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ABSTRACT

Chinese hamster ovary (CHO) cells produce more biopharmaceuticals than any
other cell line due to the CHO cells’ many advantageous characteristics, including
their ability to glycosylate biopharmaceuticals with human-compatible glycans. The
biopharmaceutical glycoform affects the product efficacy, half-life, and
immunogenicity; therefore, biopharmaceuticals must have a consistent glycoform to
ensure therapeutic efficacy and patient safety. One challenge associated with ensuring
consistent glycosylation is that the CHO-specific glycosylation reaction network is a
non-template driven cellular process with many variables, making predictive
glycoform modeling difficult. This research addresses this challenge through the
design of a computational glycosylation tool using a novel modeling technique that
predicts biopharmaceutical glycoforms and thereby generates experimentally-relevant
CHO cell line-specific information to improve biopharmaceutical manufacturing.

Achieving this goal requires a fundamental understanding of CHO cellular
biology, processes, and reaction networks. The recently sequenced and annotated
CHO genome facilitates a detailed, mechanistic understanding of CHO cell-specific
biology. Recent and emerging genome sequencing technologies were characterized,
the differences between the technologies were highlighted, and the reported CHO

biopharmaceutical applications of these sequencing technologies were examined with

XVii



a focus on the sequencing and annotation of the CHO-K1 cell and Chinese hamster
(CH) genomes. We improved CHOgenome.org, the centralized CHO community’s
public database repository through the addition of the CHO and CH genomes to the
website databases and through the creation of additional genomic and proteomic
bioinformatics tools. The reported CHO research community’s use of these
bioinformatics tools was also described.

Controllability of the biopharmaceutical product quality is essential for an
approved biotherapeutic and predicting the results of cell-engineered modifications on
the glycoform could aid future product quality control methods. This work details the
use of a novel Discretized Reaction Network Modeling using Fuzzy Parameters
(DReaM-zyP) modeling technique that was then used to create Glyco-Mapper, an
innovative systems biology glycosylation prediction tool. The Glyco-Mapper input
variables consist of glycosylation gene parameters and the media’s nutrient
composition, enabling Glyco-Mapper to replicate cell line-specific reference
glycoforms and predict the glycoform changes resulting from various cell engineering
modifications. The modifications Glyco-Mapper has successfully predicted include the
altered expression of glycosylation, nucleotide sugar transport, and metabolism genes,
as well as modified nutrient feeding strategies. Glyco-Mapper’s ability to replicate cell
line-specific reference glycoforms and accurately predict the reference-specific
engineered glycoforms provides a streamlined tool to design cell lines to control

specific product quality attributes.
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In this work, CHO-produced biopharmaceutical glycoforms from literature
were used to validate the Glyco-Mapper’s predictive glycoform output. Glyco-Mapper
predicted the engineered glycoforms with an accuracy, sensitivity, specificity, and
predictive accuracy of the glycans changing experimental measurements as a result of
the engineering strategy of 96%, 85%, 97%, and 85%, respectively. A non-mAb
model biopharmaceutical reference glycoform was replicated using Glyco-Mapper, a
novel gene knockdown (GnT-Il) was predicted, and the predicted glycoform was
experimentally confirmed with an accuracy and specificity of 95% and 98%,
respectively. Additional glycoform predictions are presented and continued
investigation of these predictions is recommended to further validate and improve the
Glyco-Mapper tool. Glyco-Mapper is a novel CHO-specific glycosylation tool that
predicts biopharmaceutically-relevant glycoforms and generates CHO cell line-
specific information that can be used to improve biopharmaceutical manufacturing

through enhanced product quality control.
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Chapter 1

INTRODUCTION

1.1 Project Background and Motivation

1.1.1 Glycoprofile Impact on Biopharmaceutical Manufacturing

A biopharmaceutical is a therapeutic macromolecule or cell, most commonly a
protein produced in a genetically modified host organism, used to treat diseases,
including oncological and immunological disorders (Walsh 2010). Biopharmaceuticals
on the market in 2015 numbered more than 130 and had global sales of $154 billion
(La Merie 2016), an increase of $29 billion from 2012 (Kremkow and Lee 2013).
Roughly 7,000 biopharmaceuticals were in the 2015 global biopharmaceutical
development pipeline (PhRMA 2015) and while many of these biopharmaceuticals
will fail to be approved or even tested in clinical trials, a few will meet the rigorous
requirements necessary to treat human diseases. For example, only seven of the 103
biopharmaceuticals to treat melanoma that have entered the pipeline have been
approved since 1998 (PhRMA 2015). Approved biopharmaceuticals must be
manufactured on a large scale and as they are orders of magnitude larger and more
complex than small molecule pharmaceuticals, cellular machinery is required for their
production instead of chemical synthesis (Walsh 2007).

Various host organisms can be genetically modified to recombinantly express a

biopharmaceutical. Mammalian cells were used to produce the majority of



biopharmaceuticals in 2015, 65% of all biotherapeutics encompassing nearly 75% of
the global sales (La Merie 2016). One specific type of mammalian cell, Chinese
hamster ovary (CHO) cells, are the primary biopharmaceutical expression system
accounting for roughly 75% of the mammalian-produced biopharmaceuticals and
global sales (La Merie 2016). The prominence of CHO cells is due to their ability to
sustain high cell viability, resist viral infection, sustain high cellular biopharmaceutical
productivity, and perform appropriate post-translational modifications (Jayapal et al.
2007, Griffin et al. 2007, Xu et al. 2011). Regarding the post-translational
modifications, CHO cells achieve a glycosylation profile most similar to humans. One
reason for the high degree of similarity is the annotated CHO genome contains
homologs for all but three of the hundreds of glycosylation genes within the human
genome (Xu et al. 2011).

Glycosylation is the attachment of a carbohydrate to another organic
molecule’s functional group, often an amino acid residue within a protein sequence.
Glycosylation is divided into the five following broad classifications: N-glycosylation,
O-glycosylation, glycosphingolipids, glycosaminoglycans, and
glycosylphosphatidylinositol-anchored proteins (Brooks et al. 2002). N-glycosylation
and O-glycosylation are the classifications commonly associated with CHO-produced
biopharmaceuticals (Walsh and Jefferis 2006). N-glycosylation requires an exposed
consensus amino acid sequence unlike O-glycosylation, employs experimental
methodologies that are currently greater in variety and application than O-
glycosylation, and is the only glycosylation classification affiliated with monoclonal
antibodies (mADbs), a class of CHO-produced biotherapeutics accounting for more than

half of the CHO-produced biopharmaceutical sales (La Merie 2016). For these



reasons, N-glycosylation will be the classification of reference for the remainder of
this thesis. Biologically, the N-glycosylation reaction network begins with a thirteen
nucleotide carbohydrate that is attached to the protein at a specific three amino acid
sequence in the endoplasmic reticulum (ER). As the protein moves from the ER
through the Golgi, glycosidase enzymes trim terminal nucleotides and
glycosyltransferase enzymes attach additional nucleotide sugars. Once the protein
leaves the Golgi, the carbohydrate altering process is generally complete.
Understanding this reaction network is necessary as a biopharmaceutical’s glycans
affect the patient’s interaction with the biopharmaceutical.

A direct link has been identified between many glycan characteristics
(nucleotide composition, linkages, and carbohydrate structure) and the
biopharmaceutical product quality, including the half-life, immunogenicity, and
efficacy, making biopharmaceutical production glycosylation controllability critical.
The biopharmaceutical half-life is decreased when a galactose (Gal) nucleotide is
terminal because the liver recognizes and removes proteins containing glycans with
exposed Gal nucleotides (Ashwell et al. 1974). The immunogenicity increases when
the carbohydrate contains foreign (non-human) linkages or nucleotides, including the
Gal-a-Gal linkage coded for by the Ggta gene within the CHO genome (Bosques et al.
2010). Efficacy is directly correlated with fucosylation, the presence or absence of the
fucose nucleotide, for mAbs with an antibody-dependent cellular cytotoxicity (ADCC)
functionality (Shinkawa et al. 2003). The effects of a biopharmaceutical’s product
quality, including those influenced by the glycan characteristics, upon a patient are

important to understand and control.



Controllability of the glycosylation process is difficult because glycosylation is
a non-template driven process, resulting in a distribution of glycans attached to the
protein, not one glycan. This glycan distribution is referred to as a glycoform or
glycoprofile and is one biopharmaceutical component regulated by the United States
Food and Drug Administration (US DHHS FDA 2015). The biopharmaceutical
glycoform composition must remain constant to ensure consistent product quality for
patients. Controllability of the glycosylation process is improving through the public
availability of the sequenced CHO and Chinese hamster (CH) genomes, targeted gene-
editing techniques (i.e. CRISPR, TALEN), and improved glycosylation models and
mass spectra analysis. However, controllability is still severely limited because the
non-template driven glycosylation process is dependent upon many variables,
including enzyme expression, activity, and localization as well as substrate
availability. Variables have been individually altered to determine their effect (Chen
and Harcum 2006; Hossler et al. 2014; Nyberg et al. 1999; Kochanowski et al. 2008;
Yang et al. 2015), but an understanding of the true interconnectivity of all the

variables is incomplete, making controllability difficult without further study.

1.1.2 Glycomics

Glycomics describes the large-scale study of a cell’s or tissue’s entire
carbohydrate composition, including post-translational modification glycan
carbohydrates (Brooks et al. 2002). In addition to the glycosylation process being non-
template driven, glycans are often branched molecules and rarely linear. The resulting
variety of complex glycan structures currently prevents one single method from

comprehensively measuring the glycan characteristics. Rather, glycomics



encompasses a large set of methods defined by the various glycan characteristic they
are best suited to measure, including glycoprotein confirmation and glycan
identification, quantification, and characterization (Brooks et al. 2002).

Glycoprotein confirmation, verifying a protein is glycosylated, is commonly
achieved with the use of sodium dodecy! sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and a glycoprotein stain (Zhou et al. 2014). Upon glycan confirmation,
glycan identification is often pursued and two categories of glycan identification
methods exist. One category identifies a single glycan; whereas, the other category
identifies multiple glycans within the protein’s glycoform. Single glycan identification
often involves lectins, which are proteins or glycoproteins that bind with high
specificity and selectivity to glycan carbohydrates (Lis and Sharon 1998). The high
specificity of lectins enables the measurement or purification of one monosaccharide
or complex oligosaccharide, depending upon the lectin in use (Tateno et al. 2007).
Identification of the glycans attached to a glycoprotein identified in an SDS-PAGE gel
is commonly achieved by western blotting, using lectin or antibody probing. However,
additional lectins or other techniques are required to obtain information regarding the
remainder of the glycoform (Tateno et al. 2007).

The identification of multiple glycans within a glycoform can occur via many
methods, depending upon the level of detailed glycan data to be obtained (Sandra et al.
2014), but all methods require the initial chemical or enzymatic glycan release from
the protein (O’Neill 1996). One common identification method is oligosaccharide
separation and mapping by liquid chromatography, where glycan mixtures are
separated by flow through high-resolution columns of various designs (Melmer et al.

2011). Electrophoresis methods are also used to separate and map glycoforms, through



either fluorophore-assisted carbohydrate electrophoresis (FACE) (Vermassen et al.
2014) or capillary electrophoresis (CE) (Mechref et al. 2005). Oligosaccharide
molecular weight and charge can be measured by mass spectrometry with great
accuracy, enabling the assignment of the glycan composition (Alley et al. 2013).
Further information regarding the monosaccharide linkages can be determined by
using gas chromatography (Zanetta et al. 2004), fast atom bombardment (Dell et al.
1991), or electrospray ionization (Prater et al. 2009), each coupled with mass
spectrometry. The structure of a single, purified glycan can be determined by nuclear
magnetic resonance (NMR) through measurement of the distortion of the magnetic
field by the glycan (Malhotra et al. 1995). Analyzing a complete glycoform is
challenging and labor-intensive, but technological advancements enable additional and
more accurate biopharmaceutical glycoform data to be obtained. The supplemental
data, with interpretation and analysis, will likely increase process understanding and
identify or explain experimental trends. Tools, models, and software are being
continuously researched, published, and updated to assist researchers with these tasks.
Within current biomanufacturing processes, glycan identification and
quantification is required. Glycoform measurements within the biopharmaceutical
industry are most commonly accomplished with mass spectrometry or
chromatography, but each has disadvantages that should be understood (Brooks et al.
2002). Both techniques are often run “off-line,” as it is difficult to generate
comprehensive glycoform data in real-time. Mass spectrometry commonly requires a
larger sample than most chromatography methods and only the peaks matching the
glycan database defined mass/charge ratios will be identified as glycans. While

chromatography requires less material, the data are not as sensitive or numerically



intensive as mass spectrometry data (Brooks et al. 2002). Measuring the glycoform
composition using these glycomic methods ensures consistent biopharmaceutical
glycoprofiles, yet predicting and controlling the glycoform might be easier with
glycosylation enzyme activity and concentration measurements. However, the enzyme
measurement assays are more difficult to perform than the glycosylation assays and
the results are still obtained off-line, preventing real-time analysis. The use of
glycomics methods to advance biomanufacturing process analysis is ongoing and with
improved techniques, tools, software, and experimental data quality, glycosylation

controllability will continue to improve.

1.1.3 Glycosylation Modeling

Computational systems biology modeling of glycosylation is required to
achieve a holistic understanding of trends within experimental glycoform data. The
glycosylation enzyme activities, nucleotide sugar availability, nucleotide sugar
metabolism, central carbon metabolism, transport enzymes, physical cellular
conditions, media feeding strategies, media supplements, enzyme localization, cellular
growth rate, and cellular processing time of the biopharmaceutical each affects the
final glycoform (Hossler et al. 2009, Marifio et al. 2010). Determining the influence of
each of these biological factors on the glycosylation reaction network is currently too
difficult to be fully captured in one comprehensive model. Due to the complex nature
of glycosylation, multiple modeling approaches have been employed to better
understand the glycosylation process.

The glycosylation enzymes and their respective kinetic activity levels are

critical components of the glycosylation reaction network that directly affect the



biopharmaceutical glycoform. The enzyme kinetic activity levels are used in kinetic
modeling to enable a model to produce quantitative glycoforms. Since 1997, multiple
kinetic models have been published and continually improved upon. The recent
models incorporate 19 enzymes, account for more than 10,000 glycan species, and
calculate glycosylation pathway fluxes and enzyme activities (Umaria and Bailey
1997, Krambeck and Betenbaugh 2005, Krambeck et al. 2009, Liu and Neelamegham
2014). These models use differential equations and operate under the assumption that
the metabolism, nucleotide sugar, and physical cellular conditions do not significantly
affect the glycosylation process. One characteristic disadvantage of these kinetic
models is the input requirement of an enzymatic activity level measurement that is
experimentally difficult to obtain because the enzyme activity levels are likely not
consistent between cell lines (Lewis et al. 2013) nor across biopharmaceutical
production runs (Wong et al. 2010).

Other published glycosylation models do not solely rely on the glycosylation
enzyme activity levels. One model uses Markov chains (Spahn et al. 2016) to
mathematically calculate relevant matrix parameters to accurately model various
glycoform distributions, not requiring user-provided kinetic information. Another
publication using controllability analysis (St. Amand et al. 2014) identifies parameters
affecting the specific glycoform composition in a defined pattern, specifically
examining individual metal ion concentrations, media components, and cellular
metabolite concentrations. Both methods enable glycosylation modeling using relevant
mathematical parameters in lieu of solely experimental enzymatic activity levels.
While CHO metabolic modeling is not yet linked to glycosylation modeling,

experimental studies investigating correlations between glycosylation and nutrient



feeding strategies have been published (Wong et al. 2010; Maszczak-Seneczko et al.
2010). The incorporation of parameters affecting the glycosylation process in addition
to enzymatic activity levels enables a more accurate representation of the
glycosylation reaction network as it relates to biopharmaceutical manufacturing.

For accurate systems biology modeling, well-defined system-specific
information is required. Experimental data providing this biological information is
often collected using omics methods, including proteomics, transcriptomics,
genomics, metabolomics, and glycomics. An annotated species genome facilitates
targeted experimental data analysis and as the annotated CHO and CH genomes were
released in 2011 (Xu et al. 2011) and 2013 (Lewis et al. 2013) respectively, CHO-
specific gene, transcript, and protein sequences are publicly available. These
annotations enable CHO-specific experimental data analysis and can provide models
with numerous CHO data sets. The availability of specialized genomic and
experimental data enables the creation of CHO-specific models to further advance the

modeling and understanding of biopharmaceutical glycosylation.

1.2 Project Goals

The purpose of this work is to develop and validate a CHO-specific
glycosylation model that predicts biopharmaceutically-relevant glycoforms and;
thereby, generates CHO cell line-specific experiment design information to improve
biopharmaceutical manufacturing. This goal was attained through two specific
objectives:

(1) Development of a CHO-specific glycoform prediction tool: The CHO and

CH genome annotations were systematically explored for all glycosylation-related



genes including glycosyltransferase, glycosidase, central carbon metabolism,
nucleotide sugar synthesis, and nucleotide sugar transporter genes. The glycoform
prediction tool, Glyco-Mapper, was created in Microsoft Excel version 2010 using the
novel modeling technique Discretized Reaction Network Modeling using Fuzzy
Parameters (DReaM-zyP). Glyco-Mapper incorporates multiple glycosylation
parameters, including each glycosylation, metabolism, and transporter enzyme activity
and the media components in a computationally simple platform to enable cell line-
specific CHO glycoform predictions.

(2) Validation of CHO-specific glycoform predictions and predictions of novel
biopharmaceutically-relevant glycoform-engineering strategies: Published CHO-
specific glycoform-engineered literature was used to validate the Glyco-Mapper
predictions across multiple engineering strategies. Published glycosylation, metabolic,
and transporter gene overexpression and knock-out data were accurately modeled.
Novel cell-engineered and medically-relevant non-mAb model biopharmaceutical
glycoforms were predicted using Glyco-Mapper and one glycoform prediction was

experimentally confirmed using an optimized experimental workflow.

1.3 Scope of Work

Chapter 2 identifies sequencing technologies of use to the CHO cell-based
biomanufacturing community; examines recent applications of these technology
platforms towards genomics, transcriptomics, proteomics, metabolomics, and multi-
omics studies; and explains how next-generation sequencing methods greatly enhance
omics data analysis and experiment design (Kremkow and Lee 2013).

CHOgenome.org is introduced as a central CHO resource; the updated genome
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annotations are described in the context of their availability on the website; the
improved CHOgenome.org gene search, BLAST, and genome viewer features are
described; and a few impacts CHOgenome.org has had upon the international CHO
community are detailed (Kremkow et al. 2015) in Chapter 3. In Chapter 4, the
glycoform prediction tool Glyco-Mapper containing more than 150 CHO-specific
glycosylation-relevant genes is introduced, four literature-based glycoform-
engineering predictions highlighting each engineering strategy are examined, and a
novel Glyco-Mapper glycoform prediction is experimentally confirmed (Kremkow
and Lee Submitted). Opportunities for additional Glyco-Mapper feature development
are described and the Glyco-Mapper application of novel glycoform predictions that
will further aid biopharmaceutical development are identified in Chapter 5.

In Appendix A, Sanger, second, and third generation sequencing technologies
are explained and the characteristics of each are compared to identify sequencing
characteristic trends regarding animal cell sequencing (Kremkow and Lee 2015). The
development of the DReaM-zyP technique is outlined and the application of the
DReaM-zyP technique to create Glyco-Mapper is further explained in Appendix B.
Appendix C demonstrates additional literature-based Glyco-Mapper predictions,

including glycoforms containing the less common GalNAc and Gal-a-Gal glycans.
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Chapter 2

IMPACT OF SEQUENCING TECHNOLOGIES ON CHO CELL-BASED
BIOPHARMACEUTICAL MANUFACTURING

2.1 Preface

This chapter is adapted from Kremkow and Lee (2013) with permission in
accordance with the guidelines in the publishing contract. This chapter presents
traditional Sanger sequencing as well as the next generation sequencing technologies
454 and Illumina. The applications of each technology as applied to the CHO cell-
based biomanufacturing field are identified and summarized. The impact these
technologies have had on CHO cell-based genomic, transcriptomic, proteomic,
metabolomic, and multi-omic studies are analyzed and the applications towards

industrial biomanufacturing are considered.
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2.2 Abstract

There is growing interest in the possibility of harnessing detailed, mechanistic
understanding of the biology of CHO cells to enhance the use of these cells in the
manufacturing of biologics. Among the important questions about CHO cells are
issues related to productivity, product quality attributes, and genomic stability. The
advent of next generation DNA sequencing technologies provides an opportunity to
characterize the genome of various host cells and to link genomic changes to
phenotypes. In this chapter, | discuss some of the current and emerging technologies
for genome sequencing, their initial applications to CHO bioprocessing, and provide

context relative to other omic approaches.

2.3 Introduction

The 2012 recombinant biopharmaceutical market’s global sales totaled more
than $125 billion (La Merie 2013), from which mammalian cell line
biopharmaceuticals were responsible for $86 billion and Chinese hamster ovary
(CHO) cells are the host cell platform used to manufacture nearly 80% of the
mammalian cell line-produced biopharmaceuticals. The biomanufacturing and cell line
development community has made great strides to increase the capacity of CHO cells
to produce recombinant proteins by more than 100-fold over the past 2-3 decades
(Wurm 2004). These improvements are a result of engineering improvements
throughout the entire bioprocess from cell line development to process understanding
and purifications to control mechanisms (Wurm 2004; Butler 2005; Berlec and

Strukelj 2013; Jenkins et al. 2009). In addition to enhancements in productivity, there

18



have been improvements to the ability to control product quality attributes (Jenkins et
al. 2009; Zhu 2012). Nonetheless, it can be argued that there remain gaps in the CHO
community's understanding of the detailed relationship between the cell culture
conditions (raw materials, cell banking and expansion, growth in reactors, etc.) and
stable, predictable outcomes in terms of both cell line productivity and product
quality. Accordingly, there has been interest in the application of genomics, and
related tools, to gain a better understanding of the biology happening inside CHO
cells. The emergence of omic technologies over the past 20 years provides great
opportunity for the field. However, the application of new and emerging technologies
to the study of CHO cells for biomanufacturing invariably comes with a period of
learning - to refine techniques, to understand benefits and drawbacks of various
approaches, to develop new methods for data analysis - prior to substantial and
transformative impact. Partnerships and collaboration among academic and industrial
scientists will inevitably shorten the time needed to realize the benefits of the
application of omics to biomanufacturing. In this chapter, | present an overview of the
traditional and a couple next generation DNA sequencing technologies. In cases where

the method has been applied to CHO cells, I also discuss the relevant applications.

2.4 Results and Discussion

2.4.1 Traditional DNA Sequencing

2.4.1.1 Traditional Sequencing Technology

The original "Sanger sequencing method" was developed in 1977 (Sanger et al.

1977) and some technological improvements have been made since then (Koutny et al.
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2000; Emrich et al. 2002; Koster et al. 1996). The basic approach as used today relies
on a DNA amplification based strategy with chain termination with
dideoxynucleotides wherein individual molecules will terminate in a specific
fluorescent molecule representing each of the nucleotide bases (A, T, G, or C). An
electrophoretic separation of the molecule and subsequent detection, results in the
ability to read a DNA sequence by reading the sequence of fluorophores. Because of
limits with electrophoresis and with the chemistry of the reaction, one can only "read"
a DNA sequence of a given length before the approach becomes unreliable. For
modern versions of traditional sequencing, read lengths can reliably approach 900
base pairs (bp) of DNA. While 900 bp is much shorter than the typical gene or
genome, it is long enough to provide the data needed to enable bioinformatic
algorithms to assemble the data into gene sequences that are expressed or into whole

genomes.

2.4.1.2 Application of Traditional Sequencing

The most common uses of traditional sequencing involve routine analyses that
are performed as part of any molecular biology experiment. In the context of
genomics, an important contribution of traditional sequencing technology is the ability
to sequence genes that are expressed within an organism to facilitate analyses of gene
expression. The collection of cDNAs from CHO cells and the subsequent sequencing
of expressed sequence tags (ESTs) can allow one to identify possible CHO genes even
without a complete CHO genome. This approach was successfully applied (Wlaschin
et al. 2005) to CHO cells and the resulting EST sequences were searched (using the

BLAST algorithm) against mouse, rat, and human genomes to demonstrate sequence
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alignment between CHO ESTs and other mammalian genomes. In particular, it was
observed that the strongest correlation existed between CHO and mouse sequences,
resulting in the application of mouse microarrays to study CHO cells (Yee et al. 2008).
Such work also ultimately led to the accumulation of enough CHO-specific cDNA
sequence information to permit the design of CHO-specific microarrays.

Microarrays were used to explore the relationship between CHO gene
expression and phenotypes of interest including high-productivity (Nissom et al.
2006), butyrate treatment effects (Yee et al. 2008; Kantardjieff et al. 2010), and the
apoptosis pathways (Wong et al. 2006). For example, microarray analysis of a CHO-
K1 suspension culture during lag, exponential, and stationary growth phases identified
1,400 mRNA s as differentially regulated at the stationary phase relative to the culture
starting point (Bort et al. 2012). Further clustering analysis revealed gene groups with
similar expression patterns (e.g. homologous recombination, Jak-STAT signaling
pathway, spliceosome). In another study, microarray analysis of an 1gG-producing
CHO cell line at low temperature and butyrate conditions identified more than 900
differentially-expressed genes. Butyrate treatment was observed to increase protein
production by inducing cell-cycle arrest, which coincides with the down-regulation of
many cell cycle control genes. The altered culture conditions resulted in an increased
IgG production rate, likely caused by an elevated cellular secretory capacity

(Kantardjieff et al. 2010).
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2.4.2 Next Generation DNA Sequencing

2.4.2.1 Next Generation Sequencing (NGS) Technologies

While traditional sequencing provided the technology platform needed to
sequence and assemble the complete human genome in 2001 (Lander et al. 2001;
Venter et al. 2001; Service 2006), as well as the mouse (Waterston et al. 2002) and rat
(Gibbs et al. 2004) genomes, the cost of sequencing these genomes was in the billions
and the timespan was more than a decade (Service 2006). Continued DNA
sequencing method technology developments have substantially reduced the time
required to collect sequence data while also reducing the cost. Motivated in part by a
public effort to develop technologies to sequence a human genome for $1000 (Service
2006), next generation sequencing (NGS) technologies have emerged as alternatives to
traditional sequencing: they include various new approaches to collecting genome-
scale sequence information faster and for less cost than traditional sequencing;
however, they also place an increased emphasis on bioinformatics to process and
organize the resulting data. Nonetheless, NGS methods are being applied to study
biological systems in several different ways. When used to sequence genomic
libraries, NGS methods are a powerful method to resequence an organism, sequence
organisms whose genome can be compared to a well-defined reference genome, or to
collect data to perform a de novo genome assembly. They are also used to perform
quantitative measures of changes in gene expression (e.g. mMRNA expression) among a
number of samples using an approach commonly referred to as RNASeq. Moreover,
when these techniques are applied to small RNAs, they are used to catalog and

quantify differences in expression in noncoding RNAs such as microRNAs.
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NGS methods are commonly referred to by the name of the company
associated with their development (even if that company was subsequently acquired
and the technology rebranded) as shown in Table 2.1. The two most often used
approaches (at least within the CHO community) are "454" (or Roche/454) and
"Illumina” (or Solexa). It is beyond the scope of this chapter to describe in detail the
nuances of these approaches and the reader is referred to recent articles that describe
these methods in more detail (Rothberg and Leamon 2008; Bennett 2004; Mardis
2008; Ansorge 2009; Glenn 2011) as well as Appendix A for method characteristic
comparisons. Nonetheless, here | provide a basic overview of 454 and Illumina before

describing applications in biomanufacturing.
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Table 2.1:  SGS method statistics. Sequencing technology statistics demonstrate the
100- to 1,000-fold improvement of next generation sequencing compared
to traditional Sanger sequencing. These technologies are commonly used
for genomic and transcriptomic CHO studies.

Approach 454 lllumina Traditional
Read Length 450-700 bp 36-250 bp 500-900 bp
Cost/Million Bases* S10 $0.10 $2,400
Throughput/Run 700 Mb 47-600 Gb 0.9-87.0 kb
Run Time 23 hours 1.5-11 days 0.5-2 hours
Max. Reads/Run 1 million 1.5-6 billion 1, 16, 96
High High quality,
Advantage(s) Moderate read length throughput, low long read
cost length
High relative cost for NGS,
homopolymer sequence Short read High cost, low
Drawback(s) error rate, low throughput length throughput
for NGS

* = Data adapted from (Liu et al. 2012; Quail et al. 2012)

454 is based upon pyrosequencing technology wherein the DNA sequence is
determined by the emission of light that occurs when a complementary nucleotide is
incorporated into a DNA molecule under certain conditions. By monitoring this
process over hundreds of thousands of molecules in parallel, 454 takes advantage of
multiplexing to accelerate the speed with which DNA sequence information is
collected. The method has an average read length of 450-700 base pairs and can
provide up to 1 million reads per run to yield approximately 450-700 Mb of data

(Rothberg and Leamon 2008) per run. Among the advantages of this approach are that
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the technology provides high quality data, good genome coverage, and a lower cost
(per base pair of sequence information) than traditional sequencing. However, the
method yields shorter read lengths than traditional sequencing which means that it is
important to employ relevant bioinformatic algorithms to assemble DNA sequence
information together. Other issues with this approach are that homopolymers are
difficult to sequence, and there is a decreased throughput of data collection compared
to some other NGS methods.

Illumina technology is based upon "sequencing by synthesis" and also takes
advantage of parallel processing of DNA sequence strands to generate sequence
information. Strands of DNA (from a genomic library) are attached to a surface and
nucleotides are added. After each nucleotide addition, images are captured of the
location of specific nucleotide addition based on fluorescence. A series of images can
be analyzed to determine the DNA sequence of billions of strands of DNA in a single
instrument run. Among the advantages of this approach are the very large amounts of
data that can be collected (up to 300 or 600 Gb of data), relatively low error rates, and
the very low cost of sequencing (on a per base pair of sequence information basis).
Among the limitations of the current form of the technology are the relatively smaller
read lengths (below 250 bp) which makes sequencing through repeat regions, and
assembly of information, even more challenging than other NGS methods (Ansorge
2009). A number of bioinformatic tools have been developed to address some of the
challenges posed by the shorter NGS reads (Li et al. 2009; Simpson et al 2009;
Trapnell and Salzberg 2009; Flicek and Birney 2009; Miller et al. 2010).
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2.4.2.2 Applications of NGS

NGS approaches have been applied to biomanufacturing-related questions for a
number of years. However, one could argue that the most important advance to the
field has been the use of NGS to sequence CHO genomes (Hammond et al. 2011; Xu
et al. 2011; Lewis et al. 2013) as well as the Chinese hamster (Lewis et al. 2013) and
its chromosomes (Brinkrolf et al. 2013). Because NGS approaches are effective not
only at sequencing genomes, but also at monitoring changes in expression profiles of
MRNA and microRNA, their application to problems relevant to biomanufacturing
began before the CHO and Chinese hamster genomes were made available. A list of
CHO-based NGS studies | have compiled is provided in Table 2.2. For example, there
were significant efforts directed at the use of 454 to generate as many genomic reads
from CHO as possible to collect and expand knowledge regarding CHO ESTs for the
development of tools to facilitate transcriptome analysis. 400,000 reads from CHO
with an average length of 212 bp (Kantardjieff et al. 2009) were aligned with more
than 34,000 available ESTs to extend the sequence of 70% of the ESTs an average of
150 bp.
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Table 2.2: CHO-based next-generation sequencing publications. Table of NGS-
based CHO studies including type of study, cell lines, technology
platform, and focus area. Proteomics studies reliant upon the NGS-based
CHO genome are included.

NGS
Omics Cell Line(s) Technology Sequences Reference
Used
. Hammond et
G CHO: SEAP [llumina Genes al. 2011
Genome, glycosylation and
G/T CHO-K1 lumina viral susceptability pathway | Xu et al. 2011
genes
Chinese hamster, Genomes, apoptosis Lewis et al
G/T | CHO-K1, DG44, llumina o pe:es ots
CHO-S pathway g
Brinkrolf l.
G Chinese hamster llumina Chromosomes (genome) fin ;glft @
Kantardjieff et
T Parental CHO 454 ESTs al. 2009
. . Transcriptome, butyrate- Birzele et al.
/G CHO: lgG Hllumina affected pathway genes 2010
. . Jacob et al.
T CHO: IgG lumina Transcriptome 5010
Transcriptome, N-
T CHO-K1 454 glycosylation pathway Becl;grlit al.
genes, and splice variants
. . Johnson et al.
T CHO-K1, DG-44 lumina miRNA 2011
T CHO-K1, CHO- llumina miRNA transcriptome: Hackl et al.
DUXB11 novel and conserved 2011
. miRNA genomic loci and Hackl et al.
T CHO-K1 Hllumina precursor miRNA 2012
CHO-K1, CHO: . . Hammond et
T SEAP, CHO: tPA llumina MIRNA al. 2012
CHO-K1, CHO- . . . Gerstl et al.
T DUKXB-11 lumina piRNAs and piRNA clusters 2013
Improved proteome
P CHO-K1: SEAP CHO gene identification based on Meleady et al.
database 2012
genome sequences
b coxa | CHOEene | rtional | BV Hiza
database =i p‘ o etal. 2012
modifications

(G=Genomics, T=Transcriptomics, P=Proteomics)
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An 1gG-producing CHO cell line grown under butyrate conditions was studied
with Illumina to identify genes responsible for enhanced productivity (Birzele et al.
2010). More than 13,000 CHO genes were sequenced and annotated, using genomic
information from similar organisms, and approximately 5,000 novel CHO genes were
identified and added to their CHO model. In this same study, the transcriptome was
analyzed for gene clusters affected by butyrate treatment and suggested that the down-
regulated genes were related to cell cycle check point control, mitotic check point
control, and the initiation and elongation phases of DNA replication processes (Birzele
et al. 2010). While these observations demonstrated agreement with other butyrate
transcriptomic analyses in literature (Yee et al. 2008; Kantardjieff et al. 2010; Gatti et
al. 2007), the additional knowledge gained may facilitate a better understanding of
high productivity phenotypes for cell line development.

Illumina analysis of a secreted alkaline phosphatase-producing line yielded
3.57 million contigs and provided CHO-specific sequence information for 18,000-
19,000 metabolic process, cellular signaling, and transport orthologs (Miller et al.
2010). This approach identified nearly 5,000 additional CHO genes without a
reference CHO genome and demonstrated the possibility of using NGS to sequence an
entire CHO cell line genome.

Transcriptomic analysis of an 1gG-producing CHO line yielded 55 million
sequencing reads that were mapped to an existing CHO EST-derived unigene set and
several public sequence databases (Jacob et al. 2010). The transcript abundance varied
up to six orders of magnitude, while the coverage across the transcript lengths varied

to a far lesser extent (Jacob et al. 2010). While the sequencing was successful,
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methods for coefficient of variation reduction related to the use of NGS results for
transcript measurements and gene expression were addressed, but not fully resolved.

Transcriptomes from multiple recombinant CHO cell lines under various
cultivation conditions were investigated with 454 technology (Becker et al. 2011). The
findings reinforced the idea that there is some reasonable amount of CHO gene
sequence similarity to mouse sequences. The gene transcript levels relevant to the
central carbohydrate metabolism and glycosylation pathways were measured, which
enabled construction of accurate model pathways. For each section of the N-
glycosylation pathway, at least one gene was measured. The set of assembled and
annotated CHO cell genes purposed for CHO cell line transcript analysis was made
available and 70% of the sequences are most similar to the mouse transcriptome
relative to human and rat. Approximately 6,700 genes were covered by the mouse
sequences by at least 95% of their sequence length (Becker et al. 2011), confirming
the work of Wlaschin (Wlaschin et al. 2005).

MicroRNA (miRNA) is one class of noncoding RNAs (ncRNAS) that has a
unique and characteristic secondary structure (Bartel 2009). Precursor miRNA
transcripts are nearly 70 nucleotides and the processed, mature miRNA sequences are
typically between 20 and 24 nucleotides (Johnson et al. 2011) in length, which makes
them well-suited for analysis using the Illumina platform. Mature miRNAs control the
fate of gene expression via post-transcriptional repression of mMRNA translation or
destabilization (Huntzinger and Izaurralde 2011) and as a result, they have great
potential in cell characterization and engineering applications. For example, miRNA
sequences that are expressed during cultivation may influence a range of cellular

processes that control productivity, product quality attributes, and growth. Many
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miRNA sequences are conserved across species and others may be unique to species.
One of the ongoing issues in the life science community is the ability to catalog and
understand each of the known miRNAs. In the past few years, the number of known
CHO miRNA sequences has significantly increased. Expressed miRNA can be
extracted from CHO cell lines and sequenced. The resulting sequences can be
compared against general databases of known miRNAs (e.g. miRBase) to confirm
sequences already known or conserved across species. By linking the sequence to the
experimental conditions used that resulted in the miRNA expression, one can begin to
establish a link between miRNA and phenotype. The number of CHO miRNA
sequences has gone from 260 (Kantardjieff et al. 2009) to 350 (Johnson et al. 2011) to
387 (Hackl et al. 2011) within the past few years alone. Of the nearly 400 known CHO
miRNA sequences, 350 of which are conserved and 235 of which have a specified
function (Hackl et al. 2011).

In addition to experimental approaches, bioinformatic algorithms can also be
used to predict miRNA sequences from an established genome. With the sequencing
of the CHO-K1 genome (Xu et al. 2011), the ability to computationally predict CHO
miRNAs became possible and resulted in 415 miRNA sequence identifications (Hackl
et al. 2012). The locations of 365 structures were cataloged, 319 of which are
expressed, mature CHO miRNAs that were verified and assigned to miRBase (Hackl
et al. 2012). Relative genomic locations have also been used in the CHO-K1 genome
in an attempt to discover additional miRNA sequences based upon identified miRNA
scaffold organization (Hammond et al. 2012). Post CHO-K1 genome availability,
bioinformatics tools identified 190 miRNAs as conserved CHO miRNAs between the

CHO-K1, mouse, rat, and human genomes, of which more than 80% exhibited
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differential expression across two recombinant CHO cell lines (Hammond et al. 2012).
Moving forward, NGS approaches offer an unprecedented ability to interrogate
changes in both mRNA and miRNA expression that are related to phenotypes of
interest (Bort et al. 2012).

Unlike miRNA, PIWI (a class of proteins) interacting RNAs (piRNAS) are a
poorly understood class of small ncRNAs, which likely mediate RNA silencing and
repress transposable elements, protecting the genome’s integrity (Thomson and Lin
2009; Gerstl et al. 2013). piRNA function may affect the prolonged stability of
genetically modified CHO cell lines, in addition to cellular processes and metabolic
pathways. Computational analysis of small RNA sequencing data predicted 540
piRNA clusters, consisting of nearly 26,000 piRNA sequences (Gerstl et al. 2013).
piRNA sequence expression was measured across six CHO cell lines, including
adherent, suspension adapted, and recombinant CHO-K1 and CHO-DUKXB11 cell
lines, using the published CHO-K1 genome as a reference (Gerstl et al. 2013). This
initial analysis of CHO piRNA indicated the potential of piRNAs as tools for cell line
development and genetic engineering.

As mentioned earlier, perhaps the most important contribution of NGS to the
CHO biomanufacturing community has been the establishment of the CHO-K1 and
Chinese hamster genomes (Xu et al. 2011; Lewis et al. 2013; Brinkrolf et al. 2013).
The draft CHO-K1 genomic sequence consisted of 2.45 Gb and was assembled into
24,383 genes (Xu et al. 2011). This catalog of genes permitted genetic modification of
CHO-specific target DNA sequences. The CHO-K1 genes were analyzed by
comparative genomic analysis with the human, mouse, and rat genomes, which

confirmed that the mouse genome demonstrated the greatest similarity (Xu et al.
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2011). The draft genome enabled immediate analysis of genes relevant to CHO
biomanufacturing such as those related to product quality attributes such as
glycosylation. In that study (Xu et al. 2011), the number of CHO genes that were
homologous to human glycosylation genes suggested that CHO cells have the
potential to perform 99% of the glycosylation reactions that humans perform.
However, transcriptome analysis of CHO cells further suggested that only about half
of the CHO glycosylation genes were actually expressed under any conditions,
meaning that the other half may be silenced. Such analyses based on a draft genome
promise a more detailed, molecular understanding, of the behavior of CHO cells
leading to improvements in bioprocessing in the future. However, there are also a
number of unaddressed challenges that emerged with the CHO genome, partly as a
result of the use of NGS methods.

One important issue stemming from the current CHO-K1 (Xu et al. 2011) and
Chinese hamster genomes (Lewis et al. 2013) is that the assembled DNA sequences
have not been aligned onto chromosomes. An important consideration in the CHO
genome is the lack of chromosomal stability that has been observed (Wurm and
Hacker 2011). Moreover, there is significant genomic drift (Wurm and Hacker 2011).
Indeed, these are properties that the biomanufacturing community has embraced in the
application of CHO cells because of the ability to reasonably quickly adapt CHO cells
to various growth conditions. However, once established, it would be advantageous to
have host cells that have minimal chromosomal or genomic changes. To facilitate
analysis of chromosomal or genomic rearrangements, it is important for the CHO

community to have a physical mapping of a reference genome. One way to help build
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a physical map of the CHO genome is to use a bacterial artificial chromosome (BAC)
library (Omasa et al. 2009).

An initial CHO BAC-based map identified twenty different chromosomes and
high aneuploidy was observed. This library was used to obtain a detailed physical
chromosomal map of the CHO-DG44 cell line utilizing fluorescence in situ
hybridization imaging of the randomly selected BAC clones. For eight of the twenty
chromosomes identified, chromosomal rearrangements did not occur between CHO-
DG44, CHO-K1, and Chinese hamster lung cells. The conservation without large
rearrangement suggests their genetic importance and resultant stability (Cao et al.
2012); however, it was not possible to identify what genes were located on these eight
chromosomes. The recent publication of sequences for individual Chinese hamster
chromosomes (Brinkrolf et al. 2013) provides a critical step forward for the
community because it includes the sequences of each of the Chinese hamster
chromosomes independent of the others.

A second important issue from the CHO-K1 genome (Xu et al. 2011) is the
need for ongoing updates to the assembly and annotation. While the initial draft
genome is assembled and annotated with the aid of humans, the majority of the work
is done by bioinformatic algorithms. The genome communities associated with
humans and other organisms have developed mechanisms to make updates and
corrections to their genomes and the CHO genome community has recently
established a framework (Hammond et al. 2012) to facilitate similar efforts. Given the
diversity of cell lines and the known issues with significant genomic and chromosomal
variability among CHO cells, the identification and establishment of a definitive

reference genome is essential for the community.
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To better understand the genomic diversity and help establish a reference, the
draft genomes for the Chinese hamster (Cricetulus griseus), the CHO-DG44, CHO-S,
and three other CHO cell lines were sequenced and the CHO-K1 cell line was
resequenced (Lewis et al. 2013). Annotation of all cell lines and nucleotide-resolution
analysis of the CHO cell line genotypic differences was completed. Comparative
genomics identified copy number variations and 3.7 million single-nucleotide
polymorphisms (SNPs) between the different cell lines, many of which affected genes
relevant to bioprocessing pathways, such as apoptosis (Lewis et al. 2013). In an
attempt to determine the genomic structure, the sequences were aligned to published
BACs and filtered; however, only 26% of the genomic sequence was reliably localized
to specific hamster chromosomes (Lewis et al. 2013).

Following the release of the CHO-K1 genome, an international academic and
industrial collaboration developed CHOgenome.org to facilitate accessibility of the
genomic data and the development of genomic tools for the Cricetulus griseus and
CHO cell communities (Hammond et al. 2012). The current list of tools offered
includes BLAST searches, individual gene searches, and visual representation of the
CHO-K1 genome assemblies (Hammond et al. 2012), along with a CHO proteome
database. However, the sequencing of a number of CHO-related genomes creates
challenges in terms of comparative genomics. That is, there is a need for tools to
facilitate the analysis of multiple genomes by a given user. For example, it may be
desirable to compare the genome of a host cell early in culture versus late in culture or
to compare the genome of a proprietary host cell with that of CHO-K1 and of the
Chinese hamster. Tools that facilitate analysis of events as large as chromosomal

rearrangements and as small as SNPs would provide users the opportunity to link
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genome information to observed phenotypes. However, such tools have not yet been

created or adapted for CHO-specific applications.

2.4.3 Emerging Sequencing Approaches

The pace of DNA sequencing technology development has continued and there
is now a new generation of technologies available. These approaches, which offer new
and greater amounts of data for similar or less cost per run, are designed with single-
molecule or electrochemical platforms, compared to the NGS platforms that use
fluorescent signals and PCR amplification. Among the new methods (Korlach et al.
2010; Rhee and Burns 2006; Merriman et al. 2012; Liu et al. 2012; Quiail et al. 2012;
Roberts et al. 2013; McCarthy 2010; Clarke et al. 2009) are those developed by
Pacific Biosciences (PacBio), Life Technologies (lon Torrent), and Oxford Nanopore
Technologies (nanopore). The PacBio approach involves single molecule sequencing
based on an immobilized polymerase in a cell designed for single molecule, real time
(SMRT) detection, which has potential applications in the bioprocessing field include
studies of epigenetic regulation of heterologous gene regulation and genome-wide
structural variation (McCarthy 2010). lon Torrent is a semiconductor platform based
sequencing approach that relies on a pH probe for detection and takes advantage of the
fact that hydrogen ions are released as nucleotides are incorporated into a growing
DNA chain (Merriman et al. 2012). The nanopore sequencing approach also relies on
an immobilized enzyme, staphylococcal a-hemolysin, as the nanopore through which
a DNA molecule is sequenced by passing through the pore and across an electric
potential field (Rhee and Burns 2006). While none of the emerging and third

generation sequencing technologies have yet been applied to CHO studies relevant to
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the biomanufacturing community (at the time of this publication), these approaches
will certainly see widespread application in the near future. Further details regarding

these techniques are included in Appendix A.

2.4.4 Other Omics

While NGS has had the most dramatic and obvious impact on the CHO
community in the past few years, there are a number of important and parallel omics
approaches that are also necessary for a complete understanding of how CHO biology
is linked to enhanced productivity and product quality attributes. This fact is validated
by the significant amount of literature that has been published regarding this topic
(Ahn and Antoniewicz 2012; Chong et al. 2010; Luo et al. 2012; Hayduk and Lee
2005; Pascoe et al. 2007; Baik et al. 2006; Crea et al. 2006; North et al. 2010; Tateno
et al. 2007). The important issue to consider is that genome sequencing and genomics
alone may not provide enough information about observed phenotypes. Certainly the
genes and other features (e.g. miRNA) that are expressed significantly influence cell
behaviors. The mRNAs lead to protein expression and proteins have diverse functions
including structural roles, metabolism, and many other cell processes. Ultimately, a
true understanding of the basis for a given phenotype may rely not only on the ability
to capture the genome of the cell line at that moment in time, but also on transcript
analysis, proteomics, metabolomics, and other measures. The CHO community has
applied many of these other techniques individually to understand phenotypes, but
very few studies to date have integrated data from NGS studies together with other
omic methods - efforts which rely heavily on bioinformatics because of the large

volume of data created by NGS. Clarke et al. (Clarke et al. 2012) is one example to the
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contrary where transcriptomics (using NGS methods) and proteomics were both used
to study the CHO cell growth rate.

In one metabolomics study, an in silico model was used with metabolomic
analysis to understand CHO intracellular fed-batch culture mechanisms. The
identified, growth limitation metabolites were associated with the glutathione,
glycerophospholipid, and energy pathways (Selvarasu et al. 2012). The in silico model
was used to obtain a greater understanding of these affected pathway fluxes, the
results of which were in good agreement with aging culture glycolysis and TCA cycle
flux details, resulting in the identification of novel, growth-related mechanisms. The in
silico model used was not originally developed from the annotated CHO genome, but
rather from the mouse genome (Sheikh et al. 2005), refined and validated with mouse
hybridoma cell observations (Selvarasu et al. 2010), and expanded for CHO with
annotated CHO cDNA, as the CHO genome and gene function identification was
ongoing. A completely CHO genome-based model would potentially enhance these
results, future metabolomics studies, and lead to new CHO culture improvements.

Proteomic analysis has also been applied to the study of biopharmaceutical
production cell lines for many years but only recently has it been combined with NGS
datasets. Proteomics studies typically involve the use of mass spectrometry to link
changes in observed proteins to their underlying genes. The availability of a sequenced
CHO genome, which was facilitated by NGS, has provided a means to improve the
efficiency by which mass spectra are assigned to gene sequences (Meleady et al.
2012). For example, two CHO specific databases were used for CHO protein
identification, including the CHO-K1 genome database. Identification using this

database increased the number of identified proteins by 35%, which further increased
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to 47% with the addition of a second CHO specific database (Meleady et al. 2012). In
another recent analysis of the CHO proteome based on the CHO K1 genome, the
proteome, secretome, and glycoproteome contained 6,164 grouped proteins (Baycin-
Hizal et al. 2012), an eight-fold increase in the number of CHO proteins identified.
This increase was attributable to both an improved cell lysate fractionation method as
well as the use of an organism-specific sequence database. More importantly, the
availability of a detailed proteome dataset permits a better understanding of codon
frequency in CHO, the degree of pathway enrichment, and of possible post-
translational modifications. For example, codon frequency in CHO was observed to be
distinct from humans (Baycin-Hizal et al. 2012). The degree of pathway enrichment
was obtained from combined proteomic and transcriptomic (MRNA) data sets,
highlighted by the enrichment of the protein processing and apoptosis pathways and
depletion of the steroid hormone and glycosphingolipid metabolism pathways. The
cataloged post-translational modifications included 504 N-acetylation proteins and

1,292 N-glycosylated proteins.

2.5 Concluding Remarks

The CHO biomanufacturing community is at the beginning of the genomics
era. The unprecedented ease with which one can collect DNA sequence information
will enable a deeper understanding of the relationship between the genome and
phenotypes. However, the pace with which data is generated is increasing and there
are bottlenecks in the ability to analyze the data. As a result, there may be an
increasing emphasis on bioinformaticians who can assist in the interpretation and

understanding of these large datasets. Moreover, there is an urgent need for a well-
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defined reference genome that is stable and that the community can use as a
foundation for genomics-based studies. Once established, individual teams can employ
methods to study the genome, epigenome, transcriptome, proteome, and metabolome
as part of their efforts to understand cellular phenotypes. However, making biological
inferences that will lead to targets for cellular engineering to modify cell productivity,
product quality attributes, and the stability of cell lines in a predictable manner may
take many years. Cooperation and collaboration among the academic and industrial
scientific community will be essential for the CHO community to fully realize the
potential of the genomics era for the production of biologics.

The CHO biomanufacturing community is at the start of a new era. The
availability of the first drafts of a number of relevant genomes and the low cost of
sequencing various host cells provides a basic foundation for the community to better
understand the molecular basis for issues related to productivity, product quality, and
stability (of productivity, of product quality, and of viability). However, many
challenges are also emerging. First, the community does not yet have a stable, well-
defined and characterized reference genome. The recent sequencing of the Chinese
hamster and its chromosomes provides the basis for this moving forward, but the need
to correct annotations remains an ongoing challenge even in the human genome
community. Second, there are relatively few tools available to compare genomes. For
example, tools to easily compare the genome of a proprietary host cell versus CHO K1
versus the Chinese hamster, or to compare the genome of a host cell early in culture
versus late in culture, do not exist. Third, having a genome is most useful when placed
in the context of other omic data for a given cell (transcriptomics, proteomics,

fluxomics, etc.) and there are not yet tools available to simply integrate information
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across these datasets. Despite these and other challenges, NGS has helped move the
CHO biomanufacturing community forward towards a time when host cells can make
any given product and can be reliably and predictably customized and designed to
ensure high productivity of specific product quality attributes that are stably expressed

by cells.
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Chapter 3

IMPROVING CHOGENOME.ORG TO BE THE CENTRAL CHO GENOME
RESOURCE

3.1 Preface

This chapter is adapted from Kremkow et al. (2015) with permission (see
Appendix D). In this chapter, | present the Cricetulus griseus information added to
CHOgenome.org since its release as well as additional tools and the upgraded website.
The recorded website usage is analyzed and published studies using CHOgneome.org
are detailed, demonstrating the impact CHOgenome.org has had upon the CHO
community. The genome viewer upgrade to JBrowse was performed by Madolyn

MacDonald-Stinner and database coding was performed by Eric Garrison.
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3.2 Abstract

Chinese hamster ovary (CHO) cells are a major host cell line for the
production of therapeutic proteins, and the CHO-K1 cell and Chinese hamster (CH)
genomes have recently been sequenced using next-generation sequencing methods.
CHOgenome.org was launched in 2011 (version 1.0) to serve as a database repository
and to provide bioinformatics tools for the CHO community. CHOgenome.org
(version 1.0) maintained GenBank CHO-K1 genome data, identified CHO -omics
literature, and provided a CHO-specific BLAST service. | have implemented recent
major updates to CHOgenome.org (version 2.0) including new sequence and
annotation databases for both CHO and CH genomes, a more user-friendly website,
and new research tools, specifically a proteome browser and a genome viewer. CHO
cell line specific sequences and annotations facilitate cell line development
opportunities, several of which are discussed. Moving forward, CHOgenome.org will
host the increasing amount of CHO -omics data and continue to make useful

bioinformatics tools available to the CHO community.

3.3 Introduction

Chinese hamster ovary (CHO) cells are a key platform host for the production
of therapeutic proteins. Worldwide sales totaled more than $65 billion from the 44
CHO-produced therapeutics in 2012 (Kremkow and Lee 2013; La Merie 2013),
accounting for more than 50% of all biopharmaceuticals sales (La Merie 2013; Jayapal
et al. 2007). Desirable characteristics of CHO cells that make them advantageous for

manufacturing therapeutic proteins include prior Food and Drug Administration
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approval, human-like protein modifications (glycosylation and protein-folding), and
adaptability to various culture conditions (Wurm 2004; Wuest et al. 2012).

While significant productivity improvements have been made, CHO cell
productivities are still significantly lower than bacterial or yeast-derived
biopharmaceutical productivities (Jayapal et al. 2007). Transcriptomic, proteomic, and
cell engineering approaches (especially gene knock-down studies) were limited until
CHO genome sequences became publicly available. Owing to the advent and
development of next-generation sequencing technology, CHO host cell lines (CHO-
K1 ATCC, CHO-K1 ECACC, and CHO-S), CHO therapeutic production cell lines,
and Chinese hamster (CH) cells have been sequenced, and draft CHO-K1 and CH
genomes have been assembled and annotated (Xu et al. 2011; Lewis et al. 2013;
Brinkrolf et al. 2013). As more host cell and therapeutic production cell lines will
likely be sequenced in the near future, there is a need for a central repository for CHO-
specific genome information with a comparative gene search function. In addition,
providing useful tools for CHO-specific scientific applications, including sequence
alignment, genome viewers, and comparative genomic analysis will be beneficial to
the CHO community.

The community-wide CHOgenome.org website was launched in 2011 (referred
to as version 1.0) and hosted the CHO-K1 mitochondrial genome (Partridge et al.
2007), the CHO-K1 GenBank genome sequence (Xu et al. 2011), and an associated
BLAST (Basic Local Alignment Search Tool) service (Hammond et al. 2012). Since
then, CHOgenome.org has been improved with the addition of the RefSeq CHO-K1
and CH genome databases, gel-based and shotgun-based proteome databases, and new

website features and functions. In this chapter, | describe characteristics of the
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different databases, the updated website (version 2.0) features | implemented, and
future directions for CHOgenome.org that | believe will aid the CHO community in

developing CHO cell-based studies.

3.4 Results and Discussion

3.4.1 Updated Genome and Annotation Databases

3.4.1.1 Annotations Databases

During genome annotation, the annotation pipeline(s) predict genes in silico
from a genome assembly despite the predicted results not necessarily being validated
by experimental evidence such as RNA-seq data (Yandell and Ence 2012). Therefore,
annotated gene information may not be exact and may contain mis-annotations.
Moreover, a genome requires ongoing annotation updates when more accurate
annotation prediction algorithms, new sequence data (whole genome sequencing), or
experimental data (RNA-seq) become available (Brent 2008). GenBank is intended to
serve as a primary sequence data archive (National Center for Biotechnology
Information 2013); GenBank annotations are user-submitted, can only be curated by
the submitter and are seldom updated in practice. Alternatively, the Reference
Sequence (RefSeq) database is a collection of curated, non-redundant genome (DNA),
transcript (RNA), and protein (amino acid) sequences produced by the National Center
for Biotechnology Information (NCBI) (National Center for Biotechnology
Information 2013). A RefSeq database is created when nucleotide or amino acid
sequences archived in GenBank are independently annotated by the NCBI annotation

pipelines. In contrast with GenBank annotations, RefSeq annotations are regularly
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updated. CHOgenome.org (version 1.0) contained the CHO-K1 GenBank annotation
(Hammond et al. 2012) and CHOgenome.org (version 2.0) will use RefSeq

annotations as the standard genome databases when available.

3.4.1.2 Cricetulus griseus Genomes

In contrast with other model organisms and primary cells, CHO cells exhibit
aneuploidy with a significant number of chromosomal rearrangements caused by
genetic instability (Cao et al. 2012; Derouazi et al. 2006). As a result, one cell line’s
genetic information may be different from other cell lines’, resulting in cell line
specific genome sequences. Furthermore, changes within the CHO genome occur
spontaneously, causing CHO cells to exhibit genomic diversity within a cell line
(Lewis et al. 2013; Wurm and Hacker 2011). Given that the CHO-K1 genome (or any
CHO host cell line genome) may not serve as the ideal reference genome for all CHO
cell lines, recent efforts have been directed towards establishing the CH as the CHO
reference genome, as the CH is considered a model organism with stable and intact
genome information. Lewis et al. (Lewis et al. 2013) and Brinkrolf et al. (Brinkrolf et
al. 2013) separately sequenced and assembled CH genomes. While the Brinkrolf
genome draft has chromosome-assigned scaffold information, the Lewis genome draft
has better assembly metrics, including a higher sequence coverage, longer scaffold
N50 (the length of the smallest scaffold where all scaffolds equal to or longer than that
length cover 50% of the genome), and a lower gap ratio. Therefore, the Lewis CH
genome draft, as well as the CHO-K1 genome, were chosen by NCBI for RefSeq

annotation using the 2014 RefSeq annotation pipeline.
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3.4.1.3 RefSeq Annotation

As of September 2016, there are three CH and CHO RefSeq nuclear genome
databases on CHOgenome.org (version 2.0): 2012 CHO-K1 RefSeq, 2014 CH RefSeq,
and 2014 CHO-K1 RefSeq. Each of the RefSeq databases are unique whole genome
annotations. Upon the release of additional databases on CHOgenome.org, each
database will remain unchanged, providing users the knowledge of database
constancy. Characteristics of the 2012 CHO-K1, 2014 CH, and 2014 CHO-K1 RefSeq
genome annotation databases currently hosted on CHOgenome.org are summarized in
Figure 3.1 and Table 3.1. There is a large difference in the number of sequences
between the 2012 and the 2014 CHO-K1 annotations due to algorithm pipeline
improvements. The difference between the 2014 CHO-K1 and 2014 CH annotation
statistics are likely due to chromosomal rearrangements and differences in the genome
assemblies. Note that the number of sequences in Table 3.1 do not necessarily indicate

that shared gene IDs contain identical gene sequences between the databases.
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2012 CHO-K1

2014 CHO-K1 2014 CH

Figure 3.1: CHO-K1 and CH gene annotation comparisons. All genes in the 2012
CHO-K1, 2014 CHO-K1, and 2014 CH RefSeq databases are classified
according to the annotation(s) that contain the specific gene IDs. The
2,162 genes found only in the 2012 CHO-K1 database have been
discontinued and the associated information is no longer available at
NCBI.
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Table 3.1:

CHO-K1 and CH RefSeq genome database characteristics

2012 vs. 2014
Sequence | 2014 2014 2012 2014 CHO- CH vs. CHO-
Type CH CHO-K1 | CHO-K1 K1 K1
Differences® | Differences?
Gene 27,545 27,843 25,169 2,674 298
MmRNA 29,985 31,545 21,612 9,933 1,560
Exon 336,798 | 356,321 | 231,866 124,455 19,523
CDS 302,353 | 320,307 | 209,486 110,821 17,954
tRNA 468 501 501 0 33
rRNA 3 3 6 3 0
NcRNA 2,880 2,881 4 2,877 1

a) Differences between the 2012 CHO-K1 RefSeq and 2014 CHO-K1 RefSeq genome annotations

b) Differences between the 2014 CHO-K1 RefSeq and 2014 CH RefSeq genome annotations

3.4.2 Updated Website Features

A dedicated server now hosts the CHOgenome.org databases, increasing

reliability and minimizing downtime caused by network dependencies and transition

lag. A set of custom-built PHP programs is used to parse the raw data and populate the

databases, while the entity-relationship schema was implemented in MySQL.

Communication to the databases, query result sorting, and the user interface are also

implemented in PHP, as server-side executable functions. | updated the
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CHOgenome.org (version 2.0) website’s organization and functionality to
accommodate additional genome databases, proteome databases, other new features,

and to become more user-friendly.

3.4.2.1 Gene Search

3.4.2.1.1 RefSeq Databases

All RefSeq Cricetulus griseus genomes can be searched simultaneously in
CHOgenome.org (version 2.0), a feature | designed that was not previously available
on CHOgenome.org (version 1.0). A comprehensive RefSeq genome search function
and an advanced search page with selection options are both available because of the
new streamlined database structure. This modified database structure enables users to
select which RefSeq genome(s) to search using the official gene symbols, names
assigned to the gene products during the NCBI genome annotation, or by the gene’s
NCBI ID. Temporarily assigned gene symbols are searchable if the gene was not
given an official gene symbol during the automated annotation process. These
temporary symbols consist of ‘LOC’ followed by the 9-digit NCBI gene ID (i.e.
LOCLO0#####).

Genome database search results are listed in a tabular format where each
gene’s parent genome assembly, feature type, symbol, NCBI ID, and name/product
description are displayed. If multiple genomes are searched, all search results are
organized by genome. Selection of the gene’s NCBI ID provides additional details,
including details new to CHOgenome.org (version 2.0), such as protein homologs,

transcript homologs, and a related entries table, as shown in Figure 3.2. The human,
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mouse, and rat protein homologs have been added to the detailed results webpage and
each listed NCBI ID links to the specific gene’s NCBI protein webpage. This
information was generated by downloading the list of protein homologs of both CHO-
K1 and CH from NCBI’s HomoloGene database (build 68) and filtering the list to
solely contain the human, mouse, and rat entries for each protein. The homolog
information will be updated as additional CHO and CH genome annotations are
verified. The transcript homologs of the 2014 CHO-K1 and 2014 CH RefSeq
databases were assembled by aligning the transcripts with the reciprocal best hits
(Wall et al. 2003). All matched transcripts are available in a spreadsheet and upon
download, the CHO-K1 or CH homolog can be easily identified using the NCBI ID,
gene symbol, transcript ID, or description. The related entries table is another new
feature | designed that displays details for every product associated with a gene,
including each transcript and protein. Each row represents one feature associated with
the gene, where the highlighted row distinguishes the feature whose content is
displayed on the current webpage. The columns identify the type of gene product,
NCBI transcript/protein ID, amino acid or nucleotide sequence, NCBI graphics, and

transcript ID (if multiple transcripts exist for the gene product).
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Figure 3.2:
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CHOgenome.org (Version 2.0) RefSeq gene search result details. (A)
Genome database search result details identify each gene’s parent
assembly, feature type, symbol, NCBI ID, and name/product description,
which are displayed in addition to the scaffold on which the gene is
located, the coordinates of the gene’s coding region, the NCBI transcript
ID, a link to the NCBI graphics page, a link to the FASTA nucleotide or
amino acid sequences, links to the NCBI protein homologs in human,
mouse, and rat, Cricetulus griseus transcript homologs, and a related
entries table. The new features | implemented are the (B) protein
homologs, (C) transcript homologs, and related entries table, consisting
of the gene product type, (D) NCBI reference, (E) nucleotide/amino acid
sequence, (F) NCBI graphic, and transcript # (if appropriate). The arrows
identify links to new features and the letters correspond to the webpage
or information each link provides.
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3.4.2.1.2 Original CHO-K1 Mitochondrial and GenBank Genome Database

Separate search pages for both the CHO-K1 mitochondrial and GenBank
CHO-K1 genomes are also available on CHOgenome.org (version 2.0), similar to the
CHOgenome.org (version 1.0) search pages. The CHO-K1 mitochondrial genome
information is included in the RefSeq CHO-K1 genome assemblies, but can be
independently searched in a separate CHOgenome.org database. The 2011 CHO-K1
GenBank genome can be searched by accession number, gene name or symbol, and
Gene Ontology (GO) term. While the results are similar to the RefSeq search results,
the 2011 CHO-K1 GenBank genome database information differs from the RefSeq
CHO-K1 genome assemblies because the GenBank database contains GO terms, fewer

gene symbols, and fewer NCBI IDs.

3.4.22 BLAST

The CHO BLAST performs alignments of nucleotide or amino acid sequences
against the CHO and CH genome sequence databases. Currently, the CHO BLAST
server for CHOgenome.org (version 2.0) has 13 nucleotide and amino acid databases,
an increase of seven from version 1.0. The organization of these databases has been
greatly improved upon, as the nucleotide databases are divided into genome (scaffold)
and transcript (RNA) databases, while the amino acid databases consist of protein
databases. Single or multiple query sequences can be entered in FASTA format into
the search box or uploaded as a FASTA file and searched against one or multiple
databases concurrently. BLAST search results are summarized in a table according to

the query sequence name, subject sequence name, bit score, identity length, identity

60



percentage, and E-value. The results can be filtered by score, similarity cutoff
percentage, or BLAST bit score (Fassler and Cooper 2008). Additional features
include viewing the pair-wise alignment, downloading the BLAST sequences, and
viewing the RefSeq/GenBank entry for each result. Below the required parameters,

additional settings can be changed to perform a more advanced BLAST search.

3.4.2.3 Genome Viewer

The CH and CHO-K1 genomes can be viewed through the JBrowse genome
viewer tool (Skinner et al 2009), a novel tool for CHOgenome.org (version 2.0).
JBrowse is an open-source, embeddable genome browser built with JavaScript and
HTMLS5, and contains easy-to-use Perl scripts to format data. The data files are then
read over HTTP, leaving JBrowse very light on the back-end and able to handle large
(multi-gigabase) genomes. This arrangement allows users fast and smooth viewing of
the genome and its annotations.

The genome viewer currently provides visualization of the 2014 annotated
CHO-K1 genome and the chromosome-sorted CH genome (Brinkrolf et al. 2013).
Tracks for genes, mMRNA, exons, GC-content, and other annotation data are available
for the CHO-K1 genome. The CH genome viewer is in its beta-testing stage and does
not currently have annotations uploaded, but a user can add tracks containing their
own annotation data. Once tracks have been added, JBrowse allows for the merging of
multiple tracks into one containing the tracks’ intersection or union. Several accepted
track data formats are GFF3 (Reese et al. 2010), VCF (Danecek et al. 2011), BAM (Li
et al. 2009), and BigWig (Kent et al. 2010).

61



3.4.2.4 Other Resources

The proteome browser is a novel tool | adapted to provide access to public
proteomic data, specifically two-dimensional polyacrylamide gel electrophoresis (2D
PAGE) gel and shotgun proteomic data generated from CHO cell lines (Hayduk et al.
2004). The 2D PAGE gel feature lists all submitted 2D gels in the database with a
small image of the gel and the publication information (if applicable). Once selected, a
table of the identified proteins with links to the respective NCBI protein and
CHOgenome.org gene pages, an enlarged gel image, and a link to the reference are
provided. The shotgun proteomics database is searchable by protein name and consists
of a description of each dataset and the publication of origin. The search results are
comprised of the protein name and accession identification, as well as other details,
such as the identified peptide sequences, number of identified sequences, coverage,
false discovery rate, cluster ID, group ID, SwissProt Annotation Homology, GO
annotation, and sequence ID.

The file archive is a novel resource to CHOgenome.org (version 2.0) | helped
implement to host all CHOgenome.org files, including all current and outdated CHO
and CH files. The CHOgenome.org file archive serves as a repository for the entire
CHO community, and the CHOgenome.org file archive files are never removed. The
files are organized by the organism or cell line name and sequencing project, and
consist of annotation and sequence files.

CHOgenome.org genome databases are generated after new or updated
Cricetulus griseus genomic information is published or released. Upon the posting of
an updated CHOgenome.org database that replaces another database, the previous

database will be reclassified as a legacy database. Only one legacy database for each
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Cricetulus griseus cell type or cell line will be maintained; upon the classification of a
new legacy database for one cell type or cell line, the older legacy database will be
removed from CHOgenome.org. Upon removal of a searchable genome database from
CHOgenome.org, notice will be given to the CHOgenome.org community and the
older legacy database will be removed. However, the older legacy database’s
annotation and sequence source files will remain in the file archive. This process
promotes use of the most recent information, while maintaining outdated information
in a manner that benefits the entire CHO community. Similarly, when significant
upgrades are made to the website itself, the previous version of the website will be
temporarily maintained, permitting users a transition period to the updated website.
The file archiving process is comparable to the process used by many other genome
websites (Suresh et al. 2014; Blake et al. 2014; McQuilton et al. 2012; Laulederkind et
al. 2013), yet the maintenance of legacy databases is less common (Laulederkind et al.

2013).

3.4.3 Impacts of CHOgenome.org on the CHO Community

One major benefit of using CHOgenome.org is that a user can obtain CHO and
CH specific sequence information. As RefSeq will ultimately contain only one
sequence per gene for each organism, sequence variants resulting from different CHO
cell lines will not be represented at NCBI. For example, the sequence comparison of
the tumor protein p53 (Tp53) gene between the CHO-K1 and CH genomes identifies
four amino acid differences in the coding region. However, there is only one
Cricetulus griseus RefSeqg mRNA sequence for the Tp53 gene (Accession no.

NM_001243976.1) at NCBI, the sequence of which corresponds to the CH Tp53 gene.
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This lack of sequence information may limit the design of site-specific engineering
approaches, such as CRISPR/Cas9 and transcription activator-like effector nucleases
(TALEN), where exact sequence information is critical. However, CHOgenome.org
contains all four Tp53 sequences because CHOgenome.org has sequence information
(genes, transcripts, and protein sequences) for each sequenced cell line and will host
the sequences for additional host cell lines. The goal is to enable users to search and
obtain all published sequences of interest and determine which is most accurate for
their application or cell line.

CHOgenome.org has enabled access to CHO-specific genome information to
the community for broad use, likely increasing the number of published experimental
applications. For example, the CHO BLAST tool has been used to determine the
similarity of mouse and human miRNA sequences to CHO sequences for use in CHO
differential miRNA expression studies (Maccani et al. 2014). The goal of this study
was to identify miRNAs that are involved in heterologous protein synthesis and
secretion by investigating the miRNA expression patterns of high, low, and non-
producing recombinant CHO cell lines. The results indicate that CHO cell
heterologous protein expression effects are strongly product- and/or clone-specific.
The CHOgenome.org gene search function has been used to identify nucleotide
mismatches between experimental DNA assemblies and GenBank records (Orlova et
al. 2012). The goal of this study was to develop an approach that efficiently designs
and constructs a plasmid clone for a DNA fragment larger than 5 kilobase pairs (kbp).
Two non-coding fragments of the CHO translation elongation factor 1 alpha gene
were used to validate the computer tool-based modular DNA assembly. The CHO

genome has also enabled the creation of new bioinformatics tools specifically
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targeting the CHO community, including a web-based target-finding tool that
identifies potential target sequences applicable for the CRISPR/Cas9 system (Ronda et
al. 2014), which has been cited by sixteen non-review scientific publications in less
than two years. These few examples demonstrate how CHOgenome.org’s features are
being used, in addition to spurring the creation of new tools for use within the CHO
community.

The estimated number of CHOgenome.org users since 2011 is at least 20,000,
originating from more than 1,700 different cities in 84 countries on six different
continents, as shown in Figure 3.3. The city distribution is uneven, as the majority of
users are located in Europe, the United States, and Asia. The five countries with the
largest number of sessions are the United States, Germany, the United Kingdom,

Japan, and China, respectively, accounting for nearly 65% of all measured traffic.
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Figure 3.3: CHOgenome.org world usage map. Each circle identifies a city with at
least three different users of CHOgenome.org from 2011 through 2014,
and the circles are proportional (in size and shading) to the number of
users. The colored rectangles in (A) the world usage map correspond to
the zoomed images of (B) Europe, (C) the United States, and (D) Asia.
These maps exclude Newark, DE, USA, where the CHOgenome.org
server is located.

3.5 Concluding Remarks and Future Directions

The CHO genome is arguably heterogeneous and is certainly ever-changing in
culture, thus any given version of the CHO genome does not serve as a suitable
reference genome for the CHO community. Therefore, efforts to improve the quality
of the CH genome and to make the CH genome the Cricetulus griseus reference
genome have begun. Pacific Biosciences (PacBio) sequencing (Eid et al. 2009) of CH
samples is currently underway at the University of Delaware and the Johns Hopkins

University sequencing centers. The sequence reads produced by PacBio (>6 kbp)

66



(Chaisson et al. 2015) are much longer than short read sequencing technology reads
(150-600 base pairs) (Kremkow and Lee 2015). This increased read length will be
useful as a large number of contigs and scaffolds still need to be ordered and linked
together in the current CH draft genomes. PacBio sequencing reads will facilitate this
effort, while also filling gaps within the scaffolds. A more complete CH reference
genome will enable better genome annotation and comparisons between CHO cell
lines.

It is anticipated that more CHO cell line genomes will be sequenced,
annotated, and publicly released in the future and CHOgenome.org plans to host the
data, enabling researchers quick access to all CHO genomic information. Additionally,
hosting comparative genomic information not only at the sequence level (single
nucleotide variants and short insertions/deletions), but also at the chromosome level
(structural variations such as large insertions/deletions, inversions, translocations, and
copy number variations) will provide cell line-specific genomic variations for the
CHO community. An efficient visualization tool should be developed to display
comparative analysis results for multiple genomes. In addition, small RNAs (such as
small interfering RNA, miRNA, or single guide RNA of the CRISPR/Cas9 system)
are increasingly recognized as engineering candidates with advantages including
sequence specific activity and low metabolic burden (Ronda et al. 2014; Zamore and
Haley 2005; Baik and Lee 2014; Klanert et al. 2014). A cell line specific small RNA
design tool would support an increase in small RNAs research.

To improve CHO bioprocessing, the CHO cell physiology must be better
understood. While the CHO-K1 & CH genomes reveal an abundance of information,

other -omics analyses, such as transcriptomics, proteomics, and metabolomics, are
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often more relevant, as these studies provide different portraits of the underlying
systems biology. Mammalian cell genomics, transcriptomics, proteomics, and
metabolomics have been studied in great detail over the past few years (Wuest et al.
2012; Valente et al. 2014, Datta et al. 2013; Vishwanathan et al. 2014; Heffner et al.
2014; Dickson 2014; Dietmair et al. 2012; Kim et al. 2012; Kildegaard et al. 2013).
However, the rare linearity between these different —omics datasets indicates that each
data type does not solely represent the complete biological profile for a given CHO
cell physiology.

The simultaneous use of multiple —omics technologies for one experiment can
provide additional data and possibly a greater understanding of CHO cell physiology.
However, designing experiments that apply multiple -omics tools and interpreting the
variably formatted datasets accurately can be challenging. Studies using multiple —
omics technologies are beginning to be published and a few reviews explore the
current state of using multiple —omics technologies for CHO research (Kremkow and
Lee 2013; Farrell et al. 2014). While CHOgenome.org will continue to host all CHO
genomic data, one long-term CHO community objective is to integrate available
genomic, transcriptomic, proteomic, metabolomic, and multiple —omics datasets. The
creation of the CHO proteome database represents initial steps toward incorporating
nongenome CHO data. A public, extensive CHO —omics data archive will hopefully
lead to the generation of genome-scale models, a comprehensive understanding of
CHO cellular behavior, and possible engineering targets and bioprocessing

improvements.
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3.6 Website and Partners Information

The complete URL for the CHO genome website is

http://www.chogenome.org/. Questions and comments can be sent to

chogenome@dbi.udel.edu. CHOgenome.org is first and foremost a community
resource, and the utility, longevity, and success of CHOgenome.org depends upon
community support. Partners of CHOgenome.org include government agencies,
corporations, and universities actively supporting the CHO genome initiative.
Representatives from each of the partners are invited to participate in the steering
committee to discuss updates to the data and the website and each partner may choose

to have a logo on the CHOgenome.org website.
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Chapter 4

GLYCO-MAPPER DEVELOPMENT AND GLYCOFORM PREDICTION
CAPABILITY VALIDATION

4.1 Preface

This chapter is adapted from Kremkow and Lee (2016-Submitted) with
permission in accordance with the guidelines in the publishing contract. This chapter
presents the novel modeling technique | created titled Discretized Reaction Network
Modeling with Fuzzy Parameters (DReaM-zyP) and the application of DReaM-zyP to
create the CHO-specific glycoform prediction tool titled Glyco-Mapper. Glyco-
Mapper predictions were validated using a variety of published cell engineering CHO
glycosylation studies representing the many different glycoform engineering
strategies. A novel cell engineering strategy was predicted and experimentally
validated. The impact this modeling technique and this glycoform prediction tool will
have on CHO cell-based biomanufacturing applications are analyzed. MALDI mass

spectrometry operation was performed by Leila Choe.
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4.2 Abstract

Glyco-Mapper is a novel systems biology product quality prediction tool
created using a new framework termed: Discretized Reaction Network Modeling using
Fuzzy Parameters (DReaM-zyP). Within Glyco-Mapper, users control the nutrient
feed composition and the reaction fluxes of glycosylation genes to match a reference
glycoform, enabling cell-line specific glycoform predictions as a result of specific
nutrient feeding and cell engineering strategies. Glyco-Mapper accurately predicts all
published genetically altered glycoforms between 1999 and 2014 with an accuracy,
sensitivity, and specificity of 96%, 85%, and 97%, respectively. The modeled
glycoforms span a large range of glycoform engineering strategies, including the
altered expression of glycosylation, nucleotide sugar transport, and metabolism genes,
as well as an altered nutrient feeding strategy. A glycoprotein-producing CHO cell line
reference glycoform was modeled and a novel Glyco-Mapper prediction was
experimentally confirmed with a respective accuracy and specificity of 95% and 98%.
Glyco-Mapper, a product quality prediction tool provides a streamlined way to design

host cell line genomes to achieve specific product quality attributes.

4.3 Introduction

Chinese hamster ovary (CHO) cells accounted for the production of $85 billion
of the $154 billion in global biotherapeutic sales in 2015 (LaMerie, 2016) because
CHO cells are capable of producing large amounts of protein, sustaining high
viability, resisting viral infection, and mimicking human product quality attributes

(Jayapal et al., 2007; Xu et al., 2011). The protein product quality largely influences

76



the efficacy, half-life, and immunogenicity of the therapeutic protein (Walsh and
Jefferis, 2016), all of which greatly affect the patient’s clinical response. The 2013
biopharmaceutical pipeline contained 431 recombinant proteins and monoclonal
antibodies (mADbs) in various phases of development (ABRC, 2013). Coupling this
large number of pipeline products with the desire to meet quality guidelines in
accordance with FDA guidance (US DHHS FDA, 2015), Understanding and
predicting the therapeutic product quality in accordance with targeted modifications
will be greatly beneficial to biopharmaceutical production.

Several kinetic and data-dependent models have previously been published
with the goal of establishing frameworks to quantify and model glycosylation. The
Umafia model (Umaria and Bailey, 1997) mathematically depicted the
glycosyltransferase activity of 8 enzymes, 33 species, and 33 reactions. Krambeck
(Krambeck and Betenbaugh, 2005) expanded upon the Umafia model by incorporating
more variables and models 11 enzymes, 7,565 species, and 22,871 reactions,
increasing the model’s complexity. Krambeck (Krambeck et al., 2009) further
broadened the model to incorporate 19 enzymes, more than 10,000 species, and
generates and optimizes a synthetic mass spectrum to determine the likely enzyme
concentrations. Liu (Liu and Neelamegham, 2014) further developed the glycan mass
spectra analysis to construct biochemical reaction networks and calculate the
associated fluxes for both N- and O-glycosylation associated pathways, in addition to
determining enzyme activities. Spahn (Spahn et al., 2016) employed Markov chain
modeling to mathematically calculate parameters to reproduce various glycoform
distributions and does not require user-provided kinetic information. Despite the

power of current analytical methods, kinetic model parameter estimation and
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validation is difficult to achieve for all relevant enzymes using current experimental
techniques. Moreover, measurement of glycan stereoisomers and confirmation of a
glycan’s specific production pathway is not yet possible on a routine basis.

In contrast to detailed kinetic and data-driven models, genome-scale
reconstructions can model biological processes and have been successfully applied
towards mammalian systems in many contexts (Duarte et al., 2007; Selvarasu et al.,
2010; Shlomi et al., 2008) and are now being used to study CHO (Chen et al., 2012;
Chowdhury et al., 2015; Selvarasu et al., 2012). The current availability of the CHO
genome (Xu et al., 2011) offers an opportunity to investigate CHO-specific product
quality using a genome scale reconstruction-based model. This type of model has
reduced computational requirements compared to detailed kinetic models, but does not
fully capture the variety of products generated by a non-template driven process. Here
we report for the first time a modeling framework rooted in genome reconstruction but
using discretized parameters and reaction stoichiometry termed Discretized Reaction
Network Modeling using Fuzzy Parameters (DReaM-zyP) to predict the likely
products of a non-template driven process, specifically the glycosylation patterns of
therapeutic proteins. A specific glycosylation DReaM-zyP-based tool (Glyco-Mapper)
includes all CHO N-glycosylation genes, as well as nucleotide sugar synthesis,
transporter, and glycosylation-relevant metabolism genes. Glyco-Mapper models and
predicts the published cell-engineered glycoforms from 1999 to 2014 (Goh et al.,
2014; Imai-Nishiya et al., Kanda et al., 2007; Malphettes et al., 2010; Maszczak-
Seneczko et al., 2013; Naso et al., 2010; Onitsuka et al., 2012; Sealover et al., 2013;
2007; Tsukahara et al., 2006; Weikert et al., 1999) with an accuracy of 96% and is
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currently implemented in Microsoft Excel, which does not require the user to have

extensive knowledge of modeling software or programming.

4.4 Materials and Methods

4.4.1 Model Glycosylation and Metabolism Gene Sources

Glyco-Mapper contains 59 N-linked glycosylation genes (Table E.1) and 92
metabolism-related genes (Table E.2), encompassing the central carbon metabolism
(CCM), sugar nucleotide synthesis, and sugar nucleotide transporter pathways (Figure
E.1). The genes were manually verified to be present within the CHO and Chinese
hamster genomes (Xu et al. 2011; Lewis et al. 2013; Brinkrolf et al. 2013) and the
gene sequences were obtained from the 2014 RefSeq CHO-K1 and CH genome
annotations (Hammond et al. 2012; Kremkow et al. 2015). Most of the N-linked
glycosylation genes were obtained from the CHO-K1 genome sequencing publication
(Xu et al. 2011) and additional genes were added to the model from literature
(Bosques et al. 2010). The N-linked glycosylation enzyme functions span the entire N-
glycosylation reaction network and range from the production of the glycan
intermediate in the endoplasmic reticulum to the degradation of the glycan outside of
the Golgi. The metabolism-related genes were identified from published CHO CCM
models (Ahn and Antoniewicz 2012), as were the genes involved with the sugar
nucleotide production and nucleotide sugar transport pathways. Literature as well as
the KEGG database were used to define the reactants, products, and enzymatic
reaction conditions (Taniguchi et al. 2002; Kanehisa and Goto 2000). Glyco-Mapper

models 448 non-stereospecifc glycans representing more than 2,600 distinct,
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stereospecifc glycans. Stereoisomers are considered identical for this work because
most current analytical glycan methods do not distinguish between stereospecific
glycans and there is no reported link between stereocisomers and biotherapeutic

characteristics.

4.4.2 Equations, Inputs, and Outputs

A draft reconstruction of the glycosylation process and CCM and nucleotide
sugar transport systems was created using the CHO-K1 and Chinese hamster genome
annotations, comprehensive reaction databases for candidate metabolic functions, and
published experimental data. The glycosylation genes were organized into functional
classes, the CHO-specific metabolic map (Figure E.1) was defined, and substrate and
cofactor usage, neutral enzymatic reactions, gene and reaction localization,
heteromeric enzyme complexes, isozyme functionalities, intracellular transport
mechanisms, and supporting metabolic reactions were all verified. The mathematical
model was created using fundamental kinetics requiring media components and a
kinetic activity level value (kaLv) parameter summarizing each enzyme’s activity and
concentration, based upon fuzzy logic discrete, quantized variables determining the
likely glycoform composition. The Glyco-Mapper karv emulate the original gene and
enzyme levels (if known), but if unknown, are set to minimize the number of
differences between the experimental reference glycoform and the resulting Glyco-
Mapper glycoform. Unbalanced reactions, missing reactions, and reaction
directionality and limitations were identified and rectified, enabling testing of single-

gene (or multi-gene) alteration phenotypes for comparison with experimental data.
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Glyco-Mapper inputs include the type of recombinant protein [mAb or non-
mADb] and a cellular location of the glycoprotein [secreted or intracellular]. Both
parameters restrict the potential glycoform based on respective limitations. The KaLv
for each glycosylation and metabolism gene is an input variable that accounts for both
the expression level of the gene and the activity of the corresponding enzyme, ranging
in value between 0 and 5, to determine the potential glycoform composition. The
media sugar component list input enables sugar nucleotide metabolism calculations.

Glyco-Mapper outputs include a count and list of the predicted glycoform
glycan composition. Glyco-Mapper generates four glycoform lists dependent upon
two different parameters, glycan classification [individual glycans or glycan
nucleotide groupings] and kinetic classification [likely secreted glycoform or
comprehensive intracellular glycoform composition]. Each glycoform version yields a
slightly different view and understanding of the glycosylation reaction network.
Lastly, an optional user-selected glycan is predicted to be present or absent in the final
glycoform, and if absent, the metabolism or glycosylation genes preventing the

glycan’s production are identified.

4.4.3 Experimental

| adapted a CHO-DUKX cell line producing secreted alkaline phosphatase
(SEAP) (Hayduk and Lee 2005) to serum-free, suspension culture in 125 mL shake
flasks (Corning, Oneonta, NY) containing 28 mL SFM4CHO medium (Hyclone
Laboratories Inc., Logan, UT). The cells were cultured by routine passaging at 4 day
intervals. Cultures were then seeded at 3x10° cells/mL and incubated with orbital

agitation at 120 rpm in a 37 °C cell culture incubator with 5% CO, and 80% relative
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humidity. Cells were counted using a Countess Il FL hemocytometer (ThermoFisher,
Rockford, IL) with viability determined by Trypan blue (Sigma-Aldrich, St. Louis,
MO) exclusion method. The cells were harvested on day 3 or 4 and the supernatant
was separated from the residual cells by centrifugation (180 g, 6 min) and stored at -
20°C until further use.

Supernatant samples were thawed simultaneously and filtered through a 0.22
pm filter (Millipore, Cork, Ireland). A SEAP-activity assay (ThermoFisher, Rockford,
IL) was performed on all supernatant samples to quantify the SEAP protein
concentration. SEAP was purified using a Reactive Green 19 pseudo-affinity
chromatography column, generated according to the published protocol (Ouyang et al.
2007). Briefly, Sepharose™ 6B (GE Healthcare, Uppsala, Sweden) is hydrated and
reacted with Reactive Green 19 (Sigma-Aldrich, St. Louis, MO), Na.CQO: (Sigma-
Aldrich, St. Louis, MO), and 20% NaCl (Fisher, Fair Lawn, NJ), incubated for 48
hours, and thoroughly rinsed with deionized water. The matrix is equilibrated in
ethanolamine (Sigma-Aldrich, St. Louis, MO) for 12 hours, rinsed with water, and
stored at 4 °C. SEAP is loaded to the column for 8 hours, washed with Tris buffer
(Bio-Rad, Hercules, CA), eluted with Na2HPOg4 buffer (Fisher, Fair Lawn, NJ), and
the column is regenerated. The purified SEAP concentration was again measured by
the SEAP-activity assay and 200 pg of SEAP per sample was concentrated using 10
kDa centrifugation filters (Waters, Boston, MA) for the permethylation assay. Briefly,
SEAP was denatured and digested with trypsin (Promega, Madison, WI) and the
glycans were cleaved by N-glycanase (ProZyme, Hayward, CA). The cleaved glycans
were purified with Hypersep Hyper Carb SPE cartridges (ThermoFisher, Rockford,

IL) using 5% v/v acetonitrile with 0.1%v/v TFA as a wash and 50% acetonitrile with
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0.1% v/v TFA to elute the glycans. The elution solution was evaporated under airflow
and the glycans were reconstituted and permethylated using methyl iodide in the
presence of NaOH and DMSO. The permethylated glycan samples were first cleaned
up using liquid-liquid extraction with chloroform and then Sep-Pak PS2 SPE
cartridges (Waters, Milford, MA) with elution fractions in 15%, 35%, 50%, and 75%
acetonitrile. Eluted fractions were evaporated with a vacuum concentrator, then
resuspended in 25 pL of 80% methanol. MALDI TOF/TOF glycan analysis was
performed with 10,000 shots at 5000 laser power in positive ion reflector mode with
2,5-dihydroxybenzoic acid matrix using a 4800 MALDI TOF/TOF mass spectrometer
(ABSciex, Framingham, MA). The relative glycan percentage was determined as the
ratio of the individual glycan peak height to the sum of all glycan peak heights
(Figures F.1 and F.2).

GnT-11 knockdown was performed using transfection of GnT-II
(CGAAUACCCUGACUCCUUUATAT) and negative control #1 siRNA (Sigma-
Aldrich, St. Louis, MO) using Lonza transfection Cell Line Nucleofector Kit V
(Lonza, Basel, Switzerland). Cells were cultured for 3 days before the supernatant was
collected. GnT-1l knockdown was confirmed by gRT-PCR (Figure F.3) using the
TagMan® RNA-to-Ct 1-Step Kit (Applied Biosystems, Foster City, CA), probe
[PrimeTime 5° 6-FAM/ZEN/3’ IBFQ], and primers [5’-
GGGCATTAACGAAGTCCTAGTC-3’; 5’-CAGCTGAATGCTGAATGGAAAG-37]
(IDT, Coralville, 1A). gqRT-PCR was performed in triplicate on a Cepheid SmartCycler
I (Cepheid, Sunnyvale, CA).
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4.4.4 Statistical Information

For each predicted glycoform, the accuracy, specificity, and sensitivity
statistics are solely representative of the predicted glycoforms, not the reference
glycoforms or the combination thereof. The accuracy percentage represents the
percentage of true glycan predictions within the glycoform and was calculated as the
sum of experimentally-validated, present and absent glycans predicted divided by the
total number of glycans within the glycoform. The specificity percentage represents
the true negative prediction rate, specifically calculated as the number of predicted and
experimentally absent glycans divided by the total number of experimentally absent
glycans. The sensitivity percentage represents the true positive prediction rate,
specifically calculated as the number of both predicted and experimentally present
glycans divided by the total number of experimentally present glycans. The delta
accuracy percentage represents the accuracy rate of the glycans that changed their
combination of prediction and experimental status between the reference and predicted
glycoforms, specifically calculated as the number of correctly predicted glycans that
changed status divided by the total number of glycans that changed status. The relative
composition deemed statistically significant was greater than 1% for all literature and
experimental calculations.

The GnT-11 siRNA knockdown gRT-PCR data was analyzed as technical
triplicates of biological triplicates (Figure F.3). The results were statistically analyzed
in JMP and the two sample one-sided t-test was conducted assuming unequal
variances with an alpha of 0.05 and resulting in p<0.0001. The difference between the
GnT-1l knockdown and negative control samples was 2.51, the t ratio was 7.5, the

standard error difference was 0.335, and the degrees of freedom was 15.4.
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45 Results

Various metabolic and glycosylation gene knockouts, knockdowns, or
overexpressions, which will be referred to as cell- or glycoform-engineering in this
report, have been described in different CHO cell lines and each of these changes
results in altered recombinant protein glycoforms. Between 1999 and 2014, ten
publications (Goh et al., 2014; Imai-Nishiya et al., Kanda et al., 2007; Malphettes et
al., 2010; Maszczak-Seneczko et al., 2013; Naso et al., 2010; Onitsuka et al., 2012;
Sealover et al., 2013; 2007; Tsukahara et al., 2006; Weikert et al., 1999) describe an
engineered change in glycosylation-related gene expression with an accompanying
characterization of the resulting glycoform changes. These papers collectively altered
nine genes affecting eight different sugar nucleotide enzymatic reactions in various
combinations among CHO cell lines producing both mAb and non-mAb
biotherapeutics. Glyco-Mapper predicted the altered glycoprofiles and the results were
compared against each published glycoform to establish a 96.1% glycan prediction
accuracy (1,547 of 1,608 glycans). The average prediction glycoform accuracy,
sensitivity, and specificity statistics are 96%, 85%, and 97%, respectively (Table 4.1).
The following sections illustrate the application of the Glyco-Mapper tool towards
four different examples of glycoform-engineering modification strategies from among

those reported in the literature.
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Table 4.1:

The average accuracy, sensitivity, specificity, and delta accuracy

statistics for each cell-engineered glycoform prediction. The average is
greater than 80% for all statistics and greater than 95% for both the
overall accuracy and specificity.

Author, Year Gene(s) Accuracy | Sensitivity | Specificity Ac[::il::cy
Onitsuka, 2012* | ST6Gal1 925% | 83.3% 94.1% 50.0%
Goh, 2013* GnT-1/ (Fut8) 93.6% | 78.6% 95.1% 81.8%
Kanda, 2007’ Futs 97.5% | 100.0% | 97.3% 100.0%
Kanda, 2007’ GMDS 97.5% | 100.0% | 97.3% 100.0%
Kanda, 2007* f:gg %FFU‘;;) 97.5% | 100.0% | 97.3% 100.0%
Maszczak, 2013’ | SLC35A3 98.7% | 90.0% 99.3% 83.3%
Maszczak, 2013’ fgfﬂlﬁ)/ 98.1% | 92.3% 98.6% 85.7%

64Galt /
Maszczak, 2013* | SLC3543 / 98.7% | 83.3% | 100.0% 90.9%

(GnT-1l)
Kremkow, 2016* | GnT-1I 94.9% | 77.3% 97.8% 75.0%
gi')al'ghettes' Fut8 92.5% | 85.7% 93.9% 87.5%
Tsukahara, 2004 | Fut8 97.5% | 100.0% | 97.3% 100.0%
Naso, 2010 SiaA 97.5% | 100.0% | 97.3% 100.0%
Sealover, 2013 | GnT-1 92.5% 0.0% 97.4% 100.0%
'zrgg;N'Sh'ya' Fut8 / GMDS 97.5% | 100.0% | 97.3% 100.0%
Weikert, 1999 | 84Galt 95.5% | 87.5% 95.9% 0.0%
Weikert, 1999 | ST3Gal3 94.9% | 85.7% 95.3% 0.0%
Weikert, 1999 _f?ggglg/ 96.2% | 81.8% 97.2% ]
Average 96.2% | 84.6% 97.2% 84.7%
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45.1 Strategy 1: Expression of Heterologous Glycosyltransferases
(e.g. — ST6Gall)

Expression of a non-native glycosylation gene may result in the production of
novel glycans or shift the glycoform distribution. Glyco-Mapper successfully
replicated and predicted the final reference and engineered glycan distributions,
respectively, as reported by Naso et al. (2010) and Onitsuka et al. (2012). Onitsuka et
al. (2012) expressed ST6Gall to increase sialylation, thereby potentially increasing the
IgG’s biotherapeutic in vivo half-life. Glyco-Mapper replicated the wild type
glycoform (Figure 4.1) with 39 of 40 correct glycans [3 of 4 present; 36 of 36 absent].
When ST6Gall expression was estimated (Figure 4.2), Glyco-Mapper predicted 37 of
40 glycans correctly [5 of 7 present; 32 of 33 absent]. The predicted 1gG glycoform
resulting from the altered heterologous glycosyltransferase flux and expression was

accurate, sensitive, and specific.
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Figure 4.1: The Glyco-Mapper prediction of the Onitsuka et al. reference glycoform.
The asialylated glycans FA2, FA2G1, and FA2G2 are correctly predicted
to be experimentally present.
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Figure 4.2: The Glyco-Mapper prediction of the expression of ST6Gall based on the
Onitsuka et al. reference glycoform (Figure 4.1). The sialylated glycans
FA2G2S1 and FA2G2S2 are correctly predicted to be experimentally
present in this gain-of-function glycoform engineering strategy. The N-
glycan gene, nucleotide, and glycan legends in Figure 4.1 are not pictured
but still apply.
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4.5.2 Strategy 2: Genetic Manipulation of Glycosyltransferases (e.g. — GnT-1)

Genome editing tools are increasingly being used to knockdown, knockout, or
overexpress targeted glycosylation genes and alter biotherapeutic glycoforms. Glyco-
Mapper successfully replicated studies by Kanda et al. (2007), Weikert et al. (1999),
Malphettes et al. (2010), Sealover et al. (2013), Goh et al. (2014), Maszczak-Seneczko
et al. (2013), and Tsukahara et al. (2006). In particular, Goh et al. (2014) investigated
the effect of GnT-1 expression in a GnT-I knockout CHO cell line with the goal of
increasing the glycoprotein erythropoietin (EPO) sialylation. Glyco-Mapper accurately
replicated 149 of 156 glycans [2 of 5 present; 147 of 151 absent] for the wild type
(GnT-I knockout) glycoform (Figure 4.3); whereas Glyco-Mapper predicted 146 of
156 glycans correctly [11 of 18 present, 135 of 138 absent] when the GnT-I
overexpression was estimated (Figure 4.4). The predicted EPO glycoform resulting
from the altered glycosyltransferase flux and expression was highly accurate and

specific.
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Figure 4.3: The Glyco-Mapper prediction of the Goh et al. reference glycoform. The
mannose glycans M3 and M6 are correctly predicted to be experimentally

present. The N-glycan gene, nucleotide, and glycan legends in Figure 4.1
are not pictured but still apply.

91



Predicted Glyco-Mapper Glycoform

Glycoform: [Non-mAb — Secreted]
Alterations: GnT-I Overexpression
Fut8 Overexpression

A:93.6% Model
P |+
g + 11
= 7
..... gl
; ™~
Figure 4.4: The Glyco-Mapper prediction of the GnT-I overexpression based on the

Goh et al. reference glycoform (Figure 4.3). Multiple novel bi-antennary
(FA2G2, FA2G2S1, and FA2G2S2), tri-antennary (FA3G3, FA3G3S1,
FA3G3S2, and FA3G3S3), and tetra-antennary (FA4G4, FA4G4S1, and
FA4G4S2) glycans are all correctly predicted to be experimentally
present in this gain-of-function glycoform engineering strategy. The N-
glycan gene, nucleotide, and glycan legends in Figure 4.1 are not pictured
but still apply.
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4.5.3 Strategy 3: Genetic Manipulation of Glycosyltransferase and Metabolism
Genes (e.g. — GMDS and Fut8) and Nutrient Feeding Modifications (e.g. —
Fucose Feed)

The knockout of a native metabolism gene or the alteration of a media feed
(nutrient composition) can result in a modified glycoform, as reported by Kanda et al.
(2007) and Imai-Nishiya et al. (2007), both of which Glyco-Mapper successfully
predicted. Using a mAb (IgG1)-producing CHO cell line, Kanda et al. (2007)
independently knocked out GMDS, Fut8, and GMDS with an altered nutrient-feed
containing fucose, thereby affecting the fucosylation and antibody-dependent cellular
cytotoxicity (Shinkawa et al., 2003). Glyco-Mapper replicated the wild type glycoform
(Figure 4.5) with 37 of 40 correct glycans [5 of 8 present, 32 of 32 absent]. When both
the GMDS knockout (Figure 4.6) and Fut8 knockout (Figure 4.7) were independently
incorporated, Glyco-Mapper accurately predicted 39 of 40 glycans correctly [3 of 4
present; 36 of 36 absent]. Glyco-Mapper incorporated the nutrient-feed containing
fucose and the GMDS knockout (Figure 4.8) and accurately predicted 39 of 40 glycans
correctly [3 of 4 present; 36 of 36 absent]. The predicted 1gG1 glycoforms resulting
from the modified feeding strategy and the altered metabolic and glycosyltransferase

gene fluxes and expressions were all highly accurate, sensitive, and specific.
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Figure 4.5: The Glyco-Mapper prediction of the Kanda et al. reference glycoform.
The bi-antennary glycans A2, A2G1, FA2G1, A2G2, and FA2G2 are
correctly predicted to be experimentally present. The N-glycan gene,
nucleotide, and glycan legends in Figure 4.1 are not pictured but still

apply.
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Figure 4.6: The Glyco-Mapper prediction of the knockout of GMDS based on the
Kanda et al. reference glycoform (Figure 4.5). The afucosylated bi-
antennary glycans A2, A2G1, and A2G2 are correctly predicted to be
experimentally present in this glycoform engineering strategy. The N-
glycan gene, nucleotide, and glycan legends in Figure 4.1 are not pictured
but still apply.

95



Predicted Glyco-Mapper Glycoform
Glycoform: [mAb - Secreted]
Alteration: Fut8 Knockout

A:97.5%

aA: 100%
(474}

Model

Expt.

Figure 4.7: The Glyco-Mapper prediction of the knockout of Fut8 based on the
Kanda et al. reference glycoform (Figure 4.5). The afucosylated bi-
antennary glycans A2, A2G1, and A2G2 are correctly predicted to be
experimentally present in this glycoform engineering strategy. The N-

glycan gene, nucleotide, and glycan legends in Figure 4.1 are not pictured

but still apply.
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Figure 4.8: The Glyco-Mapper prediction of the fucose feeding strategy coupled with
the knockout of GMDS based on the Kanda et al. reference glycoform
(Figure 4.5). The fucosylated bi-antennary glycans FA2, FA2G1, and
FA2G2 are correctly predicted to be experimentally present in this
metabolic and glycosylation engineering strategy. The N-glycan gene,
nucleotide, and glycan legends in Figure 4.1 are not pictured but still
apply.
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45.4 Strategy 4: Genetic Manipulation of Glycosyltransferases and Nucleotide
Sugar Transporter Genes (e.g. — SLC35A3 and f4Galt)

Altered nucleotide sugar transport genes affect the glycoform, whether altered
independently or in conjunction with a glycosyltransferase. Glyco-Mapper
successfully predicted the glycoprotein glycoforms reported by Maszczak-Seneczko et
al. (2013) whom knocked out both SLC35A3, the gene responsible for UDP-GICNAc
transport and reduced transport results in reduced glycoprotein glycan antennarity, and
pAGalt, the genes responsible for the addition of Gal nucleotides, which reduce the
biologic’s half-life when the Gal nucleotides are terminal (Ashwell and Morell, 1974).
Glyco-Mapper accurately replicated 153 of 156 glycans [10 of 12 present, 143 of 144
absent] for the wild type glycoform (Figure 4.9); whereas Glyco-Mapper predicted
153 of 156 glycans correctly [12 of 14 present; 141 of 142 absent] when the p4Galt
knockout was incorporated (Figure 4.10). Glyco-Mapper predicted 154 of 156 glycans
correctly [9 of 10 present; 145 of 146 absent] when the SLC35A3 knockout was
incorporated (Figure 4.11). Glyco-Mapper accounted for the combined SLC35A3 and
p4Galt knockouts (Figure 4.12) accurately by also predicting 154 of 156 glycans
correctly [10 of 10 present; 144 of 146 absent]. The predicted glycoprotein glycoforms
resulting from the altered nucleotide sugar transporter and glycosyltransferase gene

fluxes and expressions were accurate, sensitive, and specific.
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Figure 4.9: The Glyco-Mapper prediction of the Maszczak-Seneczko et al. reference
glycoform. Bi-, tri-, and tetra-antennary glycans as well as high and low
mannose glycans are correctly predicted to be experimentally present.

The N-glycan gene, nucleotide, and glycan legends in Figure 4.1 are not
pictured but still apply.
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Figure 4.10: The Glyco-Mapper prediction of the p4Galt knockout strategy based on
the Maszczak-Seneczko et al. reference glycoform (Figure 4.9). The
agalactosylated glycans FA4, A3, FA3, A2, FA2, and FAL are all
correctly predicted to be experimentally present in this glycoform
engineering strategy. The N-glycan gene, nucleotide, and glycan legends
in Figure 4.1 are not pictured but still apply.
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Figure 4.11: The Glyco-Mapper prediction of the SLC35A3 knockout strategy based
on the Maszczak-Seneczko et al. reference glycoform (Figure 4.9). The
glycans A2G2, FA2G2, and A1G1 are all correctly predicted to be
experimentally present in this complex glycosylation engineering
strategy. The N-glycan gene, nucleotide, and glycan legends in Figure 4.1
are not pictured but still apply.
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Figure 4.12:

The Glyco-Mapper prediction of the SLC35A3 and p4Galt knockout
strategy based on the Maszczak-Seneczko et al. reference glycoform
(Figure 4.9). The agalactosylated glycans A2, FA2, Al, and FA1 are all
correctly predicted to be experimentally present in this complex
glycosylation engineering strategy. The N-glycan gene, nucleotide, and
glycan legends in Figure 4.1 are not pictured but still apply.
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4.5.5 Experimental Confirmation of a Novel “Strategy 2” Modification: Genetic
Manipulation of Glycosyltransferases (e.g. — GnT-11)

After confirmation of Glyco-Mapper’s ability to accurately predict reported
changes in literature, Glyco-Mapper’s ability to predict a non-obvious change not
previously defined in literature was experimentally tested. The gene GnT-Il was
knocked down using short interfering RNA (siRNA) with the goal of inhibiting bi-
antennary glycan formation of the model glycoprotein secreted alkaline phosphatase
(SEAP). Glyco-Mapper accurately replicated 144 of 156 glycans [11 of 14 present,
133 of 142 absent] for the wild type glycoform (Figure 4.13); whereas Glyco-Mapper
predicted 148 of 156 glycans correctly [17 of 20 present; 131 of 136 absent] when the
GnT-11 knockdown was estimated (Figure 4.14). The predicted SEAP glycoform
resulting from the altered flux and expression of the glycosyltransferase GnT-Il was

novel as well as highly accurate and specific.
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Figure 4.13: The Glyco-Mapper prediction of the reference SEAP glycoform. Most bi-
antennary glycans are correctly predicted to be experimentally present.
The N-glycan gene, nucleotide, and glycan legends in Figure 4.1 are not
pictured but still apply.
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Predicted Glyco-Mapper Glycoform
Glycoform: [Non-mAb — Secreted]
Alteration: GnT-Ill Knockdown

A: 94.9% Model

+ 17

Figure 4.14: The Glyco-Mapper predicted GnT-I1 knockdown glycoform is based on
the SEAP reference glycoform (Figure 4.13). The single antennae
glycans Al, FA1, A1G1, and A1G1S1 are all correctly predicted to be
experimentally present in this glycoform engineering strategy. The N-
glycan gene, nucleotide, and glycan legends in Figure 4.1 are not pictured
but still apply.
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4.6 Discussion

The Glyco-Mapper tool developed via the DReaM-zyP method builds upon a
protocol for the generation of high-quality genome-scale metabolic reconstructions
(Thiele and Palsson, 2010) by incorporating discretized parameters representing
stoichiometric pathway fluxes to predict glycoforms. Manual reconstruction and
refinement of the glycosylation reaction network as well as the central carbon
metabolism (CCM) and nucleotide sugar transport metabolic pathways was
accomplished using the CHO-K1 and Chinese hamster genome annotations. The
incorporation of discrete, quantized reaction flux parameters for each gene in the
reaction network and for each media feed sugar transformed the reconstruction
database to Glyco-Mapper, a stoichiometric flux modeling tool. Glyco-Mapper
provides cell line specific and experimentally relevant glycoform predictions using
altered genotypes. The range of glycoform phenotypes accurately predicted by Glyco-
Mapper include fucosylation, sialylation, galactosylation, antennarity, nucleotide sugar
transport (UDP-GIcNAC), and nucleotide sugar metabolism (GDP-Fuc). Additional
details regarding the creation of DReaM-zyP and the use of DReaM-zyP to create
Glyco-Mapper are presented in Appendix B.

Glyco-Mapper predicted the overexpression, knockout, and knockdown of
glycosylation, nucleotide sugar transporter, and metabolism genes and the predicted
glycoforms aligned with the experimental glycoforms with an average sensitivity of
85% and an accuracy and specificity of greater than 95%. The Glyco-Mapper
predictions listed in Table 4.1 but not described or pictured in the results section are
described and illustrated in Appendix C. Glyco-Mapper also accurately predicted the

accuracy of glycans changing experimental classifications (e.g. present to absent)

106



between the reference and prediction glycoforms with an average accuracy of 85%,
referred to here as the delta accuracy. Glycoforms of both mAbs (nine alterations) and
non-mADbs (eight alterations) were predicted and Glyco-Mapper predicted both the
altered mAb and non-mAb glycoprofiles with an average accuracy, sensitivity, and
specificity of 96%, 85%, and 97%, respectively (Tables 4.2 and 4.3). Glyco-Mapper
predictions are reliable because the predictive delta accuracy is high and the accuracy,
sensitivity, and specificity statistics are consistent for both mAb and non-mAb

biotherapeutics.

Table 4.2:  The Glyco-Mapper prediction accuracy, sensitivity, specificity, and delta
accuracy statistics for mAb biopharmaceuticals.
Author, Year Gene(s) Accuracy | Sensitivity | Specificit Delta
’ ¥ v |oP 4 Accuracy
Onitsuka, 2012* | ST6Gal1 92.5% 83.3% 94.1% 50.0%
Kanda, 2007’ Fut8 97.5% 100.0% 97.3% 100.0%
Kanda, 2007’ GMDS 97.5% 100.0% 97.3% 100.0%
GMDS / Fuc
* 0, 0, 0, 0,
Kanda, 2007 Feed / (Fut8) 97.5% 100.0% 97.3% 100.0%
Malphettes, Fut8 92.5% | 85.7% 93.9% 87.5%
2010
Tsukahara, 2004 | Fut8 97.5% 100.0% 97.3% 100.0%
Naso, 2010 SiaA 97.5% 100.0% 97.3% 100.0%
Sealover, 2013 GnT-I 92.5% 0.0% 97.4% 100.0%
'zrgg;N'Sh'ya' Fut8 / GMDS 97.5% | 100.0% | 97.3% 100.0%
Average 95.8% 85.4% 96.6% 93.1%
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Table 4.3:  The Glyco-Mapper prediction accuracy, sensitivity, specificity, and delta
accuracy statistics for non-mAb biopharmaceuticals.
Author, Year Gene(s) Accuracy | Sensitivity | Specificity Delta
Accuracy
Goh, 2013* GnT-1/ (Fut8) 93.6% 78.6% 95.1% 81.8%
Maszczak, 2013’ | SLC35A3 98.7% 90.0% 99.3% 83.3%
Maszczak, 2013’ 84Galt/ 98.1% 92.3% 98.6% 85.7%
(GnT-11)
64Galt /
Maszczak, 2013* | SLC35A3 / 98.7% 83.3% 100.0% 90.9%
(GnT-11)
Kremkow, 2016* | GnT-II 94.9% 77.3% 97.8% 75.0%
Weikert, 1999 B4Galt 95.5% 87.5% 95.9% 0.0%
Weikert, 1999 ST3Gal3 94.9% 85.7% 95.3% 0.0%
Weikert, 1999 gigggb’/ 96.2% 81.8% 97.2% -
Average 96.3% 84.6% 97.4% 59.5%

Incorrect glycans are predicted for a multitude of reasons, including biological
variance within the glycosylation process; variable glycan detection sensitivity; and
substrate, product, enzymatic, or other cellular inhibition mechanisms caused by the
genome modification(s) affecting pathway fluxes not accurately portrayed. Glyco-
Mapper inaccurately predicts glycans in one of two ways: glycans predicted to be
measured that were not experimentally observed and glycans predicted to be absent
that were detected. Glyco-Mapper inaccurately predicted 24 of 548 glycans in Figures
4.2,4.4,4.8,4.12, and 4.14 and the 24 glycans are listed in Table 4.4. More than half
of these incorrectly predicted glycans are one or two active enzyme reactions away
from glycans correctly predicted to be present, making most “incorrect” predictions
only slightly off-target. Other errors may be indicative of unidentified inhibitory
factors affecting the final glycoform, as opposed to biological variance or inaccurate

modeling assumptions. One potential example of an unaccounted factor is the
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incorrect A2G2S2 prediction in Figure 4.2. The reference glycoform was fully
fucosylated and after ST6Gall overexpression, the predicted glycoform was also fully
fucosylated, yet A2G2S2 was reported and composed a significant percentage (~20%)

of the experimental glycoform without an explanation.

109



Table 4.4:

The incorrect Glyco-Mapper glycan predictions within Figures 4.2, 4.4,
4.8,4.12, and 4.14. These glycans span the range of mannose to complex
glycan groupings. More than half of these glycans are two or fewer active
enzymatic steps removed from an experimentally measured and correctly
predicted glycan, demonstrating the complexity of this non-template

driven process.

Glycan Predicted Figure
as:

FM3 Present 4.2
FA2G1S1 Present 4.2
A2G2S2 Absent 4.2

M9 Present 4.4

M7 Present 4.4

M6 Present 4.4

M5 Absent 4.4

M5A1 Absent 4.4
FA1G1 Present 4.4
FA1G1S1 Present 4.4
FA2G1 Absent 4.4
FA4GA4S3 Present 4.4
FA4G454 Present 4.4

FM3 Present 4.8

M5 Absent 4.12

FA3 Absent 412

M6 Absent 4.14

M5 Absent 4.14

M4 Absent 4.14

FA1G1 Present 414
FA1G1S1 Present 414
A2G1S1 Present 414

M4A1G1S1 Absent 4.14
M4A2G2S2 Absent 4.14
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4.7 Conclusions

Glyco-Mapper predicts glycoforms with high accuracy, specificity, and
selectivity after targeted gene manipulations have occurred by combining the power of
genome scale reconstruction with discretized kinetics. Published glycosylation,
nucleotide sugar metabolism, and nucleotide sugar transporter gene modifications
have all been modeled and the predicted glycoforms averaged a 96% accuracy in
specific glycan prediction when compared with experimental results. Upon
examination and analysis of the few glycans incorrectly predicted, the majority likely
result due to biological variability, experimental error, or an imperfect modeling
assumption. Glyco-Mapper facilitates an understanding of the possible and likely
effects of altering a gene’s activity upon the glycoform, through gene knock-outs,
knock-downs, or overexpression. Increasingly accurate predictions enable data-driven
selection of beneficial genetic alterations that could be useful to the biopharmaceutical

manufacturing community.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

5.1 Summary of Conclusions

During biopharmaceutical manufacturing, Chinese hamster ovary (CHO) cells
produce biopharmaceuticals with a unique glycoform, which must remain constant to
ensure product efficacy and patient safety. Predicting these glycoforms with new
models and tools could lead to improved biopharmaceutical manufacturing operations
and aid biopharmaceutical design development. This dissertation project created the
systems biology tool Glyco-Mapper to generate CHO-specific glycoform predictions,
which were validated using published glycoform literature. This tool was then applied
to predict the glycoforms of various CHO cell engineering strategies that could
potentially improve biopharmaceutical manufacturing product quality.

CHO-specific glycosylation enzymes are critical variables that have a direct
effect on the biopharmaceutical glycoforms and it is fundamental to fully understand
each individual reaction to improve glycosylation modeling’s predictive capabilities
and accuracy. Correctly incorporating the genes coding for the glycosylation enzymes
from the CHO genome was critical. This research systematically explored Sanger and
next-generation sequencing methods towards various omics applications and provided

an overview of the CHO omics data, especially the CHO and CH genomes, these
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methods have generated (Chapter 2). Additional next-generation sequencing methods
were explained, a comparison of each technology’s sequencing characteristics were
examined in relation to the other sequencing technologies, and the application of these
technologies towards animal cell research was investigated (Appendix A). The
published NCBI RefSeq CHO and CH genomes were made publicly available at
CHOgenome.org through a series of data uploads and website improvements to
advance the CHO cell community’s access to these sequences (Chapter 3).

Using the updated CHOgenome.org website and the available CHO-specific
sequences, | developed a database containing every glycosylation and glycosylation-
associated metabolism gene within the CHO genome (Tables F.1 and F.2) and
manually verified the associated enzymatic characteristics, including the reactants,
products, linkages formed or cleaved, and the associated glycosylation classification.
The novel technique Discretized Reaction Network Modeling using Fuzzy Parameters
(DReaM-zyP) was created using a combination of genome-scale reconstruction,
kinetic modeling, and fuzzy logic modeling techniques. DReaM-zyP was applied to
create a CHO-specific glycoform prediction tool named Glyco-Mapper (Appendix B).
Glyco-Mapper glycoform predictions were validated using cell engineering literature
with complete glycoforms published from 1999-2014 (Chapter 4 and Appendix C).
The sixteen cell engineered glycoforms were created using four different cell
engineering glycoform alteration strategies and the Glyco-Mapper predictions had an
average accuracy of 95%. Optimized experimental methods were applied to explore a
novel Glyco-Mapper prediction regarding the GnT-Il knockdown effects on a non-

mADb model biopharmaceutical and the Glyco-Mapper prediction was validated
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(Figure 4.14) with 94.9% accuracy and 75% delta accuracy (9 of 12 glycans changed
classifications as predicted).

Of the hundreds of glycans CHO cells create, tailoring glycosylation models to
predict cell line-specific glycoforms will enhance the ability of biopharmaceutical
engineers to understand and control the glycoforms relevant to their specific
biopharmaceutical. This specificity will consequently enable the further investigation
of precise glycoform engineering controllability during biopharmaceutical
manufacturing. The work presented here identifies the effects of CHO-specific gene
altering and nutrient feeding glycoform engineering strategies on biopharmaceutical
manufacturing and provides a foundation for additional opportunities to explore

modeling and predicting industrial biopharmaceutical glycoforms.

5.2 Future Work

The creation of the Glyco-Mapper tool and the resulting glycoform predictions
presented in this dissertation provide a foundation for additional CHO-specific
glycoform exploration. Extension of this work could improve glycoform
controllability and enhance biopharmaceutical product quality. Potential applications
include: (1) further developing the Glyco-Mapper tool, (2) validating additional novel
non-mAb Glyco-Mapper predictions, and (3) exploring industrially-relevant

biopharmaceutical glycoforms and the causes of erroneous predictions.
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5.2.1 Glyco-Mapper Modeling Improvements

The Glyco-Mapper modeling and prediction of CHO glycoforms presented in
Chapter 4 could be enhanced by increasing the biological modeling accuracy of the
incorporated variables. The activity level of each enzyme is represented by the
discretized karLv parameter, but the fuzzification scheme, the scale for converting
biological activity values to discretized parameters (Sokhansanj et al. 2009), has not
been established. Defining a fuzzification scheme to generate the reference set of karLv
parameters from reference enzyme activity levels would enable direct parameter
estimation from the experimental data, if available. The enzyme localization of Glyco-
Mapper glycosylation, metabolism, nucleotide sugar production, and nucleotide sugar
transport enzymes is only innately incorporated. Explicit incorporation of the
glycosylation enzyme cellular localization distributions within the ER and Golgi could
be applied to enable a more accurate representation of the recent localization research
(Ferrari et al. 2012; van Dijk et al. 2008). Explicit localization of the metabolism,
nucleotide sugar production, and nucleotide sugar transport enzymes would likely not
affect the glycoform predictions as the current innate localization accounts for separate
organelles. However, if additional competing reactions are included in the future,
explicit localization would depict a more accurate representation of the biological
reality, thereby improving the accuracy of the reaction network and resulting predicted
glycoforms.

The Glyco-Mapper glycoform prediction tool could also be improved by
incorporating additional glycosylation variables. The addition of a general energy (e.g.
ATP) balance check to confirm the energy required by the glycosylation pathway is

produced by the CCM reaction network would increase the effect of kaLv parameter
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adjustments for reactions 8-24 (Figure F.1) upon the glycosylation reaction network.
Incorporation of the availability of metal ions and phosphate groups that are defined in
literature (Taniguchi et al. 2002) and are required for the glycosyltransferase
enzymatic reactions, but are not currently considered within the Glyco-Mapper code,
would further increase the number of biologically important variables. Accounting for
the phosphate groups required for sugar nucleotide synthesis would warrant the
integration of the phosphate group reaction network enzymes to the database. Cellular
energy, metal ions, and phosphate groups are required for glycosylation and their
inclusion in the Glyco-Mapper tool would result in an increase in the model’s
biological accuracy. However, all of these variables are also used for other cellular
functions; therefore, their accuracy and the degree of Glyco-Mapper glycoform
controllability would greatly depend upon the cellular biology and how the variables
are integrated within the Glyco-Mapper.

Glyco-Mapper’s predicted glycoforms could produce numerical glycan
distributions similar to kinetic model simulations by incorporating a defuzzification
scheme as well as additional cellular conditions, such as physical cellular conditions
and the cellular growth rate. A defuzzification scheme (Sokhansanj et al. 2009) could
produce a quantified glycan composition output in addition to the discretized
glycoform, which may be of greater use to industrial Glyco-Mapper applications.
Accounting for physical cellular components such as the pH, temperature, osmolality,
and other reactor conditions (Ahn et al. 2008; Trummer et al. 2006; Rivinoja et al.
2009; Axelsson et al. 2001) would enable the Glyco-Mapper to capture the effects of
macro-scale variables upon the biotherapeutic product quality in addition to the micro-

scale variables. Incorporating the cellular growth rate, another variable cited for direct
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effect upon glycoform distributions (Hossler et al. 2009), should also be explored.
While these improvements may be more difficult to integrate and will likely change
the scope of the Glyco-Mapper, this cost should be weighed against the increased
biological accuracy of the model and, at the very least, be thoroughly investigated.
The Glyco-Mapper glycosylation database contains only the N-glycosylation
gene classification subset within the CHO genome. As O-glycosylation is
biopharmaceutically relevant (Higuchi et al. 1992), creation of a Glyco-Mapper O-
glycosylation database may also prove worthwhile. The original gene database |
created contained every CHO glycosylation gene and each gene’s associated
information, specifically the gene sequence, reaction reactants, products, linkages
formed or cleaved, and the associated glycosylation classification. The genes were
then all separated into their respective classifications and only the N-glycosylation
classification was imported into the Glyco-Mapper. However, the O-glycosylation
classification genes have already been manually curated and organized in a separate
spreadsheet. The metabolism portion of Glyco-Mapper was designed to include all
possible nucleotide sugars relevant to glycosylation, thus the required work is to
import the gathered relevant gene information into Glyco-Mapper, unless additional
updates are desired. While mAbs are not commonly O-glycosylated, having a
predictive O-glycoform model may prove of worth as some biopharmaceuticals

(erythropoietin) do undergo O-glycosylation (Higuchi et al. 1992).

5.2.2 Experimental Validation of Additional Glyco-Mapper Predictions

Targeted glycoform alterations are achieved through cell engineering

strategies, such as gene knock-outs, knock-downs, or overexpression, with a variety of
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different techniques including clustered regularly interspaced short palindromic
repeats (CRISPR), RNA interference (RNAI), and plasmid transfection or
lipofectamine technologies. In the knock-out and knock-down methods, nucleic
material affects the target gene sequence, yet each method alters the native production
level of the gene sequence. The well-characterized reference SEAP glycoform is
illustrated in Figure 5.1 and is roughly 50% fucosylated, 70% bi-antennary, and 70%
sialylated. This glycoform permits a variety of the compelling cell engineering
strategies to be experimentally observed. A few of these SEAP glycoform predictions
are summarized in Table 5.1, where the numbers indicate the number of glycans
predicted to change classifications from Figure 5.1. The predicted GnT-11 knockdown
is the prediction that was confirmed experimentally in Chapter 4 (Figure 4.14) with
nearly 95% accuracy. Any number of the remaining predictions should be
experimentally performed as further confirmation of the Glyco-Mapper glycoform

predictions.
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Reference Glyco-Mapper Glycoform
Glycoform: [Non-mAb — Secreted]

A: 94.9% Model
(148/156)

+ 15

Expt.

Figure 5.1: CHO-SEAP reference glycoform and the Glyco-Mapper model of the
reference glycoform.
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Table 5.1:  Predicted Glyco-Mapper glycans classified differently for the CHO-
SEAP gene alterations compared to the reference glycoform (Figure 5.1).
Within the table, the number to the left of the slash represents the number
of glycans predicted to be present while the number to the right of the
slash are number predicted to be absent. The black numbers represent the
single alteration while the blue numbers represent a combination of gene
alterations. The gray box identifies the GnT-11 knockdown shown in
Figure 4.14 while the tan boxes identify the mentioned Fucal and GnT-
IV overexpressions.

Gene Man2A1/2/B1 | GnT-ll | GnT-IV Fut8 Fucal | Glbl ST3Gal3 Neul/2| B4Galnt3/4 BaGalt
Effect KD OE KD OE KD OE OE OE KD OFE OE OE KD OE
p4Galt OE | 11/6 | 4/6 | 4/6 |8/618| 0/10 | 0/10 | 0/10 | 0/6 | 0/10 | 0/6 | 0/10 4/6 - o/6
KD 11/6 4/6 4/6 8/6-18 | 0/10 0/10 0/10 0/6 0/10 0/6 0/10 4/6 0/6
B4Galnt3/4 OE 19/0 12/0 12/0 | 4/0-12 4/7 2/7 4/7 4/6 4/6 4/6 4/6 8/0 -
Neul/2 OE 11/6 4/6 4/6 8/6-18 | 0/10 0/10 0/10 0/10 0/6 0/6 0/6 -
$T3Gal3 OE 11/6 4/6 4/6 8/6-18 | 0/10 0/10 0/10 0/6 - 0/6 -
KD 11/6 4/6 4/6 8/6-18 | 0/10 0/10 0/10 0/10 0/6 -
Glb1 OE 11/6 4/6 4/6 8/6-18 | 0/10 0/10 0/10 0/6 -
Fucal OE 7/7 3/7 3/7 [10/7-19] 0/7 0/0-14 0/7 -
Futs OE 7/7 3/7 3/7 10/7-19 - 0/7 -
KD 15/0 6/0 6/0 10/7-19 0/7 -
GnT-IV OE |59/0-24|26/0-12|26/0-12 [20f0(12) -
GnT-1l KD 21/0 6/0 6/0 -
OE - 6/0 -
Man2A1/2/B1 D 15/0 -

[KD=knock-down; OE=overexpression]

Of the sixteen engineered glycoforms reported in literature (Chapter 4 and
Appendix C), eleven used gene knock-outs or knock-downs and five used homologous
or heterologous gene overexpression. Despite this decreased frequency of published
gene overexpression studies, there are many interesting gene overexpressions to
investigate. Two overexpressions depicted in Table 5.1, the overexpression of GnT-IV
and the overexpression of Fucal, are of particular interest. The overexpression of
GnT-1V, while not novel with regards to prior publication of CHO cell engineering
(Yin et al. 2015), has not been performed on a primarily bi-antennary glycoform of a
non-mAb biologic, to the best of my knowledge. The function of GnT-IV is to attach a
GIcNACc nucleotide to the core Man (a-1,3) nucleotide with an -1,4 linkage (Brooks

et al. 2002). Determining the increase of tri-antennarity that is achievable should be
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explored as altered antennarity has been correlated with altered cell proliferation and
differentiation (Lau et al. 2007). The overexpression of Fucal also warrants
investigation as Fucal overexpression in any CHO cell has not previously been
published to the best of my knowledge. The function of Fucal is to trim the terminal
Gal nucleotides from the glycan (Taniguchi et al. 2002). As terminal Gal nucleotides
decrease the biopharmaceutical half-life (Ashwell and Morell 1974) and more than
30% of the SEAP glycoform has at least one terminal Gal nucleotide, the
overexpression of Fucal would be experimentally observable and of potential medical
importance. Despite only the overexpression of Fucal being truly novel within CHO
in regards to publication, further investigation of both Fucal and GnT-IV
overexpression is warranted as both genes affect the biopharmaceutical product
quality impact on the patient and could further evaluate Glyco-Mapper predictions

using the current experimental system.

5.2.3 Additional Exploration of Industrially-Relevant Biopharmaceutical
Glycoforms

This work modeled eleven different published reference glycoforms using
Glyco-Mapper, of which the majority (seven) were mAbs. The predicted CHO-SEAP
glycoform differences in Table 5.1 should be experimentally pursued, but Glyco-
Mapper predictions for an industrial mAb reference glycoform should also be
conducted. Non-mADb predictions were generated and experimentally pursued in this
work because there is a much larger glycan variety within non-mAb glycoforms,
making their predictions increasingly difficult compared to mAbs. However, as more

than half of the CHO biopharmaceuticals on the market are mAbs (La Merie 2016),
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industrial mAb glycoform predictions should also be generated and experimentally
validated.

Glycoform variations within biopharmaceuticals are currently difficult to
control because of the limited predictive capacity of current models and an incomplete
understanding of the interconnectivity of the variables affecting the glycosylation
reaction network. The identities of the glycans most often incorrectly predicted should
be used to identify and direct research aims. In regards to this work, incorrect Glyco-
Mapper predictions should be thoroughly investigated to identify and appropriately
adjust the model code. However, not all predictions indicate a coding error, as these
errors may identify unknown enzyme or cellular variable interactions or reaction
requirements. The incorrect prediction of the glycan A2G2S2 in Figure 4.2 is likely
one instance where the incorrect glycan prediction indicates a correlation not currently
fully understood. This incorrect prediction was explained in Chapter 4 as “where
ST6Gall overexpression caused the unfucosylated glycan A2G2S2, which was absent
(along with all other afucosylated glycans) before the overexpression, to compose a
significant percentage (~20%) of the experimental glycoform.” Multiple publications
have reported instances where either the sialylation or fucosylation of a
biopharmaceutical was altered and both the sialylation and fucosylation compositions
were unexpectedly modified as a result (Onitsuka et al. 2012; Nam et al. 2008). As
this correlation does not align with the current glycosylation reaction network
understanding, the relationship between fucosylation and sialylation should be
examined. Both fucosyaltion and sialylation have critical biopharmaceutical effects on
patients and the SEAP glycoform is both partially fucosylated and sialylated, so a

targeted increase in fucosylation could be engineered to determine the effect on the
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sialylation and vice versa. The experimental results may help define the correlation
between changes in sialylation and fucosylation, both of which are vital

biopharmaceutical glycosylation components.
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Appendix A

COMPARISON OF 2NP AND 3RP GENERATION SEQUENCING
TECHNOLOGIES AGAINST SANGER SEQUENCING

A.1 Preface

This appendix is adapted from Kremkow and Lee (2015) with permission (see
Appendix D). This appendix presents a technical overview of traditional Sanger
sequencing; the second generation sequencing technologies 454, Illumina, SOLID, and
lon Torrent; and the third generation sequencing technologies PacBio and Nanopore
Sequencing. The characteristics of each technology are summarized and compared.
The potential impact these technologies may have on industrial biomanufacturing

applications are considered.
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A.2 Abstract

Over the last ten years, 2nd and 3rd generation sequencing technologies have
made the use of genomic sequencing within the animal cell culture community
increasingly commonplace. Each technology’s defining characteristics are unique,
including the sequencing cost, time, daily throughput, sequence read length, and
occurrence of sequence errors. Given each sequencing technology’s intrinsic
advantages and disadvantages, the optimal technology for a given experiment depends
on the particular experiment’s objective. This appendix discusses the current
characteristics of six next-generation sequencing technologies, compares the
differences between them, and characterizes their relevance to the animal cell culture
community. These technologies are continually improving, as evidenced by the recent
achievement of the field’s benchmark goal: sequencing a human genome for less than

$1,000.

A.3 Introduction

Animal cell culture has progressed from the initial cultivation of the HeLa cell
in the 1950°s (Scherer et al. 1953) to the production of biopharmaceuticals in
mammalian cells accounting for $86 billion in global sales in 2012 (Kremkow and Lee
2013; La Merie 2013). The number of animal cell culture-derived products continues
to increase, progress that is accelerated by the commercial production of specialized
cellular media, culturing equipment, and quantitative assay reagents (Naik et al. 2011,

Cerveraetal. 2013, Yu et al. 2011). Analytical technology is continually increasing in
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capability and speed, while the size of the instrumentation is decreasing. These
achievements are critical for future scientific advancements in visual microscopy
(Baker 2010), genetic sequencing (Schuster 2008), and quantitative analysis (Picotti
and Aebersold 2012). The last decade resulted in a marked increase in the number of
DNA sequencing technologies and subsequent applications, enabling genetic

sequencing experiments previously deemed impractical or impossible.

A.4 Sequencing Technologies

A.4.1 Sanger Sequencing Technology

The four nucleotides adenine (A), guanine (G), cytosine (C), and thymine (T)
code for the cellular machinery required for growth and life. Since the 1970’s, the
Sanger sequencing chemistry (Sanger et al. 1977) has enabled researchers to
successfully sequence these nucleotides. This method has since been improved upon
but chain termination chemistry is still used to produce long read lengths ranging from
600 to 900 base pairs with a nucleotide substitution error rate between 0.01% and
0.1%. Despite the long, high-quality reads, Sanger sequencing is low-throughput, as
significant investments of time and money are required to produce enough reads to
sequence even a small genome; for example, to sequence one million bases would
require approximately $2,000 and a minimum machine run time of 32 hours (Glenn
2011). For studies requiring a large number of sequenced bases, such as fully
sequencing eukaryotic genomes, transcriptomes, and exomes, Sanger sequencing is

impractical (Schuster 2008). The sequencing of biopharmaceutically-relevant cell line
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genomes becomes increasingly impractical when the complexity and number of
unique cell lines responsible for biopharmaceutical production is considered.
Improved sequencing technologies with increased throughput and decreased cost were

required to address these challenges.

A.4.2 Next-Generation Sequencing Technologies

Over the last ten years multiple new sequencing technologies have been
developed. Each technology has distinctive sequencing characteristics, including
sequencing errors, costs, time requirements, and sequence read length. A shared trait
for one group of these technologies is sequence amplification, the production of
multiple identical copies of a DNA sequence, and this group of technologies will be
referred to as 2nd generation sequencing (SGS) technologies for the remainder of this
appendix. Another group of sequencing technologies that does not require sequence
amplification has been developed more recently and will be referred to as 3rd
generation sequencing (TGS) technologies. Previous reviews of sequencing
technologies have been published (Shendure and Ji 2008, Ansorge 2009, Metzker
2010, Schadt et al. 2010, Glenn 2011, Liu et al. 2012) and our goal in this appendix is
to provide an update with an expanded, comprehensive comparison of these
technologies’ characteristics, specifically as applied to the animal cell technology
community when possible. As there are a limited number of examples focused on
biomanufacturing and technological bioprocesses, additional cases from the animal
cell culture community will be used when necessary to further demonstrate these

techniques.

156



Each sequencing technology provides distinct advantages and disadvantages
originating from each technology’s characteristics, with the most important
sequencing technology characteristics being the (daily) experimental throughput,
sequence assembly, cost, and experimental bias (Liu et al. 2012). The daily
throughput, the number of nucleotides sequenced per day, is determined by the read
length, number of reads generated per experiment, and run time per experiment. As
the read length or number of reads generated increases, or the run time per experiment
decreases, the experimental throughput increases. Read assembly, the compilation of
the sequencing reads into the complete genome sequence, is dependent on the read
length and the number of reads generated per experiment. The correlation between
these variables is such that as the read length becomes shorter or the number of reads
generated decreases in number, the correct assembly of the reads becomes
increasingly difficult. As the quantity of sequenced nucleotides increases, a longer
instrument run time is required, more reagents are needed, and the overall cost
increases. The experimental sequence bias comprises coverage and error biases (Ross
et al. 2013). Coverage bias originates from the uneven distribution of reads across the
genome, possibly causing sections of the genome with decreased coverage to be
inaccurate, while error bias originates from erroneous nucleotide substitutions,
insertions, or deletions. As reads become shorter and less accurate, there is an
increased probability of mismapping or misaligning the reads, particularly as the
integrity of the nucleotide sequences decreases (Ross et al. 2013), further complicating
the assembly process (McKenna et al. 2010). An optimal sequencing technology will
have a large experimental throughput with no experimental bias and an accurate read

assembly process for a low cost, yet no technology has all of these ideal
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characteristics. Each sequencing technology will be described in the context of these
primary characteristics as well as their advantages, disadvantages, and potential

applications.

A.4.2.1 Second-Generation Sequencing (SGS) Technologies

SGS methods were developed to address the limited throughput of Sanger
sequencing. The characteristics of four commonly used SGS technologies described in
this section are compiled in Table A.1. Three of the sequencing technologies use
fluorescence detection, while the fourth technology uses electrochemical detection. All
of these technologies require amplification, achieve a much greater daily throughput
than Sanger sequencing, and produce a large number of reads, albeit with shorter read

lengths.
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Table A.1: SGS Technology Characteristics

Common Read Costl Daily Run Reads
Name of Sequencer Length ($ per Through- Time (miillion per
SGS Tech- g (bases per P put (Gb (days P
Mb) run)
nology read) per day)  perrun)
a 454 GS _anng o
454 FLX4+ 450-900 10 0.7 0.95 1
b Illumina AEah 0Nk _am 2,000-
[llumina HiSeq 2500° 100-150 0.10 360-500 5-6 4,000
: AB SOLID i
c _7EI _ n q
SOLID 5500 35-75 0.10 7-9 7 0.7
lon lon Torrent 154 500 5 1-10' 2-4 60-80
Torrent lon Proton'

\Website with sequencing data: http://454.com/products/gs-flx-system

bWebsite with sequencing data: www.illumina.com/systems/hiseq_2000_1000.ilmn

“Website with sequencing data: http://www.appliedbiosystems.com/absite/us/en/home/applications-
technologies/solid-next-generation-sequencing/next-generation-systems/solid-sequencing-chemistry.html
dWebsite with sequencing data: http://ioncommunity.lifetechnologies.com/community/intro

eSingle/Dual flow cell

fChip I — exome sequencing

9700 base average and 1,000 base maximum; 85% bases from reads > 500 bases, 45% bases from reads > 700 bases
h1x36 and 2x50 options available

i75x35 paired ends, 2x60 MP

iAdapted from (Liu et al. 2012) for 454, lllumina, and SOLID

kExpected range for single flow cell, dual flow cell range is 720-950 Gh, whole range is 64-950 Gb

IPer run on Chip I (exome)

™Full run time for a single flow cell, but the complete range for all possible modes is 0.3-11 days

"1 lane for 1 genome at MP: 60 bp x 60 bp

°Using shotgun methods

PSingle flow cell value, dual flow cell range: 4-8 billion, total range: 1.5-8 billion

9Per panel
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A4211 454

Roche’s 454 sequencing technology was the first introduced SGS technology
and uses pyrosequencing (Rothberg and Leamon 2008). DNA is fragmented using
nebulization and the fragments are amplified by emulsion PCR and attached to
individual beads. Unlabeled nucleotides are added to the solution encapsulating the
beads, enabling the production of up to one million DNA fragment copies per bead.
Each bead is then deposited in one of the numerous wells located on the flat picotiter
plate (PTP), to which a solution of substrates, enzymes (including DNA polymerase
and luciferase), and additional unlabeled nucleotides is added. The four unlabeled
nucleotides are flowed separately across the PTP and when a nucleotide is
incorporated, a pyrophosphate molecule is released, initiating an enzymatic chain
reaction and resulting in fluorescence. The fluorescence intensity within the PTP well
is proportional to the number of nucleotides incorporated. Following each reaction, the
PTP is washed and the sequencing cycle continues with another unlabeled nucleotide.

The average read length produced by the 454 technology ranges from 450 to
900 base pairs, with up to one million reads generated per run. The 454 technology is
incapable of interpreting long stretches of the same nucleotide due to inconclusive
assay measurements of high fluorescence intensity. These homopolymer nucleotide
occurrences can cause insertion or deletion errors, which compose the majority of
454°s approximate 1% error rate. Nucleotides following an insertion or deletion error
are also affected because their location will be incorrectly shifted. For example, the
1% error rate equates to two incorrect nucleotides within the first 200 base pairs in a

read. As each read is commonly longer than 450 base pairs, the positions of more than
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50% of the nucleotides that compose each read are likely altered. A complete run can
be finished in slightly less than 24 hours, resulting in a daily throughput of
approximately 700 megabases (Mb) and an estimated cost per Mb of $10 (Glenn
2011). Compared to Sanger sequencing, 454 yields a greatly increased number of
reads at a lower cost and a slightly reduced average read length for large genomic
sequences; however, the increased occurrence of insertion and deletion errors reduces
the accuracy of these reads. Within the animal cell technology community, 454 has
been used to sequence portions of the Chinese hamster ovary (CHO) genome
(Kantardjieff et al. 2009) and sequence transcripts from the CHO-K1 cell line (Becker
et al. 2011); in another mammalian sequencing experiment, 454 has recently been
used to identify single nucleotide polymorphisms (SNPs) in Ochotona princeps
(Lemay et al. 2013). Potential future applications include additional transcriptomic
sequencing experiments, genotyping polymorphic genes, and investigating desirable
phenotypes to generate fundamental information that may further improve cellular

performance within the animal cell technology community (Galan et al. 2010).

A.4.2.1.2 Illlumina

Illumina’s sequencing by synthesis (SBS) technology platform (Bennett 2004)
is one of the most common sequencing platforms in use today. SBS preparation
consists of random sequence fragmentation, ligation to an lllumina-specific adapter
library, and multiple rounds of ‘bridge’ amplification, resulting in dense clusters of
identical DNA fragments randomly located throughout a flow cell. The sequencing
cycle is initiated by the simultaneous addition of primers, DNA polymerase enzymes,

and the four fluorescently-labeled nucleotides. The DNA polymerase extends each

161



DNA fragment strand by one nucleotide and these terminal, fluorescently-labeled
nucleotides emit a specific fluorescence, identifying the incorporated nucleotide. The
fluorophore is removed by a chemical modification, enabling the continuation of the
sequencing cycle.

[llumina’s read lengths typically range between 100 and 150 base pairs, which
is much shorter than the 454 read length. However, with an optimized preparation
method and within five days, up to four billion reads per run can be generated. This
can yield a maximum daily throughput of 500 gigabases (Gb), which is almost three
orders of magnitude greater than 454’s daily throughput. Due to the large number of
short reads, complex and computationally efficient assembly algorithms are required
for read assembly. The short read length is offset by the reduced cost per base (less
than $0.10 per Mb), which is two orders of magnitude less than 454. Illumina’s error
rate is low, typically ranging between 0.1% and 0.5% (Ross et al. 2013) and primarily
consists of substitution errors.

Current Illumina sequencing applications include genome sequencing,
transcriptomic analysis, and small RNA discovery. The large number of reads
generated from Illumina experiments enables the differentiation of a SNP from a
substitution error. However, when genomic sequences that are longer than the read
length are identical or highly similar originate from different genomic sequences, the
reads may be incorrectly identified as copies, reads with SNPs, or substitution errors,
rather than highly similar reads originating from unique genomic sequences. This
misidentification is one problem Illumina’s short read length causes for organisms
with repetitious genome sequences. The repetitious sequences make de novo assembly

of these genomes difficult without a reference genome and only slightly easier when a
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reference genome is available. A large variety of research pursuits is achievable and
within the animal cell technology community, Illumina has been used to sequence the
Chinese hamster (Brinkrolf et al. 2013, Lewis et al. 2013) and CHO (Hammond et al.
2011, Xu et al. 2011) genomes, as well as the baby hamster kidney and CHO cell line
transcriptomes (Johnson et al. 2014, Hackl et al. 2011). Overall, the Illumina platform
is able to produce large amounts of high-quality data via a low-cost, high-throughput

methodology.

A4.21.3 SOLID

The Sequencing by Oligonucleotide Ligation and Detection (SOLiD)
sequencing technology platform uses magnetic bead-emulsion PCR for amplification,
which is similar to 454°s PCR technique previously described; however, the beads are
deposited onto a flow cell instead of a PTP. SOLID uses the enzyme DNA ligase and
five unique, universal sequencing primers, where the primer attaches to the matching
adapter and is extended by the attachment of a fluorescent 8-mer corresponding to the
template fragment’s first two nucleotides. The fluorophore is cleaved after the
fluorescence is measured and the DNA ligase incorporates the 8-mer corresponding to
the template fragment’s next two nucleotides. This cycle of ligate, image, and cleave
is repeated until the primer sequence is fully extended. The entire primer strand is then
removed, the next primer is attached, and the ligate, image, and cleave cycle is
repeated.

Unlike the other fluorescence-based methods, each fluorescent signal is
representative of not one, but two nucleotides through a process called two-base

coding. The fluorescent signal identifies four out of the sixteen potential nucleotide
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pairs, but each nucleotide can only be correctly determined if the fluorescent signal
from both primers associated with the specific nucleotide are measured. The
combination of both fluorescent signals identifies the single, correct nucleotide pair
combination. This process greatly reduces insertion and deletion errors, resulting in an
error rate less than 0.1% that is primarily attributed to A-T bias. Read lengths for
SOLID range between 35 and 75 base pairs and each run can potentially yield between
seven and nine Gb over the course of a full experiment, which requires up to seven
days. This low error rate and short read length, the shortest reads in the SGS
technology group, also yield many error-free reads. The cost per million bases is
similar to that of lllumina and slightly more than $0.10 per Mb. Upon comparison of
SOLIiD’s reads to a high-quality reference, the low error rate permits the
differentiation between sequencing errors and SNPs with a high degree of certainty
(Everett et al. 2011). Within the animal cell technology community, the current
absence of high-quality reference sequence data for comparison increases the
difficulty of SNP detection. Genome sequences with repeat regions greater than 75
bases in length are indistinguishable due to the short read lengths, one disadvantage
shared by the SOLID and Illumina platforms. SOLID is not the SGS technology
commonly used for animal cell culture sequencing due to the shorter read length and
reduced throughput relative to the lllumina technology. However, this technology may
be more commonly used in the future as more high-quality reference genomes are

available for relevant animal cells.
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A.4.2.1.4 1lon Torrent

Life Technologies’ Ion Torrent requires sequence amplification, but unlike the
other SGS technologies, lon Torrent uses electrochemical detection, not fluorescence
detection. Prior to sequencing, the DNA sample is fragmented and amplified using a
method similar to bead-emulsion PCR. The beads are individually deposited into one
of the 660 million wells on a chip (Merriman et al. 2012) and the chip is then flooded
with a nucleotide solution. Upon the incorporation of a nucleotide, a hydrogen ion
(H+) is released, thereby changing the pH of the well solution. The ion-sensitive
bottom of the well measures this pH change and converts it to a voltage, which the
chip measures quantitatively. The measured voltage correlates with the number of
incorporated nucleotides. Specifically, the pH change and voltage proportionally
increase in accordance with the number of integrated nucleotides. This process is
repeated every fifteen seconds until sequencing is completed.

The maximum number of reads generated per lon Torrent experiment is 70
million reads, with a short run time that ranges between two and four hours. The
resulting daily throughput of approximately 10 Gb has increased three orders of
magnitude since 2010 and will likely continue to increase in accordance with the
number of wells on each chip. The sequencing cost is $5 per Mb and the read length
ranges from 150 to 200 base pairs, which makes lon Torrent less expensive and with
read lengths shorter than 454, but more expensive and with read lengths slightly
longer than Illumina and SOL.ID. lon Torrent reads have an error rate slightly higher
than 1%, primarily caused by homopolymer sequences. These sequences are large

stretches of the same nucleotide that cause a large release of H+, and above a certain
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concentration, the quantitatively measured pH change becomes ambiguous,
inadvertently causing an insertion or deletion. As the length of the homopolymer
increases, the deletion error rate increases and the insertion error rate stays relatively
constant (Ross et al. 2013), but lon Torrent’s short read length reduces the number of
subsequent nucleotides in a read affected by these errors. The increasing daily
throughput has recently expanded the use of lon Torrent to animal cell sequencing
experiments, including SNP discovery using Bishu mouse mutants (Damerla et al.

2014) and exomes using human samples (Boland et al. 2013).

A.4.2.2 Third-Generation Sequencing (TGS) Technologies

All four outlined SGS technologies are capable of sequencing a large number
of nucleotides for modest time and financial investments when compared to Sanger
sequencing, but all of the technologies require amplification. Large sequence copy
numbers can lead to amplification-induced coverage and error biases (Keohavong and
Thilly 1989) and this common attribute restricts certain characteristic ranges, despite
the differences between the SGS technologies. Therefore, a fundamentally different
group of sequencing technologies has emerged that address these limitations by
avoiding the use of amplification. The TGS technologies covered here are two
prevalent single molecule sequencing technologies and these TGS technologies’

characteristics are displayed in Table A.2.
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Table A.2: TGS Technology Characteristics

Common Read Cost Daily Run Reads
Name of Sequencer Length ($ per Throughput ~ Time (million
TGS d (kb per M%) (Gb per (hours er run)
Technology read) day) per run) P
PacBio®  °0ORS 55859 50150 01000375 053 0.5
Nanopore _
Nanopore®  sequencing 10-30° N/Af 10-509 2-48+" 2)
GridION®

A\Website with sequencing data: http://www.pacifichiosciences.com/products/smrt-technology/

b\Website with sequencing data: https://www.nanoporetech.com/technology/analytes-and-applications-dna-rna-
proteins/dna-an-introduction-to-nanopore-sequencing

¢1st generation

dAverage value, but maximum ranges from 24-30 kb, depending upon the chemistry used

€Actual value is “tens of kb”

fThe cost is not calculated on a per nucleotide basis, but on a per cartridge basis

9Actual value is “tens of Gb”

P\Varies from minutes to days, depending on the experiment

iPer cell

iCalculated from the read length, daily throughput, and run time, but the actual number of reads depends on what
molecule is sequenced and the length of time an experiment is run

A.4.2.2.1 PacBio

Pacific Biosciences’ (PacBio) Single Molecule Real Time (SMRT) sequencing
uses a modified, immobilized polymerase and fluorescence detection to accomplish
exactly what the name states — single molecule real time sequencing. PacBio SMRT
sequencing sample preparation consists of embedding individual DNA template
strands into the bottom of a SMRT cell in 50 nm wide wells, called zero-mode
waveguides (ZMW), along with an immobilized, modified DNA polymerase enzyme
(Korlach et al. 2010, McCarthy 2010). A y-phosphate-modified nucleotide solution is

added to the SMRT cell. As the correct nucleotide is incorporated, the y-phosphate
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fluorophore causes a distinct, measurable fluorescent pulse. After the y-phosphate tag
is cleaved, the subsequent nucleotide can be added and sequencing continues.

PacBio SMRT sequencing reads are much longer than the SGS technology
reads, averaging between 5.5 and 8.5 kilobases (kb). Because amplification is not
required, amplification-based errors are eliminated, but there are multiple other error
sources. The most common errors are insertions and deletions (Carneiro et al. 2012,
Ross et al. 2013) and the average error rate is approximately 15% (Carneiro et al.
2012), resulting primarily from insertions within C-G rich regions. Compared to the
SGS technologies, this is a larger error rate, but the stochastic nature of the error
profile allows the standard Bayesian variant calling algorithm used by the Genome
Analysis Toolkit to make robust nucleotide identifications (Carneiro et al. 2012). The
error rate can be reduced if the sequence is short enough to permit repeat
measurements during the same run, but repeat sequencing for large genomes can be
difficult to accomplish. In addition to long read lengths, 50,000 reads are routinely
produced per run, where the run time is between 30 minutes and 3 hours. The resulting
average daily throughput is 200 Mb and the price per Mb ranges between $50 and
$150. While both these characteristic values are inferior compared to the SGS
technologies, the reduced throughput and higher cost are often considered a reasonable
tradeoff for the extremely long read lengths. Full-length human RNA molecules with
intron structures were sequenced using PacBio SMRT sequencing (Sharon et al.
2013), demonstrating its successful application towards a complex genome. While de
novo genome assembly solely using PacBio data may not currently be fiscally optimal
for large genomes because of the increased cost relative to the SGS methods, this

technology can be used in combination with SGS technologies to aid in organizing the
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reads for genome assembly (Koren et al. 2012). Other potential PacBio SMRT
applications for the animal cell technology community include transcriptomic studies,
SNP discovery, and epigenomic studies. PacBio sequencing technology produces long
genomic reads and can simultaneously identify epigenetic modifications without
additional reagents, sequencing preparations, or bisulfite conversion (Flusberg et al.
2010). Epigenomic studies are of particular interest because epigenetic modifications
affect gene expression, cell differentiation, and other cell functions. Findings from
these studies may include novel correlations between biomarkers and cell

characteristics, including cellular productivity and cell age.

A.4.2.2.2 Nanopore Sequencing

Oxford Nanopore’s Nanopore Sequencing was the first single molecule
electrochemical sequencing technique (Clarke et al. 2009) not requiring fluorescently-
labeled nucleotides; however, unlike lon Torrent, the electrochemical measurement is
induced by an electrical current rather than a pH change. Nanopore Sequencing’s
technology platform uses the protein staphylococcal a-hemolysin as a nanopore,
where the hollow tube that is the a-hemolysin core, measuring a few nanometers in
diameter, is situated in a synthetic polymer membrane on an array chip. This
membrane has a high electrical resistance and the application of a potential across the
membrane causes a current to flow through the nanopore’s aperture. After a DNA-
enzyme complex approaches the nanopore, the DNA strand is unzipped and each
nucleotide individually passes through the nanopore (Rhee and Burns 2006). The
nucleotide in the nanopore causes a distinguishable current disruption, permitting

identification of the nucleotide sequence upon measurement of the changes in current.

169



Nanopore Sequencing read lengths have been reported in the tens of kb range,
which are longer than the PacBio and SGS technology read lengths. Each array chip
has many microwells and the number of wells used in parallel causes the run time to
range from hours to days. The number of reads produced per run is approximately two
million and the estimated daily throughput is in the tens of Gb, two orders of
magnitude larger than PacBio’s throughput. In addition to not being susceptible to
amplification-induced biases, Nanopore Sequencing is not prone to fluorescence
detection sensitivity-related error biases. However, uncertainty exists between the
adenine and thymine electrochemical measurements, resulting in an initial sequencing
error rate ranging from 1% to 10% (Clarke et al. 2009). The inability to differentiate
between these nucleotides results in substitution errors and with a daily throughput of
tens of Gb, this is a large number of incorrect nucleotides. The technology platform
behind Nanopore Sequencing has been successfully demonstrated (Kowalczyk et al.
2012), yet there have not been reports of its application to animal cell culture
sequencing. Nanopore Sequencing technology is also capable of sequencing molecules
other than DNA, including RNA and proteins. Possible biomanufacturing applications
of Nanopore Sequencing technology include epigenetic studies (Reinders et al. 2010),
structural variation identification, protein identification, and metabolic small molecule
detection (Clarke et al. 2009). Epigenetic studies would be practical because Nanopore
Sequencing, like the PacBio SMRT sequencing technology, can measure epigenetic
modifications without additional preparations, as methylated cytosine can be
distinguished from the four standard DNA bases by its unique pore current value

(Clarke et al. 2009). However, methylated cytosine’s pore current value is between the
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adenine and thymine base pore current values, making it more difficult to distinguish

between those DNA bases, thus increasing the error rate.

A.5 Summary of Sequencing Technologies

The read length, cost, daily throughput, and error rate characteristics vary
widely amongst the sequencing technologies, with the values spanning three to seven
orders of magnitude for each characteristic. These differences are evident in Tables
A.1l and A.2, but underlying characteristic correlations exist amongst the next-
generation technologies and these correlations are not well portrayed through the
tabular displays. Figure A.1 depicts these correlations by plotting all the technologies’
values for two of the characteristics on one graph. When plotted in this way, the
illustration reveals how each sequencing technology occupies an exclusive niche
within the sequencing technology community and illustrates the underlying
correlations. Briefly, an increased daily throughput correlates with both a decreasing
read length and a decreasing cost, as illustrated in Figures A.1(a) and A.1(b),
respectively. It can be concluded from these correlations that as the read length
increases amongst the technologies, the sequencing cost also increases (Figure A.1(c)).
Correlations also exist between these three characteristics and the error rate. As the
error rate increases amongst the sequencing technologies, so does the read length and
the sequencing costs, while daily throughput decreases (Figures A.1(d), A.1(e), and
A.1(f), respectively). The correlations amongst the SGS and TGS technologies are
quite strong and while Sanger aligns with some of these trends, the differences
between Sanger and the next-generation technologies highlight the advancements in

sequencing technology. Understanding each technology’s characteristics in relation to
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other technologies enables the identification of which technology is best suited for an

application.
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A.6 Applications of Sequencing Technologies

Advances in sequencing technologies have resulted in an increasing average
read length, decreasing sequencing cost per base, and more selective chemistries.
Applications previously deemed too expensive, labor intensive, or complex may soon
be feasible (Becker et al. 2011). Despite this potential, many projects encounter issues
resulting from each technology’s specific advantages and disadvantages. For example,
Illumina assemblies have a large number of reads, but the reads are short and difficult
to accurately assemble. Alternatively, PacBio assemblies have long reads, but require
a significantly higher cost and potentially have a higher error rate. Projects
increasingly rely on using multiple technologies in parallel to minimize technology-
specific disadvantages. Genome assemblies using this approach are commonly
referred to as hybrid assemblies and with the appropriate selection of complementary
sequencing technologies, significant advancements are possible. However, the
sequence assembly may not be improved if the selected technologies do not have
complementary characteristics that result in reduced bias or increased coverage.
Technologies located further from each another in Figure A.1 tend to be more
complementary. For example, a hybrid assembly using PacBio and Illumina
technologies exploits Illumina’s low-cost characteristic to generate the majority of the
sequence reads, but relies on PacBio’s long reads to aid in organizing a complete
assembly. This specific hybrid assembly has been successfully demonstrated with
parrot and bacterial genomes (Koren et al. 2012). Additional mammalian hybrid
sequencing experiments have been performed using Sanger and PacBio sequencing

technologies for human embryonic stem cell transcriptome sequencing (Au et al.
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2013) and using 454 and Illumina technologies for Arctocephalus gazelle SNP
genotyping (Hoffman et al. 2012) and Artibeus jamaicensis transcriptome sequencing
(Shaw et al. 2012). As sequencing technologies continue to advance, hybrid
assemblies will likely become more commonplace within the animal cell culture
community.

Bioprocess-related applications of sequencing technologies within the animal
cell technology community are increasing in number and sophistication. One
application with great potential for expanded use is the sequencing of single cells,
which can generate a cell-specific foundation for quantitative cell characterization and
biological understanding. Comparative analysis across many individual cells may
identify gene-regulatory network patterns and reveal differences in the transcribed
genes between individual cells and populations, providing additional biological insight
into cellular processes and functional states. High-resolution transcriptional maps
could potentially be assembled from these data and used to assess the transcriptional
regulation of important cellular processes by identifying transcript expression levels
and variants. This information could be used to identify biomarkers of relevant cell
phenotypes, such as those associated with genetic instability or unexpected changes in
viability and aid in cellular engineering efforts by identifying potentially beneficial
functional genomic modulations. As the biopharmaceutical industry transitions to
continuous biomanufacturing campaigns, the effects of long-term cell culture and
genomic instability will need to be evaluated. Continuous monitoring of quantitative
expression profiles from genome and transcript sequencing can be used to characterize
cell age-related variations in host cell protein profiles, cellular phenotypes, and

production-related traits. These applications may facilitate improved processes with

174



greater process control linked to changes previously identified from single cell

analysis.

A.7 Conclusions

For years, the sequencing technology benchmark has been to sequence a
complete human genome for less than $1,000 (Service 2006). This arbitrary threshold
value represents the time point when the cost of personal genomics within the medical
community is no longer fiscally unreasonable. At the JP Morgan Healthcare
Conference in early 2014, Illumina announced this threshold had been achieved (Bio-
IT 2014) as their newest sequencer, the HiSeq X, is capable of sequencing a complete
human genome for $998. This total accounts for the components that constitute a
complete sequencing experiment, including the core consumables, sequencer
depreciation cost, and sample preparation and labor (but not assembly nor annotation).
The HiSeq X sequencer uses the SBS technology platform with a redesigned flow cell
that’s equipped with patterned nanowells, a chemistry that is four times faster, and
uses bidirectional optical scanning, accounting for a six-fold improvement in speed
(Krol 2014). In addition to achieving the $1,000 goal, these improvements reduce the
standard Illumina experiment sequencing time from twenty-three hours to five hours,
greatly increasing the throughput. Considering the first human genome cost billions of
dollars and required more than ten years to sequence (Lander et al. 2001, Venter et al.
2001), the advancement is clear. As technology continues to advance and sequencing
technologies become cheaper, faster, and more diverse, the application of sequencing
technologies towards animal cell research and the 21st century’s medical challenges

will continue to become increasingly relevant.

175



A.8 Acknowledgements

| am grateful for support from the National Science Foundation under grant no.

1124647 and the National Institute of Standards and Technology under grant no.
60NANB11D185.

176



REFERENCES

Ansorge WJ. (2009) Next-generation DNA sequencing techniques. New Biotechnol.
25:195-203.

Au KF, Sebastiano V, Afshar PT, Durruthy JD, Lee L, Williams BA, Bakel Hyv,
Schadt EE, Reijo-Pera RA Underwood JG, Wong WH. (2013)
Characterization of the human ESC transcriptome by hybrid sequencing. P
Natl Acad Sci USA. 110:E4821-E4830.

Baker M. (2010) Nanotechnology imaging probes: smaller and more stable. Nat
Methods. 7:957-962.

Becker J, Hackl M, Rupp O, Jakobi T, Schneider J, Szczepanowski R, Bekel T, Borth
N, Goesmann A, Grillari J, Kaltschmidt C, Noll T, Puhler A, Tauch A,
Brinkrolf K. (2011) Unraveling the Chinese hamster ovary cell line
transcriptome by next-generation sequencing. J Biotechnol. 156:227-235.

Bennett S. (2004) Solexa Itd. Pharmacogenomics. 5:433-438.
BiolT World. (2014) Illumina announces the thousand dollar genome. Bio-1T World.

Boland JF, Chung CC, Roberson D, Mitchell J, Zhang X, Im KM, He J, Chanock SJ,
Yeager M, Dean M. (2013) The new sequencer on the block: comparison of

Life Technology’s Proton sequencer to an Illumina HiSeq for whole-exome
sequencing. Hum Genet. 132:1153-1163.

Brinkrolf K, Rupp O, Laux H, Kollin F, Ernst W, Linke B, Kofler R, Romand S,
Hesse F, Budach WE, Galosy, Muller D, Noll T, Wienberg J, Jostock T,
Leonard M, Grillari J, Tauch A, Goesmann A, Helk B Mott JE, Puhler A,
Borth N. (2013) Chinese hamster genome sequenced from sorted
chromosomes. Nat Biotechnol. 31:694-695.

Carneiro MO, Russ C, Ross MG, Gabriel SB, Nusbaum C, DePristo MA. (2012)
Pacific biosciences sequencing technology for genotyping and variation and
discovery in human data. BMC Genomics. 13:375-382.

177



Clarke J, Wu HC, Jayasinghe L, Patel A, Reid S, Bayley H. (2009) Continuous base
identification for single-molecule nanopore DNA sequencing. Nat
Nanotechnol. 4:265-270.

Cervera L, Gutierrez-Granados S, Martinez M, Blanco J, Godia F, Segura MM. (2013)
Generation of HIV-1 Gag VLPs by transient transfection of HEK 293
suspension cell culture using an optimized animal-derived component free
medium. J Biotechnol. 166:152-165.

Damerla RR, Chatterjee B, Li Y, Francis RJB, Fatakia SN, Lo CW. (2014) lon Torrent
sequencing for conducting genome-wide scans for mutation mapping analysis.
Mamm Genome. 25:120-128.

Everett MV, Grau ED, Seeb JE. (2011) Short reads and nonmodel species: exploring
the complexities of next-generation sequence assembly and SNP discovery in
the absence of a reference genome. Mol Ecol Resour. 11:93-108.

Flosberg BA, Webster DR, Lee JH, Travers KJ, Olivares EC, Clark TA, Korlach J,
Turner SW. (2010) Direct detection of DNA methylation during single-
molecule, real-time sequencing. Nat Methods. 7:461-465.

Galan M, Guivier E, Caraux, Charbonnel N, Cosson JF. (2010) A 454 multiplex
sequencing method for rapid and reliable genotyping of highly polymorphic
genes in large-scale studies. BMC Genomics. 11:296.

Glenn TC. (2011) Field guide to next-generation DNA sequencers. Mol Ecol Resour.
11:759-769.

Hackl M, Jakobi T, Blom J, Doppmeier D, Brinkrolf K, Szczepanowski R, Bernhart
SH, Siederdissen CHz, Bort JAH, Wieser M, Kunert R, Jeffs S, Hofacker IL,
Goesmann A, Puhler A, Borth N, Grillari J. (2011) Next-generation
sequencing of the Chinese hamster ovary microRNA transcriptome:
Identification, annotation and profiling of microRNAs as targets for cellular
engineering. J Biotechnol. 153:62-75.

Hammond S, Swanberg FC, Kaplarevic M, Lee KH. (2011) Genomic sequencing and
analysis of a Chinese hamster ovary cell line using lllumina sequencing
technology. BMC Genomics. 12:67.

Hoffman JI, Tucker R, Bridgett SF, Clark MS, Forcada J, Slate J. (2012) Rates of
assay success and genotyping error when single nucleotide polymorphism
genotyping in non-model organisms: a case study in the Antarctic fur seal. Mol
Ecol Resour. 12:861-872.

178



Johnson KC, Yongky A, Vishwanathan N, Jacob NM, Jayapal KP, Goudar CT,
Karypis G, Hu WS. (2014) Exploring the transcriptome space of a recombinant
BHK cell line through next generation sequencing. Biotechnol Bioeng.
111:770-781.

Kantardjieff A, Nissom PM, Chuah SH, Yusufi F, Jacob N, Mulukutla BC, Yap M,
Hu WS. (2009) Developing genomic platforms for Chinese hamster ovary
cells. Biotechnol Adv. 27:1028-1035.

Keohavong P, Thilly WG. (1989) Fidelity of DNA polymerases in DNA
amplification. P Natl Acad Sci USA. 86:9253-9257.

Koren S, Schatz MC, Walenz BP, Martin J, Howard JT, Ganapathy G, Wang Z, Rasko
DA, McCombie WR, Jarvis ED, Phillippy AM. (2012) Hybrid error correction
and de novo assembly of single-molecule sequencing reads. Nat Biotechnol.
30:693-700.

Korlach J, Bjornson KP, Chaudhuri BP, Cicero RL, Flusberg BA, Gray JJ, Holden D,
Saxena R, Wegener J, Turner SW. (2010) Real-time DNA sequencing from
single molecule polymerase molecules. Method Enzymol. 472:431-455.

Kowalczyk SW, Wells DB, Aksimentiev A, Dekker C. (2012) Slowing down DNA
translocation through a nanopore in lithium chloride. Nano Lett. 12:1038-1044.

Kremkow B, Lee KH. (2013) Next-generation sequencing technologies and their
potential impact on CHO cell-based biomanufacturing. Pharm Bioproc. 1:455-
465.

Krol A. (2014) What you need to know about Illumina’s new sequencers. Bio-IT
World

La Merie Business Intelligence. (2013) Blockbuster biologics 2012. R&D Pipeline
News. 7:2-28.

Lander ES, Linton LM, Birren B, et al. (2001) Initial sequencing and analysis of the
human genome. Nature. 409:860-921.

Lemay MA, Henry P, Lamb CT, Robson KM, Russello MA. (2013) Novel genomic
resources for a climate change sensitive mammal: characterization of the
American pika transcriptome. BMC Genomics. 14:311.

179



Lewis NE, Liu X, Li Y, Nagarajan H, Yerganian G, O’Brien E, Bordbar A, Roth AM,
Rosenbloom J, Bian C, Xie M, Chen W, Li N, Baycin-Hizal D, Latif H,
Forster J, Betenbaugh MJ, Famili I, Xu X, Wang J, Palsson B@. (2013)
Genomic landscapes of Chinese hamster ovary cell lines as revealed by the
Cricetulus griseus draft genome. Nat Biotechnol. 31:759-765.

Liu L, Li YH, Li SL, Hu N, He Y, Pong R, Lin D, Lu L, Law M. (2012) Comparison
of next-generation sequencing systems. J Biomed Biotechnol. 2012:1-11.

Mardis ER. (2008) Next-generation DNA sequencing methods. Annu Rev Genom
Hum G. 9:387-402.

McCarthy A. (2010) Third generation DNA sequencing: Pacific Biosciences' Single
Molecule Real Time technology. Chem Biol. 17:675-676.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella
K, Altshuler D, Gabriel S, Daly M, DePristo MA. (2010) The Genome
Analysis Toolkit: a MapReduce framework for analyzing next-generation
DNA sequencing data. Genome Res. 20:1297-1303.

Merriman B, Rothberg JM, lon Torrent R&D Team. (2012) Progress in lon Torrent
semiconductor chip based sequencing. Electrophoresis. 33:3397-3417.

Metzker ML. (2010) Sequencing technologies — the next generation. Nat Rev. 11: 31-
46.

Naik AD, Menegatti S, Gurgel PV, Carbonell RG. (2011) Performance of hexamer
peptide ligands for affinity purification immunoglobulin G from commercial
cell culture media. J Chromatogr A. 1218:1691-1700.

Picotti P, Aebersold R. (2012) Selected reaction monitoring-based proteomics:
workflows, potential, pitfalls and future directions. Nat Methods. 9:555-566.

Reinders J, Pasazkowski J. (2010) Bisulfite methylation profiling of large genomes.
Epigenomics. 2:209-220.

Rhee M, Burns MA. (2006) Nanopore sequencing technology: research trends and
applications. Trends Biotechnol. 24:580-586.

Ross MG, Russ C, Costello M, Hollinger A, Lennon NJ, Hegarty R, Nusbaum C, Jaffe
DB. (2013) Characterizing and measuring bias in sequence data. Genome Biol.
14:51-70.

180



Rothberg JM, Leamon JH. (2008) The development and impact of 454 sequencing.
Nat Biotechnol. 26:1117-1124.

Sanger F, Nicklen S, Coulson AR. (1977) DNA sequencing with chain-terminating
inhibitors. P Natl Acad Sci USA. 74:5463-5467.

Schadt EE, Turner S, Kasarskis A. (2010) A window into third-generation sequencing.
Hum Mol Genet. 19:R227-R240.

Schuster SC. (2008) Next-generation sequencing transforms today’s biology. Nat
Methods. 5:16-18.

Scherer WF, Syverton JT, Gey GO. (1953) Studies on the propagation in vitro of
poliomyelitis viruses 4 — viral multiplication in a stable strain of human
malignant epithelial cells (strain HeLa) derived from an epidermoid carcinoma
of the cervix. J Exp Med. 97:695-710.

Service RF. (2006) Gene sequencing - The race for the $1000 genome. Science. 311.:
1544-1546.

Sharon D, Tilgner H, Grubert F, Snyder M. (2013) A single-molecule long-read
survey of the human transcriptome. Nat Biotechnol. 31:1009-1014.

Shaw TI, Srivastava A, Chou WC, Liu L, Hawkinson A, Glenn TC, Adams R,
Schountz T. (2012) Transcriptome sequencing and annotation for the Jamaican
fruit bat (Artibeus jamaicensis). Plos One. 7:1-12.

Shendure J, Ji H. (2008) Next-generation DNA sequencing. Nat Biotechnol. 26:1135-
1145.

Venter JC, Adams MD, Myers EW, et al. (2001) The sequence of the human genome.
Science. 291:1304-1351.

Xu X, Nagarajan H, Lewis NE, Pan S, Cai Z, Liu X, Chen W, Xie M, Wang W,
Hammond S, Andersen MR, Neff N, Passarelli B, Koh W, Fan HC, Wang J,
Gui Y, Lee KH, Betenbaugh MJ, Quake SR, Famili I, Palsson Bd, Wang J.
(2011) The genomic sequence of the Chinese hamster ovary (CHO)-K1 cell
line. Nat Biotechnol. 29:735-741.

Yu M, Hu Z, Pacis E, Vijayasankaran N, Shen A, Li F. (2011) Understanding the

intracellular effect of enhanced nutrient feeding toward high titer antibody
production process. Biotechnol Bioeng. 108:1078-1088.

181



Appendix B

DREAM-ZYP AND GLYCO-MAPPER DEVELOPMENT

B.1 Preface

This appendix explores the detailed creation of the novel Discretized Reaction
Network Modeling using Fuzzy Parameters (DReaM-zyP) technique and its
application towards CHO glycosylation through the creation of Glyco-Mapper. The
DReaM-zyP technigue combines portions of three common modeling techniques:
genome-scale reconstruction, kinetic modeling, and fuzzy logic modeling. Each of
these techniques will be briefly explained and the components of each that were used
for DReaM-zyP will be detailed. The glycoform images used to represent the

experimental results and modeling predictions are explained.

B.2 Materials and Methods

B.2.1 Glycosylation Reaction Network Genes in the CHO and CH Genomes
The Chinese hamster (CH), identified as Cricetulus griseus, is the origin of the

Chinese hamster ovary (CHO) cell, also referred to as Cricetulus griseus within the

National Center for Biotechnology Information (NCBI) repository (National Center
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for Biotechnology Information 2013). The annotated CHO-K1 genome was published
in 2012 (Xu et al. 2012) and the annotated CH genome was published in 2014 (Lewis
et al. 2014), at which time the CHO-K1 genome sequence was re-annotated. The
Glyco-Mapper CHO glycosylation genes were primarily obtained from Xu et al.
Supplementary Table 13, metabolism genes were obtained from literature (Ahn and
Antoniewicz 2012), and additional confirmed genes were supplemented (Bosques et
al. 2010). The gene sequences for the 59 N-glycosylation and 92 metabolism-related
genes associated with glycosylation were manually curated and the corresponding
enzymatic reaction information was cataloged. Available gene sequences were
obtained for each of the three Cricetulus griseus NCBI annotations publicly available

at CHOgenome.org (Hammond et al. 2012; Kremkow et al. 2015).

B.3 Results and Discussion

B.3.1 DReaM-zyP Technique Influences

B.3.1.1 Genome-Scale Reconstruction

Genome-scale network reconstruction has become an important tool in the
study of systems biology of metabolism (Thiele et al. 2005; Covert et al. 2004; Feist
and Palsson 2008). Reconstructions require genomic data from the target organism to
enable the creation of species-specific databases. The general steps to a genome-scale

reconstruction involve creation of a draft reconstruction, manual refinement of the
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reconstruction, conversion of the reconstruction to a mathematical model, network
evaluation, and utilization (Thiele and Palsson 2010). The mathematical models are
able to predict important physiological system properties. This modeling technique is
quite labor and time intensive, but creates species-specific mathematical models
capable of predicting important cellular characteristics and is often applied specifically
to metabolism (Duarte et al. 2007; Thiele and Palsson 2010).

The draft reconstruction of the CHO glycosylation reaction network and
related central carbon metabolism (CCM) and nucleotide sugar transport metabolic
pathways was created using the CHO-K1 and CH genome annotations. As per the
protocol (Thiele and Palsson 2010), substrate and cofactor usage, neutral enzymatic
reactions, gene and reaction localization, heteromeric enzyme complexes, isozyme
functionalities, intracellular transport mechanisms, and supporting metabolic reactions
were all verified. The manual reconstruction and refinement resulted in comprehensive
reaction databases for candidate glycosylation and metabolic functions (Tables F.1 and
F.2). The conversion of the reconstruction to the mathematical model deviated from
the genome-scale reconstruction protocol, as the metabolism functions and parameters

were not applicable towards the glycosylation objectives.

B.3.1.2 Kinetic Modeling

Kinetic enzymatic reaction modeling is more than a century old (English et al.
2006) and has been extensively studied. Many enzyme kinetic equations use
assumptions to achieve mathematical solutions and complex kinetics account for
allosteric, immobilized, and inhibited enzyme reactions while incorporating the effect

of the temperature and pH. Kinetic equations have been used in many glycosylation
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models (Umafia and Bailey 1997, Krambeck and Betenbaugh 2005, Krambeck et al.
2009) to achieve successful analysis of glycosylation with increasing complexity as
the models improve. The enzymes responsible for the glycan substrate modifications
are critically important to the final glycoform, especially as glycosylation is a non-
template driven process. DReaM-zyP incorporated kinetics into Glyco-Mapper by
requiring one kinetic activity level value (kaLv) parameter (combination of gene
expression and kinetic activity values) for each gene. This assumption enables kinetic-

based glycoform predictions while simplifying the mathematics.

B.3.1.3 Fuzzy Logic Modeling

Fuzzy logic modeling is traditionally used to transform quantitative values into
qualitative (discrete number) descriptors using a predetermined set of heuristic rules to
identify interactions (Sokhansan;j et al. 2009). Numerical data is converted to discrete
values enabling data cluster identification (Zhang et al. 2009). The most common
application of fuzzy logic modeling uses gene expression data to identify
uncharacterized protein and transcription factor functions or interactions (Ressom et
al. 2005). This method attempts to model multi-scale biomolecular network models by
using a large amount of data generated from a small number of experiments
(Sokhansanj et al. 2009). Glycosylation is a multi-scale biomolecular reaction network
and while there is not a massive amount of data, glycosylation data is measurable.
DReaM-zyP incorporated fuzzy logic modeling into Glyco-Mapper by discretizing the
gene karv parameters to further simplify the reaction kinetics. This is justified due to
the complexity of obtaining accurate gene expression and enzyme activity values. The

objective function is not the identification of interacting gene clusters, but the
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identification of glycoform patterns because the glycosylation reaction network has

previously been determined.

B.3.2 Glyco-Mapper Creation Using DReaM-zyP

A CHO-specific gene reconstruction of the CHO glycosylation reaction
network, including the glycosylation-related CCM network and nucleotide sugar
transport reactions using the CHO-K1 and CH genomes as the first step of DReaM-
zyP. The mathematical conversion of the reconstruction incorporated fuzzified Kinetic
reaction parameters to produce glycoform predictions and Glyco-Mapper was created.
Similar to genome-scale reconstructions, Glyco-Mapper is iterative and the karv
parameters should be iteratively optimized to represent the experimental reference
glycoform. After establishment of the reference kaLv parameter settings, parameter
adjustments representing any media feed alteration or glycosylation, metabolism, or
transport gene overexpression, knockdown, or knockout generate the corresponding
glycoform prediction. The Glyco-Mapper tool attempts to predict biopharmaceutically
relevant glycoforms resulting from experimentally realistic alterations and

measurements.

B.3.3 Glyco-Mapper Predicted Glycoforms

The reference and predicted glycoforms are currently predicted in an Excel
spreadsheet. Visual representation of the prediction data (in a figure) enables
improved trend identification, particularly when experimental data is included. Four

separate glycoforms are able to be customized depending on the biotherapeutic and
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glycoform location parameter settings. The biopharmaceutical parameter can be set to
mADb or non-mADb and the glycoform location parameter can be set to secreted or
intracellular. The parameter-defined glycoforms include [mADb - secreted] in Figure
B.1, [non-mADb - secreted] in Figure B.2, [mAb - intracellular] in Figure B.3, and

[MAD - intracellular] in Figure B.4.
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Figure B.1: The Glyco-Mapper [mADb - secreted] stock glycoform.
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Appendix C

SUPPLEMENTAL GLYCO-MAPPER PREDICTIONS

C.1 Preface

This appendix explores the additional Glyco-Mapper predictions of the CHO
cell-engineering literature listed in Table 4.1, but not pictured or discussed in Chapter
4. These predictions include heterologous gene expression, gene overexpression, and
gene knockouts affecting the glycoform sialylation, galactosylation, antennarity, and
fucosylation using glycosylation and metabolism genes. Two uncommon
biopharmaceutical glycan linkages consistent with published CHO glycoforms were
included in the Glyco-Mapper databases and sample glycoforms containing these
linkages are demonstrated. The incorrectly predicted glycans presented in Table 4.4

are further categorized and explained.

C.2 Materials and Methods

C.2.1 Glyco-Mapper Validation Procedure

The glycosylation and metabolism enzyme karLv parameters were first set to

the default reference kaLv parameter settings as a temporary reference. The summary
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parameters [type of biopharmaceutical, glycoform of interest, media composition,
glycan of interest] were then defined [mAb or non-mADb; secreted or internal; presence
or absence of Glc, Fuc, GIcN, Gal, ManNAc, GalNAc, GIcA, SO4, S, TSO4; glycan
of interest as defined in Glyco-Mapper] in accordance with the study of interest. The
glycosylation and metabolism enzyme kaLv parameters were adjusted to values that
represented a reasonable guess for the reference glycoform. The predicted reference
glycoform was analyzed and compared to the reference experimental glycoform. From
this analysis, the gene kaLv parameters that should be altered to improve the predicted
reference glycoform were determine. The selected kaLv parameters were altered, the
predicted glycoform was analyzed and then compared again to the reference
experimental glycoform. This process continued until the reference glycoform had
been optimized.

Glycoform-altering strategies using glycosyltransferase, metabolism, or
transporter gene or nutrient feed composition alterations can now be predicted. Using
this optimized set of reference kaLv parameter settings, the corresponding
glycosylation, metabolism, or transport gene karLv parameters were altered to represent
gene overexpression, knockdown, or knockout experiments. The media composition
list was adjusted if any sugar feeds were introduced or removed and then the resulting

predicted glycoform was analyzed.
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C.3 Results

C.3.1 Confirmation of Glyco-Mapper Predictions Replicating Publication Data

Glyco-Mapper predicted 17 cell-altered glycoforms from 10 publications and 9
of the glycoforms from 5 of the publications were presented in Chapter 4. The 8
glycoforms from the remaining 5 publications are analyzed in this appendix. The
Glyco-Mapper predictions presented here specifically involved engineered
fucosylation, sialylation, galactosylation, antennarity, and metabolism (GDP-Fuc)
alterations. Again, Glyco-Mapper achieved an overall 96.1% glycan prediction
accuracy (1,547 of 1,608 glycans) and 85% delta accuracy, as well as an average

glycoform prediction sensitivity and specificity of 85% and 97%, respectively.

C.3.1.1 Strategy 1: Expression of Heterologous Glycosyltransferases

In addition to the heterologous glycoform-engineering study by Onitsuka
(Onitsuka et al. 2012), Glyco-Mapper successfully modeled and predicted the glycan
distributions reported by Naso (Naso et al. 2010) where Naso expressed SiaA to
decrease sialylation, thereby potentially decreasing the IgG’s biotherapeutic in vivo
half-life. Glyco-Mapper modeled the wild type (Figure C.1) with 38 of 40 correct
glycans [5 of 7 present; 33 of 33 absent]. When SiaA expression was modeled (Figure
C.2), Glyco-Mapper predicted 39 of 40 glycans correctly [3 of 4 present; 36 of 36

absent] and data confirmed each of the 3 glycans that changed prediction classes. The
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predicted IgG glycoform resulting from the altered heterologous glycosyltransferase

expression was accurate, sensitive, and specific.

Reference Glyco-Mapper Glycoform
Glycoform: [mAb - Secreted]
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Figure C.1: The Glyco-Mapper prediction of the Naso et al. reference glycoform. The
afucosylated, bi-antennary glycans A2, A2G1, A2G2, A2G2S1, and
A2G2S2 are correctly predicted to be experimentally present in this
reference mAb glycoform.
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Predicted Glyco-Mapper Glycoform
Glycoform: [mAb - Secreted]
Alteration: SiaA Expression
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Figure C.2: The Glyco-Mapper prediction of the SiaA expression based on the Naso
et al. reference glycoform (Figure C.1). The asialylated glycans A2,
A2G1, and A2G2 are correctly predicted to be experimentally present,
while the sialylated glycans A2G1S1, A2G2S1, and A2G2S1 are
correctly predicted to be experimentally absent in this altered terminal
nucleotide glycoform engineering strategy. The N-glycan gene,
nucleotide, and glycan legends in Figure C.1 are not pictured but still

apply.
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C.3.1.2 Strategy 2: Genetic Manipulation of Glycosyltransferases

Glyco-Mapper successfully modeled glycosyltransferase glycoform-
engineering studies in addition to GnT-I expression by Goh (Goh et al. 2014) and Fut8
knockout by Kanda (Kanda et al. 2007) including GnT-1 knockout (Sealover et al.
2013), Fut8 knockouts via alternative methods (Tsukahara et al. 2006; Malphettes et
al. 2010), and f4Galt and ST3Gal3 overexpression (Weikert et al. 1999). In contrast to
Goh, Sealover (Sealover et al. 2013) investigated the effect of reduced GnT-I
expression in a CHO cell line with the goal of decreasing the IgG mAb glycoform
variety using a zinc-finger nuclease (ZFN) GnT-1 knockout. Glyco-Mapper accurately
modeled 37 of 40 glycans [3 of 4 present; 34 of 36 absent] for the wild type glycoform
(Figure C.3). Glyco-Mapper predicted a different 37 of 40 glycans correctly [0 of 1
present, 37 of 39 absent] and data confirmed each of the 3 glycans that changed
prediction classes when the GnT-I knockout was modeled (Figure C.4). The predicted

glycosyltransferase knockout mAb glycoform was highly accurate and specific.
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Figure C.3: The Glyco-Mapper prediction of the Sealover et al. reference glycoform.
The fucosylated bi-antennary glycans FA2, FA2G1, and FA2G2 are
correctly predicted to be experimentally present in this reference

glycoform. The N-glycan gene, nucleotide, and glycan legends in Figure
C.1 are not pictured but still apply.
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Predicted Glyco-Mapper Glycoform
Glycoform: [mAb — Secreted]
Alteration: GnT-I Knockout
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Figure C.4: The Glyco-Mapper prediction of the GnT-I knockout strategy based on
the Sealover et al. reference glycoform (Figure C.3). The fucosylated bi-
antennary glycans FA2, FA2G1, and FA2G2 are all correctly predicted to
be experimentally absent in this glycoform-engineering strategy. The
glycans M5 and A2 that were incorrectly predicted to be absent in the
reference glycoform are still incorrectly predicted to be absent with the
GnT-1 knockout. The N-glycan gene, nucleotide, and glycan legends in
Figure C.1 are not pictured but still apply.

Malphettes (Malphettes et al. 2010) investigated the effect of a ZFN Fut8
knockout in a CHO cell line with the goal of creating afucosylated 1IgG1 mAbs. Glyco-
Mapper accurately modeled 37 of 40 glycans [6 of 8 present; 31 of 32 absent] for the
wild type glycoform (Figure C.5). Glyco-Mapper predicted 37 of 40 glycans correctly
[6 of 8 present, 31 of 32 absent] and data confirmed 7 of the 8 glycans that changed
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prediction classes when the Fut8 knockout was modeled (Figure C.6). The predicted

afucosylated mAb glycoform was highly accurate and specific.

Reference Glyco-Mapper Glycoform
Glycoform: [mAb - Secreted]
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Figure C.5: The Glyco-Mapper prediction of the Malphettes et al. reference
glycoform. Multiple high mannose (M8, M7, and M6) and bi-antennary
(FA2, FA2G1, FA3G3S2, and FA2G2) glycans are all correctly predicted
to be experimentally present in this reference glycoform. The N-glycan
gene, nucleotide, and glycan legends in Figure C.1 are not pictured but

still apply.
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Predicted Glyco-Mapper Glycoform
Glycoform: [mAb - Secreted]
Alteration: Fut8 Knockout
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aA: 87.5%
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Figure C.6: The Glyco-Mapper prediction of the knockout of Fut8 based on the
Malphettes et al. reference glycoform (Figure C.5). The afucosylated bi-
antennary glycans A2, A2G1, and A2G2 are correctly predicted to be
experimentally present and the fucosylated bi-antennary glycans FA2,
FA2G1, and FA2G2 are correctly predicted to be experimentally absent
in this glycosyltransferase glycoform-engineering strategy. The N-glycan
gene, nucleotide, and glycan legends in Figure C.1 are not pictured but

still apply.

Tsukahara (Tsukahara et al. 2006) also investigated the effect of Fut8
knockout by homologous recombination in a CHO cell line producing a mAb
biotherapeutic. Glyco-Mapper accurately modeled 38 of 40 glycans [6 of 8 present; 32
of 32 absent] for the wild type glycoform (Figure C.7) and predicted 39 of 40 glycans

correctly [3 of 4 present, 36 of 36 absent] and data confirmed each of the 4 glycans
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that changed prediction classes when the Fut8 knockout was modeled (Figure C.8).

The predicted afucosylated mAb glycoform was highly accurate and specific.

Reference Glyco-Mapper Glycoform . v
Glycoform: [mAb - Secreted]
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=

Model
A:95.0%
(38/40) +

Expt.

Figure C.7: The Glyco-Mapper prediction of the Tsukahara et al. reference
glycoform. The asialylated, bi-antennary glycans A2, FA2, A2G1,
FA2G1, A2G2, and FA2G2 are all correctly predicted to be
experimentally present in this reference glycoform. The N-glycan gene,
nucleotide, and glycan legends in Figure C.1 are not pictured but still
apply.
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Predicted Glyco-Mapper Glycoform
Glycoform: [mAb - Secreted]
Alteration: Fut8 Knockout
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Figure C.8: The Glyco-Mapper predicted Fut8 knockout glycoform is based on the
Tsukahara et al. reference glycoform (Figure C.7). The afucosylated
glycans A2, A2G1, and A2G2 are all correctly predicted to be
experimentally present while the fucosylated glycans FA2, FA2G1, and
FA2G2 are all correctly predicted to be experimentally absent in this
glycoform-engineering strategy. The N-glycan gene, nucleotide, and
glycan legends in Figure C.1 are not pictured but still apply.

Weikert (Weikert et al. 1999) investigated the effects of f4Galt and ST3Gal3
expression in a CHO cell line with the goal of understanding the effects of gene
overexpression on EPO galactosylation and sialylation. Glyco-Mapper accurately
modeled 150 of 156 glycans [8 of 13 present; 142 of 143 absent] for the wild type

glycoform (Figure C.9). When the p4Galt overexpression was modeled, Glyco-
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Mapper predicted 149 of 156 glycans correctly [7 of 13 present, 142 of 143 absent]
(Figure C.10); whereas, when the ST3Gal3 overexpression was modeled, Glyco-
Mapper predicted 148 of 156 glycans correctly [6 of 13 present, 142 of 143 absent]
(Figure C.11). Glyco-Mapper accurately modeled 150 of 156 glycans [9 of 13 present;
141 of 143 absent] for a second, different wild type glycoform (Figure C.12). Glyco-
Mapper again predicted 150 of 156 glycans correctly [9 of 13 present, 141 of 143
absent] when the p4Galt and ST3Gal3 overexpression was modeled (Figure C.13).
The predicted EPO glycoform resulting from the altered glycosyltransferase

expression was highly accurate and specific, but largely unaltered.
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Figure C.9: The Glyco-Mapper prediction of the first Weikert et al. reference
glycoform. The fucosylated, bi-antennary (FA2G2S1 and FA2G2S2), tri-
antennary (FA3G3S1, FA3G3S2, and FA3G3S3), and tetra-antennary
(FA4G4S2, FA4GAS3, and FA4G4S4) glycans are all correctly predicted
to be experimentally present in this reference glycoform. The N-glycan
gene, nucleotide, and glycan legends in Figure C.1 are not pictured but
still apply.
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Predicted Glyco-Mapper Glycoform
Glycoform: [Non-mAb — Secreted]
Alteration:

A: 95.5% Model

Figure C.10: The Glyco-Mapper predicted f4Galt overexpression glycoform is based
on the initial Weikert et al. reference glycoform (Figure C.9). The
fucosylated bi-antennary (FA2G2S1 and FA2G2S2), tri-antennary
(FA3G3S1, FA3G3S2, and FA3G3S3), and tetra-antennary (FA4G4S2
and FA4G4S3) glycans are all correctly predicted to be experimentally
present, but the glycan FA4G4S4 is now incorrectly predicted to be
experimentally absent in this glycoform-engineering strategy. The N-
glycan gene, nucleotide, and glycan legends in Figure C.1 are not
pictured but still apply.
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Predicted Glyco-Mapper Glycoform
Glycoform: [Non-mAb — Secreted]
Alteration: ST3Gal3 Overexpression

A: 94.9% Model

Figure C.11: The Glyco-Mapper prediction of the ST3Gal3 overexpression glycoform
based on the initial Weikert et al. reference glycoform (Figure C.9). The
fucosylated and highly-sialylated bi-antennary (FA2G2S1 and
FA2G2S2), tri-antennary (FA3G3S2 and FA3G3S3), and tetra-antennary
(FA4G4S3 and FA4G4S4) glycans are all correctly predicted to be
experimentally present in this overexpressed glycosyltransferase
glycoform-engineering strategy. The N-glycan gene, nucleotide, and
glycan legends in Figure C.1 are not pictured but still apply.
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Figure C.12: The Glyco-Mapper prediction of the second Weikert et al. reference
glycoform. The fucosylated, bi-antennary (FA2G2, FA2G2S1, and
FA2G2S2), tri-antennary (FA3G3S1, FA3G3S2, and FA3G3S3), and
tetra-antennary (FA4G4S2, FA4G4S3, and FA4G4S4) glycans are all
correctly predicted to be experimentally present in this reference
glycoform. The difference between this reference glycoform and the
initial reference glycoform (Figure C.9), besides the glycoforms
originating under different conditions, is the glycan FA2G2 is
experimentally measured. The N-glycan gene, nucleotide, and glycan
legends in Figure C.1 are not pictured but still apply.
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Predicted Glyco-Mapper Glycoform
Glycoform: [Non-mAb — Secreted]
Alteration:
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Figure C.13: The Glyco-Mapper prediction of the coupled overexpression of f4Galt
and ST3Gal3 based on the second Weikert et al. reference glycoform
(Figure C.12). The fucosylated, bi-antennary (FA2G2, FA2G2S1, and
FA2G2S2), tri-antennary (FA3G3S1, FA3G3S2, and FA3G3S3), and
tetra-antennary (FA4G4S2, FA4G4S3, and FA4G4S4) glycans are all
correctly predicted to be experimentally present in this multiple
glycosyltransferase overexpression glycoform. There is not one
difference between this glycoform prediction and the reference
glycoform, which is a good outcome because the experimental
glycoforms also did not contain any differences. The N-glycan gene,
nucleotide, and glycan legends in Figure C.1 are not pictured but still

apply.
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C.3.1.3 Strategy 3: Genetic Manipulation of Glycosyltransferase and
Metabolism Genes and Nutrient Feeding Modifications

The knockout of a native metabolism gene or the alteration of a media feed
(nutrient composition) can result in a modified glycoform, as reported by Kanda
(Kanda et al. 2007) and Imai-Nishiya (Imai-Nishiya et al. 2007), both of which Glyco-
Mapper successfully modeled. Using a mAb (IgG1)-producing CHO cell line, Imai-
Nishiya et al. knocked out GMDS and Fut8 simultaneously, thereby affecting the
fucosylation and antibody-dependent cellular cytotoxicity through both the
glycosylation and metabolism processes. Glyco-Mapper modeled the wild type
glycoform (Figure C.14) with 39 of 40 correct glycans [3 of 4 present, 36 of 36
absent]. When the GMDS and Fut8 knockout was modeled (Figure C.15), Glyco-
Mapper accurately predicted 39 of 40 glycans correctly [3 of 4 present; 36 of 36
absent] and data confirmed 7 of the 8 glycans that changed prediction classes. The
predicted mAb glycoform resulting from the altered metabolic and glycosyltransferase

gene expression was highly accurate, sensitive, and specific.
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Figure C.14: The Glyco-Mapper prediction of the Imai-Nishiya et al. reference
glycoform. The fucosylated bi-antennary glycans FA2, FA2G1, and
FA2G2 are correctly predicted to be experimentally present in this
reference glycoform. The N-glycan gene, nucleotide, and glycan legends
in Figure C.1 are not pictured but still apply.
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Predicted Glyco-Mapper Glycoform
Glycoform: [mAb - Secreted]
Alteration: Fut8 Knockout
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Figure C.15: The Glyco-Mapper predicted Fut8 and GMDS knockout glycoform is
based on the Imai-Nishiya et al. reference glycoform (Figure C.14). The
afucosylated bi-antennary glycans A2, A2G1, and A2G2 are correctly
predicted to be experimentally present and the fucosylated bi-antennary
glycans FA2, FA2G1, and FA2G2 are correctly predicted to be
experimentally absent in this glycosyltransferase and metabolism-based
glycoform-engineering strategy. The N-glycan gene, nucleotide, and
glycan legends in Figure C.1 are not pictured but still apply.
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C.3.2 Prediction of Uncommon Published Glycoforms

The Ggta enzyme is responsible for creating the Gal-a-1,3-Gal (a-Gal) linkage
(Taniguchi et al. 2002). Terminal a-Gal nucleotides can react with the a-Gal
antibodies commonly produced in humans (Macher and Galili 2008). The a-Gal
antigen is rarely measured in CHO cell proteins, yet a Ggta ortholog has been reported
in the CHO-K1 genome (Bosques et al. 2010) and the a-Gal antigen has been
previously reported in the CHO-produced antibody Erbitux (centuximab) (Chung et al.
2008). The Glyco-Mapper prediction of a glycoform containing an a-Gal glycan
represents the a-Gal with G* and this linkage competes with the sialyltransferase
enzymes for terminal Gal nucleotides.

Another family of N-glycosylation genes that is annotated in the CHO genome
(Xu et al. 2011) but rarely affect biopharmaceutical glycoforms is the p4Galnt gene
family. The B4Galnt3 and 4Galnt4 enzymes are responsible for creating the GalNAc-
B-1,4-GIcNAc linkage (Taniguchi et al. 2002), which is a terminal cell surface N-
glycan linkage (Ikehara et al. 2006). GalNAc is represented by “L” in the Glyco-
Mapper tool and the p4Galnt3 and p4Galnt4 enzymes compete with the

galactosyltransferase enzymes for the terminal GICNAc nucleotides.
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C.4 Discussion

C.4.1 Glyco-Mapper Successes

The biopharmaceutical protein structure and the CHO cell line producing the
biopharmaceutical both affect the reference glycoform and are two causes for the
glycoform variety reported in literature. Glyco-Mapper accounted for these parameters
and successfully modeled various reference glycoforms, enabling accurate cell-
engineering glycoform predictions regardless of the reference glycoform’s number of
reported glycans, number of subclasses represented by these glycans, or the maximum
number of reactions between these glycans. The reference glycoforms ranged in the
number of experimentally confirmed glycans from 3 glycans (Figure 4.1) to 20
glycans (Figure 5.1), demonstrating Glyco-Mapper’s ability to model glycoforms both
large and small. The reference glycoforms also ranged in the number of correctly
modeled glycan subclasses from only one bi-antennary subclass (Figure 4.5) to five
subclasses (Figure 4.9), including high- and low-mannose as well as bi-, tri-, and tetra-
antennary subclasses. This range in the number of modeled glycan subclasses
highlights the span of glycan structures that were able to be simultaneously
represented. The range in the maximum number of enzymatic reactions between two
measurable glycans in the same glycoform ranged from 2 reactions catalyzed by 1
enzyme (Figure 4.1) to 15 reactions catalyzed by 8 different enzymes (Figure 4.9).
The range of modeled glycans from only 1 enzyme’s reactants and products to a

varied multitude of enzyme products established the Glyco-Mapper’s significant
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modeling versatility. This ability to adapt the reference glycoform to closely resemble
the unique experimental reference glycoform enables accurate cell line- and
biopharmaceutical-specific predictions to be made, greatly increasing the tool’s
specificity and applicability.

Glyco-Mapper successfully predicted many glycoforms in part because of the
customized reference glycoforms. The predicted glycoforms were characterized by
their quantized glycoform patterns, the vast range of gene alteration glycan results
achievable, and multiple predicted glycoforms depending on input variation. The
prediction of quantized glycoform patterns consistent with experimental data was
demonstrated with a distinct non-mAb pattern in Figure 4.10, contrasting a smaller,
but also distinct mAb pattern in Figure C.6. The variety of gene alterations that affect
the glycan results ranged from significant composition changes due to GnT gene
alterations (Figures 4.2 and C.4) to subtle, yet biopharmaceutically relevant changes
due to Fut8 or STGal gene alterations (Figures 4.7 and C.2). The prediction outcomes
vary depending on the discretized parameter value, as demonstrated by the lack of any
predicted glycan changes in Figure C.13 to the 15 predicted glycan changes in Figure
4.4, which is indicative of an accurate representation of variable sensitivity. These
benefits highlight the wide variety of glycoforms that can be applicably modeled by
Glyco-Mapper.

C.4.2 Current Glyco-Mapper Challenges

As shown in Table 4.4, 24 glycans from the five figures listed were incorrectly

predicted, totaling 4% of the predicted glycans within those figures, and this is

representative of all 17 predicted glycoforms with an incorrect glycan prediction rate
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of 4% as well. The two Glyco-Mapper prediction errors were glycans that were
incorrectly predicted to be present within the glycoform and glycans that were
incorrectly predicted to be absent from the glycoform. The glycan patterns portrayed
using Glyco-Mapper were highly accurate, but the erroneous predictions may be
indicative of trends that might not otherwise be noticed. A few of these trends are

thoroughly examined here.

C.4.2.1 Incorrectly Predicted Glycans Indicative of Potential Network
Uncertainties

Incorrect Glyco-Mapper predictions may identify reactions that are not
accurately understood due to unaccounted for inhibiting factors. The example in
Chapter 4 involved glycan A2G2S2 in Figure 4.2 and is indicative of a potential
relationship between fucosylation and sialylation. Another example is from the
Maszczak-Seneczko glycoforms (Figures 4.9-4.12) dealing with a potential
relationship between fucosylation and galactosylation or antennarity. In each of the
figures, there are at least two fucosylated/afucosylated glycan pairs of different
antennarity, but only the fucosylated glycan of at least one pair is experimentally
present in three of the glycoforms: twice in Figure 4.9, twice in Figure 4.10, and once
in Figure 4.12. The Maszczak-Seneczko cell-engineered alterations involved the
knockout of p4Galt in both Figures 4.10 and 4.12 and as galactosyltransferases and
sialyltransferases are both located in the trans-Golgi (Hassinen and Kellokumpu
2014), there may be also be a correlation between galactosylation and fucosylation as
theorized between sialylation and fucosylation. Regardless of whether this pattern

indicates a definitive mechanism or simply a trend between fucosylation and
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galactosylation or antennarity, this pattern may not have been detected without the

Glyco-Mapper’s consistent incorrect prediction of these glycans.

C.4.2.2 Incorrectly Predicted Glycans 1-2 Modifications “Off-Target”

Many glycans the Glyco-Mapper incorrectly predicted as present are only one
or two active enzyme modifications removed from a glycan correctly predicted as
present (Table 4.4). Amongst the Maszczak-Seneczko et al. reference and predicted
glycoforms (Figures 4.9-4.12), there were a total of 15 incorrectly predicted glycans
and all 15 glycans were only one modification away from a glycan correctly predicted
to be present. Upon examination of this group of incorrect predictions, these glycans
are likely the result of the non-template driven enzymatic reaction network. The
Glyco-Mapper’s high overall modeling accuracy is further strengthened by this trend
because many incorrect glycan predictions are one to two modifications from a
correctly predicted glycan, demonstrating a small degree of inaccuracy between highly
similar glycans rather than a significant degree of inaccuracy between vastly different

glycans.

C.4.2.3 Incorrectly Predicted Intermediate Glycans with Reactant and Product
Glycans

A subset of the incorrectly predicted glycans that are 1-2 modifications
removed from a glycan correctly predicted as present are one modification removed
from that glycan’s respective reactant and product glycans, both of which are correctly
predicted to be present. Three different experimental glycoforms contain incorrectly

predicted glycans that classify as an incorrectly predicted “intermediate” glycan and
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each glycan is bi-antennary and has at least one terminal N-acetylglucosamine
(GIcNAC) nucleotide. Multiple other bi-antennary glycans with terminal GICNAc
nucleotides are correctly predicted to be present within each glycan’s respective
glycoform (2 for A2G1S1 (Figure C.1), 3 for FA2 (Figure 4.5), and 5 for A2G1S1
(Figure 5.1)). A pattern does not appear between these few examples regarding why
certain bi-antennary, GIcNAc-terminal glycans are measured in some circumstances
and not others. One possible theory can be developed from the glycan A2G1S1, which
| detected within the reference SEAP glycoform (Figure 5.1), yet the quantified
measurement was not statistically significant and was excluded from analysis. This
highlights the possibility that these incorrectly predicted glycans may actually be
present in the experimental glycoforms, but in too low an amount to be statistically
significant for analysis due to the presence of the other similar glycans only one

modification away.

C.4.2.4 Incorrectly Predicted Mannose Glycans

Mannose glycans are present within biopharmaceutical glycoforms and while
commonly accounting for a small portion of the glycoform compared to the complex
glycans, mannose glycans also need to be correctly predicted and modeled by Glyco-
Mapper. However, mannose glycans are erroneously predicted by the Glyco-Mapper.
The mannose glycan M5 is incorrectly predicted to be absent for each of the reference
and predicted glycoforms listed: Goh (Figures 4.3-4.4), Maszczak-Seneczko (Figures
4.9-4.12), Sealover (Figures C.3-C.4), Malphettes (Figures C.5-C.6), and the novel
SEAP GnT-Il knockdown (Figures 4.13-4.14). Within the Goh and Sealover GnT-I

knockout glycoforms, the complex glycan production pathway is nonfunctional,
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allowing Man-11 to create the low-mannose M3 glycan. Glyco-Mapper predictions
accurately represent this outcome but predict the complete consumption of M5. Within
the modeled and predicted Maszczak-Seneczko glycoforms, GnT-I and Man-11 are
both enzymatically active and the M5 glycan is again predicted to be completely
consumed as an intermediate. The M3 glycan is frequently incorrectly predicted by the
Glyco-Mapper in the Naso (Figures C.1-C.2), Tsukahara (Figures C.7-C.8), Imai-
Nishiya (Figure C.15), and Kanda (Figures 4.5-4.7) glycoforms. Man-I1 is required to
produce complex glycans, but there are many substrates Man-I1 can act upon,
including M5, M4, and infrequent hybrid glycans. This results in the correct prediction
of M3 for many cases, but also incorrect predictions for others. A better understanding

of these pathways would enable more accurate modeling and predictions.

C.4.3 Uncommon Glycoforms

The a-Gal linkage produced by the Ggta enzyme and the GalNAc-B-1,4-
GIcNACc linkage produced by the p4Galnt3 and p4Galnt4 enzymes are both
uncommon N-glycosylation linkages within biopharmaceuticals. The measured
biopharmaceutical production of the a-Gal linkage and sequenced Ggta ortholog
warranted the inclusion of this gene, enzyme, and linkage into the Glyco-Mapper. This
linkage is undesirable and uncommon outside of CHO-produced IgE
biopharmaceuticals (Chung et al. 2008), and while it will likely be of little interest to
most Glyco-Mapper users, the Ggta ortholog and a-Gal linkage were included in the
Glyco-Mapper’s glycosylation database. The GalNAc-B-1,4-GIcNAc linkage is not
measured within biopharmaceuticals and will also be of minimal interest to the

majority of users, yet the annotated p4Galnt3 and p4Galnt4 genes are N-glycosylation
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genes and are also represented within the CHO Glyco-Mapper tool’s glycosylation

database.
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Appendix E

GENE LISTS FROM CHAPTER 4

E.1 Preface
As described in Chapter 4, 59 glycosylation genes and 92 metabolism genes
compose the N-glycosylation reaction network within CHO cells and are accounted
for in the Glyco-Mapper. The glycosylation genes are given in Table E.1 and the
metabolism genes are givent in Table E.2. The metabolic pathways represented by

these genes are pictured in Figure E. 1.
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Table E.1: The Glyco-Mapper glycosylation gene database. The relevant
glycosylation gene symbols, IDs, and names within the Glyco-Mapper

database.
CHO-K1
Symbol RefSeq (RS) | CHO-K1 RS Name
ID
DPAGT1 100689054 ggﬁi{;?éll;gggzmﬁteepg\g;i;)’;‘r?:gggg io(sgl]gllil]eA)c’-\ll-P transferase)
ALG13 100754023 | ALG13, UDP-N-acetylglucosaminyltransferase subunit
ALG14 100773644 | ALG14, UDP-N-acetylglucosaminyltransferase subunit
ALG1 100773731 | ALGL, chitobiosyldiphosphodolichol beta-mannosyltransferase
ALGO02 100768412 | ALG2, alpha-1,3/1,6-mannosyltransferase
ALG3 100772003 | ALGS3, alpha-1,3- mannosyltransferase
ALGO09 100755062 | ALG9, alpha-1,2-mannosyltransferase
ALG11 100771009 | ALGL11, alpha-1,2-mannosyltransferase
ALG12 100770096 | ALG12, alpha-1,6-mannosyltransferase
ALG6 100753783 | ALGS, alpha-1,3-glucosyltransferase
ALG8 100766150 | ALGS, alpha-1,3-glucosyltransferase
ALG10 - -
ALG10B - -
ALG5 100769679 | dolichyl-phosphate beta-glucosyltransferase
DPM1. 100689420 glj)tl)ljml-phosphate mannosyltransferase polypeptide 1, catalytic
DPM3 100689451 | dolichyl-phosphate mannosyltransferase polypeptide 3
DDOST 100755259 gltj)tl)llj:giyilir(]jtl)pr)‘rj((:);tpar;st()iLl)gosaccharlde--prote|n glycosyltransferase
RPN1 100762811 | ribophorin |
RPN2 103158732 | ribophorin Il
DAD1 100767387 | defender against cell death 1
MOGS 100689098 | mannosyl-oligosaccharide glucosidase, transcript variant X1
GANAB 100752162 | glucosidase, alpha; neutral AB, transcript variant X1
MAN1A1 100767553 | mannosidase, alpha, class 1A, member 1
MAN1A2 100770527 | mannosidase, alpha, class 1A, member 2
MAN1B1 100756512 endoplasmic reticulum mannosyl-oligosaccharide 1,2-alpha-
mannosidase
MAN1C1 100761494 | mannosidase, alpha, class 1C, member 1
MAN2A1 100757006 | mannosidase, alpha, class 2A, member 1
MAN2A2 100764014 | mannosidase, alpha, class 2A, member 2
MAN2B1 100766505 | mannosidase, alpha, class 2B, member 1
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Table E.1 continued.

CHO-K1
Symbol RefSeq CHO-K1 RS Name
(RS) ID

MANBA 103158768 | mannosidase, beta A, lysosomal

MGATL 100682529 mannosyl (alphg-l,3—)—g|ycoprote|n beta-1,2-N-
acetylglucosaminyltransferase

MGAT?2 100753385 mannosyl (alphg-l,6—)—glycoprote|n beta-1,2-N-
acetylglucosaminyltransferase

MGATAA 100766200 mannosyl (alphg-l,3—)—g|ycopro_te|n beta-1,4-N-
acetylglucosaminyltransferase, isozyme A

MGAT4B 100768637 mannosyl (alphg-l,3—)—g|ycopro_te|n beta-1,4-N-
acetylglucosaminyltransferase, isozyme B

MGATS 100760162 mannosyl_(alpha—l,6-)-g|ycoprote|n beta-1,6-N-acetyl-
glucosaminyltransferase

MGAT5B 100771275 mannosyl_(alpha—l,6-)-g|ycoproteln beta-1,6-N-acetyl-
glucosaminyltransferase, isozyme B

MGAT3 100689076 mannosyl (betaj1,4—)—glycoprote|n beta-1,4-N-
acetylglucosaminyltransferase

FUTS8 100751648 | fucosyltransferase 8 (alpha (1,6) fucosyltransferase)

FUCAL 100752441 | fucosidase, alpha-L- 1, tissue

BAGALTI 100689430 UDP-Ga!:betaGIcNAc beta 1,4- galactosyltransferase,
polypeptide 1

PAGALT? 100689434 UDP-Ga!:betaGIcNAc beta 1,4- galactosyltransferase,
polypeptide 2

PAGALT3 100689346 UDP-Ga!:betaGIcNAc beta 1,4- galactosyltransferase,
polypeptide 3

ST3Gal3 100689187 | ST3 beta-galactoside alpha-2,3-sialyltransferase 3

ST6Gall 100689389 | ST6 beta-galactosamide alpha-2,6-sialyltranferase 1

ST6Gal2 100763756 | ST6 beta-galactosamide alpha-2,6-sialyltranferase 2

Neul 100689373 | sialidase 1 (lysosomal sialidase)

Neu2 100689301 | sialidase 2 (cytosolic sialidase)

Neu3 100689090 | sialidase 3 (membrane sialidase)

Neu4 100774175 | sialidase 4

HEXA 100750552 | hexosaminidase A (alpha polypeptide)

HEXB 100756951 | beta-hexosaminidase subunit beta-like

AGA 100754017 | aspartylglucosaminidase

P4GALNT3 100756528 | beta-1,4-N-acetyl-galactosaminyl transferase 3

P4GALNT4 100758404 | beta-1,4-N-acetyl-galactosaminyl transferase 4

GLB1 100767446 | galactosidase, beta 1 (galactosidase, beta 1-like)

CHSTS8 -
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Table E.1 continued.

CHO-K1
Symbol RefSeq CHO-K1 RS Name
(RS) ID
CHST9 100770625 | carbohydrate (N-acetylgalactosamine 4-0) sulfotransferase 9
STS -
Ggtal 100754535 | N-acetyllactosaminide alpha-1,3-galactosyltransferase
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Table E.2:  The glycosylation-relevant metabolism and nucleotide sugar transporter
gene database. Contains the relevant metabolism gene symbols, names,
and reaction numbers associated with Figure E.1.

Abbr. Enzyme RXxN
HK Hexokinase, (glucokinase) 1
GPI Glucose Pho_sphate Isomerase,

(phosphoglucoisomerase) 2
PFK Phosphofructokinase 3
FBP Fructose-1,6-Bisphosphatase 4
ALDO Fructose Bisphosphate Aldolase 5
TPI Triose phosphate isomerase (TIM) 6
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 7
PGK Phosphoglycerate kinase 8
PGAM Phosphoglycerate mutase 9
ENO Enolase 10
PK Pyruvate kinase 11
- [Pyruvate transporter] 12
LDH Lactate dehydrogenase 13
PC Pyruvate carboxylase 14
PCK Phosphoenolpyruvate carboxykinase 15
PDH Pyruvate dehydrogenase 16
CS Citrate synthase 17
ACO Aconitase (Aconitate hydratase 1) 18
IDH Isocitrate dehydrogenase 19
AKGDH Alpha-ketoglutarate dehydrogenase 20
SCS Succinyl-CoA synthetase 21
SDH Succinate dehydrogenase 22
FH Fumarase 23
MDH Malate dehydrogenase 24
G6PD Glucose-6-phosphate dehydrogenase +

Gluconolactonase 25
PGD 6-phosphogluconate dehydrogenase 26
RPE Phosphopentose Epimerase 27
RPI Phosphopentose Isomerase 28
TKT Transketolase 29
TALDO Transaldolase 30
TKT Transketolase 31
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Table E.2 continued.

Abbr. Enzyme RXxN
GALK Galactokinase 32
GALT Galactose-1-P uridylyltransferase 33
GALE UDP-Galactose-4-epimerase 34
PGM Phosphoglucomutase 35
UGP UDP-Glucose pyrophosphorylase 36
GFPT Glucosamine-6-P synthase 37
HK Hexokinase 38
- Glucosamine N-acetyltransferase 39
NAGK GIcNACc kinase 40
GNPNAT Glucosamine-6-P N-acetyltransferase 41
PGM3 Phosphoacetylglucosamine mutase;

Phosphoglucomutase 3 42
UAP UDP-GIcNAc pyrophosphorylase 43
GNE UDP-GIcNAc-2-epimerase 44
RENBP prcl)\tlé?;ylglucosamine 2-epimerase; renin binding 45
CTPS CTP synthetase 46
SIAT NeuAc transporter 47
- CTP transporter 48
CMAS CMP-NeuAc synthetase 49
SLC35A1 CMP-NeuAc transporter 50
CMAH CMP-NeuAc-4-hydroxylase* 51
PMI Phosphomannose isomerase 52
PMM Phosphomannose mutase 53
GMPP GDP-mannose pyrophosphorylase 54
GMDS GDP-mannose 4,6-dehydratase 55
Tsta3 GD_P—L—fucose synthase; tissue specific transplantation

antigen P35B 56
- GDP-fucose synthetase 57
FPGT Fucose-1-P guanylyltransferase 58
FUK Fucokinase 59
GNE ManNAc kinase 60
NANS Sialic Acid Synthase 61
NANP N-acylneuraminate-9-phosphatase 62
- [GalNACc to GalNAc-1-P] 63
UAP UDP-GIcNAc pyrophosphorylase 64
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Table E.2 continued.

Abbr. Enzyme RXxN
- UDP-GIcNAc-4-epimerase 65
UGDH UDP-Glc 6-dehydrogenase 66
GLCAK Glucurokinase 67
- UDP-GIcA pyrophosphorylase 68
GLUD Glutamate dehydrogenase 69
- [a-KG transporter] 70
GALT Galactose-1-P uridylyltransferase 71
- N-acetylglucosamine deacetylase 72
Amdhd2 putgtive N—acetylgIucqsamineTGTphosphate deacetylase;
amidohydrolase domain containing 2 73
CMAH CMP-N-acetylneuraminate monooxygenase 74
CMAS N-acylneuraminate cytidylyltransferase 75
HK hexokinase 76
PAPSS1 3'-phosphoadenosine 5'-phosphosulfate synthase 1 77
PAPSS2 3'-phosphoadenosine 5'-phosphosulfate synthase 2 78
Suox Sulfite oxidase 79
Ethe Ethylmalonic encephalopathy 1 80
Cycs Cytochrome C, somatic 81
Tst Thiosulfate sulfurtransferase 82
Slc35al CMP-NeuAc Transporter -
Slc35a2 UDP-Gal Transporter -
Slc35a3 UDP-GIcNACc Transporter -
Slc35b4 UDP-GIcNACc Transporter -
Slc35c¢1 GDP-Fuc Transporter -
Slc35¢2 GDP-Fuc Transporter -
Slc35d1 UDP-GalNAc/UDP-GIcA Transporter -
Slc35d2 UDP-GIlc/UDP-GIcNAc/GDP-Man(?) Transporter -
Slc35b2 [PAPS Transporter] -
Slc35b3 [PAPS Transporter] -
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Figure E.1: CHO genome based CCM and sugar nucleotide production pathways.
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Appendix F

SUPPLEMENTAL EXPERIMENTAL RESULTS FROM CHAPTER 4

F.1 Preface

As described in Chapter 4, the GnT-Il knockdown was performed on a CHO-

SEAP cell line to confirm a novel Glyco-Mapper prediction. Glycan spectra are given

in Figures F.1 and F.2, and qRT-PCR results are given in Figure F.3.
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Figure F.1: Reference SEAP glycoform MALDI-TOF MS spectra in increasing

acetonitrile aliquot composition order, specifically the A) 15%, B) 35%,
C) 50%, and D) 75% aliquots.
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Figure F.2:  GnT-Il knockdown SEAP glycoform MALDI-TOF MS spectra in
increasing acetonitrile aliquot composition order, specifically the A)
15%, B) 35%, C) 50%, and D) 75% aliquots.
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Figure F.3: qRT-PCR results demonstrating a statistically significant knockdown
(p<0.0001) of GnT-II via siRNA by an average increase of 2.51
compared to the negative control. n=9 for each sample with 3 technical
replicates of 3 biological replicates.
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