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Abstract Immunotoxins are rationally designed cancer tar-
geting and killing agents. Disulfide stabilized antibody Fv
portion—toxin conjugates (dsFv-toxin) are third generation
immunotoxins containing only the antibody fragment vari-
able portions and a toxin fused to the Vi or V.. Pseudomo-
nas exotoxin fragment (PE-38) is a commonly used toxin in
immunotoxin clinical trials. dsFv-toxin purification was
previously published, but the recovery was not satisfactory.
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This report describes the development of a cGMP produc-
tion process of the dsFv-toxin that incorporated a novel
purification method. The method has been successfully ap-
plied to the clinical manufacturing of two dsFv-PE38 immu-
notoxins, MR1-1 targeting EGFRVIII and HA22 targeting
CD22. The two subunits, Vi and Vi PE-38 were expressed
separately in Escherichia coli using recombinant technolo-
gy. Following cell lysis, inclusion bodies were isolated from
the biomass harvested from fermentation in animal source
component-free media. The dsFv-toxin was formed after
denaturation and refolding, and subsequently purified to
homogeneity through ammonium sulfate precipitation, hy-
drophobic interaction and ion-exchange chromatography
steps. It was shown, in a direct comparison experiment
using MR1-1 as model protein, that the recovery from the
new purification method was improved three times over that
from previously published method. The improved recovery
was also demonstrated during the clinical production of two
dsFv-PE38 immunotoxins—MRI1-1 and HA22.

Keywords Immunotoxin - Expression and purification -
Refolding - cGMP production

Introduction

The technology of immunotargeting and immunotherapy of
tumors using specific antibodies was developed in the 1980s
(Bird and Walker 1991). Immunoglobulin fragments gener-
ated either by enzymatic cleavage or by genetic engineering
contain only the antigen recognition variable region of a
normal antibody. Lack of the constant region (Fragment,
crystalizable, or Fc) eliminates Fc-mediated binding,
reduces immunogenicity, improves the rate of tumor pene-
tration, and promotes rapid clearance from normal tissue
(Reisfeld and Gillies 1996). In these antibody fragments,
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variable regions of the heavy and light chains (Vg and Vp)
are linked through either disulfide bond (dsFv) or peptide
linker (scFv) (Reiter et al. 1994; Huston et al. 1988; Bird et
al. 1988; Pastan et al. 2006). Despite their intrinsic lower
affinity and rapid clearance, antibody variable fragments
were shown to have excellent selectivity with high tumor/
normal tissue binding ratios. These unique characteristics
provide great potentials for scFv and dsFv to be used as
specific tumor cells targeting drug (Yokata et al. 1992; Bird
and Walker 1991).

Antibody-toxin conjugates (immunotoxin) were devel-
oped to target and kill cancer cells efficiently by taking
advantage of the antibody’s specificity and toxin’s cyto-
toxicity (FitzGerald et al. 2011). Pseudomonas exotoxin
(PE) secreted by Pseudomonas aeruginosa has been cou-
pled to a variety of monoclonal antibodies (Kuan and Pastan
1996; Reiter 2001) and shown to inhibit protein synthesis by
catalyzing the ADP-ribosylation of elongation factor 2
(Iglewski and Kabat 1975). PE conjugated immunotoxin is
5- to 5,000-fold more cytotoxic than other toxin conjugates
such as ricin A chain (Pirker et al. 1985; Bjorn et al. 1986).
The cell binding domain of PE is removed by genetic
engineering in order to reduce toxicity to normal cells.
Various PE immunotoxins including anti-IL-2 Tac-PE38
(LMB-2, anti-CD25), anti-CD22-PE38 (BL22, CAT-3888;
HA22, CAT-8015), anti-Le¥ PE (LMB-1), transferrin-
CRM107, anti-mesothelin variable fragment (Fv)-PE38
(SS1P), and IL-4 (38-37)-PE38KDEL have been evaluated
and shown in vivo anti-tumor activity in animal models
(FitzGerald et al. 1988; Frankel et al. 2000; Kreitman et al.
2009; Pai et al. 1996; Zhang et al. 2011). Immunotoxins
have been involved in many ongoing or completed clinical
trials (Frankel et al. 2000; Pastan et al. 2006; Kreitman
2006; Kreitman et al. 2009; Wayne et al. 2010; Kreitman
et al. 2012).

Despite the promising results from preclinical and clini-
cal studies with immunotoxins, several problems have im-
peded the wider application of immunotoxins in cancer
therapy. The problems include lack of high affinity, hetero-
geneity of antigen expression on tumor cell surfaces, and
difficulties in immnuotoxin production. Progress has been
made in improving immunotoxin affinity and activity
(Frankel 2002; Pastan et al. 2006). Hot spot mutagenesis
and phage display have been applied to identify high-
affinity, adequately tumor-selective ligands. Critical tumor
cell proteins such as oncogene products are targeted to
generate immunotoxin. Although recombinant immunotox-
ins may be expressed as secreted protein in the periplasm or
harvested from cytoplasm of E. coli, better yields of purified
immunotoxins may be achieved by recovery of recombinant
protein in soluble inclusion bodies (Kreitman et al. 2009).
The isolation and purification methods for immunotoxins
were developed previously for several immunotoxins in
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clinical trials, such as LMB-2 (Kreitman et al. 2000; Batra
et al. 1990; Chaudhary et al. 1989) and BL22 (Kreitman et
al. 2001; Mansfield et al. 1997a, 1997b). The published
production methods are similar for scFv-PE38 (LMB-2)
and dsFv-PE38 (BL22). Basically, the immunotoxins are
expressed in E. coli as inclusion bodies, an insoluble form
of protein aggregation. The proteins are solubilized with a
denaturing buffer (urea or guanidine—-HCI). The refolding
occurs in a redox environment in order to promote correct
disulfide bond formation. Following refolding, two ion ex-
change and one size exclusion chromatography steps are
applied to the immunotoxin purification (Batra et al. 1990;
Buchner et al. 1992). The overall yield of the entire process
was low, for instance 2 % in one case (Lorimer et al. 1996),
and production cost was high.

MRI-1 is a recombinant disulfide bond stabilized single-
chain antibody-immunotoxin that binds specifically to a
mutant of the epidermal growth factor receptor, EGFRVIII,
found on tumor cells including glioblastomas, breast carci-
nomas, and others (Wikstrand et al. 1995; Lorimer et al.
1995). EGFRVIII contains an in-frame deletion of NH,-
terminal amino acid residues 6-273 from the extracellular
domain of EGFR that results in a 145-KD molecule with a
unique primary sequence characterized by an inserted gly-
cine residue at the fusion junction (Humphrey et al. 1988;
Yamazaki et al. 1990; Wikstrand et al. 1998). MR1-1 was
selected from a phage display library derived from the
parent antibody-MR1 by random complementarity deter-
mining region mutagenesis (Lorimer et al. 1996; Beers et
al. 2000). MR1-1 binds to EGFRVIII with higher affinity
than does the parent antibody MR1. The Vi in MR1-1 is
fused to a truncated mutant form of Pseudomonas exotoxin
A (PE38KDEL) that was modified to remove the natural
cell-binding domain. Vy-PE38 is linked with the Vi vari-
able region via disulfide bonding. In vitro and in vivo
(animal model) studies showed that anti-EGFRVIII toxin
possessed excellent tumor retention and rapid clearance
from normal tissues, which makes MR1-1 as a potential
immunotherapeutic agent (Kuan et al. 1999; Archer et al.
1999; Wikstrand et al. 1999; Kuan et al. 2000).

RFB4 is a murine antibody specifically targeting CD22, a
B lineage antigen strongly expressed on hairy cell leukemia
(HCL) cells and less strongly on chronic lymphocytic leu-
kemia (CLL) cells. The variable domains of RFB4 were
used in the construction of dsFv-PE38 immunotoxin
BL22, currently in clinical trials for treatment of HCL,
CLL, and pediatric acute lymphoblastic leukemia. Three
amino acid changes were introduced into BL22 VH portion
to create a new immunotoxin HA22 that has 10-fold higher
affinity to CD22 and 10- to 100-fold higher potency against
CLL (Bang et al. 2005). Similarly to MR1-1 and BL22,
HAZ22 is a heterodimer of Vi and Vyx-PE38 linked by a
disulfide bond.
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GLP and cGMP manufacturing of immunotoxin at large
scale to support toxicology studies and clinical trials has been a
challenging task due to its low production yield and high cost.
In the conventional process for dsFv-toxin production, the Vi
and V| are expressed separately in the form of inclusion bodies
in E. coli. The inclusion bodies are solubilized with strong
denaturant and subsequently linked via disulfide bond during a
refolding process under optimal redox conditions. L-arginine is
added to suppress incorrect polypeptide interactions leading to
aggregation (Buchner et al. 1992). Nonetheless, the overall
refolding efficiency is low and a large portion of Vi and Vi
are not correctly folded. Often times Vg molecules form
homodimers that are difficult to be separated from V-V,
heterodimers due to their similar physiochemical properties.
The refolded immunotoxin is purified through two consecutive
strong anion-exchange chromatographic steps and a size ex-
clusion chromatographic step (Mansfield et al. 1997a, b;
Buchner et al. 1992; Kuan et al. 2000). MR1-1 laboratory-
scale production and BL22 clinical manufacturing followed
this conventional method (Kreitman et al. 1999). While both
immunotoxins were successfully made and used in preclinical
and clinical applications, overall production yields were low.

In this report, we demonstrated a new recovery and
purification method that utilized ammonium sulfate precip-
itation followed by column chromatography. The new meth-
od was successfully applied in clinical manufacturing of
MRI1-1 and HA22, and the improvement on yield was
confirmed in cGMP production.

Materials and methods

Fermentation of MR1-1 and HA22 heavy and light chain
(Vy and V1) and inclusion bodies preparation

Plasmids (pRB1399 and pRB1499) expressing MR1-1
heavy chain and light chain are described previously
(Brinkmann et al. 1991; Kuan et al. 2000). Plasmids
(pPRB902 and pRB698) expressing HA22 heavy chain and
light chain were provided by Dr. Ira Pastan. E. coli BL21
(DE3) cells were transformed with the plasmids individually
and Master Cell Banks that were qualified for clinical man-
ufacturing were prepared. Fermentation conditions were the
same for MR1-1 and HA22 Vy and Vi, except for induction
time. Cells were grown in modified superbroth (12 g soy-
tone, 24 g yeast extract, 5 ml glycerol, 3.8 g KH,PO,, and
12.5 g K,HPO, per liter) containing 2 % glucose (w/v),
0.05 % MgSO, (w/v), 20 pg/ml chloramphenicol, and
30 pg/ml Kanamycin. An overnight culture was used to
inoculate the fermentor (New Brunswick Scientific) at
5 %. MR1-1 Vy and V| expression was induced with
1 mM IPTG (isopropyl 3-D-thiogalactoside) for 2 h when
the optical density at 600 nm (ODg) reached 6+2. HA22

Vy and Vi expression was induced when ODgg( reached 6+
2 with 1 mM IPTG for 3 h. Cells were harvested by centri-
fugation and the paste was kept at =80 °C if not immediately
subjected to lysis. Cells were resuspended in TES buffer
(50 mM Tris—HCI, pH 7.4, 20 mM EDTA, 100 mM NaCl)
at 16 ml/per gram (wet weight) cell paste ratio. Cells were
lysed with a pressure homogenizer (Gaulin) followed by
centrifugation at 17,696xg for 50 min. The pellet (inclusion
bodies) was washed extensively by tangential flow filtration
using 0.2 um MiniKros Membrane Module (Spectrum) with
TE buffer (50 mM Tris—HCI, pH 7.4, 20 mM EDTA) con-
taining 2.5 % Triton X-100 followed by washing with the
same buffer without Triton X-100. Inclusion bodies were
kept at =80 °C.

Inclusion bodies solubilization and protein refolding

The refolding procedure follows a previous protocol (Buchner
et al. 1992) with modification. Briefly, the V and V¢ inclu-
sion bodies were dissolved separately in solubilization buffer
(6 M Guanidine-HCI, 0.1 M Tris—HCI, pH 8.0, 2 mM EDTA)
at 10 mg/ml protein concentration. Proteins were reduced by
the addition of DTE (dithioerythritol, Sigma) to 10 mg/ml final
concentration and incubated for 8 h at room temperature with
gentle shaking. Reduced Vi and V| solution were then mixed
at 1:1 molar ratio. The mixture was slowly diluted 100-fold
into refolding buffer (0.1 M Tris, 0.5 M L-arginine-HCI,
0.9 mM oxidized form of glutathione, 2 mM EDTA,;
pH 10.2) with adequate mixing. The refolding reaction was
kept at 4 °C for 36-48 h without agitation. After neutralization
with 6 M HCl to pH 7.5, the refolded protein was concentrated
10 times and diafiltered to 20 mM Tris—HCI, pH 7.4, 100 mM
urea by tangential flow filtration using a 30-KDa molecular
weight cut off (MWCQO) membrane (Millipore Pellicon 2).

Purification of MR1-1 by conventional consecutive
anion-exchange chromatography and size exclusion
chromatography

Refolded protein solution was loaded onto a Q-Sepharose
Fast Flow (GE HealthCare) column equilibrated with buffer
A (20 mM Tris, pH 7.4, 1 mM EDTA). After sufficient
washing with 0.1 M NaCl in Buffer A, proteins were eluted
with a gradient from 0.1 to 0.3 M NaCl in Buffer A. The
main peak was diluted five times with buffer A and loaded
onto a Source 15 Q (GE HealthCare) column. The protein
was eluted by a 30 column volume (CV) NaCl gradient
(0.1-0.3 M) in buffer A. The product-containing fractions
were pooled based on SDS-PAGE analysis. After concen-
tration by tangential flow filtration (TFF), the protein was
loaded to a Superdex S200 (GE HealthCare) column pre-
equilibrated with phosphate-buffered saline (PBS). Loading
volume was less than 2 % of the column volume and the
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flow rate was between 10 and 30 cm/h. MR 1-1 purified bulk
product was sterile filtered through a 0.2-pum membrane.

Purification of MR1-1 and HA22 by ammonium sulfate
precipitation, hydrophobic interaction chromatography,
and anion exchange chromatography

Ammonium sulfate precipitation For both MR1-1 and HA22,
concentrated ammonium sulfate solution was added to the
refolded protein solution to a final concentration of 1.25 (for
MRI1-1) or 1.0 M (for HA22) (NH,4),SOy. The solution was
kept at 4 °C for >0.5 h. After centrifugation at 15,000xg,
MR1-1 protein was recovered in the supernatant. Concentrat-
ed ammonium sulfate solution was then added to the super-
natant to 2 M to precipitate the MR1-1 and HA22. The
product containing pellets were separated from supernatant
by centrifugation for long-term storage. Prior to the Phenyl HP
column the protein precipitate was dissolved in 1.25 M (for
MR1-1) or 1.0 M (for HA22) (NH,4),SO4 solution.

Phenyl HP hydrophobic interaction chromatography For
MRI1-1, the protein solution in 1.25 M (NH,4),SO,4 was ad-
justed to pH 8.0 and loaded onto a Phenyl HP (GE Health-
Care) column at a ratio of 3 mg/ml column volume. The
column was washed by 5-10 CV of 20 mM Tris buffer
(pH 8.0) containing 1.25 M (NH,4),SO,, and eluted with a
20-CV gradient from 1.25 M to 0 M (NH,4),SO,4 in 20 mM
Tris buffer (pH 8.0). The fractions containing MR1-1 were
pooled based on SDS-PAGE analysis. For HA22, the protein
solution in 1.0 M (NH,4),SO4 was adjusted to pH 8.0 and
loaded onto a Phenyl HP column at a ratio of 3 mg/ml column
volume. The column was washed by 5-10 CV of 20 mM Tris
buffer (pH 8.0) containing 1.0 M (NH,4),SOy, and eluted with
a 20-CV gradient from 1.25 M to 0 M (NH,4),SO4 in 20 mM
Tris buffer (pH 8.0). The fractions containing HA22 were
pooled based on SDS-PAGE analysis.

O Sepharose Fast Flow chromatography For both MR1-1
and HA22, Phenyl HP pool was diluted 10 times with 20 mM
Tris pH 7.4 buffer, and loaded onto a Q Sepharose Fast Flow
column. After washing with 10 CV of washing buffer (20 mM
Tris, pH 7.4, 0.1 M NaCl), target protein was eluted with
20 mM Tris buffer (pH 7.4) containing 0.3 M NaCl. The
purified protein was concentrated and diafiltered against PBS
pH 7.4 buffer, and sterile filtered through a 0.2-pm membrane.

Protein concentration, purity, MR1-1 activity assay,
and the endotoxin assays

The protein concentration was determined by Coomassie plus
assay (Pierce). The MR1-1 and HA22 purity was determined
by high-performance liquid chromatography (HPLC) size
exclusion chromatography. The MR 1-1 activity was evaluated
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by in vitro cytotoxicity assay described previously (Lorimer et
al. 1996). Endotoxin level was determined using a Kinetic-
QCL Limulus Amebocyte Lysate assay kit (Lonza).

Results

Cell growth and expression of MR1-1 Vy-toxin and Vi,
in BL21(DE3) cells

E. coli BL21 (DE3) containing Vi or Vi was cultured in
batch-process fermentation with soytone-based modified
superbroth plus 2 % glucose, 0.05 % MgSQO,, and appropriate
antibiotics. IPTG induction conditions were evaluated and
results showed that | mM IPTG induction for 2-3 h was
optimal (data not shown) for both light and heavy chain
expressions. The culture media contained sufficient nutrients
to promote cell growth to a final ODggo of 15-25. During the
fermentation, the pH was monitored but not actively con-
trolled. In a typical run, the pH dropped from 7.0 to 6.8 due
to the accumulation of organic acid production during early
growth phase. The slight pH shift did not impede the cell
growth. Dissolved oxygen was maintained at 30 % by adjust-
ing the agitation and aeration rate. No oxygen supplementa-
tion was necessary during the fermentation. Samples were
taken every hour for ODgo9 measurement. A typical fermen-
tation during clinical manufacturing took about 3+0.5 h to
reach ODggy 612 to begin induction. A representative V.
fermentation profile at 80 L scale is shown as Fig. 1. At an
80 L production scale, 57 L of production medium was
inoculated with 6.7 % of overnight cultured seed. IPTG addi-
tion occurred after 3 h and the fermentation was continued for
2.5 h post induction. The final OD was 25.9.

Fermentation biomass was harvested by centrifugation and
the cell pellets were stored at —80 °C. The expressions were
analyzed by SDS-PAGE with Coomassie blue staining
(Fig. 2). VL with an apparent molecular weight of 9 KDa
was expressed upon induction for 1 and 2 h (Fig. 2, lanes 4
and 5; lane 3 before induction). Vi with an apparent molec-
ular weight of 54 KDa was expressed in responding to IPTG
induction for 1 and 2 h (Fig. 2, lanes 7 and 8; lane 6 before
induction). End of production cells were directly sequenced to
confirm that they carried the respective Vg or Vi plasmid
100 % homologous to the reference sequence. The entire
fermentation process was designed to be cGMP compliant.

MR1-1 recovery, inclusion bodies preparation, and protein
refolding

Vy or Vi cells were lysed by pressure homogenization as
described in “Materials and methods”. The inclusion bodies
were isolated and dissolved in strong denaturant. The MR1-1
refolding process was carried out at different scales. In a



Appl Microbiol Biotechnol (2013) 97:621-632

625

oD 02 Co02 pH DO Temperature Agitation
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24 204 - 56— 704 80— 38 | 430
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Fig.1 MRI1-1 V| fermentation profile. A representative 80 L MR1-1 V| fermentation profile is shown. The X-axis represents elapsed fermentation
time (minutes), The Y-axis represents agitation (rpm), temperature (°C), DO (%), pH, CO, (%), and O, (slpm), ODggo values with different colors

representative clinical manufacturing run, 190 g of each of Vi
and Vi cell paste (wet weight) was lysed. Inclusion bodies
isolated by centrifugation were resuspended in 1 L of TE buffer
containing 2.5 % Triton X-100, and washed with 6 L of the
same buffer followed by 10 L of TE buffer using a MiniKros

KDa
188—

98— o &
62— =
49—
38— -

Fig. 2 MRI-1 V| and Vy expression in E. coli. BL21(DE3) cells
containing Vi-PE38 or Vi were grown in fermentor until ODggq
reached around 6-8; 1 mM IPTG was added to induce proteins for
2 h. Samples were taken at different time points (before induction, 1
and 2 h post induction). Equal amount of cells at each time point were
subjected to SDS-PAGE analysis (4-12 % NuPAGE) after reduced by
dithiotreitol and heated for 10 min on a 70 °C heating block. The gel
was stained with Coomassie blue. Lane I is the molecular weight
standards (Invitrogen). Lane 2 is MR1-1 protein standard (Vy~
54 KDa; Vi ~9 KDa). Lanes 3 to 5 Vi samples at before induction,
1 h post induction and 2 h post induction. Lanes 6 to 8§ Vi samples at
before induction, 1 h post induction, and 2 h post induction

Tangential Flow Membrane Module (0.2 um, 1.0 ft%). Inclu-
sion bodies were solubilized in 300 ml solubilizing buffer and
yielded 5.0 g of Vy and 5.1 g of V| in protein solutions. The
purity of both V and V¢ inclusions were estimated by SDS-
PAGE density analysis (Figs. 4 and 5, lanes 4 and 5) to be
around 50 and 25 % pure, respectively. Both Vi and Vi were
diluted to 10 mg/ml in solubilization buffer; 266.7 ml of Vy
and 133.3 ml of V_ (1:1 molar ratio) were reduced by addition
of DTE and gently mixed. The mixture was then slowly diluted
into 40 L of refolding buffer while mixed with an overhead
mixer. After being kept at 4 °C for 40 h, the solution was
neutralized to pH 7.5 with 6 N HCI, concentrated to 4 L, and
subsequently diafiltered against 22.5 L of dialysis buffer by
30 KDa MWCO TFF. The diafiltered solution was centrifuged
and 0.45 um filtered to remove precipitated material; 2.67 g of
protein in 3.6 L solution was recovered at this stage. Results
from SDS-PAGE showed significant refolding efficiency.
Among the impurities there were a substantial amount of Vy
monomers. Some Vy dimers and aggregates were also ob-
served (Figs. 4 and 5, lane 6). The refolded MR1-1 protein
was 47.2 % pure based on HPLC—size exclusion chromatog-
raphy (HPLC-SEC) analysis.

Evaluating ammonium sulfate precipitation and hydrophobic
chromatography for MR1-1 purification

The conventional purification method (two anion-exchange
columns followed by size exclusion chromatography) was
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used for large-scale purification of immunotoxins previous-
ly (Batra et al. 1990; Buchner et al. 1992; Mansfield et al.
1997a and 1997b). When the method was applied to MR1-1
at laboratory scale, it was found that the production yield
was relative low (Kuan et al. 1999). To improve the method,
several protein purification procedures including ammoni-
um sulfate precipitation and hydrophobic interaction chro-
matography (HIC) were evaluated.

Ammonium sulfate was used to increase proteins’ hydro-
phobic binding to the HIC column. Ammonium sulfate is
also known to cause protein “salting out,” so its effect on
MR1-1 and impurity separation was examined. Various
concentrations of ammonium sulfate were tested and results
showed that MR1-1 remained soluble at the ammonium
sulfate concentration below 1.5 M. Further increase of
the salt concentration precipitated MR1-1 protein. At
(NH4),SO,4 concentrations from 1.0 to 1.5, a significant
amount of impurities were precipitated and could be sepa-
rated away. MR1-1 could be completely precipitated at 2 M
(NH4),S0O4 and the paste kept frozen for long-term storage.
The precipitated protein was readily dissolved in a solution
with less than 1.5 M (NH4),SO4. MR1-1 cytotoxicity
remained unchanged during the precipitation and dissolu-
tion process. The protein was also stable in the form of
precipitation pellet during long-term frozen storage. This
precipitation step provided a convenient and economical
way for in-process hold and storage.

Several hydrophobic interaction chromatographic resins,
including ether, butyl, and phenyl, were screened. The col-
umns were loaded at 1 M (NH,4),SO,4 at pH 7.4 and eluted
with a linear gradient of (NH,4),SO,4 from 1.0 to 0 M at pH 7.4
over 20 column volumes at 150 cm/h. Phenyl HP (GE Health-
Care) provided the best separation of MR1-1 from other
impurities. Separation at pH 7.0, 7.4, 8.0, and 8.5 were eval-
uated and pH 8.0 was found to be optimal (data not shown).
Three (NH4),SO,4 concentrations, 1.0, 1.25, and 1.5 M, were
evaluated for MR1-1 binding. Three times higher binding
capacity of MR1-1 to Phenyl HP was observed when ammo-
nium sulfate concentration was increased from 1 to 1.25 M.
No further improvement was found at 1.5 M. No notable
degradation of MR1-1 protein was observed in this solution
for up to 1 week at 4 °C. Hence the MR1-1 protein was
incubated in 1.25 M ammonium sulfate followed by centrifu-
gation before loaded onto a Phenyl HP column.

A small-scale Phenyl HP chromatogram is shown in
Fig. 3a. MR1-1 in 1.25 M ammonium sulfate was centrifuged
at 10,000xg for 30 min. The supernatant containing 15 mg
protein was adjusted to pH 8.0 and loaded to a 5 ml Phenyl HP
(1.6%x2.5 cm). The column was washed with1.25 M ammoni-
um sulfate in buffer 20 mM Tris, pH 8.0 and eluted with a
gradient from 1.25 M to 0 M ammonium sulfate in 20 mM
Tris, pH 8.0. Two major peaks were eluted off the column.
The first peak was MR1-1 (Fig. 3b lanes 3 to 5), and the
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second contained free heavy chain (Vy) and heavy chain
dimer (V—Vy, Fig. 3b lanes 6-10).

The Phenyl column provided a simple and efficient way
to purify MR1-1. The product-containing peak could be
easily collected when the effluent was monitored by UV
absorbance at 280 nm. The product purity could be con-
firmed by SDS-PAGE analysis. Additionally, the step recov-
ery was high because of the clean separation of MR 1-1 from
other impurities.

Comparison of MR 1-1 purification methods at laboratory scale

The previously published MR1-1 purification method, sim-
ilar to that of conventional dsFv-toxin, consists of two
consecutive anion exchange steps and a size exclusion step.
In the new method, we introduced an ammonium sulfate
precipitation and a hydrophobic interaction step, and elim-
inated size exclusion and one anion exchange step. To
compare the two methods, multiple purifications were per-
formed from the same refolded MR1-1 starting material.
The conventional method was tested with slight modifica-
tion by substituting Source 15Q for Mono Q; 1.8 L (1.3 g
total protein, 47.2 % purity, or 0.61 g of MR1-1) of refolded
MRI1-1 solution was loaded onto a Fast Flow Q column
(5.0x14 cm, 275 ml) equilibrated with buffer A (20 mM
Tris, pH 7.4, 1 mM EDTA). The column was washed with
5 CVof 0.1 M NaCl in buffer A, and eluted with a 10-CV
gradient from 0.1 to 0.3 M NaCl in buffer A. Fractions
containing MR1-1 were pooled and a total of 159 mg of
protein was recovered (Fig. 4, lane 7). The pool was diluted
five times in buffer A and loaded onto a Source 15Q (3.5x
4.7 cm, 45 ml) column. Protein was eluted with a 30-CV
gradient from 0.1 to 0.25 M NacCl in buffer A. A total of
70.8 mg protein was recovered in the fraction pool (Fig. 4,
lane 8). The pool was concentrated and diafiltered against
PBS (Fig. 4, lane 9) by tangential flow filtration, and sub-
jected to Superdex S200 chromatography (2.6x62 cm,
329 ml). Fractions containing purified MR1-1 were pooled
and sterile filtered. The purified bulk contained 46.3 mg of
MR1-1. Purity was 98.7 % as determined by HPLC size
exclusion chromatography analysis. The bulk was also an-
alyzed by SDS-PAGE. A trace amount of Vy-toxin impurity
was observed on SDS-PAGE (Fig. 4, lane 10) that repre-
sented less than 2 % of the total protein by densitometry.
MR1-1 and Vy-toxin monomer were similar in size and
charge, and thus similar chromatographic behaviors on
ion-exchange and size exclusion columns. The two proteins
eluted very close to each other in all three purification steps.
SDS-PAGE analysis was required before fraction pooling at
each step to ensure the Vy-toxin monomer was separated
away from the product. Stringent pooling had to be enforced
and resulted in overall low recovery. Out of 610 mg of
refolded MR1-1 in the starting material, only 46.3 mg of
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Fig. 3 Intact MR1-1 (Vy—Vy) a
and Vi (monomer and dimer)
separation by Phenyl HP chro-

N

B T

matography. a Phenyl HP
chromatogram. Refolded MR 1-
1 solution, containing 15 mg of
total protein in 1.25 M ammo-
nium sulfate precipitation, was
loaded to a 5-mL (1.6%2.5 cm)
Phenyl HP column (from 0 to
30 min shown in the figure).
The column was washed with
10 CVof 1.25 M ammonium
sulfate in 20 mM Tris, pH 8.0
(30-40 min in the figure), and
eluted with a 20 CV gradient
(40-70 min) from 1.25 M
(100 % B in the figure) to 0 M
ammonium sulfate (0 % B in
the figure). The gradient is
shown in red. Absorbance at
280 nm is shown in blue. Frac-
tion marks are shown in green.
Peak 1 contained MR1-1 and

0.15

280 nm

0.05

; 100

<
%B

peak 2 had mostly Vi monomer
and dimer. b SDS-PAGE
showing separation of MR1-1

from impurities by Phenyl HP. KDa
Samples of Phenyl HP column 188— L=
fractions were taken and ana-
lyzed by non-reducing SDS-
PAGE. Fraction numbers was 3
shown below the lane number. 62— “
Intact MR1-1 was eluted from &
the column (lanes 3-5) well N
separated from impurities that 49—
mainly were Vi monomer and
dimer 38— .
28— .
17—
14— .
1 2
Fraction F6

MR1-1 was recovered, representing a 7.6 % overall purifi-
cation recovery, which is much higher than 2 % that ob-
served by Lorimer et al. (1996), and within the range of 5—
20 % reported by Kreitman (2009). Most of the losses were
attributed to the poor separation of MR1-1 and Vy-toxin
monomer on the ion-exchange and size exclusion columns.

The new purification method was tested at the same scale
with the same starting material. As described previously the
method incorporated ammonium sulfate precipitation and
hydrophobic interaction chromatography; 1.8 L refolded
MRI1-1 (1.30 g total protein with 47.2 % purity, or 0.61 g
of MR1-1) was mixed with 1 L of 3.5 M ammonium sulfate

40 50 70 100

Time (min)
e <V, dimer

- < MR1-1 (V,-V,)
L e

3 4 5 6 7 8 9 10
F8 F9 F10 F11 F12F13 F14 F15

resulting a final concentration of 1.25 M (NH,4),SO,. After
centrifugation at 15,000xg for 1 h, the pellet was discarded
and the supernatant, containing 465 mg of total protein, was
loaded onto a Phenyl HP column (5%x9 cm, 177 ml) pre-
equilibrated with 1.25 M ammonium sulfate in 20 mM Tris
buffer pH 8.0. After loading, column was washed with
10 CV of the same buffer, and eluted with a gradient from
1.25 M to 0 M (NH4),SO4 in 20 mM Tris pH 8.0. The first
peak that was collected contained 146.9 mg MR1-1 (Fig. 5
lane 8). Phenyl HP eluate was concentrated and diafiltered
by TFF against 20 mM Tris pH 7.4 before loading onto a
QFF column (2x10cm, 31 ml). The QFF column was

@ Springer



628

Appl Microbiol Biotechnol (2013) 97:621-632

KDa
188—

62— - -— [SESY Y — — ::\I\;lR1-1
H

-V,

12 3 4 5 6 7 8 9 10

Fig. 4 MRI1-1 purification by conventional method: Fast Flow Q
Sepharose, Source 15 Q, and size exclusion chromatography. Samples
were taken from each step in the entire process including expression,
refolding, and purification by conventional method and analyzed by
SDS-PAGE. Lane 1 molecular weight standards; lane 2 Vi whole cell
lysate; lane 3 Vi, whole cell lysate; lane 4 Vy; inclusion bodies; Lane 5
V. inclusion bodies; lane 6 post refolding; lane 7 Q fast flow eluate;
lane 8 Source 15 Q eluate; lane 9 post concentration and diafiltration
by TFF; lane 10 size exclusion chromatography fraction pool; 5 ug of
protein were loaded from lanes 4 to 10. Samples in lanes 2 to 5 were
reduced, 6-10 were non-reduced

washed with 10 CV of 100 mM NaCl in 20 mM Tris,
pH 7.4, and eluted with 250 mM NaCl in 20 mM Tris
pH 7.4. MR1-1 was collected as a single fraction;
129.1 mg of MRI1-1 was recovered and the purity was
97.9 % by analytical HPLC size exclusion chromatography.
The endotoxin level was further reduced from 1.26 to
0.34 EU/mg. The purification recovery was 21 %, nearly a
3-fold improvement over the conventional method.

A direct comparison of the two methods in recovery,
purity, and activity was listed in Table 1. Both products
were tested by in vitro cytotoxicity assay and shown equally
active. Both products exceeded 95 % purity. Endotoxin
levels were below 0.5 EU/mg of protein. No microbial
content was detected. While both methods produced quality
product, the new method yielded almost three times more
product. Additionally, the HIC provided such powerful
product separation that one IEX column step and one SEC
chromatograph were eliminated in the new method as com-
pared to the previous method. The ammonium sulfate
precipitation served as a holding point to isolate unit oper-
ations, as well as preliminary step to separate large amount
of impurities. The significant yield increase and more
streamlined process the new method brings substantial re-
duction in time and cost during clinical manufacturing.

Fermentation, refolding, and purification of HA22 for clinical
development

Fermentations of HA22 heavy and light chain were con-
ducted at 20-L scale. Fermentor (New Brunswick) batched
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Fig. 5 MRI1-1 purification by the new method: ammonium sulfate
precipitation, Phenyl HP hydrophobic, and Fast Flow Q chromatogra-
phy. Samples were taken from each step in the entire process including
expression, refolding, and purification by the new method and ana-
lyzed by SDS-PAGE. Lane 1 molecular weight standards; lane 2 Vi
whole cell lysate; lane 3 Vi whole cell lysate; lane 4 Vy inclusion
bodies; lane 5 Vp inclusion bodies; lane 6 post refolding; lane 7
ammonium sulfate precipitation; /ane 8 Phenyl HP eluate; lane 9 Q
Fast Flow eluate, lane 10 post concentration and diafiltration by TFF;
5 pg of protein were loaded from lanes 4 to 10. Samples in lanes 2 to 5
were reduced, 6-10 were non-reduced

with 12 L modified Superbroth with glucose and antibiotics
was inoculated with the seed (5 % inoculum). The V|,
expression was induced by adding 1 mM IPTG at ODggg
6.72. The fermentation was then allowed to continue for 3 h
and the cell density reached ODggq of 15.2. Two hundred
sixty-three grams of cells were harvested by centrifugation.
The Vy expression was induced by adding 1 mM IPTG at
ODgpg 6.4. The fermentation was then allowed to continue
for 3 h and the cell density reached ODg(y10. One hundred
forty-three grams of cells were harvested by centrifugation.
All cell pastes were stored in a <—70 °C freezer.

To prepare inclusion bodies for refolding, Vi or Vy cells
were lysed by pressure homogenization as described in
“Materials and methods”. Thirty-three grams of Vi and
97.5 g of Vy inclusion bodies were obtained and stored at
<70 °C.

For HA22 refolding, V| and Vy inclusion bodies were
each solubilized in 6 M guanidine—HCI, 100 mM Tris, pH 8,
2 mM EDTA to concentrations of 9.3 and 8.6 mg/mL,
respectively. Both were then filtered through 0.45-pum
(Millipore Millipak) filters. DTE (10 mg/mL) was added
to each filtrate and they were continuously and gently stirred
overnight at 2-8 °C. The following morning 400 mL of V.
and 600 mL of Vy solution were mixed gently. The mixture
was then diluted rapidly 100-fold by mixing with 100 L of
100 mM Tris, pH 10.2, 2 mM EDTA, 500 mM arginine, and
0.9 mM oxidized glutathione. The mixing step was
performed by pumping the two solutions together through
a 1/2" ID, 15-element SS static mixer at a 1:100 flow ratio.
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Table 1 Comparison of MR1-1 product quality and yield by the two purification processes

Conventional method with two anion

New method with ammonium precipitation, hydrophobic

exchange and size exclusion chromatography interaction, and anion exchange chromatography

Column steps 3

Yield of product (purification recovery) 46.3 mg (7.6 %)
Purity by HPLC-SEC 98.7 %

Endotoxin level <0.5 EU/mg protein
Microbial content 0

Activity (IC50) Active (0.2 ng/ml)

2

129.1 mg (21 %)
97.9 %

<0.5 EU/mg protein
0

Active (0.2 ng/ml)

The mixed solution was stored at 2—8 °C for ~46 h. The pH
of the mixture was then adjusted to 7.54 with 6 M HCI. The
pH-adjusted mixture was filtered through a 0.2-um filter
(Sartorius Sartobran PH), and then concentrated to 12 L
using a 30-kD, 10 ft* spiral TFF filter (Millipore). The
concentrate was subjected to constant-volume diafiltration
with 20 mM Tris, pH 7.4, 100 mM urea. The diafiltered
retentate was stored at 2—8 °C for 3 days. Solid (NH4),SO4
was then slowly added to the solution under constant agita-
tion to obtain a concentration of 1.0 M, after which the
solution was centrifuged at 12,300xg (average) for 30 min.
The captured precipitate was discarded. Additional
(NH4),SO,4 was added to the supernatant to increase the
concentration to 2 M and the solution was re-centrifuged
as described above to obtain 16 g of precipitate. This pre-
cipitate containing refolded HA22 was stored at <—70 °C.

Purification of HA22 followed the process described in
“Materials and methods”; 15.6 g of refolded HA22 ammo-
nium sulfate precipitate was dissolved using a stir bar in a
buffer containing 20 mM Tris—HCI, pH 8.0, 1 M ammonium
sulfate. The dissolved protein solution was filtered with a
0.22-um filter, equally divided into two parts, and subjected
to the two-column back to back purification process. The
elution fractions from the two Phenyl HP column (249 mL
bed volume, 12.7x5 cm (h x ID)) runs were analyzed by
non-reducing SDS-PAGE to determine the fraction pooling.
The pooled HA22 solution was diluted with 20 mM Tris—
HCIl pH 7.4 buffer, equally divided into two parts, and
loaded onto the QFF column (127 mL bed volume, 6.5x
5 em (h x ID)), back to back. The elution fractions from the
two QFF column runs were analyzed by SDS-PAGE to
determine the fraction pooling. The final pool contained
576 mg of purified HA22 as determined by Coomassie Plus
assay. The purified protein was then processed by ultrafil-
tration and diafiltration to become the bulk drug substance
for animal toxicology study (Fig. 6). The product was
99.5 % pure by HPLC-SEC and met all specifications for
toxicology grade HA22.

The process was scaled up to 80-L fermentation. Three
manufacturing lots were produced to supply the materials
for clinical trials. After inclusion body recovery and

refolding, HA22 was purified through Phenyl HP and QFF
chromatography and formulated by ultrafiltration and diafil-
tration. Each manufacturing lot yielded approximately 1—
1.5 g of clinical grade HA22, with a recovery of 25-30 %
from the purification process.

MR1-1 cGMP manufacturing

A MR1-1 ¢cGMP manufacturing campaign was conducted
successfully following the new purification method. Both
light chain and heavy chain fermentation were conducted at
80-L scale. The expression was induced when the ODggg
was greater than 4, with 1 mM IPTG for 2 h. Cells were
harvested by centrifugation and lysed by high-pressure ho-
mogenization. Light chain and heavy chain inclusion bodies
were recovered by tangential flow filtration. Refolding was
scaled up to 200 L. An inline static mixer (Koflo) was

KDa

250— ==
148—

62— ) e el b b basd < HA22
42—
30—

20—~
17—
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Fig. 6 HA22 purification by the new method: ammonium sulfate
precipitation, Phenyl HP hydrophobic, and Fast Flow Q chromatogra-
phy. Samples were taken from each step in the purification of HA22
toxicology lot and analyzed by SDS-PAGE. Lane I molecular weight
standards; /ane 2 Phenyl HP column load; lanes 3 and 4 Phenyl HP
fraction pool; lane 5 Q Fast Flow fraction pool; lane 6 post concen-
tration and diafiltration by TFF; lane 7 post 0.2 pum sterile filtration;
5 ug of protein were loaded in lane 2; 3 g of protein were loaded from
lanes 3 through 7. All samples were non-reduced
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utilized to provide effective mixing of denatured Vy-toxin
and V¢ solution into large quantity of refolding buffer. After
refolding, proteins were precipitated with 2 M ammonium
sulfate. This step led to a large volume reduction for
convenient storage. Ammonium sulfate pellet containing
1,536 mg of total protein was re-dissolved in 1.25 M am-
monium sulfate and purified by Phenyl HP followed by QFF
column. Three hundred seventy-five milligrams of final
product was produced. The overall purification recovery
was 23 % from ammonium sulfate precipitate solubilization.
The product was 98.9 % pure by HPLC-SEC and met all
specifications for clinical grade MR1-1.

The novel purification process was demonstrated to be
scalable for two dsFv immunotoxins. Clinical manufactur-
ing was successfully conducted with improved yield. Prod-
uct quality attributes such as purity, endotoxin, and residual
host cell proteins were comparable or superior to those made
from the conventional process. The HA22 and MR1-1 clin-
ical lots were all ~99 % in purity, contained <0.5 EU/mg
endotoxin, and 10—16 ng/mg host cell proteins.

Discussion

We have successfully developed a novel clinical manufac-
turing process for dsFv-PE38 immunotoxins. Clinical sup-
ply of immunotoxins such as HA22, MR1-1, and other
dsFv-PE38 molecules at relative large quantity is highly
desirable (Wayne et al. 2010). However, it is a big challenge
to increase the production yield with high purity at clinical
grade. One of the major difficulties caused by that the
molecular weight and charge of Vi; molecule (un-conjugat-
ed with V) is very similar to the product Vi;—V hetero-
dimer. Vy exists in significant amount after refolding and it
was mixed with the product (Figs. 3 and 4). In vivo, Vy
alone may bind to the target CD22 (Harmsen and Haard
2007) with a more than two orders of magnitude lower
affinity than that of Vg—V (Near et al. 1990). Vy conju-
gated with toxin might cause additional toxicity and side
effects in human clinical trials. Removing V would be one
of the key quality controls in this purification process de-
sign. Previously, the refolded immunotoxins (V—Vy), such
as MR1-1 and BL22, were purified through two consecutive
strong anion-exchange chromatographic steps with small
resin size and large volume of gradient elution to increase
the separation resolution. Then they were further purified
through a size exclusion chromatographic step, which barely
separate the Vy from heterodimer (product) (Mansfield et al.
1997a and 1997b; Buchner et al. 1992; Kuan et al. 2000;
Kreitman et al. 1999). This resulted in a poor recovery due
to stringent pooling. Here, we report a new recovery and
purification process that utilized ammonium sulfate precipi-
tation followed by column chromatography with two notable
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mechanisms: hydrophobic interaction and anion exchange.
Introduction of ammonium sulfate precipitation followed by
HIC column chromatography were the two key factors for
the process improvement especially separating Vy from
product Vi—Vy. Unlike the original process using two chro-
matography steps with the same mechanism of ion exchange,
the new process is composed of three steps with three dif-
ferent purification mechanisms: precipitation, hydrophobic
interaction, and ion exchange. Comparing to the convention-
al method, the new method is more efficient and streamlined,
and most importantly, provided a significant yield increase
(almost tripled, Table 1).

Two immunotoxins, MR1-1 and HA22, were successful-
ly manufactured by using this method (in large scale) to
supply clinical grade products. MR1-1 and HA22 have been
studied in phase 1 clinical trials for treatment of brain tumor
[MR1-1, at Duke University Medical Center (Shankar et al.
2006)] and in phase 1 and 2 trials for treatment of leukemia
and lymphoma [HA22 a.k.a. CAT-8015, at the National
Institute of Health NCI-07-C-0130 and NCI-10-C-0067
(Kreitman 2012)]. As other dsFv-PE38 immunotoxin con-
jugates (Onda et al. 2011) would have structure and physi-
ochemical properties similar to MR1-1 and HA22, we
expect that this novel purification method could also be
applied to the clinical production of those dsFv-toxin
conjugates.
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