RESEARCH PAPER

Human Vaccines & Immunotherapeutics 10:7, 1914-1925; July 2014; © 2014 Landes Bioscience

Optimization and revision of the production
process of the Necator americanus glutathione
s-transferase 1 (Na-GST-1), the lead hookworm

vaccine recombinant protein candidate

Elena Curti?#, Christopher A Seid"?*, Elissa Hudspeth'?, Lori Center'?, Wanderson Rezende'?, Jeroen Pollet"?, Cliff Kwityn'*
Molly Hammond'?, Rise K Matsunami?, David A Engler®, Peter J Hotez'?, and Maria Elena Bottazzi'**

"Departments of Pediatrics and Molecular Virology and Microbiology; National School of Tropical Medicine; Baylor College of Medicine, Houston, TX USA; 2Sabin Vaccine
Institute and Texas Children’s Hospital Center for Vaccine Development; Houston, TX USA; *Proteomics Programmatic Core Laboratory at Houston Methodist Hospital
Research Institute, Houston, TX USA

TCurrent affiliation: Beckman Coulter Inc., Chaska, MN, USA

*Authors contributed equally to the manuscript.

Keywords: Necator americanus, fermentation, hookworm, purification, vaccine

Infection by the human hookworm Necator americanus is a leading cause of anemia and disability in the developing
countries of Africa, Asia, and the Americas. In order to prevent childhood hookworm disease in resource poor settings, a
recombinant vaccine is under development by the Sabin Vaccine Institute and Texas Children’s Hospital Center for Vac-
cine Development, a Product Development Partnership (PDP). Previously, we reported on the expression and purification
of a highly promising hookworm vaccine candidate, Na-GST-1, an N. americanus glutathione s-transferase expressed in
Pichia pastoris (yeast), which led to production of 1.5 g of 95% pure recombinant protein at a 20L scale."»>* This yield and
purity of Na-GST-1 was sufficient for early pilot manufacturing and initial phase 1 clinical testing. However, based on the
number of doses which would be required to allow mass vaccination and a potential goal to deliver a vaccine as inexpen-
sively as possible, a higher yield of expression of the recombinant antigen at the lowest possible cost is highly desirable.
Here we report on modifications to the fermentation (upstream process) of the antigen expressed in P. pastoris, and to
the purification (downstream process) of the recombinant protein that allowed for a 2-3-fold improvement in the final
yield of Na-GST-1 purified protein. The majorimprovements included upstream process changes such as the addition of a
sorbitol pulse and co-feed during methanol induction as well as an extension of the induction stage to approximately 96
hours; downstream process changes included modifying the UFDF to flat sheet with a 10 kDa Molecular Weight cut-off
(MWCO), adjusting the capacity of an ion-exchange chromatography step utilizing a gradient elution as opposed to the
original step elution, and altering the hydrophobic interaction chromatography conditions. The full process, as well as
the purity and stability profiles of the target Na-GST-1, and its formulation on Alhydrogel’, is described.

Introduction recently published Global Burden of Disease Study 2010° reveals
that hookworm infection is one of the leading causes of anemia,’

It is estimated that infection by the human hookworm and among the most severe neglected tropical disease infections,

Necator americanus affects hundreds of millions of people liv-
ing in the poorest regions of Asia, Africa, and Latin America."
N. Americanus hookworms attach to the small intestine caus-
ing blood loss that over time leads to iron deficiency anemia.
Hookworm anemia and disease in children results in signficant
cognitive and intellectual deficits, while in pregnant women it
can lead to increased maternal morbidity and mortality as well
as poor neonatal outcomes and reduced child survival’ The
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as measured in disability adjusted life years.”

An effective vaccine for preventing hookworm infection would
therefore be an important public health breakthrough. A recom-
binant vaccine that targets one of the biochemical pathways nec-
essary for the survival of the parasite within the host is under
development by the Sabin Vaccine Institute and Texas Children’s
Hospital Center for Vaccine Development, a non-profit product
development partnership (PDP).?
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Figure 1. A: Reduced Coomassie Blue stained SDS-PAGE analysis of sam-
ples collected at different time points following the previously published
(original) fermentation process. Lane 1: Mark12™. Unstained Standard,
lane 2: pre-induction; lane 3: 24 h induction; lane 4: 48 h induction;
lane 5: 65 h induction; lane 6: post-centrifugation (harvest). B: Reduced
Coomassie Blue stained SDS-PAGE analysis of samples collected at dif-
ferent time points following the optimized fermentation process. Lane 1:
SeeBlue® Plus2 Pre-stained Protein Standard; lane 2: pre-induction; lane
3:22 hinduction; lane 4: 46 h induction; lane 5: 66 h induction; lane 6: 89
h induction; lane 7: 89 h induction post filter (clarified).

One of the leading hookworm antigens currently under devel-
opment as a recombinant vaccine is a glutathione s-transferase
(GST) cloned from N. americanus and expressed in P. pastoris
(yeast).” Hookworm GSTs exhibit characteristic and unique heme
binding properties required by the parasite to detoxify host heme
released during blood feeding, hemolysis, and hemoglobin degra-
dation.®? A vaccine comprised of Na-GST-1 that elicits neutraliz-
ing host antibodies, many of which are ingested by blood feeding
hookworms, has shown promise in preclinical testing as a protec-
tive immunization strategy. Vaccination of dogs with Ac-GST-1,
the canine hookworm Ancylostoma caninum Na-GST-1 homolog,
was shown to protect dogs and hamsters in hookworm larval
challenge studies.” Based on these data, an N. americanus infec-
tive larval stage (L3) cDNA expression library was screened with
anti-Ac-GST-1 rabbit serum. One positive clone, which had 69%
amino acid homology to Ac-GST-1, was selected as a vaccine
target (Na-GST-1)."' The full-length Na-GST-1 recombinant
protein expressed in P. pastoris was shown to elicit high levels of
IgG antibodies in hamsters when formulated with Alhydrogel®.
Vaccine protection in hamsters was also confirmed following
N. americanus larval challenge studies, thus the molecule was
selected for further process development and manufacture. A first
generation process developed for the manufacture of P. pastoris-
expressed Na-GST-1'"? yielded approximately 1.5 g of purified
recombinant protein from one fermentation run at a 20L scale.*!?
The major features of the original manufacture process included
a 6 h glycerol fed-batch phase following a ~20 h batch phase (to
increase biomass) followed by approximately 65 h of methanol
induction to induce Na-GST-1 expression for the upstream pro-
cess, and a three-step purification process using ion-exchange,
hydrophobic interaction, and gel filtration chromatography for
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Figure 2. Quantitative SDS-PAGE analysis of a representative optimized
fermentation run. Lane 1: SeeBlue® Plus2 Pre-stained Protein Standard;
lane 2: fermentation supernatant (FS) 1:30 dilution; lane 3: FS 1:25 dilu-
tion; lane 4: FS 1:20 dilution; lane 5: FS 1:15 dilution; lane 6: FS 1:10 dilution;
lane 7: 16 pg/mL BSA standard; lane 8: 37 ug/mL BSA standard; lane 9: 65
ug/ml BSA standard; lane 10: 90 pug/mL BSA standard; lane 11: 101 pg/
mL BSA standard; lane 12: SeeBlue® Plus2 Pre-stained Protein Standard.

the downstream process. The purified antigen formulated with
Alhydrogel®, together with additional adjuvants, including a syn-
thetic Toll-like receptor 4 agonist, is currently undergoing phase
1 clinical testing in both non-endemic (USA) and endemic set-
tings in Brazil and elsewhere.

As the Na-GST-1 antigen progresses through clinical trials, it
will be necessary to further optimize its expression and purifica-
tion in order to achieve a higher yield and to reduce the process
cost for future industrial scale manufacturing. Cost effective-
ness is especially critical given that the vaccine is intended to
be industrially manufactured in the developing countries where
hookworm infection is widespread. Here we report on the details
of an improved process that almost tripled the yield of our previ-
ously reported process at a purity of 95%. We are also reporting
new results on the analytical and biochemical characterization of
the purified material, and of its formulation with Alhydrogel®.

Results

Fermentation

The original Na-GST-1 fermentation process has been previ-
ously published by Goud et al., 2012 and Pickett, et al.,2012.312
Fermentation following the new (optimized) procedure (revised
BSM formulation, no fed-batch step, sorbitol co-feed, and
extended methanol induction time) was performed in tripli-
cate at the 10L scale to: (1) compare the quality and yield of the
expressed Na-GST-1 protein to that obtained following the pre-
viously published (original) fermentation process (glycerol fed-
batch, no sorbitol co-feed, shorter induction time), and (2) to
provide multiple lots of clarified fermentation media to assess the
repeatability, quality and yield of the revised downstream puri-
fication process. SDS-PAGE analysis (reduced) of samples taken
during a representative fermentation run comparing the origi-
nal and optimized fermentation processes is shown in Figure 1A
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Table 1A. Na-GST-1 yield in fermentation supernatant following optimized fermentation process

Na-GST-1 Yield variability (mg/L)
Na-GST-1 Yield variability (between runs)
Run 1 Run 2 Run 3
Gel 1 999 1134 1346 Run 1 816
Gel 2 740 1150 1191 Run 2 1065
Gel 3 710 911 864 Run 3 1134
Mean 816 1065 1134 Mean 1005
SD 159 134 246 SD 167
cv 0.19 0.13 0.22 cv 0.17
Table 1B. Na-GST-1 yield per run
Volume (L) mg/L mg Yield

Run 1 5.8 816 4733

Run 2 6.2 1065 6603

Run 3 59 1134 6691

and B, respectively. For the optimized fermentation process, no
observable expression was detected in the sample harvested prior
to methanol induction (pre-induction sample; Fig. 1B, lane 2).
Na-GST-1 protein product of 24 kDa was detectable after 22
h of methanol induction (Fig. 1B, lane 3) and accumulated in
the culture supernatant throughout the length of the fermenta-
tion (Fig. 1B, lanes 4—6). Clarification of the post-centrifugation
fermentation supernatant (FS) using a 0.22 pm polyethersulfone
(PES) filter did not result in any significant loss of the target
protein (Fig. 1B, lane 7). On a gross scale, the comparison of the
accumulated Na-GST-1 protein by SDS-PAGE analysis between
the original (Fig. 1A) and optimized (Fig. 1B) fermentation
process shows a significant increase in accumulated Na-GST-1
target protein with the optimized fermentation process. In order
to evaluate reproducibility of yield from the optimized fermenta-
tion process, quantitative SDS-PAGE analysis was performed in
triplicate for each of the 3 optimized fermentation runs. A rep-
resentative quantitative SDS-PAGE gel is shown in Figure 2 and
the calculated yield from the SDS-PAGE analysis is presented
in Table 1A. The calculated Na-GST-1 yield between fermenta-
tion runs ranged from 816 mg/L to 1134 mg/L with a mean just
over lg/L. The coefficient of variation (CV) observed for each
triplicate quantitative SDS-PAGE analysis ranged from 13-22%
and the CV between the mean of the 3 runs was 17%, which is
within the typical variability observed for SDS-PAGE quantita-
tion using Coomassie Blue staining, indicating reproducibility
of the optimized fermentation process. The total yield of unpu-
rified Na-GST-1 obtained from the fermentations is shown in
Table 1B. The total amount of unpurified target protein from
the optimized 10L fermentation ranged from 4.7 to 6.7 g, which
is a 2.7 to 3.8-fold greater yield compared with the 1.5 g/10 L
yield obtained from the original fermentation process—a signifi-
cant improvement.

Purification

After harvest and clarification, the fermentation superna-
tant was concentrated and buffer exchanged by tangential flow
filtration (TFF) into the appropriate load conditions for the Q
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Sepharose XL column (QXL). Changing the TFF procedure
from a 3 kilo Dalton (kDa) hollow fiber column (original pro-
cess) to a 10 kDa flat sheet cassette (optimized process) reduced
the process time and increased the purity of the sample at this
stage of the purification process. The increased purity of the post
TFF sample is shown by Sodium Dodecyl Sulfate Polyacrylamide
Gel Electrophoresis (SDS-PAGE) analysis (Fig. 3A lane 3 original
compared with Fig. 3B lane 3 optimized) and by High Pressure
Liquid Chromatography (HPLC), as shown in Figure 4 A and B
Following the TFF step, the concentrated and buffer exchanged
fermentation supernatant was loaded onto a Q Sepharose XL
chromatography column and eluted using a salt gradient as
opposed to elution with a step gradient as performed with the
original process. Elution using a salt gradient provides additional
wash stringency prior to peak elution and results in improved
purity. The fractions containing the target protein were pooled
and assessed by SDS-PAGE and Size Exclusion High Pressure
Liquid Chromatography (SEC-HPLC). Comparison of the elu-
tion between the original and optimized Q Sepharose XL puri-
fication step is shown by SDS-PAGE analysis in Figure 3A, lane
4, (original process) and Figure 3B, lane 4, (optimized process)
and by SEC-HPLC as shown by Figure 4C and D. Based on
these data, the purity of Na-GST-1 within the Q Sepharose XL
elution pool was 91%, with a recovery yield of 75% (Table 2).
Although this recovery yield is slightly lower than the recovery
yield of the QXL step observed with the original process (75%
vs. 86%), there is a significant improvement in purity follow-
ing the optimized process (91% vs. 79%). The increased purity
observed with the QXL step supports the original rationale for
switching from a step elution (original process) to a gradient elu-
tion (optimized process). After pooling of the QXL fractions, the
ammonium sulfate (NH,),SO, concentration was adjusted to
1.5M (original process used 2M) and the protein was loaded onto
a Butyl Sepharose High Performance (HP) column at a slower
flow rate of 75 cm/hr rather than the 150 cm/hr used for the
original process. In addition, the concentration of (NH,),SO,
used for the elution was reduced from 0.7M to 0.15M. The

Volume 10 Issue 7



1 2 34 56 1 2 34 56

-
-

-
-

-
-~e

-
~e

— --...
_ —— —

- g
—-—— -

Figure 3. SDS-PAGE analysis of Na-GST-1 fractions collected at differ-
ent steps of the purification process. (A) Non-reduced Coomassie Blue
stained 4-20% Tris-Glycine SDS-PAGE of Na-GST-1 fractions from the
original purification process. Lane 1: SeeBlue® Plus2 Pre-stained Protein
Standard; lane 2: fermentation supernatant; lane 3: concentrated fer-
mentation supernatant, lane 4: QXL elution; lanes 5: Butyl elution; lane
6: SEC75 elution. (B) Non-reduced Coomassie Blue stained 4-20% Tris-
Glycine SDS-PAGE gels of Na-GST-1 fractions from the optimized purifi-
cation process. Lane 1: SeeBlue® Plus2 Pre-stained Protein Standard; lane
2: Fermentation supernatant; lane 3: Post TFF; lane 4: QXL elution; lane5:
Butyl elution; lane 6: SEC75 elution.

Butyl Sepharose HP column increased the purity of the protein
to greater than 96% and removed the high molecular weight
contaminants detected at about 62 kDa with an average recov-
ery rate of approximately 84%, as shown in Figures 3 and 4,
and Table 2. Compared with the original purification process,
a slight increase of the sample purity after the Butyl step (>96%
vs. 94%), but a significant improvement in recovery (84% vs.
64%) was observed. After the Butyl Sepharose HP step, size
exclusion chromatography was performed in order to remove the
remaining high molecular weight contaminating proteins as well
as exchanging the protein into the final formulation buffer. Due
to the volume of the pooled Butyl Sepharose HP eluate, the pool
was divided into 3 aliquots of approximately 65 mL each, which
were loaded in consecutive runs. For all 3 replicate runs, the tar-
get protein Na-GST-1 eluted from the HPLC-SEC at approxi-
mately 37 min, which is consistent with the elution time of a
theoretical molecular weight 48 kDa dimer and identical to the
elution time of Nz-GST-1 purified following the original method
(Fig. 4G [original process] vs. Figure 4H [optimized process]).
The purity of the final SEC75 pool was 99% (Table 2) which
is greater than the purity of 98% following the original process.
To ensure repeatability and robustness of the Na-GST-1
downstream process, each purification procedure was performed
in triplicate concurrently with the 3 separate fermentations. The
coefficient of variation for purity and yield at each purification
step was between 2 and 12%, indicating good reproducibility
at each step of the optimized process (Tables 3A and B). The
Na-GST-1 average yield among the 3 runs was 465 mg for each
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liter of fermentation supernatant processed, with an SD of 54
mg/L and a CV of 11.5% (SEC elution Table 3A). This yield was
approximately 3-fold higher than the ~150 mg per liter fermenta-
tion supernatant following the original purification process. The
overall recovery was 55% with an SD of 3.2% and a CV of 5.8,
which is 3.6% higher recovery than the original process, with an
equivalent total purity of 98% (Table 3B).

In-process sample stability

In order to address the stability of Nz-GST-1 obtained from
the optimized process over time, aliquots of in-process samples
were collected at each purification step, sterile filtered, divided
into 2 fractions, and analyzed up to 7 d after storage at 2-8 °C,
25 °C, and 37 °C. Representative SDS-PAGE analysis of sam-
ples stored at the different temperatures is shown in Figure 5B
and C. No degradation was observed for any in-process samples
throughout the study, suggesting that a 2-8 °C, or even a room
temperature, hold step may be incorporated into the process for
up to 7 d (data not shown).

Na-GST-1 characterization and disulfide bond determina-
tion via Liquid Chromatography/Mass Spectrometry (LC/MS)

Purified Na-GST-1 protein, when electrophoresed through
denaturing SDS-PAGE gels under non-reducing conditions,
resolves as 2 discrete bands migrating at approximately 24kDa.
In order to shed light on the nature of the 2 forms, each separate
band was characterized by LC/MS analysis as described in the
Methods section. LC-MS analysis confirmed that both bands
contained identical full-length protein, with no detectable pro-
teolysis between these isoforms. In addition, no detectable N-
or O-linked glycosylation was observed in either of the bands.
However, LC/MS analysis showed that the lower molecular
weight band, under non-reducing conditions, contained an intra-
molecular disulfide linkage between Cys-17 and Cys-68 of the
protein, which was not present in the higher molecular weight
band. Alcthough, there is no indication from the crystal structure
of the intact form of this protein that a disulfide bond exists in
the molecule,® the observation of both forms in both the original
and optimized processes leads us to assume that the disulfide
bond is an intrinsic property of the protein and would not inter-
fere with the purified protein’s ability to act as a suitable vaccine
immunogen.

Protein stability after freeze/thaw

Freezing, storage, and thawing of proteins are routinely evalu-
ated in the pharmaceutical industry as a conservative approach
to establish the risks of freezing on stability. To this end a freeze/
thaw study was conducted. As shown in Table 4 once subjected to
3 freeze/thaw cycles, the purified protein did not show any varia-
tions in color and appearance, pH, protein content (as measured
by absorbance at 280 nm, data not shown), SEC-HPLC elution
profile (Fig. 6A) and SDS-PAGE analysis (Figs. 6B and C), indi-
cating that the protein did not undergo degradation or loss of
integrity. After 3 freeze/thaw cycles, the protein eluted from the
SEC-HPLC column at 26.04, 26.03, and 26.03 min, for an aver-
age of 26.03 + 0.01 min, as expected for Nz-GST-1. Similarly, on
reduced SDS-PAGE the target protein ran as a predominant band
at 24 kDa without evidence of aggregate formation or degradation
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Figure 4. SEC-HPLC elution profile comparison of protein samples obtained at different steps of the purification process of the original and optimized
purification processes. (A) Original process post TFF; (B) Optimized process post TFF (C) Original process post QXL (D) Optimized process post QXL; (E)
Original process post Butyl; (F) Optimized process post Butyl; (G) Original process post SEC; (H) Optimized process post SEC.

products. Similar data were obtained for all 3 reproducibility
runs, showing consistency among the three lots produced (data
not shown).

Thirty days stability of Na-GST-1 protein at 2-8 °C, RT,
and 37 °C

Studies were performed to test the stability of the protein upon
incubation at different temperatures for a period up to 30 d. The
stability data describes how the protein qualities vary with time
under the influence of a variety of environmental factors such as
temperature. The testing was performed over a period of 30 d and
included storage of the molecule at three different temperatures.
The purified protein did not show any variations in pH or protein
content as measured by absorbance at 280 nm at all temperatures
after 30 d (Table 5). Sample integrity was maintained at 2-8 °C
for the entire 30 d. However, after 7 d of incubation at 25 °C, or
higher temperatures, the presence of particulates could be noticed
in the protein solution indicative of protein instability (Table 5).
When incubated for 7 d at 37 °C, protein degradation, while not
evident on Coomassie Blue Stained gels, (Fig. 5C) was detectable
by Silver stain (Fig. 7). The SEC-HPLC analysis was only partially
successful in detecting protein instability in terms of peak purity
and peak area. While all samples tested eluted at the 26 min with
a variance of only 0.03 min, the peak purity and the peak area
decreased only 2% to 3% in the samples stored at 37 °C for 30
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d and did not change for the samples stored at room temperature
(data not shown).

Three months stability of the Na-GST-1 formulation

Na-GST-1 was formulated with Alhydrogel® as described by
Plieskatt et al., 2012.!2 The formulation was stored at 2—8 °C
for a period of 3 mo and its stability was investigated by assess-
ing the color and appearance, the pH, the protein content by
the o-phthaldialdehyde (OPA) assay, and the identity by SDS-
PAGE followed by Coomassie Blue staining. Throughout the
study there were no variations observed in the color and appear-
ance of the formulated samples and all aliquots tested main-
tained the expected characteristics for Na-GST-1/ Alhydrogel®
formulations. The pH was stable at 7.4 + 0.1, and no pH varia-
tion was observed from the time of formulation to the end of the
study. As shown in Figure 8 when the Na-GST-1/ Alhydrogel®
formulation was centrifuged to separate the pellet fraction from
the supernatant, the Nz-GST-1 protein segregated in the pel-
let fraction and the Na-GST-1 protein was not detected in the
supernatant fraction, indicating a tight binding of the molecule
to the surface of the Alhydrogel®. Similar conclusions were
drawn from the data collected by the OPA assay, which indi-
cate that 98% of the protein was bound to the surface of the
Alhydrogel® by a total protein content assay using o-phthaldi-
aldehyde (data not shown).
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Table 2. Comparisons of the yield and purity of Na-GST-1 at each step of the original and optimized purification process

Step Process Purity (%) Recovery Yield (%)
Goud 2012 79 86

QXL Original 81 83
Optimized 91 75%
Goud 2012 94 64

Butyl Original 95 71
Optimized >96 84*
Goud 2012 98 94

SEC Original 99 98**
Optimized >98 94*

A “*"indicates that the calculation is based on SDS-PAGE and “**” indicates value is based on A280 measurement.

Discussion

A recombinant human hookworm subunit vaccine is being
developed by the Sabin Vaccine Institute and Texas Children’s
Hospital Center for Vaccine Development, a non-profit PDP.%!314
Na-GST-1, one of the vaccine antigens, has been previously man-
ufactured at pilot scale according to current Good Manufacturing
Practices (¢cGMP) using a process described by Goud et al., and
DPlieskatt, et al.*!? Following regulatory submissions in the United
States and Brazil, the Na-GST-1 Hookworm Vaccine is currently
in phase 1 clinical trials in healthy adult volunteers in the United
States and in non-endemic and endemic areas of Minas Gerais
State, Brazil.? In order to design a more mature production pro-
cess suitable for downstream industrial manufacturing, additional
process development was performed with the goal to achieve
higher yields of expression of the recombinant antigen as well as
higher overall recovery and purity after purification. Therefore,
the protein expression yields and the percentage of recovery of the
manufacturing process were further optimized. For the optimi-
zation of the fermentation process, several different parameters
were evaluated including various alternative media formulations,
the necessity of the fed-batch phase, mixed carbon feeds, and
length of induction time. Performing side-by-side fermentations
with and without the glycerol fed-batch phase provided evidence
that this 6 h step had little to no impact on the Na-GST-1 yield;
therefore this step was omitted to reduce overall fermentation
time. Alternate media formulations were tested from completely
defined media to complex rich media containing yeast extract,
casamino acids, and/or phytone, but these alternate media for-
mulations had a minimal effect on Na-GST-1 yield. Addition of
a sorbitol co-feed has been previously shown to improve overall
yields of proteins expressed in Pichia during methanol induc-
tion.”" Performing side-by-side experiments with and without
sorbitol co-feed during methanol induction showed a dramatic
improvement in Na-GST-1 accumulation and final yield. Finally,
several fermentation time course experiments were performed to
determine whether the original ~72 h induction was optimal or
if extending the induction time would result in a higher yield of
Na-GST-1. Extending the induction period to ~96 h resulted in
a significant improvement in Na-GST-1 yield with a moderate
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improvement when the induction period was extended to 120 h.
To make the process more amenable to manufacturing, the 96-h
induction time was selected for the optimized process. Together,
these changes provide an increase in the Na-GST-1 fermentation
yield from 0.3 g/L to approximately 1 g/L. For the downstream
process, and in order to accommodate the increased yield from
the optimized fermentation process, the column capacity of the
Q Sepharose XL step was adjusted and optimized. In addition,
changing the Q Sepharose XL elution from a step elution to a
gradient elution increased the protein purity without introducing
a completely new variable so as to keep the changes minimal. A
significant improvement (64% to 84%) in protein recovery at
the Butyl Sepharose HP step, while maintaining similar purity,
was achieved by reducing the ammonium sulfate concentration
in the load (from 2M to 1.5M) as well as in the elution buffer
(0.7M to 0.15M), and by increasing the amount of Butyl HP
resin used and decreasing the linear flow rate. We believe that the
reduced salt in the elution buffer allowed for the improvement
in yield at this step. Although using size exclusion may not be
entirely optimal for large scale processes, it does serve as a polish-
ing step for our process since it (1) prevents any carryover of high
molecular weight contaminating proteins which are seen at full
manufacturing scale and (2) keeps the number of purification
process changes to a minimum. While changing from a final size
exclusion step to a less costly or time consuming step, such as a
second ion exchange step, may be more manufacturing friendly,
it would likely be more difficult to transition the new product
into the clinic since it probably would require several comparabil-
ity or bridging clinical studies. Stability studies were performed
on the in-process samples and final product of the optimized
process to ensure biochemical and analytical comparability with
material generated during the original process. Our stability data
for the in-process samples, as well as the final purified protein,
indicate that the Na-GST-1 is stable at 2—8 °C for at least 30 d,
and at temperatures from 25 °C to 37 °C for at least 7 d before the
first signs of degradation. These data indicate that refrigerated
hold steps could be incorporated into the manufacturing process
without any detrimental impact on the integrity of the protein.
Integrity at 2—-8 °C for the 3 mon was also maintained upon for-
mulation with Alhydrogel®. No variation in pH, concentration of
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protein absorbed to Alhydrogel®, or protein identity was detected
within the 3-mon period. These results are concordant to our
previous and ongoing stability studies with the protein and for-
mulated protein generated with the original process.

In conclusion, starting from an original manufacturing pro-
cess that was used to generate pilot phase 1 clinical material, we
have now made minimal changes to the upstream and down-
stream processes achieving a significant increase in yield and
purity while retaining stability and integrity of the molecule.
These improvements are essential steps during the continuum
development of vaccines targets and show that the revised pro-
cess used to manufacture Na-GST-1 has great promise to become
a mature industrial scale manufacturing process.

Materials and Methods

Generation of Research Seed stock

Cloning, small-scale expression, and selection of clone of
Na-GST-1 for production scale up have been reported previ-
ously."! The research seed stock was generated from a single clone
identified by Western blot analysis to be a highly expressing
clone.?

Fermentation

The Na-GST-1 production and purification was optimized
since originally reported.? Elimination of the 6-hr fed-batch step,
addition of a sorbitol pulse and sorbitol co-feed during methanol
induction, and extension of the induction stage from approxi-
mately 72 h to approximately 96 h are the main changes intro-
duced into the new revised fermentation process. The details of
the original fermentation process are described in Goud et al.,
2012. For the optimized fermentation procedure, the process
was initiated by the preparation of a 1 L seed stock to be used
for inoculation of the fermenter (New Brunswick). 1-3 mL of
the research cell bank was added to 1 L BMG media and the
flask incubated at 29 +/-1 °C with agitation at 250 +/-10 rpm
overnight. After reaching the target OD, , (1.0-5.0), 250-500
mL of the seed culture was inoculated into 4 L of sterile basal
salt media (85% Phosphoric Acid (H,PO,) 26.7 mL/L, Calcium
Sulfate (CaSO, 2H,0) 0.93 g/L, Potassium Sulfate (K,SO,) 18.2
g/L, Magnesium Sulfate (MgSO, 7H,0) 14.9 g/L, Potassium
Hydroxide (KOH) 4.13 g/L, Glycerol 40 g/L) containing 4.35
mL/L PTMI Trace Salts (Copper Sulfate (CuSO, 5H,0) 6.0
g/L, Sodium lodide (Nal) 0.08 g/L, Manganese Sulfate (MnSO,
H,0) 3.0 g/L), Sodium Molybdate (MoNa,O, 2H,0) 0.2 g/L,
Boric Acid (H,BO,) 0.02 g/L, Copper Chloride (CoCl,) 0.5
g/L, Zinc Chloride (ZnCl,) 20.0 g/L, Iron (II) Sulfate ((FeSO,)
7H20) 65.0 g/L, Sulfuric Acid (H,SO,) 5 mL/L), and 4.35
mL/L 0.02% d-Biotin in a 14 L fermentation vessel. The pH of
the BSM was adjusted to 5.00 +/- 0.2 prior to inoculation and the
pH maintained at this set point by the addition of 14% NH,OH.
Fermentation set points used were 30 +/- 1 °C, dissolved oxygen
30%, air flow 0.5-1.0 SPLM, and agitation 500 rpm. Antifoam
204 was added to minimize foaming. Approximately 16 +/- 4 h
after inoculation of the fermenter, a DO spike was observed due
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Table 3A. Comparison of the amount of Na-GST-1 in mg/mL obtained from
the 3 purification runs. Single yields for each run as well as the average, the
standard deviation, the SD, and the coefficient of variation between each
run, CV, are reported. The cumulative % of recovery for along the process
is presented in brackets.

Step Run 1 Run 2 Run 3 Average sD cv
FS 897 813 808 839 50 6.0%
TEE 852 772 768 797 47 5.9%
(95%) (95%) (95%) (95%) (0) (0)
oxL 652 584 544 593 55 9.2%
(73%) (72%) (67%) (71%) (3.2) 4.3%
Butyl 545 494 444 494 51 10.2%
ol | 619%) | s5%) | (59%) 46) | (4.9%)
SECT5 527 438 431 465 54 11.5%
(59%) (54%) (53%) (55%) (3.2) (5.8)

Table 3B. Comparisons of the Na-GST-1 purity (%) from triplicate pro-
cesses as determined by HPLC-SEC

Step Run 1 Run 2 Run 3 Average SD | cv
FS 10 1 10 10 0.6 5.6%
TFF 80 85 85 83 29 |35%
QXL 91 92 89 91 1.5 1.7%
Butyl 98 97 96 97 1.0 | 1.0%
SEC75 98 98 98 98 0 0

to the depletion of glycerol within the media. After observation
of the DO spike, a bolus of 50% sorbitol (-9.0 g/L) was added
to the fermenter over a 30 min period. After the 30 min sorbi-
tol feed, the pH of the culture was ramped from 5.0 to 6.0 and
the temperature from 30 °C to 26 °C within a one hour period.
During this period, no feed was added to the fermenter (starva-
tion phase). At the end of the starvation phase, the agitation was
increased to 700 rpm and a methanol feed (containing 12 mL/L
PTM1 Trace Salts) was ramped from 1-11 mL/L/hr over an 8-h
period. 50% sorbitol was fed concurrently during the methanol
ramp at a rate of 3 mL/L/hr. After the ramp period, the methanol
feed was maintained at 11 mL/L/hr and the 50% sorbitol feed
was maintained at 3 mL/L/hr until the end of fermentation (after
approximately 96 h of methanol induction).

Purification clarification and tangential flow filtration
(TFF)

After approximately 96 h of methanol induction, the cell cul-
ture was harvested and centrifuged at 7000 rpm (12227 x g) for
45 min at 4 °C. Following clarification, the supernatant was fil-
tered using a 0.22 pm PES filtration unit and transferred to a
vessel for buffer exchange. Tangential flow filtration was used to
concentrate the fermentation supernatant by approximately 50%
and to buffer exchange it into Q Sepharose XL (Q SepharoseE
XL) binding buffer 30 mM Tris, 20mM NaCl pH 8.0 (3.9 mS/
cm at 25 °C). The buffer exchange was performed using 2 flat
sheet Pellicon 2 Biomax 10 modified PES mini cassettes with
a 10 kDa MWCO and a filtration area of 0.1 m? per cassette.
The starting conductivity of the clarified/filtered fermenta-
tion supernatant was approximately 25 mS/cm and the pH was

Volume 10 Issue 7



A B C gradient elution as opposed to the original
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Figure 5. Coomassie Blue stained 4-20% Tris Glycine SDS-PAGE gels of Na-GST-1 samples incu- washed for 5 column volumes with 30

bated at 2-8 °C, 25 °C, and 37 °C for a total of 30 d. (A) Sample analysis at day 1; (B) Sample analysis mM Tris, 1.5M (NH,),SO, pH 8.0, fol-

at day 3; (C) Sample analysis at day 7; (D) Sample analysis at day 15 and (E) Sample analysis at day lowed by a wash with 30 mM Tris, 1.3 M

30. For all AIE : ™ i 2 : -GST- -8 ° =
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lane 5: 2 ug Na-GST-1 at 2-8 °C, reduced; lane 6: 2 pg Na-GST-1 at 25 °C, reduced; lane 7: 2 pg to remove loosely bound contaminants and

Na-GST-1 at 37 °C, reduced. a high molecular weight contaminant of

Table 4. Comparisons of the Na-GST-1 protein samples before and after 3
freeze/thaw cycles

Freeze/thaw cycles
Parameter
Prior F/T 1 2 3
Particles observed - - R
pH 7.46 7.46 7.48 7.47
Protein content (mg/mL) 1.07 1.07 1.087 1.09

Evaluation of color and appearance, and measurement of pH and protein
content by absorbance at 280nm for the Na-GST-1 protein samples before
and after 3 freeze/thaw cycles.

approximately 6.0. The target conductivity of 4.2 +/- 0.5 mS/
cm and pH of 8.0 +/- 0.05 was achieved after approximately 4—5
volumes of Q Sepharose XL binding buffer had been used.

Q Sepharose XL chromatography

Anion exchange chromatography was used as the first step
to concentrate the target protein and remove host cell protein
contaminants, pyrogens, and DNA present within the concen-
trated/buffer exchanged fermentation broth. Q Sepharose XL
resin (GE Healthcare) was packed into a Millipore Vantage L
column to a bed height of 22.7 ¢cm and column volume of 350
mL. The column was equilibrated with 30 mM Tris, 20 mM
NaCl, pH 8.0, followed by loading the buffer exchanged fermen-
tation supernatant at a flow rate of 150 cm/hr. After loading the
sample, the column was washed with 30 mM Tris, 20 mM NaCl
pH 8.0 for 8-10 column volumes, and then the bound protein
was eluted with a NaCl gradient from 20 mM to 250 mM over
7.5 column volumes. The Q Sepharose XL step was improved
upon the original process by adjusting the capacity to accom-
modate the increased yields from the improved fermentation pro-
cess as well as by increasing the purity obtained by utilizing a
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approximately 62 kDa. After the second
wash step, an isocratic (step) elution was
performed with 30 mM Tris, 0.15 M (NH,),SO, pH 8.0. This
Butyl Sepharose HP process improves upon the original pro-
cess by adjusting the (NH,),SO, concentration in the load and
elution as well as adjusting the amount of resin to significantly
increase the recovery while maintaining similar purity.

SEC75 (size exclusion SEC75, prep grade chromatography)

SEC75 chromatography was performed to remove the remain-
ing contaminants from the target Na-GST-1 protein. Superdex75
prep grade resin (GE Healthcare) was packed in a GE Healthcare
Index70 column to a bed height of 56.0 cm and column volume
of 2155 mL. A total of 3—4 cycles were required to process the
entire Butyl Sepharose elution pool by loading aliquots up to 3%
of the column volume (approximately 65 mL). The column was
equilibrated with 10 mM Imidazole, 10% Sucrose pH 7.4, and
the Butyl Sepharose HP elution pool was loaded at a flow rate of
30 cm/hr. The elution was performed in the same buffer at the
same flow rate for 1.5 column volumes.

Quantitative SDS-PAGE for mass balance

The concentration of Na-GST-1 in the fermentation super-
natant as well as in the in process intermediate fractions was
determined in triplicate by SDS-PAGE on 14% Tris Glycine
gels (Invitrogen) using manufacturer’s instructions. Beta-
mercaptoethanol was added to the 2X sample-loading buffer to
a final concentration of 10%. BSA standards (16-101 pg/mL)
were included on the gels for quantitative analysis by densitome-
try. After electrophoresis at 125V for approximately 1.5-2 h, gels
were stained with Coomassie Blue, de-stained and scanned using
either an ImageScanner II (manufacturer and quantified with
the Image Quant v 8.1 software (GE Healthcare) or a GS-800
Self-Calibrating Densitometer (Bio-Rad), and quantified with
Quantity One v. 4.6 software (Bio-Rad). The BSA standards run
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on each gel (16 pg/mL to 101 pg/mL) were used to establish a
linear quantitation curve for the Na-GST-1 dilutions also run on
the same gels. The concentration of each Nz-GST-1 dilution was
determined by plotting the Nz-GST-1 dilution on the standard
curve and then multiplying by the dilution factor used.

Purity by SDS-PAGE

4-20% Tris glycine gels were used for evaluation of the sam-
ple’s purity. Gels were run following the manufacturer’s recom-
mendations. For the reduced samples, 3-mercaptoethanol was
added to the 2X Tris-glycine sample-loading buffer to a final
concentration of 10%. Approximately 2 pg of non-reduced and
reduced protein was loaded for each lane. Gels were stained, de-
stained, and scanned as described above.

Purity by SEC-HPLC

DPurity of all in-process samples was analyzed by SEC-HPLC.
The fermentation supernatant and the final purified protein
were not diluted prior to injection, while all remaining in-process
samples were diluted with SEC running buffer (50 mM sodium
acetate pH 4.8) prior to injection in order to standardize con-
centration of target protein with the fermentation supernatant.
All samples were injected on the column in a 50 pL volume at a
flow rate of 0.25 mL/min onto a Tosoh TSK gel G2000SWxI col-
umn using a Shimadzu Prominence UFLC with a PDA detector.
The column was run at room temperature for 75 min in 50 mM
sodium acetate, 200 ppm sodium azide pH 4.8. To determine the
percent purity, the area of the main peak was compared with the
area of all other peaks on the chromatograph (excluding sample
buffer peaks).

Protein characterization and disulfide bond determination
via LC/MS

The Na-GST-1 protein separates into 2 discrete bands when
resolved by SDS-PAGE electrophoresis under non-reducing
conditions. Each gel band (labeled as “top” and “bottom” band
respectively) was isolated from the gel individually and split into
multiple ~-3mm sections. Each gel section isolated from each
individual band was destained in 50% methanol/50mM ammo-
nium bicarbonate, then subjected to protease digestion with one
or more enzymes, either after alkylation alone with iodoacet-
amide, or after both reduction and alkylation of cysteine residues
by DTT and iodoacetamide, essentially as previously described,*
to map sites of potential disulfide bond formation. Multiple
enzymatic reactions were used to increase amino acid sequence
coverage of the Na-GST-1 protein in the mass spectrometer,
and consisted of 4 separate digestion schemes. Digest reactions
included the use of trypsin digestion alone; trypsin digestion fol-
lowed by Glu-C digestion; Asp-N digestion followed by Arg-C
digestion; or Asp-N/Arg-C digestion followed by Glu-C diges-
tion. Digestions were performed at a substrate-to-enzyme ratio
of 50:1 at 37 °C in 50mM ammonium bicarbonate buffer for at
least 8 h for each enzyme, and stopped by acidification to 0.2%
formic acid. Resulting peptides were injected onto the LC col-
umn equilibrated in 0.1% formic/99.9% water and separated by
reverse phase chromatography by increasing acetonitrile gradi-
ent formation (0-40% over 30min) across a C-18 column (75
pm x 250 mm BEH130 C18 column; 1.7pm particle size) using
nanoflow chromatography at a flow rate of 300 nL/min and
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Figure 6. Analysis of the Na-GST-1 purified protein after 3 freeze/thaw
cycles. (A) Representative SEC-HPLC elution chromatograms of the
Na-GST-1 sample after 1 freeze/thaw cycle (FT1), 2 freeze/thaw cycles
(FT2), and 3 freeze/thaw cycles (FT3), respectively. (B and C) Non-
reduced and Reduced Coomassie Blue stained 4-20% Tris-Glycine SDS-
PAGE gels of Na-GST-1 purified samples after 1, 2, and 3 freeze/thaw
cycles, respectively. Lane 1: Mark12™ Unstained Standard; lane 2: 2 ug
Na-GST-1 (FT1); lane 3: 4 ug Na-GST-1 (FT1); lane 4: 2 ug Na-GST-1 (FT2);
lanes 5: 4 ug Na-GST-1 (FT2); lane 6: 2 ug Na-GST-1 (FT3); lane 7: 4 pg
Na-GST-1 (FT3); lane 8: 2 ug Na-GST-1 (time 0).

column temperature of 35°C using a nanoAcquity Ultra Pressure
Liquid Chromatography system (UPLC), Waters Corp. Eluting
peptides were transferred directly into a Synapt HDMS mass
spectrometer (Waters Corp.) via a nanoelectrospray union oper-
ated under positive ion mode, at a capillary voltage of 3kV. The
mass spectrometer was operated in the LC/MSE mode (parallel-
ion fragmentation conditions) in positive-ion mode). LC/MS
instrumentation operation and data collection was accomplished
using MassLynx software (v4.1: Waters Corp), and all resulting
spectra were processed and analyzed using ProteinLynx Global
Server software (v2.4; Waters Corp.). A protein database of the
Na-GST-1 protein sequence concatenated to the Pichia complete
proteome was used to search the mass spectra against, with the
false discovery rate set to 0% (reverse and randomized decoy
database FDR method). Protein spectra derived from each SDS-
gel band were interrogated for full-length amino acid sequence
by looking at the sequence coverage maps from each of the indi-
vidual enzymatic digestion reactions, N- and O-glycosylation
status, disulfide bond formation, and for evidence of any Pichia
protein contamination of the purified Na-GST-1 protein bands.
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Table 5.Stability data of the Na-GST-1 protein samples stored at 2-8 °C, 25

°C, and 37 °C for up to 30 days

Time Test 2-8°C 25°C | 37°C
Particles observed - - -
Day 0 pH 7.46 7.54 7.46
Protein content (mg/mL) 1.067 1.039 1.067
Particles observed - - -
Day 1 pH 7.54 7.60 7.57
Protein content (mg/mL) 1.086 1.057 1.074
Particles observed - - +
Day 3 pH 7.50 7.60 7.54
Protein content (mg/mL) 1.082 1.055 1.08
Particles observed - + +
Day 7 pH 7.52 7.51 7.52
Protein content (mg/mL) 1.087 1.063 1.086
Particles observed + ++ +++
Day 15 pH 7.53 7.56 7.55
Protein content (mg/mL) 1.102 1.071 1.086
Particles observed + ++ +++
Day 30 pH 7.49 7.55 7.52
Protein content (mg/mL) 1.098 1.052 1.067

Evaluation of color, and appearance, pH and protein content by absor-

bance at 280nm for Na-GST-1 samples stored at 2-8 °C, 25 °C, and 37 °C for

up to 30 d. - indicates lacks of precipitation, + indicates 1-2 particles, ++
indicates 2-5 particles, +++ indicates more than 5 particles.

Manual interpretation of all spectra was used for verification, and
for de novo sequence analysis of peptides containing disulfide

bonds.

Stability of in -process samples by SDS-PAGE

The stability of the in-process samples (FS, TFF, QXL, Butyl,
SEC75) at 2-8 °C and room temperature was evaluated up to 7
d by SDS-PAGE. Two aliquots of each sample were taken at each
purification step and placed at the respective temperatures. Time
zero samples were immediately prepared for each in process step

while the remaining samples were prepared at the defined time
points by first diluting with 30 mM Tris/20 mM NaCl pH 8.0
and then with 2X sample buffer to achieve a final concentration
of approximately 5 pg protein/12 pL loading volume. Diluted
samples were loaded onto 4-20% Tris-Glycine gels followed by
Coomassie Blue staining as previously described.

Freeze/thaw analysis of the Na-GST-1 protein

As protein biologics can be susceptible to instabilities, degrada-
tion, unfolding, and aggregation upon storage, which can influ-
ence their effectiveness and immunogenicity, a stability study was
designed to include freeze/thaw cycles. To simulate the time and
manner by which proteins could be exposed to repetitive cycles of
freezing during typical handling and testing processes, the puri-
fied protein was subjected to 3 freeze/thaw cycles while being
exposed to ambient temperature after each thaw cycle. Three 1
mL aliquots of Na-GST-1 were placed in liquid nitrogen for 10
min followed by a thaw step at room temperature. The 3 vials
were exposed respectively to 1, 2, or 3 freeze/thaw cycles. After
each cycle, samples were tested for color and appearance by visual
inspection on a white and black background, for pH using a
Thermo Scientific Orion Versa Star™ pH meter following stan-
dard manufacturer recommendations, and for protein content by
the absorbance at 280 nm with Ultrospec 6300pro. The identity
and purity of the sample were also tested by SEC-HPLC using a
Waters Alliance® HPLC system with the Empower® 2 software
for data analysis. 50 pg of Na-GST-1 at 1 pg/ pL were loaded on
a TSK gel G2000SWxl column with 1XPBS, 10% Sucrose and
100 mM NaCl at pH 7.4 as mobile phase and with a flow rate
of 0.29 mL/min and run time of 75 min. SDS-PAGE analysis
was also performed on 4-20% Tris-glycine gels, with a protein
load of 2 pg of each sample per lane under reducing and non-
reducing conditions. Gels were stained with Coomassie Blue or
Silver stained, following conventional procedures.

Short-term accelerated stability studies of the Na-GST-1
protein

Accelerated stability is a useful tool to shorten a process
development time and to gain some insights in the shelf life of
biologics. A 3-d short-term study was designed to evaluate the
protein’s ability to maintain its properties if exposed to different
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Figure 7. Silver stained 4-20% Tris-Glycine SDS-PAGE gels of Na-GST-1 sample incubated at 2-8 °C, 25 °C, and 37 °C for a total of 30 d. (A) Samples analy-
sis at day 7; (B) Samples analysis at day 15 and (C) Samples analysis at day 30. For all gels, A-C, lane 1: Mark12™ Unstained Standard; lane 2: 2 ug Na-GST-1
at 2-8°C, non-reduced; lane 3: 2 ug Na-GST-1 at 25 °C, non-reduced; lane 4: 2 ug Na-GST-1 at 37 °C, non-reduced; lane 5: 2 ug Na-GST-1 at 2-8 °C, reduced;
lane 6: 2 ug Na-GST-1 at 25 °C, reduced; lane 7: 2 ug Na-GST-1 at 37 °C, reduced.
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Figure 8. Non-reduced Coomassie Blue stained 4-20% Tris-Glycine
SDS-PAGE gels of the Na-GST-1/Alhydrogel” vaccine samples 3 mo post
formulation and storage at 2-8 °C. Lane 1: SeeBlue® Plus2 Pre-stained
Protein Standard; lane 2: formulation supernatant fraction; lane 3: for-

mulation pellet fraction.

temperatures in advance of further manufacturing situations
where hold periods could be required prior to formulation. To
this end, the protein was stored at 3 different temperatures: 2—8
°C, 25 °C, and 37 °C, for a maximum time period of 30 d and
then characterized. At time zero, 1 mL aliquots of the protein
were placed at the specified temperatures and analyzed after 3,
7, 15, and 30 d for color and appearance, pH measurement, and
protein content by the absorbance at 280 nm, as described above.
Identity, and purity by size exclusion HPLC, as well as identity
by SDS-PAGE followed by Coomassie Blue staining and silver
staining were also performed following the same procedures as
described above.

Preparation of the Na-GST-1 formulation

Similarly to the formulation already in use in Phase I stud-
ies, Alhydrogel® was selected as Na-GST-1 adjuvant. The pro-
tein stock solution and the adjuvant were combined such that
the final protein concentration was 0.1 mg/mL and the final
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