876-06 O 46 F NA Gildersleeve
F50873-03 A 42 M NA Gildersleeve
F50874-06 A 21 F NA Gildersleeve
F50869-06 AB 30 F NA Gildersleeve
F50866-03 B 31 M NA Gildersleeve
F50869-09 B 30 F NA Gildersleeve
541 O 44 F High West
655 A 34 F Medium | West
688 AB 45 M None West
791 O 33 M Medium | West
794 B 41 M High West
1029 O 45 F Medium | West
1221 O 27 M High West
1446 O 22 F High West
1471 A NA M High West

Table 4.1: Information regarding serum samples used in this chapter
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Bound antibodies were detected using fluorochrome-conjugated goat antihuman IgM or IgG
secondary antibodies (109-505-008 DyLight 549 AffiniPure Goat Anti-Human IgG, Fc (y)
Fragment Specific; 109-495-129 Dylight 649 Affinipure Goat Anti-human IgM, Fc (5 p)
Fragment Specific, Jackson Immunoresearch) at predetermined dilutions (0.3 pg/ml) in
blocking buffer. These affinity-chromatography purified secondary antibodies have been
reported to bind specifically to the Fc fragment of the heavy chain of human IgG (all
subclasses) and IgM.23 Microarray slides were scanned using Nimblegen MS200 (Roche) at
5-um resolution and analyzed using ImaGene software (Biodiscovery). Normalized mean
fluorescence intensities (MFI) were derived by subtracting local background fluorescence for
individual spots and BSA-only spots; averages of triplicates were reported. Microarray
printing protocols for dispensing BSA conjugates of ABH subtype I-VI antigens and aGal
were optimized based on spot morphology and antigen density using monoclonal antibodies

specific for A and B subtype structures and aGal.

4.5.2.2. Neoglycoprotein array

This experiment was performed by the Gildersleeve group at the NIH. Fabrication
of the neoglycoprotein array used in this assay is described in the publication??* >4, The
protocol described here is adapted from the preprint*>>. The microarray contained 816 array
components and included a variety of human glycans (N-linked glycans, O-linked glycans,
and glycan portions of glycolipids), non-human glycans, glycopeptides, and glycoproteins.
Each array component was printed in duplicate to produce a full array, and 8 copies of the

full array were printed on each slide. Prior each experiment, each microarray slide was
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scanned in an InnoScan 1100 AL fluorescence scanner to check for any defects and missing
print spots. The slides were fitted with an 8-well module (Sigma-Aldrich) to allow 8
independent assays on each slide. In the assay, arrays were blocked with 3% BSA in PBS
buffer (400 uL/well) overnight at 4 °C, then washed six times with PBST buffer (PBS with
0.05% v/v Tween 20). Serum samples diluted at 1:50 in 3% BSA and 1% HSA in PBST were
added onto each slide (100 pL/well). To minimize technical variations, all samples were
assayed in duplicate on separate slides. After agitation at 100 rpm for 4 hours at 37 °C, slides
were washed six times with PBST (200 puL/well). The bound serum antibodies were detected
by incubating with Cy3 anti-Human IgG and DyLight 647 anti-human IgM (Jackson
ImmunoResearch) at 3 pg/mL in PBS buffer with 3% BSA and 1% HSA (100 pL/well) under
agitation at 37 °C for 2 hours. Slides were covered with aluminum foil to prevent
photobleaching. After washing with PBST eight times (200 pL/well), the slides were
removed from the modules and soaked in PBST for 5 min prior to being dried by
centrifugation at 1000 rpm (112 x g) for 10 minutes. Slides were then scanned with an
InnoScan 1100 AL (Innopsys) at 5 um resolution. The photomultiplier tube (PMT) settings
were the same for all experiments to limit unintentional signal variation. Slides were scanned
at “high” and “low” PMT settings (for the 532 nm laser, high pmt = 5 and low = 1; for the
635 nm laser, high = 25 and low = 9) to increase the dynamic range and appropriately scale-
saturated components. The fluorescence intensity of each array spot was quantified with
GenePix Pro 7 software (Molecular Devices). Any features marked as missing or defective
in the prescan were excluded from further analysis. The local background corrected median
was used for data analysis, and spots with intensity lower than 150 RFU (1/2 the typical IgM

background) were set to 150.
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4.5.2.3. ABO Luminex array

This experiment was performed by the West group at the University of Alberta. A
and B antigens of subtypes I-VI, trisaccharide A, trisaccharide B, disaccharide O obtained
from Dr. Todd Lowary’s lab were conjugated to Luminex XMAP® beads and quantified using
monoclonal ABO antibodies. BSA and aGal antigen were coupled as negative and positive
controls, respectively. The detailed protocol on coupling antigens to Luminex beads can be
found in the Luminex xMAP cookbook??. IgG and IgM antibodies in sera with specificities
for ABO glycans were probed using PE-conjugated Goat Anti-Human IgG and PE-
conjugated Goat Human IgM respectively. IgG and IgM signals were recorded as mean

fluorescence intensities (MFI).

4.5.2.4. MSDB ABO LiGA array

Construction and characterization of MSDB ABO LiGA is described in detail in
Chapter 2. 1500, 540 or 120 copies of Tri-AN3, Tri-BN3 or Di-N3 was conjugated to each
MSDB. Azidoethanol conjugated MSDB and non-conjugated blank MSDB were used as
negative controls. The MSDBs were mixed together ina 1:1:1.....:1 ratio based on the phage
titer obtained by PFU assay. LiGA-65 consisting of phage clones with 65 glycans was
constructed and characterized by lab member Mirat Sojitra. MSDB ABO LiGA was mixed
with LiGA-65 uniformly based on titer. AffiniPure Goat Anti-Human, Fcy fragment specific
IgG (Cat# 109-005-008) and AffiniPure Goat Anti-Human, Fc5p fragment specific IgM (Cat
# 109-005-043) were purchased from Jackson Immunoresearch Laboratories. IgG and IgM

antibodies were diluted to 20 pg/ml in 1X PBS and 50 pl of the dilution solution was added
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to a 96-well plate (Corning, CLS3369), which was sealed with tape (Thermo Scientific,
15036) and incubated in at room temperature for 2 h. After 2 h, wells were washed two times
with washing buffer, incubated with blocking solution (1% BSA, 1 h at RT) and washed three
times with washing buffer. Serum samples were diluted (1:100) in 1X PBS and 50 pl was
added to wells and incubated overnight at 4 °C. Next day, wells were washed two times with
wash buffer. Solutions of MSDB ABO LiGA or MSDB ABO LiGA with LiGA-65 (50 ul
10® PFU/ml in PBS) were added to the wells and incubated for 1.5 h at RT. Wells were
washed three times with washing buffer. To elute bound phage, 50 ul HCI (pH 2.0) was added
to the wells and incubated for 9 min at room temperature, and the content of each well was
transferred to a microcentrifuge tube containing 25 ul 5x Phusion HF buffer (NEB, M0530S).

The neutralized solution was used for titering and as template for PCR reaction.

4.5.3. PCR protocol and Illumina sequencing

PCR and Illumina sequencing was performed using the methods described in Chapter

4.5.4. Generation of heatmaps

Output .txt file after DE analysis (described in Chapter 3) was exported as a .csv file.
Log>(FC) values were used for plotting the heatmap in R studio. I modified the open source

script obtained from Bioconductor Complex Heatmap Library®?’ as follows:
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library (tidyr)

library (ggplot2)

library (ComplexHeatmap)

library(circlize)

trial.df <- read.csv(file = "Gildersleeve IgM LiGA avg.csv",

check.names = FALSE)

trial.df$Barcode <- factor (trial.df$Barcode, levels
unique (trial.df$Barcode), ordered = TRUE)

long.trial <- gather(trial.df, key = Sample, value = 1logFC,
"869 05":"874 05")

dist <- dist(t(trial.df[ ,-1]) , diag=TRUE)

hc <- hclust (dist)

plot (hc)
mat = (as.matrix(t(trial.df[ ,-11)))
rownames (mat) = colnames (trial.df)[-1]

colnames (mat) trial.df$Barcode

col fun = colorRamp2(c (300, 2000, 5000, 10000, 20000, 30000),
c("#eff3ff", "#codbef", "#9ecael", "#o6baedo", "#3182bd",
"#08519c")) #BLUE

pdf ("Gildersleeve IgM LiGA avg.pdf", width = 10)

Heatmap (mat, column order = trial.df$Barcode, col = col fun)

#width = unit (15, "cm"), height = unit (8, "cm"))

#print (heatmap)
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