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Efforts to develop a vaccine for the elimination of malaria include the use of carrier proteins to assemble
monomeric antigens into nanoparticles to maximize immunogenicity. Recombinant ExoProtein A (EPA) is
a detoxified form of Pseudomonas aeruginosa Exotoxin A which has been used as a carrier in the conjugate
vaccine field. A pilot-scale process developed for purification of EPA yielded product that consistently
approached a preset upper limit for host cell protein (HCP) content per human dose. To minimize the risk
of bulk material exceeding the specification, the purification process was redeveloped using mixed-mode

5‘;{ gigds" chromatography resins. Purified EPA derived from the primary and redeveloped processes were compa-
Vaccine carrier rable following full biochemical and biophysical characterization. However, using a process specific
Malaria immunoassay, the HCP content was shown to decrease from a range of 0.14-0.24% w/w of total protein

to below the level of detection with the revised process. The improved process reproducibly yields EPA
with highly similar quality characteristics as the original process but with an improved profile for the
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1. Introduction

Effective polysaccharide vaccines have been developed based
on a platform of conjugating immunogenic carriers to T-cell inde-
pendent polysaccharide antigens and the diversity of these carriers
has expanded over time. Conjugation of the polyribosylribitol
phosphate capsular polysaccharide (PRP) of Haemophilus influenza
b (Hib) to protein antigen was originally performed using horse
immunoglobulin as carrier to successfully increase the intensity
and duration of an anti-Hib response [1]. Later, the introduction
of tetanus toxoid (TT), CRM197 and protein D as carriers for PRP
made possible the production of effective vaccines for the control
of Hib related invasive meningococcal disease (IMD) in infants
[2-4]. Another carrier includes the outer membrane complexes
(OmpC) of Neisseria meningitides type b and outer membrane vesi-
cles (OMV) [5]. OMPC and OMV are used in commercially available
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vaccines for prevention of Hib disease and meningococcal B infec-
tions, respectively [6,7].

Conjugates of detoxified Pseudomonas aeruginosa recombinant
exotoxin A (EPA) developed using knowledge of molecular function
have been used in clinical trials and shown to be safe [8-11].
Recombinant EPA differs from the native exotoxin A by a single
amino acid deletion (E553) which yields a detoxified form of exo-
toxin A while maintaining immunogenicity [12]. Although chemi-
cal conjugation has been more commonly applied to T-cell
independent polysaccharide antigens, protein-protein conjugation
was investigated and demonstrated to effectively enhance
immunogenicity of a poorly immunogenic recombinant malaria
transmission blocking vaccine candidate identified as the Plasmod-
ium falciparum 25 kDa sexual stage protein (Pfs25), in both pre-
clinical [13] and clinical studies [11]. These observations have been
cooperated using several carriers [14] and has been applied to
other recombinant malaria vaccine candidate antigens [15,16].
The protein-protein chemical conjugates have the biophysical
appearance of a nanoparticle in solution with a comparable size
to that of the virus-like particle from hepatitis B [16,17] used in
the leading pre-erythrocytic malaria vaccine RTS,S [18,19]. These


http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2018.09.037&domain=pdf
https://doi.org/10.1016/j.vaccine.2018.09.037
mailto:dnarum@niaid.nih.gov
https://doi.org/10.1016/j.vaccine.2018.09.037
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine

M. Burkhardt et al./Vaccine 37 (2019) 5762-5769 5763

conjugated nanoparticles have excellent quality characteristics for
scaled processes [17].

Even though the quality and consistency of the bulk EPA has
been acceptable for phase 1 clinical trials [11], during repeated
pilot-scale cGMP runs, the Escherichia coli (E. coli) host cell protein
(HCP) content was marginally out of specification and required
reprocessing using a single chromatography step selected from
the existing process. To correct for these out of specification
results, the process [13] was redeveloped with the aim to reduce
the HCP content while maintaining the quality and quantity of
purified EPA. To this end, two multimodal resins were selected to
replace three purification sorbents which improved the repro-
ducibility in removal of HCPs without modifying the quality char-
acteristics already established (Fig. 1). Here, we report the changes
in the downstream purification process and the comparability
analyses on bulk EPA produced from the original purification pro-
cess and redeveloped process including the use of mass spectrom-
etry to assess EPA composition and post-translational
modifications (PTMs).

2. Materials and methods
2.1. Expression and purification of EPA

The EPA expression in E. coli BL21ADE3 strain (Invitrogen) with
a kanamycin resistant gene, fermentation conditions using defined
media, recovery and purification have been previously reported
[13]. The kanamycin expression plasmid pET-24a/rEPA was con-
structed using the EPA gene amplified from pVC45Df+T [20] (also
identified as pvVC45D [21]). The EPA gene was sequenced, and the
nucleotide sequence submitted to Genbank (accession number:
MH282864). The production process as reported (i.e., process A)
[13] was revised (process B) as follows: concentrated and dialyzed
fermentation supernatant was diluted 5-fold in Capto Q equilibra-
tion buffer (20 mM Bis-Tris, pH 5.9) and loaded onto a Capto Q col-
umn (GE Healthcare) at 250 cm/h. The column was washed with
20 mM Bis-Tris, pH 5.9 with 150 mM Nacl for 2 column volumes
(CVs) and eluted with the same solution containing 500 mM NacCl.
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Fig. 1. Process flow diagram for purification of EPA. Process A has been previously
reported [13] and the revised process reported here is identified as process B.

For adsorption of EPA on the 4-mercaptoethyl-pyridine (MEP)
HyperCel™ sorbent (Pall Corporation), the Capto Q eluent was
diluted 1:1 v/v with 100 mM sodium phosphate dibasic heptahy-
drate with 2 M ammonium sulfate, and 100 mM arginine-HCI (JT
Baker), pH 7.8. Equilibration buffer was 500 mM ammonium sul-
fate, 100 mM sodium phosphate dibasic, 100 mM arginine-HCI,
pH 7.8. Unbound material was removed with equilibration buffer
at 100 cm/h for 5-6 CVs. The column was then washed with
25 mM acetate with 1.0 M arginine-HCl at pH 5.0 for approxi-
mately 8 CVs and EPA was eluted with 100 mM sodium acetate,
1 M arginine-HCl, pH 4.0 at 150 cm/h. The MEP eluent was diluted
10-fold with hydroxyapatite (CHT) equilibration buffer (20 mM
sodium phosphate, pH 6.0). The diluted EPA was bound to a CHT
type I (Bio-Rad) column in CHT equilibration buffer at 135 cm/h
and washed with the same buffer for approximately 5 CVs. EPA
was eluted with 10 mM sodium phosphate, pH 7.5. The CHT elu-
tion was concentrated and dialyzed with PBS, pH 7.2 to ~3 mg/
mL as determined by Agp using a 5K NMWC hollow fiber filter
(GE Healthcare) and then filtered through a 0.22 ym Millipak-60
filter (Millipore Corp.) and stored at <—70 °C.

2.2. Biochemical and biophysical characterization of EPA

The recombinant EPA proteins were fully characterized using
similar techniques to those previously reported [13,17,22]. Protein
separation by analytical size exclusion chromatography (SEC)-
HPLC was performed on a TSKgel G3000SWxI column (Tosoh Bio-
sciences) with in-line multi-angle light scattering (MALS) (Wyatt
Technologies). Reversed-phase (RP)-HPLC analysis was performed
on a Jupiter C4 column (Phenomenex) with TFA in water (0.1%
w/v) for mobile phase A and TFA in acetonitrile (0.1% w/v) for
mobile phase B. SDS-PAGE of the EPA protein was performed on
a 4-20% Tris-glycine gel (Invitrogen) and stained with Coomassie
blue as per the manufacturer’s instructions. Amino-terminal
sequencing was performed by the Research Technology Branch,
NIAID, NIH using a Sequenator model Procise 494 HT (Applied
Biosystems) as previously described [22,23]. Intact mass spectrom-
etry was performed on an Agilent G6224A Accurate-Mass TOF with
a dual ESI ion source and ion polarity in the positive mode. Protein
was separated on a ZORBAX 300SB-C18 (Agilent) water + 0.05%
TFA (solvent A) to acetonitrile + 0.05% TFA (solvent B) at a gradient
of 0-70% B in 35 min. Acetic acid was added in a mixing tee placed
before the electrospray inlet to the mass spectrometer at a ratio of
1:2 acetic acid to column eluent.

2.3. HCP content analysis

A quantitative slot blot assay was previously developed for
determining the amount of E. coli HCPs in recombinantly expressed
proteins [24]| and was modified by using IRDye 800CW (LI-COR
Biosciences) as the secondary antibody and measured with an
Odyssey imaging instrument (LI-COR Biosciences) at 800 nm.

2.4. Peptide mapping and post-translational modifications (PTM)

Peptide mapping by LC-MS/MS analysis for composition of mat-
ter and PTMs was conducted using an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Electron) equipped with an EASY-Spray lon
Source and an Easy-nLC 1000. The EPA proteins were digested as
follows. The protein was denatured at 0.1% RapiGest for 15 min
at 80 °C. The protein was then reduced at 5 mM DTT and then alky-
lated at 15 mM iodoacetamide. Digestion was performed at a 1:40
trypsin:protein ratio overnight at 37 °C. Trifluoroacetic acid was
used to quench the enzymatic reaction and degrade the RapiGest.

Liquid chromatography was carried out on a PepMap RSLC C18
column and a PepMap C18 Trap column operating at a 300 puL/min
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flow rate with mobile phases A: 98% water + 2% acetonitrile + 0.1%
formic acid and B: 98% acetonitrile + 2% water + 0.1% formic acid.
The trypsin digest was diluted 1:20 in mobile phase A and 5 uL
was injected. The MS/MS data were acquired during the gradient
from 0% B to 40% B for 100 min, from 40% B to 80% B for 2 min
and holding at 80% B for 2 min.

The mass spectrometer was operated in a data dependent
acquisition mode with a cycle time of 3 s. First, the Orbitrap was
used to acquire a high resolution full MS scan of all ions from m/
z 400 to m/z 1800 at a resolution of 120,000 (m/z 190 at the target
value of 4E5). The precursor ions are chosen with monoisotopic
precursor selection, multiple charge states, and intensity threshold
of 2.5E4. For the duration of 3 sec, most intense precursors were
subjected to a fragmentation in the Ion Trap, where the precursor
(the target value of 5E4) is isolated with the window of m/z 1, and
activated using the activation q at 0.25 and CID collision energy at
35%, then MS2 spectra were detected with the Orbitrap at a reso-
lution of 30,000 at m/z 190. Dynamic exclusion was enabled with
the duration of 15 sec with +10 ppm mass tolerance.

Mass spectrometry data was processed using a combination of
proteomics tools with searches performed against a fasta file con-
taining the recombinant EPA sequence and Escherichia coli BL21
(DE3) proteins deposited in the Uniprot KB (2/2018). Initial
searches were performed on each acquisition with Preview, Byonic,
and Byologic (ProteinMetrics) to help establish data and prepara-
tion quality, as well as, identify significant contributions from
non-typical modifications. Follow-up analysis was performed
using workflows implemented in Proteome Discoverer v2.2
(Thermo Scientific) with a subset of modifications based on
matches within the ProteinMetrics workflow. A fixed car-
bamidomethylation (C) modification was utilized in combination
with oxidation (M), deamination (N,Q), acetylation (K,S,T, N-
term) carboxylation (K), amidation (Protein C-term), gluconyla-
tion/galactosyl (K, N-term), and phosphogluconylation (N-term),
were all set as dynamic modifications for either their role as a sam-
ple handling-based modification or potential effect of bioactivity.
Searches were performed using a Sequest HT search and modifica-
tion site probabilities were calculated using PTMrs. Data was fil-
tered at a 1% peptide FDR using protein profit as implemented
within Proteome Discoverer. Area-under-the-curve based quanti-
tation was used and missing peaks were found and quantified
using an accurate mass and time tag approach. In instances where
the algorithms either did perform the quantitation or quantified an
aberrant peak manual validation was performed using a combina-
tion of MZmine2 (v2.32) and SeeMS (v3.0.6257) [25,26].

2.5. Mouse immunogenicity and assessment of antibody titers by ELISA

Mouse antisera were generated at the National Institutes of
Health in compliance with guidelines of the National Institutes of
Health Institutional Animal Care and Use Committee. In brief,
groups of 5 BALB/c female mice were immunized by intramuscular
injection with 1 pg of EPA purified following process A or B formu-
lated on Alhydrogel® (Brenntag, Denmark) on days 0, 28 and
exsanguinated on day 42. The reactivity of EPA specific antibodies
was measured by ELISA using mouse antisera collected on days 0
and 42. Standard ELISA curves were prepared using 5-fold dilutions
of mouse antisera. The ELISA plates were coated with 0.1 pg/mL of
EPA (either from processes A or B). Goat anti-mouse, horseradish
peroxidase-conjugated IgG (ThermoFisher Scientific) at 100 ng/
well was used as secondary antibody, and 1-Step Ultra TMB-
ELISA (Thermo Scientific) was used as developing solution, mea-
suring the final absorbance at 450 nm. A reciprocal end-point titer
at OD450 of 1 for each curve was determined by fitting the exper-
imental points to a 4-parameters logistic function using the drc
package for the statistical programming language R [27,28], and

RStudio as an integrated development environment (IDE) software
for R [29]. Mouse monoclonal antibody 7E3 was generated against
EPA produced from process A following procedures as essentially
described [30].

3. Results
3.1. Redevelopment of EPA purification

The redeveloped process modified the column chromatography
steps following EPA binding and elution on a strong anion capture
resin (Capto Q) (Fig. 1). Two mixed mode resins (MEP HyperCel™
and hydroxyapatite) were used in place of a traditional hydropho-
bic interaction resin (Phenyl Sepharose) with an additional strong
anion resin (Q Sepharose) followed by size exclusion (Fig. 1). To
effectively exploit the multimodal capabilities of the MEP resin
[31,32], a combination of hydrophobic, ion exchange, and hydro-
gen bonding properties was used. First, we determined that
500 mM ammonium sulfate between pH 6.9 and 7.5 was needed
to efficiently bind EPA. Next, we determined that once EPA bound
the resin, the ammonium sulfate could be removed, and EPA would
not elute at pH 6.2 which demonstrated that binding was not sim-
ply through a classical hydrophobic interaction mechanism. Low-
ering the pH to 4.0 to charge the MEP moiety, was necessary, but
not enough, to elute EPA. This observation suggested that ion
exchange is unlikely to be solely responsible for binding. Impor-
tantly, adding 1 M arginine in the wash buffer was critical for the
release of many impurities at pH 4.7 and elution of EPA at pH
4.0. The hydroxyapatite sorbent was performed in a strictly pH dri-
ven application.

The revised chromatography process developed using mixed-
mode resins enabled two process constraints to be overcome. First,
the MEP column enabled marked enrichment of EPA while remov-
ing E. coli HCPs, endotoxin and product related impurities and then
the CHT column allowed for the transition of the pH through the
isoelectric point for subsequent elution of a soluble EPA. For the
biochemical and biophysical studies comparing EPA from process
A and process B, an in-house integrated scaled-down run was per-
formed for each at quarter-scale relative to our cGMP manufactur-
ing using feed stock from two 60 L working volume fermentations.
The purified EPA from these different fermentation lots served as
the EPA standards for processes A or B. The purification efficiencies
for these one-quarter scale runs were 54% for Process A and 51% for
Process B as quantitatively assessed by RP-HPLC (data not shown).
The recovery efficiency of process B was also further improved by
using a membrane cartridge for tangential flow filtration (TFF) in
place of a hollow fiber cartridge for ultrafiltration prior to adsorp-
tion to the Capto Q resin. Altogether, the efficiency from fermenta-
tion harvest to final bulk during cGMP pilot-scale manufacturing at
a contract manufacturing facility using process B was slightly bet-
ter (70%) compared to earlier yields using process A (55-58% for
three ¢cGMP runs) as quantitatively assessed by RP-HPLC (data
not shown).

3.2. Biophysical and biochemical analyses of EPA

The initial comparison of purified EPA derived from process A or
B used a Coomassie blue stained SDS-PAGE gel (Fig. 2A) which
showed a marked reduction of product related impurities under
both reduced and non-reduced conditions as identified by in-gel
digestion and mass spectroscopy (data not shown). We assessed
the immunoreactivity of EPA using a mouse monoclonal antibody,
identified as 7E3, and a polyclonal anti-exotoxin A serum. The
immunoblotting profiles appeared similar for both forms of EPA
using both reagents (Fig. 2B). Analytical SEC-MALS-HPLC showed
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Fig. 2. Final bulk characterization of EPA derived from processes A or B. Panel A, Coomassie blue staining SDS-PAGE gel analysis. Panel B, immunoblot with EPA specific mAb
7E3 or polyclonal Exotoxin A under reducing (R) and non-reducing (NR) conditions. Panel C, SEC-MALS-HPLC analysis: EPA from process A, black line; process B, blue line.
Panel D and E, RP-HPLC of non-reduced or reduced EPA from process A (black lines) or process B (blue lines), respectively. Panel F and G, FAR UV analysis of EPA from process
A or B with heat denaturation at various temperatures. A marked change in the secondary structures of EPA are noted by the thickened blue and black lines at 55 °C and 60 °C.

Negative controls for immunoblots are not shown.

similar chromatographic profiles (Fig. 2C), with a monomeric peak
of 99.0% and 99.7% by process A and B, respectively. The molar
masses were also comparable (67.7 kDa and 67.6 kDa, respec-
tively) (Fig. 2C). Characterization of EPA from process A and B by
RP-HPLC showed similar elution times and areas for the primary
chromatographic peak under non-reduced (Fig. 2D) and reduced
(Fig. 2E) conditions (93.1% versus 94.6% under non-reduced condi-
tions, and 82.3% versus 81.0% under reduced conditions, respec-
tively). An analysis of the secondary structures by FAR-UV
showed that both forms of EPA had similar ellipticity curves when
denatured by increasing temperature and that a major change in
secondary structure was observed for both between 55 °C and

60 °C (Fig. 2F and G). Neither form of EPA appeared to completely
refold following cooling to 20 °C (Fig. 2F and G). The identity of the
purified material was also confirmed by intact mass spectrometry
(66,977 Da and 66,978 Da, Process A and B respectively, compared
to the expected mass of 66,975 Da) and N-terminal sequencing
(ANLAEEAFDL).

3.3. Host cell protein content analysis

E. coli HCPs were quantitated using a platform specific immuno-
blot analysis which has a reported detection limit of 6.1 ng/mL
using alkaline phosphatase as the substrate for detection of
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Fig. 3. E. coli HCP content analyses for EPA produced using process A or B. Panel A,
HCP testing of EPA from process A (left panel) or process B (right panel). Lane
identifiers for both upper panels are EPA, lane 1; E. coli (Ec) standard, lane 2; EPA
+ Ec standard mixed, lane 3. Panel B, graphical representation of the standard curves
generated from panel A (solid and dashed lines representing technical replicates)
and data points (A and M) which represent independent HCP slot blot results
observed in EPA from process A plotted within their respective standard curves.

antibody binding [24]. The detection limit was similar using IRDye
800CW secondary antibody (data not shown). The immunoblot
method has unique qualities in that it may be used for both
upstream and downstream HCP assessments [24]. A visual of the
immunoblot results are shown in Fig. 3A along with a graphical
representation of the standard curves and points on the curve for
the HCP content identified in EPA from process A (Fig. 3B). The
HCP content from process B was below the sensitivity of the test
(Fig. 3A, right panel). The HCP content in the final bulk EPA from
process A was 0.14% and 0.22% w/w (1419 and 2243 ppm) for
the two replicates performed. The revised purification process B
markedly reduced the HCP content in EPA to a level below the sen-
sitivity of the assay.

3.4. Tryptic peptide analysis and post-translational modifications
(PTMs)

Purified EPA derived from process A or B were peptide mapped
by mass spectroscopy following trypsin digestion. The peptide cov-
erage for both purification procedures used to produce EPA was

greater than 99% (Fig. 4). A variance was noted in the amino acid
sequence of recombinant EPA from the earliest report [12] that
deleted E553 at which an amino acid substitution was noted at
position V552 (or position V555 in Fig. 4 due to three additional
non-native N-terminal amino acids that remained following cleav-
age of the Salmonella typhimurium outer membrane protein A sig-
nal peptide [13]) from leucine (L) to valine (V). The E553 amino
acid deletion was expected in the pVC45Df+T expression plasmid
[20] used in subcloning the EPA gene into the pET-24a(+) expres-
sion vector. The codon corresponding to L552 in the nucleotide
sequences of both pET24a(+)/rEPA and pVC45Df+T plasmids had
an unreported mutation from CTG to GTG which encoded for
valine. The presence of valine was confirmed by evaluating the
tryptic peptide fragments and mis-cleaved fragments of EPA. In
all cases, the mass of the parent ion for the tryptic fragment con-
taining V555 was within 1 ppm of the expected mass (see Supple-
mentary Table S1) compared to an increase in mass of 14.0 Da if
the amino acid at position V555 in Fig. 4 was leucine.

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.vaccine.2018.09.
037.

The EPA ionizing peptides were also compared for PTM (see
Table 1 and Supplementary Table S1). As shown in Fig. 4 and
Table 1, only a limited number of PTMs were observed; 89.3% of
EPA peptides from process A and 89.8% of EPA peptides from pro-
cess B had no PTMs. More importantly, only a limited number of
PTMs were observed that appear to be similar for both regardless
of the down-stream purification process. The most prominent
PTM was deamidation, which were likely induced by the trypsin
digestion [33]. Amidation was searched as a C-terminal modifica-
tion [34] and was present on K615, with slightly more for process
A at an average of 4.0% of total peptides. Acetylation was seen at
several locations but occurred at 100% for Q356. Gluconoylation,
a common posttranslational glycation observed in the fermenta-
tion of E. coli cells that can adversely affect the quality of recombi-
nant protein [35], was observed at several sites, but never above 2%
of the total peptides. Carboxylation and phosphogluconylation
were not observed in any of the samples.

3.5. Immunogenicity of EPA in mice

Pooled serum from groups of BALB/c mice immunized with EPA
produced from process A or B formulated on Alhydrogel® yielded
similar reciprocal ELISA titers at an OD1 independent of the plate
antigen (3.40E6 VS 3.77E6 on EPA from process A or 1.76E6 vs
2.12E6 on EPA from process B).

4. Discussion

Chemical conjugation of EPA to polysaccharides and weakly
immunogenic proteins has been used to produce effective
immunogens [9,11,16,36]. In malaria vaccine development of
transmission blocking vaccines chemical conjugation to EPA has
been critical for demonstrating improved immunogenicity while
maintaining safety [11]. A trial in the U.S.A. was the first demon-
stration of biological activity of a P. falciparum malaria transmis-
sion blocking vaccine formulated on Alhydrogel™ in humans [11]
and more recently, similar observations were obtained in a phase
1 trial in Mali (manuscript in preparation, clinical trials.gov
NCT02334462).

In the original purification process, the quality attributes for EPA
were within the acceptance criteria for cGMP pilot-scale production
with the exception for the HCP content. Possibly due to scale-up, the
HCP concentration was consistently near the threshold for an out-
of-specification determination. The search for alternative resins
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Fig. 4. Primary amino acid sequence of EPA and tryptic peptide coverage map for EPA produced following processes A or B, and identification of post-translational
modifications (PTM) by LC/MS/MS. Bold text indicates peptides not identified in tryptic peptide mapping. Specific PTMs observed in both technical replicates at >1% intensity
are noted by the colored highlighted letter(s) (gray for gluconylation, yellow for acetylation and green for amidation) and italics designates N-terminal modifications.

Table 1

Post-translational modifications observed for specific amino acids (AA) within EPA derived from process A or B.

PTM* Acetylation Amidation Gluconylation

Location AA Al A2 B1 B2 Al A2 B1 B2 Al A2 B1 B2

1 A - - - - - - - - 0.58% 0.56% 1.74% 1.98%
23 K - - - - - - - - 0.01% 0.01% 0.02% 0.03%
40 T 0.09% 0.10% 0.13% - - - - - - - -
158 A 0.43% 0.64% 0.48% - - - - - - - -
167 T 0.43% 0.80% 0.08% 0.04% - - - - - - - -
176 S 0.50% 0.49% - - - - - - - - - -
243 K - - - - - - - - 0.01% 0.01% 0.30% 0.38%
356 Q 100% - - - - - - - -

608 K - - - - - - - - 0.10% 0.09% 0.33% 0.35%
615 K - - - - 3.95% 4.10% 1.39% 0.53% - - - -

# Technical replicates are included for each sample from process A or B.

XXX.
XXX.

identified MEP resin which is a multimodal chromatography matrix
that can be used to capture target protein from untreated feedstocks
showing its value as a purification media [32]. In general, at high-
levels of salt typical for HIC, binding is effective and target protein
can be recovered by desalting, lowering the pH, or a combination
of the two. Below pH 4.8, the ionizable MEP resin is protonated
allowing for charge displacement or pH dependent elution [32]. In
the case of EPA, binding was dependent on the salt levels and it
was necessary to add 500 mM ammonium sulfate in the feedstock
to adsorb EPA. Once EPA bound the resin, the ammonium sulfate

could be removed, and EPA remained bound thereby strongly sug-
gesting that binding was not through a classical HIC mechanism.
Lowering the pH to 4.0 was necessary but not sufficient to elute pro-
duct suggesting desorption by ionic repulsion was not solely respon-
sible. Importantly, adding 1 M arginine in the wash buffer was
critical for the release of most of the non-product related impurities
at pH 5.0 and subsequent elution of EPA at pH 4.0, possibly implicat-
ing a hydrogen bonding effect [31].

The theoretical isoelectric point of EPA is 5.3 and when attempt-
ing to buffer exchange EPA using ultrafiltration from the MEP
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eluent (at pH 4.0) into a neutral pH buffer for further processing, a
sizable portion of the EPA would aggregate (data not shown). Bind-
ing of EPA from the MEP eluent to a CHT resin at pH 6.0 and elution
at pH 7.5 served two purposes, product was buffer exchanged
without precipitation and additional HCPs of a different molecular
weight than EPA were removed (data not shown).

An important aim of this study was to establish the biophysical
and biochemical comparability of the two purified forms of EPA
derived from process A or B were highly similar. To this end, the
full-biochemical and biophysical characterization demonstrated
that the identity, purity, solubility as well as secondary structure
appeared highly similar, including their evaluation by RP-HPLC
and analytical SEC-MALS-HPLC. Furthermore, we demonstrated
that the EPA specific mAb 7E3 is suitable for recombinant protein
characterization by immunoblot. The most extensive demonstra-
tion of the comparability of EPA derived from processes A and B
was the tryptic peptide mapping studies and PTM analysis. Of note,
99% of the protein was identified in the peptide mapping and more
than 90% of the tryptic peptide fragments were accounted for as
non-modified peptides. Of the 10% of the peptides identified with
PTMs (amidation, deamidation or acetylation), the majority were
potentially derived from tryptic digestion and process handling
[33]. We also screened for ADP-ribosylation, gluconylation, phos-
phogluconylation, and sulfation, but there was no indication of
their respective modifications. Finally, we noted that the expected
native leucine at position 552 (or position 555 in Fig. 4) had at
some point been substituted with the conserved amino acid,
valine. Given that plasmid pVC45Df+T contained the nucleotide
sequence GTG at codon 552 which encodes for valine and not
CAG encoding for glutamic acid, it seems that this point mutation
occurred when the E553 deletion was introduced ([12,20] and D.
Fitzgerald and I. Pastan, personal communication).

The HCP content in clinical material is an important considera-
tion during development [37]. Bulk EPA with the levels of E. coli
HCP approaching the acceptance criteria required reprocessing,
prior to conjugation, which resulted in both time and material
losses. With respect to EPA used in clinical trials, the HCP content
was less than 0.1% w/w EPA following reprocessing. The addition of
MEP and CHT column chromatography steps resulted in product
with highly similar biophysical and biochemical properties based
on extensive characterization (Figs. 2-4) but with a markedly
improved HCP content using a process/platform specific immuno-
blot assay [24]. The HCP levels of the one-quarter EPA standard
from process A averaged 0.18% w/w HCP and for other research lots
ranged up to 0.8% w/w HCP. The minimum detectable level by the
immunoblot assay is 0.0012% w/w HCP. Multiple lots from process
B were below this level of sensitivity which represented at least a
hundred-fold reduction in the HCP level. A similar reduction in the
abundance of HCPs was observed when comparing processes, A
and B by quantitative mass spectroscopy (manuscript in
preparation).

The process changes reported here have yielded an EPA with
highly similar quality characteristics and immunogenicity as the
original EPA process which had already been used in multiple clin-
ical trials [11] (and NCT02334462 and NCT02942277) but with
more robust removal of E. coli HCP. With a reduced HCP content,
the safety profiles of future conjugated malaria vaccines are likely
to be unchanged. Considering the number of clinical trials that
have used EPA as a carrier from various sources and demonstrated
safety, EPA is likely a suitable carrier for use in human vaccines.
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