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Abstract

Heparin is the most widely used anticoagulant drug in the world today. Heparin is currently
produced from animal tissues, primarily porcine intestines. A recent contamination crisis
motivated development of a non-animal-derived source of this critical drug. We hypothesized that
Chinese hamster ovary (CHO) cells could be metabolically engineered to produce a bioengineered
heparin, equivalent to current pharmaceutical heparin. We previously engineered CHO-S® cells to
overexpress two exogenous enzymes from the heparin/heparan sulfate biosynthetic pathway,
increasing the anticoagulant activity ~100-fold and the heparin/heparan sulfate yield ~10-fold.
Here, we explored the effects of bioprocess parameters on the yield and anticoagulant activity of
the bioengineered GAGs. Fed-batch shaker-flask studies using a proprietary, chemically-defined
feed, resulted in ~two-fold increase in integrated viable cell density and 70% increase in specific
productivity, resulting in nearly three-fold increase in product titer. Transferring the process to a
stirred-tank bioreactor increased the productivity further, yielding a final product concentration of
~90 pg/mL. Unfortunately, the product composition still differs from pharmaceutical heparin,
suggesting that additional metabolic engineering will be required. However, these studies clearly
demonstrate bioprocess optimization, in parallel with metabolic engineering refinements, will play
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a substantial role in developing a bioengineered heparin to replace the current animal-derived
drug.
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1 Introduction

Heparin (HP) is the most widely used anticoagulant drug in modern medicine;
approximately 300,000 doses/day are used in the U.S., and greater than 100 tons of heparin
are used annually, with a market value of ~$7 billion [1, 2]. Heparin is a highly sulfated
polysaccharide found covalently attached to the core protein serglycin and stored in
intracellular granules of mast cells that are found in the intestines and lungs of many animals
[1, 3]. A health crisis in 2008, involving the adulteration of heparin produced from hogs in
China, led to the death of ~100 Americans and resulted in a demand for heparin from non-
animal sources [4]. In addition, recent studies suggest that heparin may have significant
antineoplastic activity, separate and distinct from its anticoagulant activity [5-9], while other
studies indicate a role for heparin in treating inflammation, infertility, and infectious disease
[10-14]. These observations point to a potential demand for tailored heparin and heparin-
like molecules with specific structural and functional properties.

Chinese hamster ovary (CHO) cells are the workhorse of the biopharmaceutical industry.
Currently, the biopharmaceuticals market is ~$130 billion annually with over half of those
drugs produced in CHO cells, due to the relative ease of culture and human-like
glycosylation patterns. Of the eight best-selling biopharmaceuticals in 2013, five of these
drugs are produced in CHO cells (Genetic Engineering News, http://www.genengnews.com/
insight-and-intelligence/the-top-25-best-selling-drugs-of-2013/77900053 March 3, 2014).
CHO cells (and all mammalian cells) naturally produce heparan sulfate (HS), a related
glycosaminoglycan (GAG) that contains less sulfation and little anticoagulant activity. We
hypothesized that CHO cells could be engineered to produce a bioengineered heparin by
expressing heparin biosynthetic enzymes that are not naturally expressed in CHO cells [15,
16]. By exogenously expressing two critical biosynthetic enzymes, N-deacetylase/N-
sulfotransferase 2 (NDST2) and heparan sulfate 3-O-sulfotransferase 1 (30ST-1), we
increased the anticoagulant activity of the engineered HP/HS nearly 100-fold and the
amount of HS produced and secreted approximately 10-fold. However, the anticoagulant
activity was still much lower than pharmaceutical heparin; the structure was quite different
than the pharmaceutical compound, and the productivity (~20 pg/mL) was much lower than
typical biopharmaceuticals produced in CHO cells (e.g., antibodies at 1-10 mg/mL). The
low productivity is particularly a problem for heparin whose annual demand is ~ 2 orders of
magnitude greater than even high volume monoclonal antibodies. However, it is well known
that bioprocess optimization for protein therapeutics produced in CHO cells can increase
product titers 10- to 100-fold by increasing both specific productivity and integrated viable
cell density (IVCD). Hence, we hypothesized that bioprocess optimization for our HP/HS
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producing CHO cell lines could substantially improve product titers, a critical step in
evaluating the commercial potential of this technology. In addition, process conditions can
dramatically affect the glycosylation patterns of recombinant proteins. Increasing dissolved
oxygen (DO) has been reported to both increase [17—-19] and decrease [20] protein
glycosylation across a broad range of cell lines and proteins. An additional study found DO
oscillation increased sialylation, branching, and galactosylation [21]. Feeding strategies can
also significantly affect glycosylation; in particular, any glucose limitation can significantly
affect site occupancy [22-24] and reduce both galactosylation and sialylation [25, 26].
Hence, altering the bioprocess parameters may also impact the GAG structures of
proteoglycans, possibly generating more “heparin-like” structures.

In this study, we report the effects of process optimization in fed-batch shake flasks and fed-
batch bioreactors on the growth, productivity, and product structures/activity for both
parental (CHO-S®) cells and two metabolically engineered clones producing engineered
HP/HS GAGs. By optimizing feed compositions, we significantly increased both the
specific productivity of the GAGs as well as the IVCD, increasing titers several fold. We
observed significant metabolic differences between the engineered cells and the host cells in
terms of nutrient uptake and metabolite production. Finally, by altering the feeding strategy
to increase the sulfur availability, we were able to increase the anticoagulant activity of the
bioengineered heparin, highlighting the importance of bioprocess development in achieving
product quality attributes.

2 Materials and Methods

2.1 Batch cell culture

Construction of Dual-3 and Dual-29 cell lines that express NDST2 and 3OST-1 has been
previously reported [15]. CHO-S® (Thermo Fisher Scientific Inc. Waltham, MA), Dual-3,
and Dual-29 cells were maintained in 125 mL polycarbonate Erlenmeyer flasks (Corning,
Corning, NY) containing 25 mL of CD CHO medium (Thermo Fisher Scientific)
supplemented with 8 mM GlutaMAX™ (Thermo Fisher Scientific) and 15 mL of
hypoxanthine/thymidine solution per 500 mL of medium (HT, Corning Life Sciences,
Corning, NY). All cells were seeded at 2 x 105 cells/mL and cultured on orbital shakers
agitated at 125 rpm in a humidified 37 °C incubator with 5% CO,. In addition, 1 mg/mL of
Geneticin (G418, Thermo Fisher Scientific) and 500 mg/mL of Zeocin™ (Thermo Fisher
Scientific) were added to the medium for dual expressing cell lines. Viable cell densities
were determined by trypan blue exclusion using a Bio-Rad TC20™ automated cell counter.

2.2 Fed-batch shaker experiments

Two series of fed-batch shaker flask cultures were performed. In the first series, CHO-S®,
Dual-3, and Dual-29 cells were seeded at 2 x 103 cells/mL in 125 mL shaking flasks
containing 25 mL of basic culture media described above. Feeding supplements (3 g/L
glucose, 3 g/L galactose, or 2.5 mL of CHO CD EfficientFeed™ B (Thermo Fisher
Scientific)) were added to each flask on day 3, 5, and 7. A set of control cultures were not
fed. Cultures were performed in triplicate. In the second fed-batch series, Dual-29 cells were
seeded as above. CHO CD EfficientFeed™ B and glucose were fed to all cultures, with
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bolus additions of GlutaMAX™, and/or L-cysteine (L-cysteine-HCIl, monohydrate, Sigma)
in experimental flasks. The feed volumes and schedule are summarized in supplementary
Table S1. Cultures were performed in duplicate. For all experiments, media samples were
collected daily, centrifuged, and stored at —20 °C for later analysis.

2.3 Fed-batch bioreactors

Fed-batch cultures were performed in a 2-L Biostat B bioreactor (Sartorius Stedim,
Bohemia, NY) with a 1-L working volume. The bioreactor was inoculated at 2 x 10°
cells/mL from exponentially growing cultures. The stirring speed was set at 80 rpm and the
dissolved oxygen concentration was controlled to be equivalent to 50% of the air saturation.
The culture temperature and pH were controlled at 37 °C and at 7.10 + 0.05, respectively.
100 mL of CHO CD EfficientFeed™ B was added to the culture on day 3, 5,7, 9, and 11 for
the first run and on day 2, 4, 6, 8, and 10 for the second run. To maintain a sufficient glucose
level, 3 g/L of glucose were supplemented when the concentration of glucose was below 3
g/L in the culture medium.

2.4 Metabolic Analysis

Ammonium, potassium, glucose, lactate, glutamate and glutamine concentrations in the
culture supernatants were measured using a YSI 7100 (YSI Inc., Yellow Springs, OH)
metabolite analyzer according to the manufacturer's manual. For the total glutamine
analysis, 1 % (v/v) leucine peptidase (Sigma-Aldrich, St. Louis, MO) was added to the
media samples, followed by 2h incubation at 37 °C to cleave GlutaMAX™.

The concentrations of amino acids were determined using the UPLC amino acid method
developed by Waters Corporation. Amino acids were derivatized with AccQeFluor™ Ultra
Reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate) and separated on a bridged
ethyl hybrid (BEH) C18 column with 1.7 um particles using a formate buffer/acetonitrile
gradient followed by UV detection at 260 nm. Due to co-elution of multiple component
forms, L-cystine cannot be quantitated with this method. However, the qualitative presence
of this component can be detected to determine relative levels in the spent medium samples.

2.5 GAG isolation, microcarbazole assays

GAG:s in the culture medium were isolated and purified as described previously [15].
Twenty-five microliters of purified GAG samples were mixed with 150 pl of 0.1 % sodium
tetraborate dissolved in 98 % sulfuric acid and loaded into a 96-well PCR plate (Thermo
Fisher Scientific), followed by incubation at 99 °C for 15 min in a thermocycler. After
cooling to 4 °C, 5 uL of 1.25 mg/mL re-crystallized carbazole was added to the GAG
samples; the samples were mixed by vortexing and incubated at 99 °C for 15 min. The
samples were transferred into a 96-well assay plate (Corning) and the absorbance at 515 nm
was measured on a Tecan Infinite M200 plate reader.

2.6 Factor Xa Assays

Factor Xa, antithrombin III (ATIII), and chromogenic substrate (Arg-Gly-Arg-pNA 2HCI)
were from a Hemosil fXa assay kit (Instrumentation Laboratory, 0020009400). Additional
chromogenic substrate was obtained from Biophen (CS 11(65)). Samples of GAGs were
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incubated for 1 hour at room temperature in a 100 uL volume containing 50 mM Tris, pH
8.4, 0.9% NaCl, 0.001-0.005 IU (typically 0.002) ATIII and 0.01 — 0.05 (typically 0.02)
nKat fXa. After incubating, 20 uL of 0.75 mg/mL chromogenic substrate was added and the
absorbance at 410 nM was monitored for one hour in a Tecan Infinite M200 plate reader. All
manipulations, with the exception of the addition of the chromogenic substrate were
performed using an Eppendorf epMotion 5075 liquid handler. The rate of para-nitroaniline
(pNA) release was determined by plotting the nMols of pNA released vs. time and
linearizing by assuming the released Arg-Gly-Arg and chromogenic substrate have a similar
affinity for fXa. The natural log of the reciprocal of this rate, after subtracting the blank was
plotted against the concentration of heparin standards (Sigma-Aldrich, H4787) to generate
the standard curve.

2.7 Disaccharide Analysis

GAGs were depolymerized and derivatized with 2-aminoacridine, followed by liquid
chromatography mass spectrometry (LC-MS) analysis as previously described [27, 28].
Disaccharide abbreviations are as follows: AUA-GIcNAc (0S), AUA-GIcNS (NS), AUA-
GIcNAC6S (6S), AUA2S-GIcNAc (2S), AUA2S-GIcNS (NS2S), AUAGIcNS6S (NS6S),
AUA2S-GIcNACc6S (2S6S), and AUA2SGIcNS6S (TriS) where AUA is 4-deoxy-R-L-threo-
hex-4-enopyranosyluronic acid.

2.8 RNA extraction and qRT-PCR reaction

Total RNA was extracted from Dual-29 cells on days 2, 4, 6, 8, and 12 of the first bioreactor
run and on days 4, 5,7, 9, and 11 of the second bioreactor run. RNA purification was
performed using the RNeasy Mini Kit (Qiagen) in a QIAcube (Qiagen), according to the
manufacturer’s instructions. Total RNA was quantified using a NanoDrop 2000
Spectrophotometer (Thermo Fischer Scientific). Ninety ng of total RNA per sample was
used for reverse transcription PCR using Tagman One Step RT-PCR kit (Thermo Fisher
Scientific). The data were normalized to GAPDH housekeeping gene. Probe-primer

sequences are given in supplementary Table S2.

2.9 Statistical Analysis

3 Results

Statistical analysis was performed using GraphPad Prism version 5.00 for Windows,
GraphPad Software, San Diego California USA, www.graphpad.com.

3.1 Growth and productivity of wild-type CHO-S® and bioengineered dual expressing cell
lines in batch shaker flask studies

Cells in batch shake-flask studies were grown in CD-CHO, supplemented with 8 mM
GlutaMAX™ and 1.5x HT to assess the growth and GAG productivity of the dual
expressing clones and identify nutrient limitations. As seen in Figure 1A, the Dual-29 clone
exhibited significantly lower maximum viable cell density than the Dual-3 clone or the
CHO-S® parental cell line. The lower maximum viable cell density was due, in part, to a
rapid decrease in cell viability (Figure 1A, ii) with the Dual-29 clone dropping well below
50% viability by 6 days in culture. Despite the low maximum viable cell density, the
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specific growth rate of the Dual-29 cell line over the first four days of culture was
significantly greater than that of the Dual-3 clone, although not as high as the CHO-S®
parental cell line (Table 1a). The overall GAG produced by the Dual-29 cell line was
comparable to that of CHO-S® (Figure 1A, iii), indicating a much higher specific
productivity for the Dual-29 clones (Table 1a). We previously reported the disaccharide
composition of the GAGs produced by the wild-type and dual expression CHO cell clones
[15]. The predominant GAG produced in the CHO-S® cell line was unsulfated (0S),
although some N-sulfated (NS) and di- and trisulfated forms were also seen, whereas the
dual expressing clones showed primarily NS disaccharides. In this study, we examined the
change in distribution throughout the culture and noted that in both the parental cell line and
the dual expressing clones, there was a shift throughout the culture with a reduction in the
disulfated forms and an increase in the 0S form (Figure 1B), leading us to hypothesize that
there might be limitations in the sulfur availability as the culture progressed.

We next evaluated the nutrient profiles throughout the culture to determine what was
potentially limiting the growth and productivity of cultures. As seen in Figure 1C, glucose
was entirely depleted in the Dual-29 cultures by day 5 in culture, while some still remained
in both the CHO-S and Dual-3 cultures, although the CHO-S® culture was depleted by day
7. All three cultures show a relative reduction of cystine/cysteine levels, consistent with our
hypothesis that sulfur limitations might be causing the decrease in sulfation as the culture
progressed. Other metabolites that were depleted included asparagine, ethanolamine, serine
and thiamine. The cultures exhibited fairly typical lactate and ammonia production profiles
(Figure 1D) with the Dual-29 cultures exhibiting a “lactate shift” from production to
consumption as glucose became depleted, while ammonia production continued in all
cultures until terminated at day 7.

3.2 Fed-batch shaker studies of wild-type CHO-S® and bioengineered dual expressing cell

lines

We initiated a set of fed-batch shake-flask studies examining a variety of carbon sources and
proprietary feeds with both of the engineered clones and the parental CHO-S® cell line in an
effort to improve the growth and productivity of the engineered cell lines. The feeds selected
were 3 g/L of glucose, 3 g/L of galactose, and CHO CD EfficientFeed™ B (Feed B). All
cultures were fed every other day, on days 3, 5, and 7. CHO CD EfficientFeed™ B was
added at 10% of the initial culture volume for each feed. CHO CD EfficientFeed™ B is a
concentrated, proprietary mix of nutrients.

All of the feeds improved the IVCD by extending the culture duration or extending the
duration and increasing the maximum viable cell density (Figure 2 and Table 1b). The most
notable increases in maximum viable cell density occurred with CHO CD EfficientFeed™ B
cultures of the parental CHO-S® cell line (Figure 2A) while slight increases in maximum
viable cell density were seen in the Dual-3 and Dual-29 clones (Figures 2B and 2C,
respectively). The effects of feeding on productivity were not as consistent as the effects on
culture density (Figure 2D). Glucose feeding led to a substantial increase in GAG
production in the Dual-29 cultures, but had no significant effect the CHO-S® or Dual-3
cultures. Galactose had a minimal effect on the Dual-29 cultures and no effect on the CHO-
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S® or Dual-3 cultures. CHO CD EfficientFeed™ B increased production across the board,
with the most significant effect observed in the Dual-29 cell lines. As indicated in Table 1b,
feeding improved both the IVCD and the specific productivity in the Dual-29 cultures while
the CHO-S® cell line showed only a very modest increase in productivity when fed with
CHO CD EfficientFeed™ B and no increase in productivity under any of the other culture
conditions compared with control. The increase in both IVCD and qP for the Dual-29
cultures suggests that nutrient limitations in the batch cultures influenced both the growth
and productivity. The effect of glucose alone is quite noteworthy as the product of interest is
a glycosaminoglycan; hence, a moderate amount of sugar must be present at all times to
serve as a biosynthetic precursor.

We determined the concentrations of glucose, glutamate, free and total glutamine, and
lactate and ammonia for the CHO-S® and Dual-29 fed batch cultures to further characterize
the metabolic behavior of fed-batch shaker flasks and develop a feeding strategy for
bioreactor cultures (Figure 3). In the control (no feed) and galactose-fed cultures, glucose
was depleted within 6 days in the CHO-S® cultures and within 5 days in the Dual-29
cultures (Figure 3A and 3B, respectively). Cultures performed with CHO CD
EfficientFeed™ B exhibited significant fluctuations in glucose concentration, with glucose
becoming depleted after ~ 9 days in both the CHO-S® and Dual-29. The glucose-fed
cultures did not become fully glucose depleted, maintaining a glucose concentration greater
than 2 g/L for the entire culture duration.

In the CHO-S® cell cultures, the glutamate levels remained relatively steady for the glucose-
fed cultures while the other feeding conditions showed increased glutamate (Figure 3C). In
all cases, the glutamate concentration remained at a moderate level, between 0.2 and 0.6 g/L
throughout the entire culture. In contrast, several of the Dual-29 cultures exhibited
significant drops in glutamate, with levels approaching 0 in the glucose- and CHO CD
EfficientFeed™ B-fed cultures (Figure 3D). Interestingly, the galactose-fed cultures showed
a moderate increase in glutamate levels in the CHO-S® cultures and a return to the initial
concentration in the Dual-29 cultures after a mid-culture decrease.

The dipeptide L-alanyl-L-glutamine (GlutaMAX™) was used as a glutamine source to
reduce the amount of ammonia formed by glutamine degradation. The glutamine is slowly
released throughout the culture via the action of cellular aminopeptidases. The free
glutamine levels in both cell lines were relatively low for the first 5 days (< 0.2 g/L) and
then increased, reaching peak values of 0.1 to 0.35 g/L, depending on the culture conditions
(Figure 3E and F). This increase coincided with a substantial increase in viable cell density,
presumably providing a source of aminopeptidases. Medium samples were treated with
leucine aminopeptidase and re-assayed to determine the total available glutamine (Figures
3G and H). The total glutamine levels were fairly similar for all culture conditions. For the
CHO-S® cultures, the total glutamine was depleted at ~8 days in culture, with slightly lower
levels seen in mid-exponential cultures fed with CHO CD EfficientFeed™ B, presumably
due to higher total and integrated viable cell densities in those cultures (Figure 3G).
Coinciding with the overall increased metabolic activity, glutamine levels were more rapidly
depleted in the Dual-29 cultures than in the CHO-S® despite the lower IVCD, with only
slight differences seen between the different feeds (Figure 3H).
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All of the cultures, with the exception of the glucose-fed culture, exhibited a lactate shift
from lactate production to lactate consumption as the glucose concentration decreased
(Figures 31 and 3J). The control, galactose-fed, and CHO CD EfficientFeed™ B cultures
exhibited nearly complete lactate consumption during the culture period, and the glucose-fed
culture, unsurprisingly, exhibited continuous lactate production throughout the culture
duration. Interestingly, the maximum level of lactate produced in the Dual-29 cultures was
significantly lower than in the CHO-S® cultures (P=0.006, paired t-test, see also
Supplementary Figure S2), despite the significantly higher glucose uptake, suggesting that a
portion of the glucose was channeled into GAG production.

The ammonia levels were fairly similar for all CHO-S® cultures, with slightly less ammonia
produced in the cultures fed with CHO CD EfficientFeed™ B (Figure 3K) (P<0.001, two-
way ANOVA)). In contrast, the ammonia levels increased steadily in all the Dual-29
cultures (Figure 3L), regardless of feed, reinforcing our observation that the metabolic
behavior of the engineered cell lines differed substantially from the parental cells. No
significant differences were seen under the different feed conditions in the Dual-29 cultures
(P=0.24, two-way ANOVA).

3.3 Fed-batch bioreactor studies

Culture in bioreactors often improves growth and productivity, as the cells have improved
oxygen mass transfer and superior pH control compared with shake flask studies. However,
product quality may be altered as a result of shear, oxygen tension or other process changes.
In an effort to increase productivity and to examine the effects of bioreactor culture on the
GAG composition, Dual-29 cells were cultured in a two-liter bioreactor with a one-liter
initial working volume. Based on the results from fed-batch shaker studies, cells were fed
daily, alternating between 10% CHO CD EfficientFeed™ B and 3 g/L of glucose (as
needed). Two bioreactor runs were performed as shown in Figure 4. In the first run,
agitation speed was maintained flexibly at 80-90 rpm to maintain a dissolved oxygen
concentration of 50 % of air saturation, while in the second culture, the agitation speed was
initially set at 90 rpm to give a higher gas exchange rate. However, higher shear stress from
the increased agitation rate hindered the cell growth at the low cell density, and therefore,
we decreased the speed to 80 rpm on day 2 and maintaining that speed for the duration of
the culture. The maximum viable cell density was ~4 x 100 cells/mL, similar to that obtained
in fed-batch shaker studies; however, the culture duration was extended to nearly 14 days,
yielding an IVCD of 33 x 10 cells/mL*day for the first bioreactor run and 25 x 10° cells/
mL*day for the second bioreactor run (Figure 4A, i and ii). The final GAG concentration
was approximately 70 ug/mL in run 1 and 90 pg/mL in run 2 (Figure 4A, iii), yielding
specific productivities of 2.2 and 3.3 pcd for runs 1 and 2, respectively. The alternating
glucose/CHO CD EfficientFeed™ B feeding regimen was able to maintain the glucose
concentration > 2 g/L for the entire culture duration, with the exception of some process
deviations early in run 1 (Figure 4C, top panel). In both runs, a lactate shift was observed at
~4-6 days in culture, with final lactate concentrations below 1 g/L (Figure 4C, 2™ panel).
The total glutamine was depleted somewhat more rapidly than in shake-flask cultures, being
completely exhausted by day 5 (Figure 4C, 3'd panel). This coincided with a cessation of
cell growth, but did not result in a dramatic decrease in cell viability. Ammonia levels were
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significantly lower than in shake-flask studies (Figure 4C, 4" panel) remaining below 0.3
g/L, possibly due to improved oxygen and pH control. The reduced ammonia levels may
have contributed to improved culture viability late in culture, allowing for extended culture.
Despite the feeding, some components were significantly reduced, particularly cystine/
cysteine and ethanolamine (Figure 4D).

3.3.1 GAG composition analysis—As culture conditions are known to affect product
quality attributes, we evaluated the disaccharide composition of the GAGs produced in fed-
batch bioreactors using LC-MS measurements as previously performed on shake-flask
samples. As shown in Figure 4B, fed-batch bioreactor samples showed primarily NS
structures, with small amounts of 0S and disulfated structures (NS6S and NS2S). No
significant amount of trisulfated structures was seen. The disaccharide composition was
similar to that observed in fed-batch shaker studies although a smaller fraction of unsulfated
GAGs was observed in bioreactors than in shake-flasks. The alteration in disaccharide
composition suggests that improved oxygen and pH control does have an effect on
disaccharide composition, but not significant enough to dramatically alter sulfation patterns.
The “gold-standard” for structural analysis of GAGs is nuclear magnetic resonance (NMR)
spectroscopy which also permits identification of chondroitin sulfate/dermatan sulfate GAGs
as well as the HP/HS GAGs. With the large volumes of cell culture supernatant available
from bioreactor cultures, we were able to confirm the results from disaccharide analysis. In
addition, we were able to fractionate the GAGs using anion exchange chromatography,
eluting with increasing concentrations of sodium chloride. 'H NMR spectra are shown in
supplementary Figure S1 and GAG distributions are given in supplementary Table S3.

In addition to disaccharide analysis, we evaluated the effects of bioreactor culture on the
anticoagulant activity of the engineered heparin as shown in Figure 4E. Interestingly,
although the second bioreactor culture produced a higher concentration of GAGs (Figure
4A, iii), the anticoagulant activity was lower in the GAGs obtained from the second
bioreactor run (Figure 4E).

3.3.2 Analysis of gene expression patterns—We evaluated the expression of a
number of endogenous genes in the HP/HS biosynthetic pathways as well as the NDST2
transgene by quantitative real time PCR (qQRT-PCR) to further characterize the physiology
of the engineered cell lines in bioreactor culture (Figure 4F). There were a few notable
trends observed in both bioreactor runs. First, expression of exostosin glycosyltransferase 2
(EXT2, one of the enzymes responsible for chain elongation) increased throughout the
culture. EXT1 showed similar behavior in run 2, but not in run 1. One of the transgenes,
NDST?2, showed a small decrease throughout the culture, particularly in run 2. The
behaviors of the other endogenous genes were less consistent from run to run. Both NDST1
and 20ST were down regulated during the transition from exponential to stationary phase in
run 2, but not in run 1. No clear changes were seen in C5 epimerase (C5epi, responsible for
converting from glucuronic acid to iduronic acid) or 60ST-1 expression.
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3.4 Supplemental feeding to improve sulfation

Based on our observation that sulfation levels decreased with increasing time in culture and
our further observation that cystine was substantially reduced in both batch shake-flask and
fed-batch bioreactor cultures, we performed a series of Dual-29 fed-batch shaker cultures
supplemented with either cysteine, GlutaMAX™, or cysteine and GlutaMAX™ to
determine if there was any effect on growth, GAG productivity, activity or structures. All
cultures were fed on alternating days with 10% CHO CD EfficientFeed™ B and 3 g/L of
glucose, beginning at day 3 in culture. At day 4 in culture, cells were supplemented with a
bolus of either 8 mM GlutaMAX™, 1.1 mM cysteine (hydrochloride monohydrate), or both
(supplementary Table S1). No bolus was added to control cultures. Cells were harvested
after 9 days in culture. The viable cell densities were very similar for all culture conditions
(Figure 5A, 1). The control culture showed a slightly greater maximum viable cell density
and slower drop in viability (Figure 5A, ii) than any of the experimental conditions;
however, the IVCD values were not statistically different (Figure 5B, P=0.10, one-way
ANOVA). The GAG concentrations in each culture were similar, although the cysteine
supplemented cultures showed a slightly lower GAG productivity; again this was not
statistically significant (Figure 5B, P=0.47, one-way ANOVA). Metabolite profiles were
also similar between the different cultures (supplementary Figure S3) with the exception of
the increase in glutamine in the GlutaMAX™ supplemented cultures. Interestingly, despite
the increase in glutamine, the ammonia profiles were largely unchanged between the
cultures. As glucose was provided in addition to CHO CD EfficientFeed™ B, glucose levels
rose continuously from the onset of feeding until the end of the culture, and lactate levels
were maintained at a significantly higher level than in the previous shake flask study in
which only CHO CD EfficientFeed™ B was provided (Figure 3J). The higher levels of
glucose and lactate may have reduced the IVCD and productivity in these studies when
compared with the earlier shake-flask cultures.

Most notably, the anticoagulant activity was significantly increased in the cultures fed with
cysteine alone when compared with control (p = 0.014, student’s t-test) and apparently
increased in the combined GlutaMAX™(/cysteine feed though this was not statistically
significant (Figure 5B, iii). The disaccharide analysis from these experiments showed
similar patterns to what was observed in bioreactors (Figure 4B) and in previous shaker-
flask studies [15], although shaker flask cultures in general showed higher levels of
unsulfated GAGs than bioreactors cultures. Somewhat surprisingly, there was little to no
difference in the sulfation levels between the control cultures and those fed with cysteine. If
anything, a slight increase in the unsulfated GAGs can be seen (Figure 5C). However, the
critical determinant of anticoagulant activity is the presence of the ATIII-binding
pentasaccharide moiety containing a 3-O-sulfate group on the central glucosamine residue
[29, 30]. The presence of this 3-O-sulfo group renders the structure resistant to lysis into
disaccharides [31]. Hence, an increase in 3-O-sulfation may have occurred that cannot be
observed by disaccharide analysis.
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4 Discussion

4.1 Historical approaches to bioprocess optimization and importance of glycan production

Bioprocess optimization plays a critical role in increasing productivity in bioprocesses. The
transition from batch to fed-batch processes has resulted in greater than 20-fold increases in
IVCD and nearly 100-fold increases in yield [32]. The change from batch to fed-batch
processes has been accompanied by dramatic changes in media formulation, first,
eliminating serum in favor of hydrolysates, and more recently, shifting towards chemically-
defined media [33, 34]. Chemically-defined media provide the advantages of
reproducibility, reduced risk from adventitious agents, and simplified product purification,
but may require optimization to achieve high levels of growth and productivity. To address
these concerns, specialized feeds have been developed to work in conjunction with the
chemically-defined basal media to improve productivity. The focus in developing these
media and feeds has been on increasing recombinant protein productivity, while maintaining
appropriate product quality attributes. This study, the first to examine the effects of
bioprocess conditions on productivity and product quality for a bioengineered
glycosaminoglycan, has demonstrated that both productivity and product quality can be
improved through process modifications. The importance of synthesizing controlled glycan
structures for research and therapeutic applications has been highlighted in several recent
reports [35], including a report from the National Academies of Science on the future of
glycoscience [36]. If we wish to synthesize large quantities of carbohydrate therapeutics or
tailor the glycan structures on a protein therapeutic, understanding the effects of process
conditions on glycan structures and productivity is critical. Thus, this report represents a
significant first step towards merging bioprocessing with glycoengineering.

4.2 Fed-batch shaker studies of wild-type and engineered CHO cell lines

Our initial batch studies showed that the Dual-29 clone exhibited a much higher nutrient
uptake rate for glucose and select amino acids (Figure 1C). As glucose depletion was
correlated with a substantial drop in viability, we hypothesized that a fed-batch strategy
would extend the culture duration and improve product titers. In parallel studies, we also
observed changes in sulfation patterns for GAGs produced in all three cell lines investigated,
with a decrease in sulfation with increasing culture duration, suggesting limits in sulfur
availability. Our initial optimization focused on comparing different carbon feed sources
(glucose and galactose) and a proprietary feed, CHO CD EfficientFeed™ B. While all of the
feeds extended the culture duration, the effects of the feeds varied significantly between the
feeds and the cell lines (Figure 2 and Table 1b). In general, supplementing with a carbon
source alone extended the culture duration, but had little effect on the maximum viable cell
density. The CHO-S® cells showed the largest increases in maximum cell density,
particularly with the complex feed. Perhaps most striking is the difference in the maximum
viable cell densities between the different cell lines. Even with feed supplementation, the
maximum viable cell density in the Dual-29 cultures was ~ 4 x 10° cells/mL, slightly more
than half of that in the Dual-3 cultures and significantly less than half of the maximum
viable cell densities in the CHO-S® cultures. Glutamine is an essential nutrient for most
cultured mammalian cells unless the cells exogenously express glutamine synthetase. As the
initial drop in viable cell density in fed-batch shake-flask cultures coincided with glutamine
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depletion, we also explored GlutaMAX™ supplementation (Figure 5A); however, no
increase in maximum viable cell density or IVCD was observed. Interestingly, in both the
CHO-S® and Dual-29 cultures, a sharp increase in free glutamine was observed at ~6-8 days
in culture, presumably due to cell death, releasing aminopeptidases.

While increasing viable cell density and, specifically, IVCD is quite important for improved
titers, specific productivity is also crucially important. Of the various feeds we explored,
glucose and galactose had the smallest effects on titer (Figure 2D and Table 1b), with no
significant difference in any of the galactose cultures and a modest improvement in titer and
specific productivity in the glucose-fed Dual-29 culture. Interestingly, glucose feeding alone
decreased the specific productivity of GAGs (as well as the titer) in the CHO-S® cell line,
possibly due to elevated lactate concentrations (> 2 g/L, Figure 3I). CHO CD
EfficientFeed™ B significantly improved both growth and productivity, more than doubling
the IVCD in both the CHO-S® and Dual-29 cultures. A modest increase in specific
productivity was seen in the CHO-S® cultures fed with CHO CD EfficientFeed™ B, leading
to ~ 2-fold increase in GAGs produced by the CHO-S® cells. In contrast, feeding CHO CD
EfficientFeed™ B to the Dual-29 cultures, nearly doubled the specific productivity (Table
1b), leading to a greater than 3-fold increase in total GAGs produced from the Dual-29
cultures.

4.3 Metabolic differences between wild-type CHO cells and engineered CHO cell lines

It is well known (at least anecdotally) that different clones producing the same recombinant
protein from the same host exhibit different metabolic behaviors [37], and that engineered
cell lines exhibit different metabolic behaviors than the parental cell lines. For metabolically
engineered cells lines, even greater variation in metabolic behavior might be expected.
Dual-29 cultures exhibited higher glucose consumption rates than CHO-S® under all
conditions evaluated (Figure 1C, Figures 3A and B). Similar behavior was seen for both
glutamate and glutamine (Figure 3). In contrast, the lactate concentrations were lower in
both batch and fed-batch cultures (Figure 1D and Figures 31 and J), presumably due to a
greater carbon demand to supply the elevated GAG production. Ammonia concentrations,
on the other hand, were similar in batch cultures of CHO-S®, Dual-3, and Dual-29, but in
fed-batch cultures, Dual-29 cells exhibited higher levels of ammonia than CHO-S®,
reaching nearly 0.6 g/L (Figure 3L). However, growth in bioreactors reduced the ammonia
concentration to ~0.3 g/L (Figure 4C), suggesting that improved pH control and aeration
may improve the metabolic profiles of the cell cultures. Interestingly, providing a bolus
addition of GlutaMAX™ or GlutaMAX™ and cysteine did not appear to have any effects
on ammonia production (supplementary Figure S3).

4.4 Effects of bioprocessing on product quality attributes

The most critical aspects of producing a bioengineered heparin (beyond yield) are the
product quality attributes, namely composition and anticoagulant activity. While all HP/HS
GAGs consist of repeating units of glucuronic (or iduronic) acid and N-acetyl-glucosamine
(Figure S4), the critical sulfation pattern determines the biological activity. As heparin
synthesis is a non-templated process, the sequence depends on the presence, localization,
and activity of the various biosynthetic enzymes, the availability of precursors, and the
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activity of degradative enzymes (e.g., heparinases and sulfatases). In bioreactor cultures, we
observed a greater yield of GAGs in run 2 than in run 1, despite having a significantly
greater IVCD in run 1. Hence, the specific productivity in run 2 was significantly higher
than in run 1 (3.3 pcd vs. 2.2 ped, F-test p < 0.05). However, the anticoagulant activity of the
GAGs obtained from run 2 was approximately half that of run 1 (Figure 4E), suggesting a
number of changes in GAG biosynthesis between the two runs. No substantial differences
were seen in the disaccharide composition between the two runs (Figure 4B), but as
discussed earlier, disaccharide analysis cannot identify the presence of 3-O-sulfation in the
critical pentasaccharide motif required for anticoagulant activity. As process conditions
often affect enzyme expression, particularly of exogenous genes, we evaluated the
expression of the various HP/HS biosynthetic enzymes during the bioreactor cultures. In
general, there was more variation in gene expression during run 2 than in run 1. Notably, in
run 2, the activity of EXT 1, increased throughout the culture. EXT1 and EXT?2 are
responsible for elongation of the growing GAG chains; however, EXT1 apparently has the
biosynthetic capabilities while EXT?2 serves as a chaperone [38]. Hence, an increase in
EXT]1 activity could be responsible for the increase in GAG biosynthesis later in culture in
reactor run 2. The variation in the anticoagulant activity is more difficult to explain as both
cultures showed a decrease in 30ST-1 activity during the later stages of culture (data not
shown). 30ST-1 is the enzyme believed to be responsible for adding the critical 3-O-
sulfation to create the ATIII-binding pentasaccharide motif in heparin. Hence, a decrease in
30ST-1 activity would likely lead to a decrease in anticoagulant activity. However, since the
decreases were similar in both bioreactor runs, proposing a mechanism is difficult.
Moreover, it is not clear that 30ST-1 is the only 3-O sulfotransferase that can create an
anticoagulant molecule, as 30ST-1 —/— knockout mice did not exhibit any coagulation
defects [39], and other studies indicate a role for 30ST-5 in generating anticoagulant sites
[40]. Other contributing factors would include the availability of sulfur precursors; however,
similar reductions in cystine occurred in both cultures (Figure 4D), suggesting that sulfur
availability was not the distinguishing factor. Possibly with the larger amount of GAGs
produced in run 2, there was less available sulfur, leading to a reduction in sulfation.

In an effort to improve the sulfation level, we performed a final series of fed-batch shaker
flask studies incorporating a bolus of either GlutaMAX™, cysteine, or both. Cysteine, in
particular, may serve as a source of inorganic sulfate, which is required for production of the
activated sulfate donor 3' -phosphoadenosine 5' -phosphosulfate (PAPS) [38]. Cultures that
were supplemented with cysteine showed greater anticoagulant activity, but no differences
in disaccharide analysis, although the critical 3-O-sulfation to create the ATIII-binding
pentasaccharide motif in heparin cannot be detected by disaccharide analysis. Interestingly,
both the fraction of N-sulfated GAGs and the anticoagulant activity were higher in the
bioreactor cultures (with a commensurate decrease in non-sulfated GAGs) when compared
with shaker-flask cultures, even those supplemented with cysteine (compare Figures 4 and
5), suggesting that the improved mixing, aeration, and pH control of a bioreactor culture
have a beneficial effect on product quality. Unfortunately, we were not able to generate any
trisulfated GAGs regardless of culture conditions, suggesting that additional metabolic
engineering will likely be required to obtain the desired structures and activity. However, the
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present studies indicate that bioprocess manipulations will play a critical role in obtaining
adequate yields while maintaining product quality attributes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Growth, productivity and metabolism of CHO-S®, Dual-3, and Dual-29 cell lines in batch
shaker-flask cultures. Viable cell densities were determined by trypan blue exclusion using a
Bio-Rad TC20™ automated cell counter; GAG concentrations were determined by

carbazole assay on purified GAGs; disaccharide analysis was performed by LC-MS;
metabolite analysis was performed using a YSI 7100 metabolite analyzer or by UPLC amino
acid analysis. (A) Viable cell density (i), viability (ii), and medium GAG concentrations
(iii). (B) Disaccharide composition of GAGs purified from cell culture medium. (C) Relative
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concentrations of selected metabolites. (D) Lactate (i) and ammonia (ii) concentrations.
Error bars represent the standard deviation of duplicate biological samples.
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Figure 2.

Growth and productivity of CHO-S®, Dual-3, and Dual-29 cell lines for control (no feed)
and three different feed supplements (glucose, galactose, or CHO CD EfficientFeed™ B) in
fed-batch shaker-flask cultures. Feeds were added on days 3, 5 and 7. Viable cell densities
and GAG concentrations were determined as described in Figure 1. (A) Viable cell densities
(i) and viabilities (ii) of CHO-S® cultures. (B) Viable cell densities (i) and viabilities (ii) of
Dual-3 cultures. (C) Viable cell densities (i) and viabilities (ii) of Dual-29 cultures. (D)
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GAG productivities. Error bars represent the standard deviation of triplicate biological
samples.

Biotechnol J. Author manuscript; available in PMC 2016 July O1.

Page 20



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Baik et al.

Glucose (g/L)

Glutamate (g/L)

Frea glutamine (g/L)

Total glutamine {g/L)

25

20

Lactate (g/L)
@

05

K oo

0.8 -

08

Ammonium {g/L}

0.

(]

~@- No feed
~—a— Giucose
-l Calactose
4 FeedB

st

0.0g

Figure 3.

2 4 ] 8 10 12

Time (days)

Glucose (g/L}

Glutamate (g/L}

Lactate (/L)

Ammaonium (g/L)

Free glutamine (g/L)

Total glutamine (g/L}

e =2 =
b w
o

=1

2 =
A

03

b
@

b
=]

o

-]

a
wn

2
o

e
®

2
3

o
=

0.2

Page 21

—@- Nofeed
—W— Glucose
- Galactose
@ FeedB

Time (days)

Nutrient and waste metabolite concentrations from CHO-S® (left panels) and Dual-29 (right

panels) fed-batch shaker-flask cultures described in Figure 2. Metabolite analysis was
performed using a YSI 7100 metabolite analyzer. (A) and (B) glucose; (C) and (D)
glutamate; (E) and (F) free glutamine; (G) and (H) total glutamine; (I) and (J) lactate; (K)
and (L) ammonia. Error bars represent the standard deviation of triplicate biological

samples.
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Figure 4.
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Fed-batch bioreactor cultures of Dual-29 cell line performed in a 2-L Biostat B bioreactor

with a 1-L working volume using two feeding strategies. Anticoagulant activity of purified

GAGs was determined using a Hemosil fXa assay kit. Gene expression levels were
determined by qRT-PCR. (A) Viable cell density (i), viability (ii), and GAG productivity
(iii). (B) Disaccharide composition of GAGs purified from culture medium. (C) Metabolite

profiles for glucose, lactate, total glutamine, ammonia, and glutamate. (D) Metabolite

profiles for selected amino acids, ethanolamine, and vitamins. (E) Anticoagulant activity
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normalized to 180 IU/mg for pharmaceutical heparin. (F) Relative gene expression for
heparin/heparan sulfate biosynthetic enzymes by qRT-PCR. Error bars in (F) represent the
standard deviation of technical replicates.
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Figure 5.

G;gowth and GAG productivity for Dual-29 cells cultured in fed-batch shaker-flasks with
additional GlutaMAX™ or cysteine supplementation as described in Table S1. (A) Viable
cell densities (i) and viability (ii); (B) Integrated viable cell densities (i), GAG
concentrations for GAGs purified from medium (ii), and relative anticoagulant activity (iii);
(C) Disaccharide composition of GAGs purified from cell culture medium. Error bars
represent the standard deviation of duplicate biological samples.
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Table 1

a. Growth and productivity characteristics in batch shaker-flask cultures shown in Figure 1. Mean + SD; n = 2.

IVCD (106 cells/ml*day)

CHO-S® 20.79 +3.27
Dual-3 17.41 = 1.60
Dual-29 10.38 £ 0.46

Specific growth rate (day™)
0.907 +0.038
0.704 + 0.055
0.791 +£0.035

GAG amount (ug/ml)
20.34+0.18
8.05+0.13
18.12 +£0.68

Specific productivity (ped)
1.009 £ 0.160
0.495 £ 0.045
1.708 £ 0.115

b. Effects of various feeds on growth and productivity in fed-batch shaker-flask studies shown in Figure 2. Mean + SD; n = 3.

CHO-S® Control
Glucose
Galactose
EfficientFeed™ B
Dual-3 Control
Glucose
Galactose
EfficientFeed™ B
Dual-29 Control
Glucose
Galactose

EfficientFeed™ B

IVCD (106 cells/ml*day)

322+1.1
39.4+6.2
39.4+32
623+9.5
33.0£1.8
35309
348+29
46.5+1.78
15514
20.0+1.9
18.0+0.7
30.1+0.7

GAG amount (ug/ml)

20.2+3.8
21.6+2.5
21612
432+0.5
208 +1.0
153+19
217+ 1.1
27.1+28
200£2.0
39.2+0.9
263 +4.0
68.8+1.5

Specific productivity (pcd)

0.626 +0.108
0.564 +0.149
0.552 £0.073
0.704 £ 0.099
0.628 + 0.004
0.434 £0.041
0.624 + 0.020
0.582 +0.039
1.298 +0.211
1.964 +0.149
1.457 £0.196
2.287 £0.081
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