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Abstract

lantibody purification is not as effi-

cient as antibody purification from

serum, ascites, or mammalian cell

cultures. It is characterized by the
application of inefficient plantibody solid-liquid
extraction systems, low plantibody recovery,
and short lifetimes of expensive chromatogra-
phy matrices. To overcome it, several protocols
of liquid-liquid aqueous two-phase extraction
(ATPE) combined with affinity chromatography
were previously studied to purify the CB.Hep-1
monoclonal antibody, which showed an unex-
pectedly high recovery. However, a study of
ATPE combined with several affinity chroma-
tography matrices to purify plantibodies has
not been reported so far. Therefore, a combi-
nation of the best ATPE protocol with five
specific affinity chromatography matrices to
purify a plantibody for vaccine manufacturing is
described in this study. Positive outcomes from
plantibody recovery (%), specific activity (%),
yield (mg purified IgG/L of leaf extract), and
productivity (mg purified IgG/L of leaf extract/h)
were achieved. Plantibody purity did not show
statistical differences among all samples (>97%,
p<0.05), and protein A leakage was thousands
of times smaller than toxic protein A for non-
human primates. In summary, the combination
of ATPE (10% PEG 4000/15% K,POa,, pH 5.5) with
two specific affinity resins were well-suited for
large-scale plantibody purification from tobacco
plant leaves.

Introduction

Agricultural biotechnology has impacted human
history significantly.l" Within this field, the application of
transgenic plants as bioreactors for recombinant protein
production, a concept known as “plant molecular farming”
has greatly contributed to this. The main advantages are
the low costs associated with biomass generation, and
the absence of bacterial toxins, viral contaminants, and
oncogenic DNA sequences.31The stability of recombinant
proteins in some plant tissues at ambient temperature is
also considered a remarkable advantage.l*

The feasibility of obviating the cold chain along with
the absence of human pathogens in plants could eliminate
the need to design downstream purification processes
intended for human pathogen clearance. However, even
cultivated plants contain a certain level of bioburden
that requires several robust purification steps to obtain
high-purity recombinant proteins such as plantibodies
(antibody produced by plants that have been genetically
engineered with a heterologous DNA).”*! Plantibody
recovery is generally low, and purification processes
are inefficient in comparison with those used to purify
monoclonal antibodies (mAbs) from serum, ascites, or
mammalian cell cultures.

In general, leaf processing and purification processes
consist of: (A) isolation and fractionation of the fresh
tissues, with particle size reduction; (B) clarification of
the crude extract; (C) extraction of the target protein into
an aqueous medium; and (D) purification of the target
protein. Techniques usually employed in these puri-
fication processes are: (A) wet milling; (B) solid-liquid
extraction; (C) oil extraction; (D) polyelectrolyte precipi-
tation; (E) isoelectric precipitation; (F) protein extraction
by maceration; (G) vacuum filtration; (H) centrifugation;
(1) acid precipitation; (J) heat treatment; (K) ultrafiltration;
(L) size-exclusion, affinity, ion-exchange, hydrophobic
interaction, immobilized metal affinity, and reversed-phase
chromatography; and (M) diafiltration. The combination of
these techniques leads to a target protein recovery close
to 60% at small scale and well below 60 % at pilot and
larger scales.!® 19
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To overcome these concerns, aqueous two-phase
extraction (ATPE) systems have also been studied. It is a
well-established technique used extensively in separations
of complex mixtures in all ranges from bench to produc-
tion-scale. It can be used for the purification of biological
products because proteins and other materials are often
distributed equally between two phases. It is easy to apply
in continuous production systems and also to scale up.["*3

In contrast, affinity chromatography has been the
method of choice for the purification of mAbs.[" This
powerful method is based on the reversible interaction
between an antibody and an antigen. It is known for
having: (1) a high selectivity for a target molecule presentin
complex biological sources; and (2) the capacity of the inert
solid supports to be regenerated and used in successive

purification cycles. In this regard, affinity chromatography
matrices based on Staphylococcus aureus protein A have
been the most widely used.['*"?

In this purification study, as in some previous studies,
the PHB-01 plantibody, a mouse antibody expressed in
transgenic tobacco plants specific for the hepatitis B virus
surface antigen, was used as model. This plantibody can
be used as an alternative immunoreagent to the CB.Hep-1
mAb (produced in mice) in a Cuban vaccine against hepa-
titis B.[20-221 Therefore, the subject of the study was to
assess a combination of an ATPE protocol with different
affinity chromatography matrices (described below) to
purify PHB-01 for vaccine manufacturing. Authors hypoth-
esize that these results could be of interest to the scientific
community for other applications.

Materials and Methods

Plant Material Source

Plants of the transgenic Nicotiana tabacum L. (var
Habana 92) created for PHB-01 expression served as the
plant source. Seedlings were planted in floating trays and
transplanted at 6 weeks old into a confined-condition crop-
ping house. There were 15 plants/meter?in a natural zeolite
substrate (1-3 mm diameter). Temperature and humidity
were controlled by the Center for Genetic Engineering
and Biotechnology (CIGB) GMP standards, and leaves were
harvested 6-8 weeks after transplantation for processing
and PHB-01 purification.!23:24

Tobacco Plant Leaf Extract Production

Harvested tobacco plants leaves were ground in a
Waring blender 31B192 (7011) with a 1L stainless steel
vessel combined with 150 mM phosphate buffered saline
solution (PBS)/0.56 mM/L ascorbic acid, pH 8, at 4°C. The
extracts were filtered and added to the extraction buffer
at a 50/50 ratio. All mixtures were adjusted to pH 5.5. The
final mixture was agitated for 10 min and then centrifuged
in a Hitachi model SCT5BA for 20 min.™

Aqueous Two-Phase Extraction

The 10% polyethylene glycol 4000 (PEG4000) and 15%
K,PO,4 were individually dissolved in purified water. The
resulting solutions of each phase-forming species were
mixed with 60 mL of tobacco leaf extract and added to a
tube containing PHB-01 (0.53 mg/mL, 7% of total soluble
proteins). Later, pH was adjusted to pH 5.5 and the solution
was mixed for 10 min in a Stuart SSL4 mechanical see-saw
rocker shaker. Phases were later separated by centrifuga-
tion at 11,000xg for 20 min.

PHB-01 Purification
The affinity chromatography matrices assessed

were ProSep®-vA Ultra resin (Merck Millipore), Protein A
Sepharose Fast Flow (PASFF) CL-4B (GE Healthcare Life

Sciences), CIM r-Protein A-1 (BIA Separations), AbSolute
High Cap (Novasep), and KanCapA™ (Kaneka). The binding
buffer used for all matrices was 150 mM PBS, pH 8.0, while
100 mM citric acid, pH 3.0, was used to elute PHB-01 mole-
cules. After elution, eluates were immediately neutralized
with 2 M Tris-HCI. The support properties, flow rate, recog-
nition site, chemical coupling, regeneration solution,
sanitization solution, and volume are described in Table 1.

Enzyme-Linked Immunosorbent
Assay (ELISA) for PHB-01 Quantification

Nunc™ MaxiSorp microtiter plates (Thermo Fisher
Scientific) were coated with 100 ug/mL of rec-HBsAg in
carbonate-bicarbonate buffer, pH 9.6. Standards and
samples were diluted in 150 mM PBS/0.2% bovine serum
albumin (BSA) (Thermo Fisher Scientific)/0.005% Tween 20,
and incubated for 20 min at 50°C. Subsequently, wells were
washed five times with 150 mM PBS/0.05% Tween 20 and
incubated with 100 uL/well of a goat anti-mouse gamma
immunoglobulin horseradish peroxidase conjugate for
20 min at 50°C. Finally, plates were washed again and
the reaction was revealed using o-Phenylenediamine as
the substrate and 0.015% H,0, in citrate buffer, pH 5.0.
The sample absorbance was measured at 492 nm using a
Multiskan ELISA reader (Thermo Fisher Scientific).l?%!

Total Protein Determination

Total protein concentration was determined according
to Lowry et al.'?! using BSA as a standard material in incre-
ments from 100-500 pg/mL.

Sodium Dodecyl Sulfate/Polyacrylamide Gel
Electrophoresis (SDS-PAGE) for PHB-01 Purity
Determination

Sample purity was analyzed by gel electrophoresis on
a 12.5% (w/v) SDS-PAGE followed by Coomassie® brilliant
blue R-250 (Bio-Rad) staining, as described by Laemmli.1?”!
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Size Exclusion-High Performance
Liquid Chromatography (SE-HPLC)
for PHB-01 Purity Determination

All chromatographic separations were performed using
a model L7110 HPLC pump (Merck-Hitachi), a detector of
variable wavelength UVL-7400 (Merck-Hitachi) and an inter-
face D-7000 (Merck-Hitachi). The absorbance was always
monitored at 226 nm. A TSKgel G3000PW (7.5x600 mM,
Tosoh) column was used with a constant flow of 0.4 mL/
min and a run time of 100 min. The amount of protein and
standards applied was always 100 ug/run.

ELISA for Staphylococcal Protein A Quantification

High-binding plates (COSTAR/Corning) were coated for
3 h at 37°C with 10 ug/mL sheep polyclonal antibodies
specific for protein A dissolved in carbonate-bicarbonate
buffer, pH 9.6 (100 pL/well). After this, plates were washed
three times with washing solution (150 mM PBS/0.1%
Tween 20, pH 7.2). Further, plates were blocked with 200 uL/
well of 1% skim milk (Oxoid/Thermo Fisher Scientific) for
1h at 37°C and washed four more times with the same
washing solution. Concentrations of the standard protein A

were prepared from 0.19-3.13 ng/mL, and in all cases,
samples were diluted in 0.5% skim milk and combined
with 150 mM PBS/0.1% Tween 20, pH 7.2, boiled for 3 min,
centrifuged at 10,000xg (Hettich Universal 16/Gemini bv),
placed on the plates (100 uL/well) and finally, incubated
for 1 h at 37°C. Afterward, plates were washed again and
a sheep polyclonal antibody specific for protein A/horse-
radish peroxidase conjugate was applied and incubated for
1 h at 37°C. The reaction was developed with peroxidase
substrate and stopped by the addition of 2.5 M sulfuric acid
(50 uL/well). The optical density was measured at 492 nm
using a Multiskan reader (Labsystems/Thermo Fisher
Scientific).[2#

Statistical Analysis

Differences in the sample results were compared by a
one-way analysis of variance (ANOVA) using Statgraphics®
Plus v. 5.0 (Statpoint Technologies) software and the
Duncan'’s test to discriminate among variables with statis-
tical differences. The level of statistical significance used
was 0.05, and three independent samples were evaluated
in each experimental set.

TABLE 1. Affinity chromatography matrix properties.

MAIN Protein A Sepharose . .
PROPERTIES ProSep-vA Ultra Fast Flow CIM r-Protein A-1 AbSolute High Cap KanCapA
Support Beads Beads Monolith Beads Beads
A Recombinant . . . . Recombinant Recombinant
Ligand Protein A Native Protein A Recombinant Protein A Protein A Protein A
) i Poly(glycidyl Spherical silica . )
Material Porous glass Highly cross-linked methacrylate-co-ethylene modified for high .nghly cross
4% agarose ) B linked cellulose
dimethacrylate) pH resistance
Particle Diameter (um) 75-125 45-165 — 35+2 65-85
Theoretical Linear _ i Up to 16 mL/min Up to
Flow Rate (cm/h) 400-800 30-300 (16 CV/min) (u,,= 625) Upto 1000cm/h 1000cm/h
Antibody Recognition Site Fc Fc and Fab Fc Fc Fc
Coupling Chemical Reaction Epoxy Cyanogen bromide Carbonyldiimidazole Epoxy 5;?:;:;;’?]
100 mM citric 100mM citric acid 100 mM citric acid, 100 mM citric
Regeneration Solution acid, pH 3.0, H3.0 ! 100 mM citric acid, pH 3.0 pH 3.0, acid, pH 3.0,
70% alcohol pH 3. 150 mM H,PO, 150 mM H,PO,
e e . 2M NaCl, 1M NaOH, 100 mM NaOH, 100mM NaOH,
Sanitation Solution 250mM H,PO, 20% ethanol 1M Nacl 500 mM NaOH 500mM NaCl
Human IgG Static Binding )
Capacity (mg/mL) >56 35 (drained gel) Not reported 95 Not reported
Human IgG Dynamic ; .
Binding Capacity (mg/mL) 35 (6 min RT) 20 >10 55 15 (1 min RT)
Mouse IgG Static Binding
Capacity (mg/mL) 33 12 Not reported 30 Not reported
CIM tube Minichrom
Column Type PD-10 PD-10 monolith column PD-10 8-100
Volume (mL) 13 1 1 12 5
Working Linear Flow Rate 5mL/min
(cm/h) 120 100 (uy,=232) 500 200
Residence Time (RT) (min) 3.2 154 0.72 0.72 1.32
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Results and Discussion

Plants have been used for many years for medicinal
purposes.[?®3% Compared to animals and animal cell
cultures, plants offer a safer and faster production of
biomass, requiring less time with more advantages in
terms of storage, distribution, and cost. Within this, “plant
molecular farming” is a relatively new biotechnology field
where plants are genetically modified to produce thera-
peutic proteins as vaccines, cytokines, antibodies, growth
factors, and enzymes while reducing contamination risks,
time, and production costs.[3"32

For instance, in 1989, the first antibody was expressed
in tobacco by Hiatt et al.®3 This study showed that plants
could assemble complex glycoproteins, and since then,
many antibodies have been produced in plants4-3¢
although very few have reached the status of pharma-
ceutical products so far. It is well-recognized that the
non-availability of efficient downstream processes for
plantibodies is one of the causes of this unexpected delay.

Several protocols are available for the purification of
antibodies from transgenic plants using protein A-based
affinity chromatography matrices.®’ However, the large-
scale purification of plantibodies from tobacco transgenic
plant extracts is still a challenge in most cases. The tobacco
plant leaf extract is composed of about 4000+ chem-
ical constituents, and their concentrations are directly
influenced by genetics, agricultural practices, soil types,
nutrients, weather conditions, stalk positions, cropping
methods, harvesting procedures, and diseases.[37-39
Because of these variables, changes in the chemical
composition of the leaves would most likely affect the
efficiency of the plantibody purification steps. Adding
to the complexities, transgenic plants inherently express
very low levels of target protein expression (ranging from
almost undetectable to milligrams of plantibody per kilo-
gram of pre-processed plant material).l%36

In order to successfully manage the enormity of PHB-01
plantibody purification, several ATPE combinations with
the ProSep-vA Ultra resin in affinity chromatography were
studied for eventual transition to large-scale purification.
The tobacco plant leaf extract spiked with the CB.Hep-1
mouse mAb (a PHB-01 counterpart) was used as a model.
The study involved turning the PHB-01 within the planti-
body-rich leaf extract into an immiscible liquid to initiate
the chromatography purification steps and achieve the
goal of maximizing the purity of the molecule and best
utilize costly affinity chromatography matrices. Results
were surprisingly successful which motivated us to further
the study using a combination of the best ATPE protocols
with an assortment of affinity chromatography matrices.*

Downstream processing can be defined as the combina-
tion of target protein extraction, capture, and purification.
The extraction phase is considered the most important
part of the downstream process because it determines
the: (1) initial level of antibody available for capture and

purification; (2) percentage of contaminants; (3) volume
to then be processed; (4) sequence of subsequent down-
stream processing steps; and (5) degree of waste removal
and control required.l'®#-421 With this in mind, the huge
majority of the reported methods applied to extract recom-
binant proteins and plantibodies from tobacco leaves has
been the processing of fresh tissue (leaves and seeds) and
solid-liquid extraction (wet-milling, maceration, freezing
and milling in liquid nitrogen, incubation with different
buffer solutions, temperature and pH values, centrifuga-
tion)."” However, data about plantibody recovery and
extract composition have not been reported or superfi-
cially mentioned. Nevertheless, the efficiency seems to
be low in all cases.

In this study, in order to avoid many of the prob-
lems associated with the PHB-01 solid-liquid extraction
application, an ATPE was applied before the affinity
chromatography experiments. This was done based on
ATPE results previously reported by Ferro et al.*! where
a PHB-01 recovery of 92.69+4.81% was reached. Details
on the extract composition were not mentioned in Ferro
et al.® but the plantibody recovery is the highest reported
thus far. Current study results (Table 2) evidenced that the
PHB-01 recovery ranged from 66.7-96.6%, which is lower
than those measured by Ferro et al.# but it is still high for
the extraction of plantibodies from tobacco plant leaves.
Since the ATPE protocols and solutions were the same, the
wide differences detected in PHB-01 recovery could be
explained by differences in the plant properties at harvest.
Therefore, further studies will have to be done to estimate
the exact robustness of this ATPE protocol employing plants
at different harvest times. In this case, the best results were
estimated in the ATPE protocol by AbSolute High Cap
(96.7%), PASFF (89.2%), and ProSep-vA Ultra (84.9%), and
the worst by KanCapA (69.9%) and CIM r-Protein A-1 (66.7 %).
On the other hand, the time required to grind the leaves and
make the extraction of PHB-01 by ATPE was about 30 min,
which is considered a fast extraction time, and 1.5 ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
crystals and solid particles were not extracted together
with the PHB-01. The specific activity of the PHB-01 results
demonstrated the stability of the molecule under these
conditions. However, the non-concentration factor and
poor purification capacity can be seen as constraints of
the ATPE protocol for large-scale processing. The dilution
factor ranged from 1.0 (120 mL) to 2.0 (180 mL), and the
purification capacity expressed as the ratio between the
PHB-01-specific activity after and before the ATPE ranged
from 1.1 to 1.6, which means a purity increase of up to
0.6% (Table 2). The neutralization of the pH (7.6) applied
during affinity chromatography was the cause, with major
impacts in the volume increase in the ATPE. These unde-
sired properties can be critical issues in transgenic plant
utilization because this technology is characterized by very
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TABLE 2. Results of the combined ATPE and affinity atography parameters measured in the purification of PHB-01.
PARAMETERS ProSep-vA Ultra P’°te;::tif§‘:',a’°’° C(Mr-ProteinA-1 |  AbSolute High Cap KanCapA
ATPE PHB-01 Recovery (%) 84.9 89.2 66.7 96.7 69.9
ATPE PHB-01 Dilution Factor (-fold) 2.0(180mL) 1.2(132ml) 1.0 (120 mL) 1.0 (120 mL) 1.0 (120 mL)
ATPE Purification Factor (-fold) 12 13 14 1.1 1.6
PHB-01 Recovery (%), Purification Cycle 1 76.7 64.4 69.1 59.3 18.2
PHB-01 Recovery (%), Purification Cycle 2 81.8 64.6 53.7 60.5 20.9
PHB-01 Recovery (%), Purification Cycle 3 76.1 63.3 494 60.8 19.2
PHB-01 Recovery (%), Average + SD 7796 £2.7 64.1+0.7 574+103 60.1+0.7 19.4+1.37
p=0.0000
PHB-01 Elution Efficiency (%), Purification Cycle 1 92.68 78.19 62.2 719 27.42
PHB-01 Elution Efficiency (%), Purification Cycle 2 87.45 67.85 67.7 68.7 3247
PHB-01 Elution Efficiency (%), Purification Cycle 3 88.69 58.62 774 75.1 24.08
PHB-01 Elution Efficiency (%), Average + SD 89.6+2.7 68.2+9.8 69.1£7.7 719+3.2 28.0+3.4
p=0.0001
PHB-01 Specific Activity (%), Purification Cycle 1 84.9 89.2 66.7 96.7 69.9
PHB-01 Specific Activity (%), Purification Cycle 2 2.0(180mL) 1.2(132ml) 1.0 (120 mL) 1.0 (120 mL) 1.0 (120 mL)
PHB-01 Specific Activity (%), Purification Cycle 3 1.2 13 14 1.1 1.6
PHB-01 Specific Activity (%), Average + SD 76.7 64.4 69.1 59.3 18.2
p=0.0340
PHB-01 Whole Process Recovery (%), Purification Cycle 1 65.1 57.4 46.1 573 127
PHB-01 Whole Process Recovery (%), Purification Cycle 2 69.5 57.6 358 58.5 14.6
PHB-01 Whole Process Recovery (%), Purification Cycle 3 64.6 56.4 329 58.8 13.4
PHB-01 Whole Process Recovery (%), Average + SD 66.4+2.7 57.1+0.6 383+6.9 582+0.8 13.6+1.0
p=0.0000
PHB-01 Yield (mg/L), Purification Cycle 1 349.0 308.2 2473 308.7 68.2
PHB-01 Yield (mg/L), Purification Cycle 2 372.7 309.2 192.2 3149 784
PHB-01 Yield (mg/L), Purification Cycle 3 346.7 303.2 178.6 316.5 72.2
PHB-01 Yield (mg/L), Average + SD 356.0 143 306.8+33 206.0+36.3 333.0+4.1 729+5.12
p=0.0000
PHB-01 SDS-PAGE Purity (%), Purification Cycle 1 97.6 98.0 98.6 98.0 97.9
PHB-01 SDS-PAGE Purity (%), Purification Cycle 2 97.7 98.5 98.7 98.1 98.5
PHB-01 SDS-PAGE Purity (%), Purification Cycle 3 98.1 98.0 98.0 98.2 96.6
PHB-01 SDS-PAGE Purity (%), Average + SD 97.8+0.2 98.1+0.2 98.4+0.3 98.1+0.1 97.6+0.9
p=0.4028
Run Time (min), Purification Cycle 1 20 950 15 8 13
Run Time (min), Purification Cycle 2 20 950 15 8 13
Run Time (min), Purification Cycle 3 20 950 15 8 13
Run Time (min), Average + SD 20 950 15 8 13
Whole Process Time (min) 0.6 16.5 0.6 0.5 —
PHB-01 Productivity (mg/L/h), Purification Cycle 1 0.33 0.02 0.25 0.37 0.07
PHB-01 Productivity (mg/L/h), Purification Cycle 2 0.54 0.02 0.31 0.59 0.13
PHB-01 Productivity (mg/L/h), Purification Cycle 3 0.55 0.03 0.30 0.64 0.13
PHB-01 Productivity (mg/L/h), Average + SD 0.5%0.1 0.02+0.01 0.3+0.03 0.5+0.1 0.1£0.03
p=0.0004
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low expression levels of recombinant proteins and the
huge volume of water provided by plant leaves!® 22436l
requiring subsequent concentration steps or the use of
affinity chromatography resistant to high linear flow rates.

Results of PHB-01 extraction by ATPE are coincident with
the recovery reported in the ATPE extraction of egg white
lysozyme from tobacco extract (87%, 1:1 phase ratio)“* but
far different in terms of concentration factor (14-fold) and
purification capacity (4-fold). However, Balasubramanian
et al*®¥ used a phase ratio of 1:15 which is different from
the ratio used in this study (1:1). Despite this, optimiza-
tion of the ATPE, in terms of these two parameters, is still
a necessity.

In this research, the affinity chromatography matrices
studied were a compendium of five matrices. One of them
(the PASFF) has been widely applied for the purification
of mAbs from any possible biological source!’”'® while
the other four matrices studied, ProSep-vA Ultra, CIM
r-Protein A-1, AbSolute High Cap, and KanCapA, have more
recently been applied to mAb purification. The common
issue among all five was the ligand used (staphylococcal
protein A) with differences in the support materials, ligand
properties, and resistance to chemical conditions.#4-47!

Table 1 lists the properties of the five affinity chroma-
tography matrices used and their differences (e.g., supports,
materials, binding capacities, etc.). These assessments are
crucial because the tobacco plant leaf extract contains
many different molecules and contaminant proteins
needing removal, which could interact with the support.
Also, different flow rates and sanitization conditions must
be considered. Therefore, depending on the plant material
being processed, the physical properties of columns and
ligand chemistries have to be carefully selected.l®

In this study, results revealed an affinity chromatog-
raphy step recovery as follows: 77.94£2.7% (ProSep-vA
Ultra), 64.1+0.7% (PASFF), 57.4+10.3% (AbSolute High Cap),
60.1£0.7% (CIM r-Protein A-1),and 19.4£1.37% (KanCapA).
Statistical differences were estimated among PASFF results
and the rest of the matrix results (p=0.0000) with no statis-
tical differences with the other four matrices. The recovery
of the affinity chromatography based on 19.4+1.37%
(KanCapA) was significantly lower than the rest of studied
variants. Therefore, results observed in ProSep-vA Ultra
experiments are within the efficiency range of protein A
affinity chromatography matrices used in the purification
of mAbs from other sources (70-90%). This better perfor-
mance could be related to the porous glass matrix for the
immobilization of protein A with a very high immuno-
globulin binding capacity (Table 1) versus particle size,
flow rate, residence time, and ligand properties of the
assessed matrices. However, these results appear to be
more related with differences observed in the plantibody
elution capacity: 89.6+£2.7% (ProSep-vA Ultra), 68.2+9.8%
(PASFF), 69.1+7.7% (CIM r-Protein A-1), 71.9+3.2% (AbSolute
High Cap), and 28.0+3.4% (KanCapA) (Table 2). The planti-
body recovery and elution capacities showed a very high

correlation (R?=0.91). A deep analysis on the strength of
the protein A and immunoglobulin association cannot be
performed because protein A association constant values
have not been reported for all of the ligand versions used
in this study. Exceptionally, the CIM r-Protein A-1 showed
a consistent increase in elution capacity (62.2%, 67.7%,
and 77.4%) but a decrease in the recovery after the second
purification cycle (69.1%, 53.7%, and 49.4%). Therefore, the
most challenging factor in the CIM r-Protein A-1 matrix was
the binding capacity.

According to the manufacturer, KanCapA increases
the value of protein A affinity chromatography for mAb
production, as compared to other matrices based on
agarose or glass, because it is a unique combination of an
alkaline-stable protein A ligand with a highly cross-linked
cellulose-base matrix. This can enhance binding capacity,
chemical stability for cleaning-in-place, specificity, and
scalability. However, results compiled in this study demon-
strated its performance in terms of binding and elution
capacity. Thus, optimization work has to be done to identify
the cause of this behavior with transgenic tobacco plant
extracts. Two matrices, CIM r-Protein A-1 and KanCapA, are
not practical for such purposes.

The specific PHB-01 activity expressed as the ratio
between both the PHB-01 and total protein amounts deter-
mined in the purified sample ranged from 130+7.0% to
94.1+£5.4%. This indirectly corroborated the high purity
level of the plantibody molecule and the stability of the
plantibody antigen recognition capacity, as measured by
ELISA under relative strong elution conditions (100 mM
citric acid, pH 3.0). The statistical analysis showed signif-
icant differences (p=0.0340), but all values were close to
100%. The differences can be justified by the inter-assay
variation coefficient of the ELISA (about 20%).

The whole process recovery was 66.4+2.7% (ProSep-vA
Ultra) to 13.6+1.0% (KanCapA). This parameter was esti-
mated by the multiplication of the ATPE and affinity
chromatography recoveries. Thus, due to the probable vari-
ation of the tobacco plant leaves, a lower recovery measured
at 66.7% (CIM r-Protein A-1) and 69.9% (KanCapA) nega-
tively affected the whole purification recovery experiment
for the two matrices, about 14% and 4.3%, respectively.
Despite this limitation, significant differences were also
corroborated in favor of ATPE/ProSep-vA Ultra (66.4+2.7%),
ATPE/AbSolute High Cap (58.2+0.8%) and ATPE/PASFF
(57.1+£0.6%). These experiment results are similar to those
reported by Valdés et al.’®! but with only two purification
steps, which is an economical advantage for large-scale
processing. As a consequence of the whole purification
recovery, the processes yielded (mg/L of PHB-01 from leaf
extract): 356.0+14.3 (ProSep-vA Ultra), 306.8+3.3 (PASFF),
206.0£36.3 (CIM r-Protein A-1), 333.0+4.1 (AbSolute High
Cap) and 72.9 = 5.12 (KanCapA) (Table 2).

After any purification procedure, a high level of purity
has to be demonstrated. Regarding this, one of the simplest
methods for assessing the purity of antibody molecules is

Winter 2016/2017 BioProcessing Journal [Vol.15/No. 4] @ Since 2002: www.bioprocessingjournal.com


http://www.bioprocessingjournal.com

Assessment of Affinity Chromatography Matrices in Plantibody Purification from Aqueous Two-Phase Extraction Samples

the SDS-PAGE. This parameter is perhaps one of the most
important parameters to be demonstrated for any puri-
fied molecule intended for use in humans. It is common
knowledge that the level of purity usually demanded by
regulatory agencies is >95%. In this assay, the intact planti-
body molecule was reduced and denatured when boiled in
the presence of mercaptoethanol. Therefore, the expected
SDS-PAGE corresponds with two main bands (50-55 kDa
and 20-25 kDa). Figure 1 compares the SDS-PAGE results,
showing two main bands corresponding with the heavy
and light chains of the gamma immunoglobulin. Another
band close to the heavy chain was also present in most of
the samples. This band is also a PHB-01 heavy chain, but
with differences in the glycosylation pattern of the heavy
chain. Thus, the level of purity measured by densitometry
analysis was higher than 97.6+0.9%, and non-statistical
differences were estimated among the purity levels of all
samples (p=0.4028). The purity of PHB-01 was also corrob-
orated by HPLC-GR chromatography where the minimum
level of purity estimated was 95.6% (data not shown). This
chromatography test also confirmed the lack of PHB-01
molecule aggregates. These results are coincident with
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— — —— —
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Ferro et al.*® results. Therefore, the combination of ATPE
with any of these affinity chromatography matrices was
able to provide the PHB-01 molecule with a purity level
higher than that required for human vaccine manufacture.

There were differences in the resistance and flow rates
among the affinity chromatography matrices assessed, so
a general productivity analysis was conducted to identify
potential improvements for protein purification. This is a
key indicator in the further assessment of economic perfor-
mance. In this study, the highest productivity values were
measured in the processes that involved the ProSep-vA
Ultra and AbSolute High Cap (0.5£0.1 mg/L/h for both).
Conversely, the minimum productivity value was measured
in the process carried out with PASFF (0.02+0.01 mg/L/h).
This was because of the amount of time spent in the puri-
fication of PHB-01 by the PASFF (950 min). Therefore, the
use of PASFF for large-scale PHB-01 purification would not
be feasible.

Staphylococcus aureus is the most pathogenic of all
staphylococci for humans™® and carries protein A. This
protein is anchored to staphylococcal peptidoglycan and
shows an excellent binding capacity for the Fc region of

B

3 4 1 2 3 4

FIGURE 1. SDS-PAGE analysis of purified PHB-01. The reference material used is CB.Hep-1 purified from ascites.

(A) Purification with ProSep-vA Ultra. Lane 1: cycle 1; Lane 2: cycle 2; Lane 3: cycle; and Lane 4: reference material.
(B) Purification with PASFF. Lane 1: cycle 1; Lane 2: cycle 2; Lane 3: cycle; and Lane 4: reference material.

(C) Purification with CIM r-Protein A-1. Lane 1: cycle 1; Lane 2: cycle 2; Lane 3: cycle; and Lane 4: reference material.
(D) Purification with AbSolute High Cap. Lane 1: cycle 1; Lane 2: cycle 2; Lane 3: cycle; and Lane 4: reference material.
(E) Purification with KanCapA. Lane 1: cycle 1; Lane 2: cycle 2; Lane 3: cycle; and Lane 4: reference material.
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gamma immunoglobulins. In fact, studies involving muta-
tion of genes coding for protein A resulted in a lowered
virulence of the bacterium, which has led to speculation
that protein A-contributed virulence requires binding of
the antibody Fc region.

For decades, due to their immunoglobulin-binding
capacities, various recombinant forms of protein A have
been used as a ligand to purify a wide range of antibodies
by immunoaffinity chromatography. Paradoxically, this
property is good and bad for the biopharmaceutical
industry, as S.aureus is a contaminant. Hence, the deter-
mination of protein A is mandatory for the production of
mADbs for biopharmaceutical use. It isimportant to mention
that factors like column geometry, antibody load, and
chromatography conditions may affect the amount of
protein A released from affinity chromatography columns.
Itisimportant to keep this to a minimum to extend the life
of the matrices.

Additional downstream purification steps have the
ability to eliminate protein contaminants (e.g., diafiltra-
tion, ion-exchange, and size-exclusion chromatographies).
Nevertheless, guidelines for recombinant protein produc-
tion were followed in this study to generate data for matrix
comparisons, and protein A leakage was measured in some
samples. Results evidenced the highest protein A leakage
with the ProSep-vA Ultra (70-130 ppm) matrix whereas the
leakage detected with the other four matrices was always
less than 20 ppm. The CIM r-Protein A-1 column released
only 4.14+6.94 ppm of protein A.

Maximum values of protein A released from the columns
should be expected from columns with a minimum amount
of antibody bound and eluted from the affinity chroma-
tography column (e.g., KanCapA). However, despite the
particularities of each chemistry condition employed to
couple protein A ligands (e.g., recombinant or native) to
each support (e.g., beads or monolith), a high binding and

elution capacity of antibody could also contribute to higher
protein A leakage because of the association constant
existing between both kinds of molecules.

We extrapolated data of protein A detected in samples
of PHB-01 eluted from the ProSep-vA Ultra columns (worst
case) to a 15L immunosorbent made at a ligand density of
4 mg/mL PHB-01 used in hepatitis B vaccine manufacturing.
Considering that: (1) all protein A released together with the
PHB-01 will be bound to the agarose and eluted from the
immunosorbent; and (2) protein A will not be eliminated in
the subsequent purification steps; the amount of protein A
that could be detected in a hepatitis B vaccine dose is
about 0.74 ng/kg of the weight of vaccinated people. This
is thousands of times smaller than the toxic non-primate
protein A dose (100 ug protein A/kg of body weight applied
intravenously for 12 weeks).**! Thus, according to this anal-
ysis, there was no risk for protein A contamination in the
vaccine manufactured with the hepatitis B surface antigen
and purified with immunosorbents containing the same
ligand as that used in the affinity chromatography purifi-
cation of PHB-01 studied in this research.

Conclusions

The ATPE has been confirmed as suitable for recombi-
nant protein extraction from transgenic tobacco plant leaf
extract. There is no risk for protein A contamination in the
vaccine manufactured with hepatitis B surface antigen and
purified with immunosorbents that use the same type of
ligand as in this PHB-01 study. The combination of ATPE
(10% PEG4000/15% K,PO,, pH 5.5) with ProSep-vA Ultra
or AbSolute High Cap affinity chromatography matrices
are the best choices for large-scale plantibody purification
from tobacco plant leaves. The KanCapA, CIM r-Protein A-1,
and PASFF matrices were found to be less practical for these
specific affinity chromatography purification processes.
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