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A dual-mode approach to the selective separation of antibodies and
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Abstract

A novel chromatography method for the separation of antibodies is described. The adsorption of antibodies on the solid
phase involves interaction with a ligand that combines mild hydrophobic characteristics and some degree of molecular
recognition with a derivative of pyridine. This combined effect results in the adsorption of antibodies in the absence of
lyotropic salts. When environmental pH is changed, the ligand becomes ionically charged, allowing the desorption of
antibodies. The mechanism of adsorption, involving hydrophobic associations and ionic related interaction, is here qualified
as dual-mode. Studies on the determination of the apparent dissociation constant for immunoglobulins G are presented.
Adsorption of antibodies from crude feedstocks typically occurs without adjustment of pH or ionic strength. The sorbent is
then washed with a buffer to eliminate protein impurities and, when lowering the environmental pH, antibodies are desorbed.
The solid-phase material is used for the separation of antibodies from an ascites fluid and from a cell culture supernatant,
followed by a polishing step on an hydroxyapatite column. Preliminary studies, related to the ability of the solid phase to
separate antibody fragments, are also reported. In these studies, it has been demonstrated that both Fab and Fc fragments
from polyclonal IgG are adsorbed to the solid phase under typical binding conditions. Under other defined physico-chemical
conditions (ionic strength and pH), separation of both fragments in a single step has been achieved.  2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction velopment intended for therapeutic and diagnostic
applications.

In the last few years, preparations of monoclonal Important progress has been made in this domain,
and recombinant antibodies have grown to become resulting in the development of genetically en-
the largest class of proteins in clinical-phase de- gineered ‘humanized’ antibodies [1], single-chain

antibodies [2], phage display [3,4] and fusion anti-
bodies [5]. In addition, alternative expression sys-
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cation protocols designed to obtain very pure anti- antibodies optimally. Proteins are adsorbed directly
bodies. from a variety of sources under physiological con-

During the last two decades, a wide variety of ditions and elution is achieved by simply lowering
strategies for the purification of antibodies have been the pH. The ligand is non-proteinaceous and cannot
developed and numerous sorbents have been de- be degraded by proteases present in the feedstock
signed for their separation, employing different and withstand repeated cleaning cycles with sodium
adsorption–desorption principles (see refs. [8–10] hydroxide without loss of function.
for review). In this study, the isolation and purification of

At present, the most widely used technique to antibodies using hydrophobic charge induction chro-
capture antibodies is affinity chromatography on matography is described. Antibodies selectively cap-
immobilized Protein A sorbents. The high specificity tured first from crude feedstocks are then purified on
of Protein A for the Fc antibody domain provides other columns such as hydroxyapatite as a second
excellent chromatographic selectivity and facilitates step. The separation of antibody fragments prepared
the isolation of products in a single step [11]. Due to through enzymatic breakdown is also described.
its biospecific interaction with antibodies, Protein A
resins allow for the direct capture of antibodies from
unadjusted feedstock at near-neutral pH and physio- 2. Experimental
logical ionic strength [12,13]. However, various
practical complications associated with Protein-A 2.1. Chemicals and biologicals
chromatography have come under increasing atten-
tion, such as the labile nature of ligand, which cannot Preparative chromatography sorbents such as MEP
be subjected to clean-in-place procedures using HyperCel (sorbent for hydrophobic charge induction
sodium-hydroxide solutions. Moreover, Protein A chromatography), HA Ultrogel (hydroxyapatite
resins carry with them specific issues, such as the composite column) and Protein A Ceramic HyperD
possibility of contaminating eluted antibodies as a were supplied by Life Technologies (Rockville, MD,
result of whole ligand leakage from the solid phase USA). A TSK-GSW-3000 column was purchased
[14] or ligand fragments leakage from a partial from Tosoh (Japan). Electrophoresis plates composed
breakdown by proteases present in the feedstock. of 12% polyacrylamide were purchased from BioRad
This situation requires special consideration as part (Ivry-sur-Seine, France). Protein molecular-mass
of the overall antibody-purification scheme [15]. In standard, fine chemicals, plasticware and buffers
order to avoid complications related to Protein A were from Sigma (St. Louis, MO, USA).
sorbents, several alternative chromatographic sepa- Feedstocks used for the capture and separation of
ration techniques are currently available. Ion-ex- antibodies were an ascites fluid and a cell culture
change chromatography [16], hydrophobic-interac- supernatant containing 5% fetal bovine serum.
tion chromatography [17] and thiophilic chromatog- The mouse ascites fluid contained IgG antibody1

raphy [18] are among the most popular. However, at a concentration of 6.4 mg/ml. It was used after
while these technologies overcome a number of the filtration and dilution (1:1, v /v) with 50 mM Tris–
major weaknesses associated with the use of Protein- HCl buffer, pH 8.
A sorbents, they are imperfect solutions. The feed- The cell culture supernatant containing 5% fetal
stream often has to be diluted, added with lyotropic bovine serum was prepared from a hybridoma cul-
salts, or its pH has to be adjusted; these operations ture. The expressed antibody was an IgG with a1

are expensive and impractical and add to the cost of concentration of 100 mg/ml. This feedstock was
waste handling. filtered to remove suspended particulate matter and

More recently, a new antibody separation tech- was loaded on the column without further treatment.
nique called ‘hydrophobic charge induction chroma-
tography’ has been introduced [19]. A sorbent that 2.2. Sorbent characterization
employs this technology does not require feedstock
preconditioning, such as concentration, dilution, pH The binding capacity for polyclonal human im-
adjustment or addition of specific salts, to bind munoglobulins G (hIgG) on MEP HyperCel under
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different physico-chemical conditions was measured chromatographic separation and was finally equili-
by frontal analysis in a column of 6.6 mm diameter brated in PBS.
that was 50 mm long. Titrated samples of hIgG at In one experiment, the column was loaded with 5
concentrations ranging from 0.05 to 5 mg/ml were ml of ascites fluid, diluted (1:1, v /v) with 50 mM
made in phosphate–citrate buffers with pH values Tris–HCl buffer, pH 8 (see Section 2.1). The load
ranging from 5 to 10 and a conductivity close to 5 corresponded to 8.8 mg of antibody.
mS/cm. Titrated samples of hIgG were also prepared The column was then washed extensively with
in a phosphate buffer, pH 7, containing different PBS to eliminate the non-adsorbed proteins. Non-
concentrations of sodium chloride up to 1 M. The IgG adsorbed proteins (mostly albumin) were de-
linear flow-rate for chromatography was of 70 cm/h; sorbed using the same buffer containing 25 mM
all calculations of dynamic binding capacity were sodium caprylate. Antibodies were then desorbed
made at 50% breakthrough. using 50 mM acetate buffer, pH 4.0.

In a second experiment, 300 ml of cell culture
supernatant containing 5% fetal bovine serum were

2.3. Determination of the apparent IgG–MEP
loaded. The load corresponded to 30 mg of antibody.

dissociation constant
In this experiment, the same wash and elution
conditions were used as detailed above.

A 50-ml volume of a 50% (v/v) MEP HyperCel
Minor impurities in the IgG elution pool from1suspension in 25 mM phosphate containing 150 mM

serum-containing cell culture supernatant were sub-
sodium chloride, pH 7.2 (PBS), was transferred to a

sequently removed using a column of hydroxy-
96-well filtration plate. To each well, 200 ml of a

apatite.
solution of hIgG of differing concentrations were

The eluate from the MEP HyperCel purification
added. The concentration of hIgG varied from 0.02

step was first adjusted to pH 8 and then loaded onto
to 5 mg/ml. The experiment was performed in

a column of HA Ultrogel (100 mm36.6 mm I.D.)
triplicate. Mixtures were then covered to avoid water

that was previously equilibrated with a 10-mM
evaporation and were shaken for 60 min at 238C.

phosphate buffer, pH 8. After washing out the non-
The filtration plate was then centrifuged and filtrates

adsorbed proteins, IgG was desorbed by raising the1were collected in the receiving plate.
ionic strength using a 500-mM KCl solution. Protein

The receiving 96-well plate containing all filtrates
impurities still adsorbed on the column were de-

was installed inside a HPLC autosampler; 50 ml of
sorbed by increasing the phosphate buffer concen-

solution from each well was then used for the
tration to 100 mM, pH 6.8.

quantification of the hIgG concentration by HPLC.
In both experiments, columns were cleaned using

Each hIgG peak was used for the determination of
two column volumes of 1 M sodium hydroxide

the amount of hIgG in the solution.
solution.

The amount of hIgG in each well represented the
non-adsorbed hIgG on the MEP HyperCel resin.

2.5. Chromatographic separation of antibody
From these data, a binding isotherm was built and

fragments
the maximum binding capacity (q ) as well as themax

apparent dissociation constant were calculated using
A 100-mg amount of hIgG was dissolved in 100

the well-known Langmuir model.
mM phosphate buffer, pH 7.5, containing 20 mM
cysteine and 2 mM EDTA. To this solution, 2 mg of

2.4. Chromatographic separations of whole pure papain were added and the mixture was incu-
antibodies bated for 2 h at 378C. Proteolysis was stopped by the

addition of 1 ml of 20 mM iodoacetamide in the
Capture and separation of antibodies was per- same buffer, to inhibit the enzymatic reaction. The

formed in columns. MEP HyperCel was packed into resulting product was analyzed by polyacrylamide
a glass column with a diameter of 6.6 mm and a gel electrophoresis to verify the presence of both Fc
length of 100 mm. The packed bed was washed and Fab fragments. To find conditions to separate
extensively with the buffer sequence used for the hIgG fragments, a Protein A Ceramic HyperD
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column was first used. Fab was separated from Fc separation techniques, as detailed in comprehensive
using classical conditions. Briefly, a column (165 reviews [9,10] and related publications [20–22].
mm long36.6 mm I.D.) packed with Protein A Such adjustments, whether by dilution, adjustment of
HyperD was equilibrated with PBS. Papain-treated pH or addition of salt, lead to a significant increase
hIgG was dialyzed against the equilibration buffer. in process labor and cost. Moreover, adjustment of
This solution was then loaded onto the pre-equili- feedstock pH can sometimes lead to precipitation of
brated sorbent bed and PBS was used to wash the antibody.
column. Most Fab fragments were found in the The use of ion-exchange chromatography requires
flow-through, whereas Fc was bound to the column. that the feedstock is diluted, diafiltered or dialyzed to
The Fc fragment was desorbed by lowering the pH to lower the ionic strength and to modify the pH so that
about 3 using a 100-mM acetic acid solution. The it is compatible with the adsorption phase. The use
Fab and Fc fractions collected were used separately of hydrophobic interaction chromatography as well
to study their behavior on a MEP HyperCel column. as thiophilic chromatography necessitates an increase

To determine the optimal separation conditions, in the ionic strength by adding lyotropic agents up to
the ionic strength and pH of the load, wash and a concentration of 1 M or more [23,24].
elution steps were varied from 5 to 15 mS/cm and With biospecific affinity sorbents [25–28], anti-
from 7 to 4, respectively. This approach resulted in body adsorption can be achieved under physiological
the following final separation protocol. conditions. However, very frequently, the binding

Enzymatically hydrolyzed hIgG solution was capacity is low and/or the resin is not compatible
dialyzed against 100 mM Tris–acetate, pH 5.5, with the harsh feedstream and caustic washings
containing sodium chloride (5 mS/cm) and loaded necessary for long-term use of the column.
onto the MEP HyperCel column that had been As an alternative, Necina et al. [20] described a
equilibrated in the same buffer. Fab fragments were non-conventional cation-exchange sorbent that pro-
mostly found in the flow-through fraction. Fc frag- vided efficient antibody binding at physiological
ments were then eluted by decreasing the pH to 4.5 ionic strength with no prior feedstock concentration.
using the same Tris–acetate buffer. At the end of the The pH of the feedstock, however, must be adjusted
separation cycle, the column was cleaned using 1 M upon loading.
sodium hydroxide solution. As published by Burton and Harding [29], hydro-

phobic charge induction chromatography provides
2.6. Analytical determination of chromatographic the basis for an ideal adsorbent for proteins. Over a
fractions pH range of 6 to 8, the ligand is uncharged. Under

these conditions, the ligand and the spacer arm
The protein fractions collected were analyzed by behave much like a hydrophobic site and bind the

polyacrylamide gel electrophoresis. Analysis by protein by hydrophobic association. Ligand density
GPC–HPLC was performed on a 4-mm TSK-GSW- and the spacer-arm structure are designed so that
3000 column, 30 cm long and with a diameter of 4.6 binding occurs under physiological conditions with-
mm using a 25-mM phosphate buffer, pH 7.4, out the need for the addition of lyotropic salt. When
containing 150 mM sodium chloride as the liquid the pH of the mobile phase is lowered, the ligand
phase. The flow-rate was 0.2 ml /min. becomes ionically charged. Under these conditions,

the protein also carries a similar net positive charge,
therefore, desorption occurs on the basis of electro-

3. Results and discussion static repulsion between the solid-phase sorbent and
the protein. In the case of MEP HyperCel, the ligand

While a number of chromatographic methods are is 4-mercaptoethyl-pyridine, a well known basic
currently employed for antibody purification, they structure that enhances the specificity for immuno-
frequently suffer from practical or economic prob- globulins [30]. The selectivity of various nitrogen-
lems. For instance, adjustments to feedstock com- heterocyclics for immunoglobulins was demonstrated
position must be made with most chromatographic by Schwarz et al. [31]. It has been shown that
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selectivity is further enhanced by the presence of a
sulfur atom proximal to the pyridine ring. Analogous
heterocyclic ligands with more traditional thiophilic
structure have also recently been described as im-
proved compounds for the adsorption of antibodies
in a salt-independent manner [32,33].

As evidenced in Table 1, adsorption of IgG on a
MEP HyperCel column is a function of pH. The
optimal pH for adsorption is 7–9 at physiological
ionic strength. When the pH is lowered to 6, the
binding capacity decreased by a factor of two, and at
a pH value below 5, no IgG was adsorbed on the
column. This behavior indicates that desorption of

Fig. 1. Equilibrium adsorption isotherm for human polyclonalIgG can be easily achieved by changing the pH.
immunoglobulins G in phosphate-buffered saline.

When ionic strength is varied by the presence of
different amounts of sodium chloride, it appeared
that the binding capacity did not change signifi- It is of note that the density of pyridine-based
cantly. These data indicate that no adjustment of ligand on the sorbent was 102 mmol /ml of packed
feedstock ionic strength is required in order to obtain resin. In this situation, it is likely that several 4-MEP
high IgG binding capacities on the MEP HyperCel ligands interact with a single molecule of antibody.
column. Table 1 also shows that the adsorption As a consequence of the dissociation constant
capacity of the column for IgG does not depend on value, of the specificity of pyridine-based ligand for
the concentration in the feedstock, at least in the the antibodies and of the high binding capacity, the
range of explored concentrations, i.e., between 0.05 described sorbent is very attractive for the separation
and 5 mg of antibodies per ml of solution. of monoclonal IgG antibodies from crude extracts.

In order to determine the adsorption strength of Fig. 2 illustrates the isolation of IgG from an ascites1

immunoglobulins G to the sorbent, the binding fluid. Sample loading was performed after dilution
isotherm was determined and the apparent dissocia- with an equal volume of loading buffer (50 mM
tion constant calculated. Under the described con- Tris–HCl buffer, pH 8). Under these conditions, the
ditions and using polyclonal IgG (see Experimental IgG was fully retained. No traces of antibody were1

section), calculations resulted in an apparent dis- detected in the flow-through fraction, or during
27sociation constant of 2.9310 mol / l and a maximal further washing with loading buffer. Elution was

binding capacity of 48.2 mg/ml (Fig. 1). This high- achieved by lowering the pH to 4.0 with an acetate
affinity value compared to classical resins is of buffer. From the chromatogram and accompanying
particular relevance when considering the dissocia- sodium-dodecyl sulfate–polyacrylamide gel electro-
tion constants of IgG–Protein A complexes [34]. phoresis (SDS–PAGE) results, it is demonstrated

Table 1
IgG binding capacity of MEP HyperCel at 50% breakthrough as a function of pH, sodium chloride molarity and antibody concentration

Binding capacity as a function of pH Binding capacity as a function of ionic strength Binding capacity as a function of IgG concentration

pH in 150 mM NaCl; IgG binding Ionic strength (mS/cm) at IgG binding IgG concentration (mg/ml) at IgG binding

IgG, 5 mg/ml capacity (mg/ml) pH 7.0; IgG, 5 mg/ml capacity (mg/ml) pH 7.0 and 150 mM NaCl capacity (mg/ml)

3.5 0.0 5 63.4 0.050 44.2

4.5 18.1 10 70.4 0.250 50.8

5.5 44.5 15 63.3 1.000 47.2

6.5 59.4 20 59.7 5.000 73.4

7.5 67.0 30 54.1 2 2

8.5 61.1 2 2 2 2
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Fig. 2. Monoclonal IgG separation from a crude ascites fluid on1

a MEP HyperCel column. Column: 100 mm36.6 mm I.D.
Equilibration buffer: 50 mM Tris–HCl, pH 8. Loaded sample (a)
2.5 ml of ascites fluid diluted with an equal volume of 50 mM
Tris–HCl buffer, pH 8. Washing solutions: 25 mM sodium
caprylate in 50 mM Tris–HCl buffer, pH 8 (b), followed by
demineralized water (c). Eluting solution (d): 50 mM acetate
buffer, pH 4.0. Cleaning solution (e): 1 M sodium hydroxide.
Linear flow-rate: 70 cm/h.

Fig. 3. GPC–HPLC analysis of fractions collected using MEP
HyperCel chromatography of ascites fluid (see Fig. 2). Column:
TSK-GSW-3000 pre-packed (300 mm34.6 mm I.D., with a 4-mmthat most of the protein impurities are not retained
particle diameter. Sample volume, 20 ml. Running buffer: 25 mM

during the load and initial wash steps. Further phosphate, 150 mM sodium chloride, pH 7.4. Flow-rate: 2 ml /
washes with 25 mM sodium caprylate in loading min. (a) crude ascites fluid; (b) flow-through; (c) elution fraction.
buffer desorbed a significant amount of protein
impurities, including albumin (data not shown). The
mild detergent-like properties of sodium caprylate separation of monoclonal antibodies from a cell
promoted the desorption of hydrophobic species such culture supernatant supplemented with 5% fetal
as the weakly bound albumin. With the described bovine serum. Although a wash with sodium
wash sequence, immunoglobulin purity of 83% was caprylate was performed to eliminate hydrophobic
obtained in a single step. These findings were adsorbed proteins, the purity of the antibodies was
confirmed by high performance gel filtration chroma- about 69%. To complete the purification process, a
tography, as shown in Fig. 3. Recovery of immuno- second, hydroxyapatite, column was used.
globulin was 79% and the purification factor was 5.2. Fig. 4A shows the separation of antibodies from

Similar conditions were successfully used for the the first column. The serum-containing cell culture
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Fig. 4. Purification of monoclonal IgG from a cell culture1

supernatant on a MEP HyperCel column (A) followed by a
hydroxyapatite column (B). Column dimensions: 100 mm311
mm I.D. (A) Sample injection: 300 ml of cell culture supernatant
containing 5% fetal bovine serum (a); column washing with 25
mM sodium caprylate in equilibration buffer (b); water wash (c);
elution of antibodies with 50 mM acetate buffer, pH 4.0 (d);
column cleaning with 1 M sodium hydroxide (e). (B) Sample
injection (a): eluted antibody fraction from MEP HyperCel column
(see fraction ‘d’ above); elution of monoclonal antibodies with
500 mM potassium chloride (b); column cleaning: 100 mM
sodium phosphate buffer, pH 6.8 (c). Linear flow-rates for both
columns: 70 cm/h. Collected fractions were analyzed by SDS–
PAGE under reducing conditions and by GPC–HPLC (see Fig. 5).

Fig. 5. GPC–HPLC analysis of fractions collected by MEP
HyperCel and HA Ultrogel chromatography (see Fig. 4). Column:

supernatant was loaded and, after two washes, the TSK-GSW-3000 pre-packed (300 mm34.6 mm I.D.), with a 4-mm
IgG fraction was recovered by eluting at pH 4. The particle diameter. Sample volume: 20 ml. Running buffer: 25 mM1

phosphate, 150 mM sodium chloride, pH 7.4. Flow-rate: 2 ml /purity of the collected IgG was estimated by HPLC1
min. (a) crude cell culture supernatant; (b) IgG fraction from theand SDS–PAGE. The purification factor and per-
MEP HyperCel column; (c) IgG from the hydroxyapatite column.

centage recovery were 40 and 76%, respectively.
This antibody-enriched fraction was purified to 98–
99% purity using a HA Ultrogel column, as shown MEP HyperCel pool, which were 1.5 and 69%,
on Fig. 4B. respectively.

Elution of antibodies was performed by means of Hydroxyapatite sorbents have been described in a
a phosphate buffer, pH 8, containing 500 mM number of protocols for the separation of polyclonal
potassium chloride. Protein impurities were found in and monoclonal antibodies [35–37]. Phosphate buf-
the flow-through and in the regeneration step per- fers are generally used for this type of chromatog-
formed using 100 mM phosphate buffer, pH 6.8. raphy; their initial concentration ranges between 1

As shown by gel filtration HPLC analysis (Fig. 5), and 20 mM and the pH ranges between 6.5 and 8.
the final purity of the IgG was estimated to be 99%, Elution is generally obtained by increasing the1

compared to the purity in crude feedstock and in the phosphate-buffer concentration. However, with anti-
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bodies, phosphate buffers may not be sufficient to
separate albumin traces from the antibody [38].
Interestingly, the interaction between acidic proteins
and hydroxyapatite is not sensitive to a sodium-
chloride gradient. Cationic proteins, such as most of
the antibodies, can therefore be desorbed by a
potassium chloride gradient. This is an advantage in
their purification because all acidic contaminants,
such as DNA, endotoxins and other acidic proteins,
will remain adsorbed on the resin. This is why
hydroxyapatite was used as a second column after
antibody capture. MEP HyperCel was also evaluated
for its ability to separate Fc and Fab fragments from
enzymatically hydrolyzed immunoglobulins G. It
clearly appeared that both fragments can be adsorbed
on the column at neutral pH and their desorption can
be achieved sequentially by decreasing the pH. Fc
fragments are adsorbed more tightly on MEP Hy-
perCel than Fab as a result of their higher hydro-
phobicity. On a pH gradient, they are desorbed after
Fab fragments (data not shown).

Under well-defined conditions of ionic strength
and pH (see Fig. 6a), Fab fragments can be found in
the flow-through while adsorbed Fc fragments are
recovered by dropping the pH to 4.5. Analytical
results of collected fractions showed that Fab con-
tained very low amount of Fc fragments and the Fc
fraction contained some non-hydrolyzed antibodies
(Fig. 6b). To date, the best way to separate these
antibody fragments is using Protein A chromatog-

Fig. 6. (a) Separation of Fc–Fab fragments on a MEP-HyperCel
raphy, as Protein A is a well known Fc fragment column from human IgG hydrolyzed with papain. Column dimen-
binder [39]. Fig. 6b, lanes 3 and 4, show, however, sions: 30 mm36.6 mm I.D. Equilibration buffer: 100 mM Tris–
that, in spite of the use of a bioaffinity adsorption acetate, sodium chloride 5 mS/cm conductivity, pH 5.5. Loaded

sample (a): 2 ml of papain hydrolyzate (see ‘Experimental’step on Protein A, there is still some cross-contami-
section) dialyzed against equilibration buffer. First elution solutionnation of the separated fragments. Comparatively,
(b): 100 mM Tris–acetate containing sodium chloride up to 5

MEP HyperCel column allows these fragments to be mS/cm, pH 4.5. Second elution solution (c): 100 mM Tris–acetate
separated quite satisfactorily. buffer containing sodium chloride up to 5 mS/cm conductivity,

Although with recombinant production of antibody pH 3.0. Cleaning solution (d): 1 M sodium hydroxide. Linear
flow-rate: 100 cm/h. (b) 10% SDS–PAGE of fractions collectedfragments there is no special need to discriminate
by MEP-HyperCel chromatography (see Fig. 6a). Lane 1: markersbetween Fab and Fc, the separation properties of
(human IgG, 160 000 M ; b-galactosidase, 116 000 M ; fructose-r rMEP HyperCel may be of practical interest. Pro- 6-phosphate kinase, 84 000 M ; albumin, 66 000 M ; glutamicr r

duction of Fab fragments from whole immuno- dehydrogenase, 55 000 M ; ovalbumin, 45 000 M ;r r

globulins (polyclonal and monoclonal) is increasing- glyceraldehyde-3-phosphate dehydrogenase, 36 000 M ; carbonicr

anhydrase, 29 000 M ). Lane 2: standard human IgG. Lane 3:ly popular and is already performed on a large scale r

flow-through from Protein A column (Fab). Lane 4: eluate fromfor the preparation of pharmaceuticals such as anti-
Protein A column (Fc). Lane 5: flow-through from MEP HyperCel

sera against snake venom, tetanus toxin, etc. In these column. Lane 6: first eluted peak at pH 4.5 (Fc fragment). Lane 7:
cases, pure polyclonal antibodies (generally from second eluate at pH 3.0 (excess of IgG). Lane 8: 1 M sodium
horses) are hydrolyzed with papain to cut the Fc hydroxide cleaning fraction.
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fragment from the antibody prior to chromatographic The unique properties of this material make it an
separation. These processes are generally large-scale, effective tool for the purification of antibodies from
low cost applications where the use of Protein A different feedstocks and for the separation of recom-
sorbents is considered too expensive to be of practi- binant or enzymatically produced IgG fragments.
cal value. This material should also be used for the purification

The behavior of MEP HyperCel for antibody of fusion proteins comprising Fc domains.
fragments therefore opens the way to the capture /
purification of related fusion proteins, especially
when they contain Fc fragments. Separation methods References
for such structures are in progress.

[1] S.L. Morrison, M.J. Johnson, L.A. Herzenberg,V.T. Oi, Proc.
Natl. Acad. Sci. USA 81 (1984) 6851.

[2] J. Huston, Int. Rev. Immunol. 10 (1993) 195.4. Conclusion
[3] J. McCafferty, A.D. Griffiths, G. Winter, D.J. Chiswell,

Nature 348 (1990) 552.Hydrophobic charge induction chromatography,
[4] G. Winter, A.D. Griffiths, R.E. Hawkins, H.R. Hoogenboom,

conducted using 4-MEP as ligand, provides effective Ann. Rev. Immunol. 12 (1994) 433.
adsorption of antibodies under physiological con- [5] E.T. Harvill, J.M. Fleming, S.L. Morrison, J. Immunol. 157

(1996) 3165.ditions. Antibodies are adsorbed at nearly neutral pH
[6] S. Fulton, Production of antibodies in transgenic milk, in:and at a binding capacity of 30–35 mg/ml of sorbent

Proceedings of ‘Antibody Production and Downstream Pro-(10% breakthrough), which is independent of anti-
cessing’, San Diego, March 17–19, 1999, 1999.

body concentration. This phenomenon is attributed to [7] J.K. Ma, A. Hiatt, M. Hein, N.D. Vine, F. Wang, P. Stabila,
the relative specificity of the ligand for antibodies, to C. van Dolleweerd, K. Mostov, T. Lehner, Science 268

(1995) 716.the mild hydrophobic association and to the high
[8] P.J. Delves, in: Antibody Production: Essential Techniques,ligand density on the solid phase. This combination

27 Wiley, New York, 1997, p. 90.yields an apparent dissociation constant of 2.9310
[9] P. Cagnon, Purification of Monoclonal Antibodies, Valid.

mol / l and a maximal binding capacity close to 50 Biosystem, Inc., Tucson, AZ 85750, USA, 1996, ISBN
mg/ml. 0-9653515-9-9.

[10] E. Boschetti, A. Jungbauer, in: Handbook of Bioseparation,Effective capture of antibodies from ascites fluid
S. Ahija (Ed.), Academic Press, 2000, p. 535.and from a cell culture supernatant containing 5%

¨[11] C. Ostlund, P. Borwell, B. Malm, Dev. Biol. Stand. 66fetal bovine serum was demonstrated with purities
(1987) 367.

that reached 83 and 69%, respectively, in a single [12] W. Jiskoot, J.J. Van Hertrooij, A.M. Hoven, J.W. Klein
step. Gebbinck, T. Van der Velden-de Groot, D.J. Crommelin, E.C.

Beuvery, J. Immunol. Methods 138 (1991) 273.Elution of IgG is achieved under relatively milder
[13] B. Akerstrom, T. Brodin, K. Reis, L. Bjorck, J. Immunol.conditions (pH 4.0) compared to the ones employed

135 (1985) 2589.during affinity chromatography on Protein A sor-
[14] P. Fluglstaller, J. Immunol. Methods 124 (1989) 171.

bents. The likelihood of aggregate formation or [15] M.A. Godfrey, P. Kwasowski, R. Clift,V. Marks, J. Immunol.
inactivation is thus reduced. Methods 160 (1992) 97.

[16] E.M. Rapoport, L.S. Zhigis, E.V. Vlasova, V.E. Piskaref, N.V.Monoclonal antibodies from crude cell culture
Bovin, V.P. Zubov, Bioseparation 5 (1995) 141.supernatants containing high concentrations of al-

[17] O. Manzke, H. Tesch, V. Diehl, H. Bohlen, J. Immunol.bumin can be brought to high levels of purity
Methods 208 (1997) 65.

(.98%) by the use of a simple hydroxyapatite [18] B. Sulk, G. Birkenmeier, G. Kopperschlager, J. Immunol.
chromatography following hydrophobic charge in- Methods 149 (1992) 165.

[19] L. Guerrier, P. Girot, W. Schwartz, E. Boschetti, Biosepa-duction chromatography.
ration, 2000, in press.Although the investigated adsorbent does not have

[20] R. Necina, K. Amatschek, A. Jungbauer, Biotechnol. Bioeng.a true bioaffinity interaction on the Fc fragment of
60 (1998) 679.

IgG, it can also be effectively used to separate Fab [21] B. Nopper, F. Kohen, M. Wilchek, Anal. Biochem. 180
from Fc antibody fragments under predetermined (1989) 66.
conditions of pH and ionic strength. [22] U.M. Kent, Methods Mol. Biol. 34 (1994) 23.



46 L. Guerrier et al. / J. Chromatogr. B 755 (2001) 37 –46

[23] U.B. Finger, W. Brummer, E. Knieps, J. Thommes, M.R. [31] A. Schwarz, F. Kohen, M. Wilchek, J. Chromatogr. B 664
Kula, J. Chromatogr. B. 675 (1996) 197. (1995) 83.

[24] K.L. Knudsen, M.B. Hansen, L.R. Henriksen, B.K. An- [32] G.H. Scholz, S. Vieweg, S. Leistner, J. Seissler, W.A.
dersen, A. Lihme, Anal. Biochem. 201 (1992) 170. Scherbaum, K. Huse, J. Immunol. Methods 219 (1998) 109.

[25] T.T. Ngo, J. Chromatogr. 662 (1994) 351. [33] G.H. Scholz, P. Wippich, S. Leistner, K. Huse, J. Chroma-
[26] A. Lihme, M. Bendix-Hansen, Biotechnol. Lab. 15 (1997) togr. B 709 (1998) 189.

30. [34] B. Horstman, H. Chase, Chem Eng. Res. Des. 67 (1989) 243.
[27] R. Li, V. Dowd, D.J. Stewart, S.J. Burton, C.R. Lowe, Nat. [35] L.H. Stanker, M. Vanderlaan, H. Juarez-Salinas, J. Immunol.

Biotechnol. 16 (1998) 190. Methods 76 (1985) 157.
[28] G. Fassina, A. Verdoliva, G. Palombo, M. Ruvo, G. Cassani, [36] J. Bukovsky, R.H. Kennett, Hybridoma 6 (1987) 219.

J. Mol. Recognit. 11 (1998) 128. [37] C. Poiesi, A. Tamanini, S. Ghielmi, A. Albertini, J. Chroma-
[29] S.C. Burton, D.R.K. Harding, J. Chromatogr. A 814 (1998) togr. 465 (1989) 101.

71. [38] C. Sene, P. Santambien, X. Pouradier Duteil, Chimica Oggi.
[30] J. Porath, S. Oscarsson, Makromol. Chem. Macromol. Synt. 8 (1990) 15.

17 (1988) 359. [39] A. Forsgren, J. Sjoquist, J. Immunol. 97 (1966) 822.


