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METHODS FOR REFOLDING OF RECOMBINANT ANTIBODIES

BACKGROUND

The present application claims the benefit of priority of U.S. Provisional
Application 60/621,295 filed October 22, 2004 and U.S. Provisional Application 60/701,762
filed July 22, 2005. Each of the aforementioned applications is specifically incorporated

herein by reference in its entirety. -

.Field of the Invention

The present invention is generally directed to methods of producing an

~ increase in the enrichment and/or recovery of preferred forms of proteins. More particularly,

the invention relates to methods for refolding recombinant antibody proteins.

thkgronnd of the Related Art

The advent of genetic engineering brought with it the promise of facile
production of large quantities of biologically relevant polypeptides expressed in functional = -
form in genetically-engineered organisms. In many instances, prokaryotes have been -
contemplated for use to achieve the expression of recombinant proteins. However, this
promise has not been fully realized for a number of reasons. For example, in many instances
where the polypeptide has been produced and retained in the cytoplasm of the host organism,
inclusion bodies have resulted requiring denaturation and renaturation of the protein,
frequently with only partiél or little success. Many important target proteins are at best
inefficiently expressed in soluble form in prokaryotic cells, due at least in part to the _
complexity of the protein folding process in vivo (Houry et al., Nature, 402: 147-154, 1999).
Retrieval of the biologically active eukaryotic proteins from the inclusion bodies requires
unfolding and refolding of the protein through the use of harsh conditions which include the
use of chaotropic agents and reducing thiols. In other instances, the expressed protein or
peptide is substantially degraded, not only leading to low yields but also generating

complicated mixtures that are difficult to separate and purify.

Disulfide bond formation in proteins in vivo is a complex process, which is
determined by the redox potential of the environment and specialized thiol-disulfide
exchanging enzymes (Creighton, Methods Enzymol. 107,-305-329, 1984; Houee-Levin,
Methods Enzymol. 353, 35-44, 2002, Ritz and Beckwith, Roles of thiol-redox pathways in
bacteria, Annu. Rev. Microbiol. 55, 21-48, 2001.) The disulfides are formed in cells during or

shortly after secretion of the nascent chains into the endoplasmic reticulum (Creighton, .
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'Methods Enzymol. 107, 305-329, 1984). Several conformational isoforms of the same

protein, but with different disulfide structures, can be generated during recombinant protein

- production in mammalian cells due to the failing disulfide formation process, close proximity

of three or more cysteine residues in the protein structure or surface exposure of unpaired

cysteine residues.

In general, cysteine residues in proteins (including antibodies, IgG antibodies,

1gG1 antibodies and the IgG1 antibody binding human IL-15) are either engaged in cysteine-

cysteine disulfide bonds or sterically protected from the disulfide bond formation when they
are a part of folded protein region When a cysteine residue does not have a pair in r)rotein
structure and is not sterically protected by folding, it can forma dlsulﬁde bond with a free
cysteine from solution (cystemylatron) The free cysteine residues are typlcally avallable in
fermentatxon media together with other amino acids, bulldmg blocks of the protems The

cysteinylation is undesirable posttranslatronal modification in pharmaceutical protems which

'may lead to a conformational isoform with undesirable propertles such as low bmdmg, low

biological activity and low stability. This invention provrdes method for removing the

cysteinylation and increasing relative abundance of the desired conformational isoform

- without cysteinylation.

Unpaired cysteine residues in proteins can be subjected to cysteinylation,

| which can lead to significant changes in properties and function of the proteins.
Cysteinylation of proteins was reported on protems in vivo (Craescu et al., J. Blo] Chem.
~ 261, 14710-14716, 1986; Dormann et al., J. Biol. Chem. 1993, 268, 16286-16292; Davrs et

al. onchemlstry 1996, 35, 2482-2488; Lim et al., Anal. Biochem. 2001, 295, 45- S6
Bondarenko etal., Int. J. Mass Spectrom Ion Processes 2002, 219, 671-680 ) Modrﬁcatlons
of cysteine residue modulated protein activity. For example, covalent binding of glutathione
to hemoglobin increases the oxygen-binding properties of this protein (Craescu et al., J. Biol.
Chem. 261, 14710-14716, 1986). In another example, liver type fatty ac1d-bmdmg proteins
(LABP) lost binding affinity after cysteinylation and glutathionylation (Dormann et al., J.
Biol. Chem. 1993, 268, 16286-16292). HIV-1 protease activity was regulated through |
cysteinylation and glutathlonylatlon (Davis et al., Blochemlstry 1996 35 2482- 2488) There '

are reports that there is a fraction-6f human antibodies in circulation that possesses an

' unpalred cysteme. For example, in one report it is shown that an immunoglobulin light chain

of lambda type possesses a free cysteine in position 33, such that the light chain possesses a
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total of six cysteine residues (Buchwald et al., Can. J. Biochem. 1971, 49, 900-902). It was
indicated that this free cysteine is a feature of a subgroup III of lambda light chains.

Although unpaired cystemes have been reported in IgG molecules there are no
reported cases of cysteinylation of unpaired cystems Detection of cystemylatlon can be
analytically challenging and the failure to observe cysteinylation in earlier report could be
due to the use of reduction in one of the steps in the analysis (reduction will eliminate
cysteinylation). Cysteinylation when present in the CDR region can affect the biological -
activity as is seen in the case of 146B7, a fully human antibody directed against human IL-15.
Removal of cysteinylation by refolding helps in minimizing heterogeneity hence improving
product homogeneity. Removal of cysteinylation by refolding also increased product B
efficacy. There is a good chance that cysteinylation will be present»on other IgG molecules
containing one or more unpaired cysteines and removal of the cysteinylation could be the-key

for pharmaceuncal viability of such products.

PCT Pubhcauon No. WO 02/68455 dlscloses a process for refoldmg a tumor
necrosis factor receptor-Fc fusion protein. The protem was bioengineered by fusing Fc
region of IgG1 antibody and two tumor necrosis factor rec_eptors (TNFr) and does not occur
naturally. The document does not address proteins‘that have hetero geneous structures due to
the presence of at least one free or unpaired cysteine, i.e., a cysteine that is not participating

in a disulfide bond. Complex proteins bearing free cysteines are known to exist and at least -

- some immunoglobulins are commercially relevant example of such proteins. In particular, it

is noteworthy that WO 02/68455 provides no examples of processing of naturally-occurring
molecules such as immunoglobulins, nor does it discuss or address protein-folding problems

of large complex proteins that contain free or unpaired cysteines.

In vitro folding of inclusion body proteins. produced by microbial cells (E.
c‘oli)‘ is well described in the literature and includes two steps. First, the inclusion bbdy
proteins are solubilized in a presence of high concentration ofa cllaotropic reagent and
reducing reagent to break all disulfide bonds (Mlddelberg, A P Preparatlve protein
refolding. Trends Biotechnol. 2002, 20, 437-443). For example an inclusion body
solubilization solution mcludes 6 M guanidine hydrochlonde and 100 mM DTT in a review
by Rudolph, R.; Lilie, H. In vitro folding of inclusion body proteins. FASEB J. 1996, 1 0, 49-
56. The second step is protein fo_lding‘in presence of a moderate concentration of guarudine |
hydrochloride (0.5 — 1.0 M) and a mild redox environmeri (Middelberg, A. P. Preparative
protein refolding. Trends Biotechnol. 2002, 20, 437-443). This invention does not include tlle
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step of solubilization by protein complete denaturation and reduction of all disulfide bonds in
a presence of the high concentrations of chaotropic and reducing agents.. The invented

method does not denature the protein or denatures it only and feduces/oxidizes (réshuﬁ]es) :

only a few disulfides. This invention is dealing with proteins produces in mammalian cells.

The production by mammalian cells includes in-vivo prdtein folding and disulfide formation,
while microbial cells produce proteins as a high densify, unfolded, non-soluble proteins

agglomerates with mixed disulfides (inclusion bodies). Because the mammalian cells link

‘most of the disulfide bonds correctly, there no need for complete protein denaturation and

~ reduction of all disglﬁde bonds.

' U.S. Patent No. 4,766,205 recognizes:that recombinant production of proteins
is hampered by the formation of inappropriate intramolecular disulfide bonds that lead to
“non-native” conformations of the recombinant protein that are “frozen” in that they cannot -

readily be converted to the native conformation.” Such non-native products are at least

- partially biologically inactive. To address this issue, U.S. Patent No. 4,766,205 discloses a -

process that involves exposure of the protein to a reductant, addition of an adduct-forming
disulfide compound, followed by addition of an oxidanf,with the temporal]y coordinated
removal of the red\ictant. Thevdetailed description of the invention indicates that proteins are
subjected to solubilization by complete denaturation and reduction of disulfide bonds. The
number of steps invplve.d and the number of compounds required render this approach
cumbersome. If is noteworthy that U.S. Patent No. 4,766,205 provides no discussion on the -

use of the disclosed process for refolding mammalian produced proteins, and large complex

~ proteins that are formed by intermolecular bonding, such as immunoglobulins.

The above discussion shows that there remains a substantial need and interest
in developing systems for the efficient and economic production, purification and analysis of
active large polypeptides where the desired polypeptide has been produced, for example
through recombinant means, such that the produced polypeptide is provided in an active
conformation or conveniently proceSSed and reriatured to a functional state. Additionally,
despite the fact that there are techniques that have been extensively used in the analysis of
low molecular we'ight proteins such as insulin, or low molecular weight digests of larger v
proteins, there remains a need for additional methods and techniques for producing sequence
and detailed coﬁformationa] information about larger proteins, in particular, proteins having
more than one subupits that are formed by intermolecular interaction. ‘The present invention

is directed at addressing these needs.
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SUMMARY OF THE INVENTION

The present invention is directed to providing efficient and economic production,
purification and analysis of active polypeptides that have proven refractory to existing
methods of recombinant production due to the presence of scrambled disulfide bonds, and
free or unpaired cysteine residue. More particularly, the invention describes methods of
refolding proteins to produce improved pharmaceutical and crystallization properties. As
described in further detail hereinbelow, the addition of reduction/oxidation (redox) coupling
reagents can facilitate the formation of native-like disulfide bonds in the recombinant proteins

and thus produce structurally homogeneous, more active forms of the molecule.

One aspect according to the invention provides a method of producing a recombinant
IgG antibody, (e.g., an IgGl, and IgG2, an IgG3 or an IgG4 antibody) comprising: contacting
a polypeptide that has been recombinantly produced by mammalian cells with a
reduction/oxidation coupling reagent at a pH of about 5 to about 11. The method may
optionally comprise contacting said preparation with a chaotropic agent before, after or
concurrently with said contacting with said reduction/oxidation coupling reagent. In some
embodiments, the polypeptide is a recombinant IgGl. More preferably, the IgGl is an IgGl
having at least one free cysteine residue. An exemplary such antibody is the antibody
designated as 146B7 in US Publication Nos. 2003/0138421; 2003/023586; and
2004/0071702, all of which are incorporated by reference herein in their entireties, hi other
preferred embodiments, the IgG is an 1gG2 molecule. Preferably, the method reduces the

heterogeneity of the IgG2 molecule. Other embodiments involve methods of refolding 1gG4

~ molecules to decrease the presence of IgG4 half molecules (referred to as "half-mers" herein).

There is therefore provided a method of producing an IgG2 antibody preparation
enriched for one of several IgG2 structural variants which differ by disulfide connectivity in
the hinge region, comprising contacting a preparation of an IgG2 antibody that has been
recombinantly produced by mammalian cells with a reduction/oxidation coupling reagent at a
pH of about 5 to about 11 in the absence of or the presence of a chaotropic agent, wherein (i)
said 1gG2 antibody to be subjected to the method elutes as several separate forms,
corresponding to said several 1gG2 structural variants, on RP-HPLC, (ii) said contacting in

the absence of a chaotropic agent enriches one of said several IgG2 structural variants, and
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(iii) said contacting in the presence of a chaotropic agent enriches another of said several

IgG2 structural variants.

There is also provided a method of producing a recombinant IgG2 antibody, or an
IgG2 antibody fragment comprising: contacting an IgG2 antibody or an IgG2 antibody
fragment that has been recombinantly produced by mammalian cells with a
reduction/oxidation coupling reagent at a pH of about 5 to about 11 in the absence of or the
presence of a chaotropic agent; wherein (i) said IgG2 antibody to be subjected to the method
elutes as several separate forms on RP-HPLC which differ by disulfide connectivity in the
hinge region, (ii) said contacting in the absence of a chaotropic agent enriches one of said
several separate forms, and (iii) said contacting in the presence of a chaotropic agent enriches

another of said several separate forms.

Accordingly, the methods of the present invention are particularly directed to
refolding recombinant forms of a IgG antibodies. An example of the production of such a IgG
antibody is the production of a recombinant antibody by the recombinant expression of that
antibody in CHO cells. An exemplary IgGl antibody is described in the aforementioned U.S.
Publications, 146B7 is a fully human antibody, i.e., IgGl, directed against human IL-15.

As noted above, certain embodiments of the invention provide a recombinant 1gGl
antibody that has a free or unpaired cysteine residue. An antibody with an unpaired cysteine

is understood to have one or more free cysteine residues, wherein a free cysteine
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residue is defined as an amino acid in the antibody polypeptide heévy chain or light chain that
is not typically involved in the formation of a disulfide bond, but is proximal to a cysteine

disulfide pair and if the disulfide bond of that pair is broken, the free cysteine is capable of

A forming a different disulfide bond with one of the previously paired cysteines. It is also

understood that an antibody with a free cysteine may be capable of assuming more than one
conformation depending on which cysteines are paired. It is also understood that antibody
with a free cysteine may be capable of assuming more than one conformation depending if

the cysteine residue is cysteinylated or glutathionelated.

Consistent with the foregoing, an aspect of the invention is drawn to a method
of producing a recombinant IgG antibody, comprising: contacting a IgG molecule that has
been recombinantly produced by mammalian cells with a reduction/oxidation coupling
reagent at a pH of about 5 to about 11; and optionally further contacting the IgG molecule
with a chaotropic agent before, after or concurrently with the contacting with the
reduction/oxidation coupling reagent. ; I

The methods thus comprise prodilcing a preparation of such a recombinant

IgG molecule, comprising contacting a preparation of the IgG molecule that has been -

recombinantly produced by mammalian cells (i.e., recombinant IgG) with a

- reduction/oxidation coupling reagent at a pH of about 5 to about 11; optionally, further

contacting said preparation with a chaotropic.agent before, after or concurrently with said
contacting with said reduction/oxidation coupling yeageni; and, optionally, isolating a fraction
of the treated preparation of the recombinant IgG molecule wherein the IgG has refolded into
a desired conformation. More specifically, the pH of the reduction/oxidation coupling -
reagent is from about 7 to about 10; further more specifically, the pH of the - -
reduction/oxidation coupling reagent is from-about 7.6 to about 9.6. In specific, non-limiting
exemplary embodiments, the pH of the reduction/oxidation coupling reagent is about 8.0; in
other embodiments the pH is about 8.6. The method is conducted at a temperature of from— -
20°C to 37°C, more sp,eciﬁcally, from-10°C to + 8°C. In specific embodiments, the method

is conducted at 4°C.

- The redox coupling reagent may be any redox coupling reagent(s). In some
embodiments, the redox coupling reagent comprises reduced glutathione and oxidized:
glutathione. More specifically, in certain erﬁbodiments; the ratio of reduced glutathione to
oxidized glutathione in the reduction/oxidation coupling reagent is about 1:1 to about-100:1.

In other particular embodiments, the reduction/oxidation cdupling reagent comprises
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cysteine/cystine. Specifically, the reduction/oxidation coupling reagent comprises from

about 0.1 mM to about 10 mM cysteine and from about 0.1 mM to about 10 mM cystiné. In

~ yet other embodiments, the cysteine and cystine are present in a cysteine:cystine ratio of

about 1:1 to about 10:1. In specific, non-limiting exemplary embodiments, the
reduction/oxidation coupling reagent comprises about 6 mM cysteine and either about 1 mM
‘or about 6 mM cystine. In some embodiments of the method of producing a recombinant IgG -
molecule (e.g., 1gG1, IgG2, IgG3 or IgG4), the cysteine/cystine comprises about 6 mM - . -
cysteine and about 6 mM cystamine. '

The contacting with the redox reagent may be performéd over any convenient
period of time sufficient to allow the unfolding and refolding to occur.  In some -
embodiments, the contacting step with the redox coupling reagent, and further with or

_ without the chaotropic agent, is performed for about 30 minutes.or more. - In some ;

_ embodiments, the contacting step. with the redox coupling reagent, with or without the

~_chaotropic agent, is performed for about 4 to about 48 hours.

- In other aspects of the invention, the contacting with the reduction/oxidation
coupling reagent comprises providing the reduction/oxidation coup]ing‘reagént to the growth

medium of the cell culture (i.e., the cell culture medium) from which the recombinant IgG is

- produced.

In some embodiments of the method of ‘pr"odticingi'é' recombinant IgG
antibody, the contacting sfep comprises contabting at least a partially purified (or partially
isolated) preparation of the recombinant IgG with the reduction/oxidation coupling reagent.
Whether partially purified or not, the concentration of the recombinant IgG is contemplated

as extending from the range of 1 mg/ml to about 50 mg/ml.

The methods of the present invention may further comprise an additional step
of contacting the isolated recombinant protein that haé been refolded abcording to the ‘
methods described above with a further composition comprising a réducti_on/oxidation
coupling reagent. While in some embodiments a reductant and an oxidant are used, it is also

contemplated that a reductant may be used alone.

In another aspect of the invention, the method of producing a recombinant
polypeptide comprises contacting the polypeptide with a chaoﬁopic agent before, after or
concurrently with the contacting of the polypeptide with the reduction/oxidation coupling

reagent. The chaotropic agent is any chaotropic compound or ph_ysi_cal condition known in
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the art. An exemplary chaotropic agent is selected from the group consisting of urea,

arginine, SDS and guanidine hydrochloride. In specific embodiments, the chaotropic agent is

guanidine hydrochloride. Chaotropic agent also encompasses a low temperature condition, in

- which the temperature is low enough to cause a structural p'ertui'batiOn of, for example, IgG;

in particular, a temperature ranging from zero to —30 degrees Celsius is contemplated. The
concentration of any of the chaotropic agent compounds, such as the guanidine

hydrochloride, may be varied according to particular conditions, however, in some |

“embodiments, the concentration of the agent, e.g., guanidine hydrochloride, in the reaction

mixture is from about 0.1 M to about 1M, and in other embodiments, the reaction mixture is

 from about 0.1M to about 1.5M. . In particular embodiments, the concentration in the reaction
~ mixture is about 0.5M. In still other exemplary embodiments, tlie concentration of the agent,

e.g., guanidine hydrochloride, in the reaction mixture is about 0.9M. High pressure (1000-
3000 bar), elevated temperature (above 55°C); alcohol (up to 30%), low pH (below 3.5) are
known to partially unfold IgG antibodies and can perform the role of the chaotropic agent.

Combination of two or more of these unfolding elements can be used.

. Another aspect of the inventioh provides a method of producing a recombinant
polypeptide, as described above, further comprising isolating the contacted polypeptide or
isoléting a f:éction of the contacted pblypeptide having a desired refolded conformation. The
isolating step used herein may be any isolating step convéntionally employed to isolate
proteins. The isolating step may comprise one or more techniques selected from the group
consisting of reversed phase chromatography (e.g.,l HPLC), siie-exclusion chromatography,
ion-exchange chromatography, hydrophobic interaction chromatography, affinity '
chromatography, and electrophoresis, e.g., capillary elec;troph_oresis. In embodiments that
employ HPLC, the isolating comprises introducing a sample of the recombinant IgG
preparation of the recombinant protein onto a reversed-phase chromatography column;
separating the recombinant IgG from the other components of the preparation by eluting the

- recombinant IgG molecule from the reversed-phase HPLC, wherein the HPLC column is

heated to a temperature of from about 50°C to about 90°C; and wherein the mobile phase of -
-the-reversed-phése HPLC comprises a water miscible organic solVe_ht having a C18
eluotropic strength coefficient of at least 6.0, wherein the method produces a homogeneous
population of IgG moieties than a similar method conducted in the absence of the
reduction/oxidation coupling reagent or the HPLC separation parameters. The recbhmbinant

IgG can be similarly separated using cation exchange chromatography. A “homogeneous”
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population of an antibody means an antibody population that comprises largely a single form

of the antibody, for example, at least 90% of the antibody in the solution or composition is in

_ the properly folded form. Similarly, a “homogeneous” population of a polypeptide having a

free or unpaired 'cyéteine means a population of said polypeptide which comprises largely a
single, properly folded form. The concentration of the récombin_ant IgG in the methods of the
invention may be any concentration of the IgG that is amenable to refolding. bAs‘such, the
concentration of IgG may be an industrial quantity (in terms of weight in grams) of IgG (e.g.,
an industrial amount of a specific IgG) or altemnatively may be in milligram quantities. In .
specific embodiments, the concentration of the recombinant 1gG molecule in the reaction
mixture is from about 1 mg/ml and about 50 mg/ml, more specifically, 10- mg/ml of_ 15 -

mg/ml. - The recombinant IgG1 molecules in these concentrations are particularly

. reduction/oxidation coupling reagent at a pH of about 8.0.

“In other aspects of the invention, the methods of the invention are
characterized in that the contacting with the reduction/oxidation coupling reagent produces at

least a 2-fold increase in the biological activity of the recombinant IgG antibody, (e.g.,.an

‘IgG1, IgG2, IgG3 or IgG4 antibody) as compared to the same IgG antibody, that has not been

refolded due to the production of an increase in the concentration of the active form of the -
IgG in the preparation prepared by the method as a result of treatment with the
reduction/oxidation coupling reagent. In other embodiments, the contacting with the
chaotropic agent produceé at least a two-fold increase in the biological activity of IgG .
preparation as compared to the same antibody that has not been refolded, due to the -

production of an increase in the concentration of the active form of IgG in the preparation

- prepared by the method as a result of treatment with the chaotropic agent. In still other
25 -

embodiments, the contacting of the recombinant polypeptide with the reduction/oxidation
coupling reagent and the further contacting with the chaotropic agent produce a polypeptide
having at least a three-fold increase in the biological activity of the polypeptide compared to
the same polypeptlde that is not contacted. ' ‘

In still other embodirhents, the combined effect of contacting with the
chaotropic agent and the reduction/oxidation coupling reagent produces at least a 3-fold
increase in the biological activity of the IgG preparaﬁon as compared to the same éntibody
that has not been refolded, due to the production of an increase in the con.centré_xt'idnvdf the

active form of IgG in the preparation prepared ‘by the method as a result of treatment with the
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‘combination of the reduction/oxidation coupling reagent and the chaotropic agent. By

refolding using the methods described herein the concentration of the desired conformational
form of the protein is increased (enriched or increased abundance). During the isolation step
aﬁer the refolding, more grams of desired conformational form are isolated. During the
isolation step of the IgG without refolding, fewer grams of desired conformational form are
isolated. The methods taught herein produce an at leaet 2-fold or a 3-fold increase in activity -
by increasing concentration of the active form from 40% to at least 80%or from 30% to at
least 90%. The refolding procedure converts non-(or less)-active IgG molecules into (more)
active IgG. | '

In a particular embodiment of the invention, the chaotropic agent is guanidine
hydrochloride present in the reaction mixture in a final concentration of about 0.IMto about '

1.5M. o e e

The methods of the invention are further characterized in that they produce a
more compact IgG structure in which the recombinant IgG, refolded in the pfeéence of the

reduction/oxidation reagent and chaotropic agent, produces an alteration in the'compactness

of the structure of the IgG protein. When treating the recombinant IgG with redox agents and

chaotropic agent the IgG becomes less compact (as seen by SEC and LC/MS analysxs) as

compared to the non-treated material and the IgG treated with redox agents alone becomes
more compact. ‘

'The' methods of the invention pfoduce an IgG population, which may further
be processed by formulating the population of the IgG moieties, produced by the method, into |
a sterile bulk form. In other embodiments, a sterile unit dose form resdlts from the
foﬁnuiating of the population of the IgG moieties produced by the method.

Also provided.by the invention are methods of treating a subject in need of a
recombinant IgG molecule comprising administering to the subject a homogeneous
pophlation of the IgG molecule prepared according to the methods of the present invention.
In certain embodiments, the methods involve intravenous or subcutaneous administration of

the IgG molecule.

Also contemplated for the present invention is a method for removing

" cysteinylation of IgG protein having free or unpaired cysteine and increasing relative

abundance of the desired conformational isoform without cysteinylation, comprising



10

15

20

25

30 .

WO 2006/047340 =1k PCT/USZO'05/038045

contacting such proteins with a reduction/oxidation coupling reagent. Such proteins include,

for example, IgG1.

. Also contemplated for the present mventxon is a method for improving storage |
stability, thermal stability, homogeneity, or crystal propertles of a protein having a free or
unpaired cysteine comprising contacting said protein with a reduction/oxidation coupling
reagent. In certain embodiments, the recombinant protein/antibody is ahigh molecular -

weight protein has a molecular mass of about 90 kDa.

In arelated aspect of .the invention, the method of producing a recorhbinant
polypeptide comprises a contacting step wherein the contacting produces a polypepti_de which
is more stable in storage than the same polypeptide that is not contacted. Exemplary |
embodiments include methods wherem the contactmg produces a polypeptlde which is more -
thermally stable than the same polypeptlde that is not contacted. In other embodiments, the -

method of producmg a recombinant polypeptide comprises a contacting step wherein the

- contacting produces a polypeptide which has an improved crystal property compared to the -

same polypeptlde that is not contacted.

Also encompassed by the present invention is a populatlon of the recombmant

IgG antibody moieties, prepared according to the methods descnbed herein. For example the

invention comprehends a preparation of a polypeptide havmg at least one free cysteine

residue prepared according to the method of producing a recombinant polypeptide described
herein, wherein the preparation has a homogeneous population of the polypeptide, such as an
IgG1, IgG2, IgG3, IgG4 polypeptide. o

In a related aspect, the preparation comprises a recombinant IgG antlbody and
further comprises a pharmaceutically acceptable carrier, exmplent or diluent (i.e, the
preparation comprises a pharmaceutlcal composition). An exemplary embodiment of this
aspect of the invention is a preparation of a recombinant polypeptide comprising at least one
free cysteine residue. In some embodiments, the pharmaceutical composition comprises a
population, e.g., a homogeneous population, of an IgG molecule, and a pharmaceutically
acceptable carriet‘, excipient or diluent. The invention contemplates any known route of
administration for the preparations comprising a polypeptide and a pharmaceutically
acceptable carrier, excipient or diluent, such as intramuseular, parenteral, intravenous, or o

subcutaneous injection or implantation, urethral, rectal, or retroorbital delivery, and the like.
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Other specific aspects.of the invention include methods of producing an IgG

antibody preparation comprising contacting a p_uriﬁed preparation of an IgG antibody that has

" been recombinantly produced by mammalian cells with a reduction/oxidation coupling
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reagent at a pH of about § to about 11; and optionally further céntacting the preparation with.
a chaotropic agent before, after or concurrently with the contacting with the

reduction/oxidation coupling reagent.

In such methods, the IgG antibody may be selected from the group consisting
of an IgG1, IgG2, IgG3 and IgG4 antibody or fragments thereof that exhibit heterogeneity..

~ Such heterogeneity may be introduced by the presence of IgG monomers, 1gG multimers,

IgG half molecules, or other fragments of an IgG molecule. - -

In some embodiments, the ig’G antibody is an IgG2 antitody that elutes as
several separate forms on RP-Hi’LC and the method decreases the number of forms eluting -
on RP-HPLC, or alters the relative distribution of the several separate forms on the RP-

HPLC. Inspecificsuch émbodiments, the method preferentiélly-enriches at least one of the
several separate forms in the preparation as détermined by RP-HPLC. MOrevparticularly, the
preferentially enriched form has a pharmaceutically desirable property as compared to a

preparation that has not been treated by the method.

The term by “prefefexitially enj'iched” means an increase in relative abundance
of a desired form or increase in relative proportion of a desired form. Pharmaceutically
desirable properties as used herein include, but are not limited to increased stability,"
decreased viscosity, longer half life in circulation. For example, using the methods of the
present invention the preparation is produced that is stable at a temperatlire of about 2-8°C for
at.least one year; at about 25°C for at least one month; following freezing and thawing. In
addition, the more stable preparation is one which forms fewer dimérs, aggregates, élips,. _

particles than the same IgG antibody that is not contacted. A: desirable preparation produced - - -

- by the methods of the invention is an IgG antibody (or IgG antibody fragment) preparation

which has lower viscosity ihan the same IgG antibody (or IgG antibody fragment) that is not
been contacted with the reduction/oxidation and optional chaotropic agent as described -
herein. Another desirable IgG antibody (or IgG antibody fragment)preparation prepared
according to the methods of the invention is one which has longer life in circulation than an
IgG antibody (or IgG antibody fragment) of the same class that has not been contacted with
the reduction/oxidation and optional chaotropic agent as described herein. In certain

embodiments, such a desirable preparation has a half-life in circulation 20% longer than an |
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IgG antibody (or IgG antibody fragment) of the same class that has not been contacted with '

the reduction/oxidation and optional chaotropic agent as described herein. The term “half-

. life” as used herein is the time it takes for the plasma concentration of a drug (in the present

~ examples, an IgG antibody or fragment thereof) to reach half of it’s original concentration at

time zero.
In other etnbodiments, the IgG antibody is a recombinant IgG1 antibody
having at least one free cysteine residue or a fragment of a recombinant IgG1 antibody

having at least one free cysteine residue.

In other embodlments the IgG antlbody is an IgG4 antlbody and the method _

decreases the formation of half molecules of IgG4

In particular embodiments, it is contemplated that the method does not

compnse contacting the preparation with a chaotroplc agent

The pH of the reductlon/oxldatlon coupling reagent is from about 5 to about

10 for example between 7.6 to about 9.6 or more partlcular, about 8 0to 8.6.

The reductlon/oxidatlon.coupling reagent comprises reduced glutathione and
oxidized glutathione. For example, the ratio of reduced glutathione to oxidized glutathione is
about 1:1 to about 100:1. In other embodiments, the reduction/oxidation coupling reagent

comprises cysteine/cystine. For example, the cysteine/cystine conjprises from about 0.1 mM

to about 10 mM cysteine. In other examples, the redox coupling reagent comprises from

about 0.1 mM to about 10 mM cystine and no exogenous cysteine is added. In still other
examples, the cysteine/cystine is present in a cysteine:cystine ratio of about 1:1 to about 10:1.
In other examples, the cysteine/cystine comprises about 6 mM cysteine and about 1 mM
cystine. In still other examples, the cysteine/cystine compt_ises about 6 mM cysteine and
about 6 mM cystamihe. .

The methods may involve a contacting step which is performed for at least 30

minutes. In other examples, the contacting step is performed for about 4 to about 48 hours.

In particular examples, the recombinant IgG antibody is purified from the
media into which it has been secreted prior to the contacting. In other embodiments, the
contacting occurs when the recombinant IgG antibody is in the media in which it has been
secreted. In still other embodiments, the recombinant IgG antibody is partially puriﬁed from
the media in which it has been secreted in that, for example, the cells and other particulate ﬁ

matter have been removed from the media media prior to the contacting,
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In specific embodiments, the methods of the invention involve multiple steps .

of contacting the recombinant IgG antibody with a reduction/oxidation coupling reagent.

In specific embodiments, the methods of the invention involve isolating the
IgG antibody from the culture medium of mammalian cells in a method comprising culturing
a mammalian cell that expresses and secretes into culture medium an IgG antibody or an IgG
antibody fragment; adding reduction/oxidation coupling reagent at a pH of about 5 to about

11, and optionally contains a chaotropic agent upon secretion of antibody from the cell. Such

| isolating méy involve one or more chromatography steps.

The methods of the invention may be performed on a media or other -
preparation that comprises a concentration of from about 1 mg/ml and about 50 mg/ml of the
recombinant IgG antibody.

| The methods of the invention are such that the contacting produces a IgG

antibody which is more stable in storage than the same IgG antibody that is not contacted.

" The methods of the inventiaﬁfa'ra‘sﬁch’ﬁiar the contacting produces a 1gG antibody which is

more thermal stable than the same IgG antibody that is not contacted. In other embodlments, o .

the contactmg produces a IgG antlbody which has an improved crystallization property

compared to the same IgG antibody that is not c_:ontacted. As used herein the term

' cry_stallizaiion property refers to crystal growth, morphology, size'; uniformity, crystal yield,

suspendability of the crystal, suspendability of the crystal, or any other property of the IgG
crystal that facilitates its preparation into a pharmaceutical preparatlon Preferably, the crystal
will be used in solution, either alone or in combrnatron with a pharmaceutlcal]y acceptable

adjuvant diluent or excipient.

- The contactmg with the reduction/oxidation reagent (and optxonally the
chaotrope) produces an IgG antrbody_ population which is more homogeneous than the same
IgG antibody population that is not contacted. In other aspects, the contacting produces a
IgG antibody having at least a two-fold increase in its biological eiciiVity cbmpared to the _
same IgG antibody that is not contacted. In specific embodiments, the méihod contemplates
contacting the IgG antibody with a chaotropic agent before, after or concun'ently'with the
contacting with the reduction/oxidation coupling reagent. The chaotropic agent may be
selected from the group consisting of: urea, arginine, SDS and guanidine hydrochloride. In

preferred embodiments, the chaotropic agent comprises guanidine hydrochloride.
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In some embodiments, the concentration of guanidine hydrochloride is from"

about 0.1 M to about 1.5 M. In others, the concentration of guanidine hydrochloride is from

. about 0.1 M to about IM. In a specific embodiment, the concentration of guanidine

hydrochloride is about 0.5M. In another specific embodiments, the concentration of
guanidine hydrochloride is about 0.9M.

In particular embodiments, the contacting with the reduction/oxidation” -
coupling reagent and the further contacting with the chaotropic agent produce an IgG . -
antibody having at least a three-fold increase in its biological activity compared to the same
IgG antibody that is not contacted.

The methods of the invention also mzry eomprise formulating the IgG antibody
produced by the methods into a sterile bulk form. In other embodiments, the methods further o
compnse formulating the IgG antibody as produced by the method into a stenle umt dose
form In still other embodiments, the methods further comprise xsolatmg a fraction of the -
contacted IgG antlbody having a desired refolded conformation. Such a procedure for the

isolating is selected from the group consisting of: reversed-phase chromatography HPLC,

 size-exclusion chromatography, ion-exchange chromatography, hydrophobie interaction.

chromatography, affinity chromatography, and electrophoresis. In specific embodiments, the

procedure for the isolating is ion-exchange chromatography.

Also contemplated herein is a preparation of an IgG antibody prepared
according to the methods described herein, the preparation having a homogeneous population
of the IgG antibody. The preparation may further comprise pharmaceutically acceptable

carrier, excipient or diluent.

Also contemplated is a composition compriéing a homogeneous population vof ‘
a recombinant IgG antibody and a pharmaceutically acceptable carrier, excipient or'diluent.
The composition can contain an IgG1 antibody, IgG2 antibody, an IgG4 antibody, or IgG
monomers of an IgG1, IgG2 or IgG4, IgG multimers of an IgG1, IgG2 or IgG4, IgG half
molecules of an IgGl, IgG2 or IgG4, or other fragments of such IgG molecules. Methods of
treating a subject with such homogeneous populations also are contemplated. In such
methods, the administration may be fore example subcutaneous or intravenous

administration.
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Also contemplated is a method of detecting or momtormg the quahty of a

recombinant IgG antlbody during the manufacturing, formulation, and/or storage thereof

comprising:

a) contacting a preparation of the IgG that has been recombinahtly produced
by mammalian cells with a reduction/oxidation coup]ing reagent at a pH of about 5 to about
11, and, optionally, further contactmg the preparation with a chaotropic agent before, after or
concurrently with the contacting with the reductlon/ox1datron coupling reagent;

b) cteaving the IgG mo]echle that has been treated according to step a) into
fragments; and ' ' '

" ¢) subjecting the intact IgG and/or fragments from step b) to a chromatography
analysrs thereby detecting or momtormg ‘the quahty of the IgG molecule '

In such methods the IgG antibody is an IgGl annbody and the momtonng the

quahty compnses momtormg the status of free or unparred cysteme of the IgGl antibody.

In other such methods the IgG antlbody is an IgG2. antibody and the

monitoring the quality comprises monitoring the number of forms of the IgG2 to determine -

‘heterogeneity of the preparation.

In other such methods the IgG molecule is an IgG4 molecule and the

monitoring the quality comprises monitoring the presence of half molecules of IgG4.
“In some aspects the chromatography comprises an LC/MS ana.lysis.

In specific aspects, the detecting or monitoring is conducted during the

purification step of the IgG molecule, the purification comprising column chromatography.

Also provided are methods of producing a recombinant IgG antibody, or an

| IgG antibody fragment comprising:

contacting an IgG antibody or an IgG antibody fragment that has been
recombinantly produced by mammalian cells with a reduction/oxidation coupling reagent at a

pHvof about 5 to about 11; and optionally

further contacting the IgG antibody or IgG antibody fragment with a

- chaotropic agent before, after or concurrently with the contacting with the

reduction/oxidation coupling reagent.
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In some embodiments, prior to such methods the IgG antibody or IgG

antibody fragment is isolated from the culture medium of mammalian cells in a method -

~ comprising culturing a mammalian cell that expresses and secretes into culture medium an

IgG antibody or an IgG antibody fragment; adding reduction/oxidation coupling reagent at a
pH of about 5 to about 11, and optionally contains a chaotropic agent upon secretion of

antlbody from the cell.

It-should be understood that the recombma.nt IgG antibody may be an IgGl
IgG2 or IgG4.

The methods of the invention provide for preparation of a crystallized form of
an intact recombinant IgG antibody by performing the refolding methods described herein
and preparing a crystallized fonn of the reeornbinant IgG antibody. In some embodiments,
prior to preparatlon of such crystals, the methods may mvolve 1solat1ng the recomblnant IgG

antlbody prepared by the methods descnbed herem

B - In specific embodlments the ‘Tecombinant 1gG antlbody is attached to a
statlonary phase of a chromatographic column and redox reagents and chaotroplc reagents are
a part of the mobile phase. In other embodlments the reductlon/ox1datlon couphng reagent is
an enzyme. In still other embodiments, the reductron/oxrdatlon couplmg reagent includes

blvalent metal ions and oxygen.

Also described herein is a method of producin.gan IgG antibody preparation -
cornprising contacting an isolated preparation of an IgG antibody that has been recombinantly
produced by mammalian cells with a reduction/oxidation coupling reagent at a pH of about 5
to about 11; and optionally further subjecting the preparation to denaturation by high pressure

before, after or concurrently with the contacting with the reduction/oxidation coupling

reagent.

The present invention involves a method of producing an IgG antibody or a
fragment thereof comprising culturing a marmnali_an cell that expresses and secretes into
culture medium an IgG antibody or an IgG antibody fragment; and adding
reduction/oxidation coupling reagent at a pH of about 5 to about 11, and optionally contains a
chaotrOpic agent upon secretion of antibody from the cell; and thereby producing an IgG
antibody or fragment thereof havmg 1mproved pharmaceutical and crystalhzatlon properties’
as compared to an IgG antlbody or fragment thereof that has not been exposed to the

reduction/oxidation reagent and optionally chaotropic agent.
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Described herein is an improvement in a mammalian cell-based method for

producing a recombinant IgG antibody or a recombinant IgG antibody fragment, the

. improvement comprising adding to a culture medium used for the production of the IgG
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antibody or the IgG antibody fragment a reduction/oxidation cdupling reagent at a pH of
about 5 to about 11; and optionally a chaotropic agent upon secretion of the IgG antibody or

the IgG antibody fragment into the medium.

Other features and advantages of the invention will become apparent from the

following detailed description. It should be understood, however, that the detailed
description and the specific examples, while indicating some embodiments of the invention,

- are given by wéy of illustration only, because various changes and modifications within the

spirit and scope of the invention will become apparent to those skilled in the art fro'm this

detailed description.

BRIEF DESCRIPTION OF THE FIGURES

The following drawings form part of the present specification and are included
to further illustrate aspeéts of the present invention. The invention may be better understood

by reference to the drawings in combination with the detailed description of the specific

~ embodiments presented herein.

| Figure 1 shows RP-chromatograms of two recombinant monoclonal human
antibodies with the same CDRs and implemented as IgG1 and IgG2 modalities. There is
95% amino acid homology between the two molecules but there is significant difference in
the homogeneity of the antibodies preparation depending on whether the antibodies are IgG1

or IgG2 antibodies.
Figure 2 shows (A) cation-exchange CEX of whole IgG2 sample and (B)

reversed-phase chromatograms of the same whole IgG2 sample and collected CEX fractions.

Figure 3A shows reversed phase chromatogram of IgG2 detected using
absorbance at UV 215 nm and total ion current (TIC) of mass spec__trometer.vBB shows
electrospray ionization mass spectra of IgG2 structural variants eluted from RP column as

peaks 1,2, 3, and 4 from Figure 3A.

Figure 4 shows the four subclasseé of human IgGs. - Adopted form Kuby
Chapter 4, Inmunoglobulins: Structure and function.. - -
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Figure 5 shows the proposed IgG1 and IgG4 structures. Note that the structure
of IgG4 is more compact than the structure of IgG1. ’ ' |

Figure 6 shows the sedimentation data of chimeric IgG1, 2, 3 and 4 antibodies |

(Adopted from Phillips et al., Mol. Immunol., v. 31, p. 1201-1210, 1994.) The Figure legend
in Phillips et al., noted that~t}ﬁs'ﬁgure shows: the sedimentation of chimeric immunoglobulins
containing different human subclass regions in the presence and absence of bis-dansyl:
cadaverine. (A) integral scans of the immunoglobulins in the absence of bivalent hapten.
Conditions of centrifugation were: IgG1 20°C, 52,000 rpm consecutive integral scans -
(280nm) at 12 min intervals; IgG2 21.7°C, 52,000 rpm consecutive iniegral scans at 8 min
intervals; IgG3 21.6°C, 52,000 rpm consecutive integral scans at 8 min intervals; IgG4
20.7°C, 52,000 rpm consecutive integral scans at 8 min intervals. (B) Integral scans of the . -
imfnﬁnoglobulins in the presence of equimolar bis-dansyl cadaverine. Conditions of
centrifugation were: IgG1 21.7°C, 42,000 rpm, 12 min interv_als; IgG2 21.4°C, 44,000rpm, 8
min intervals; IgG3 21.7°C, 44,000 rpm, 12 min intervals; IgG4 2-1.'7°C, 44,000 rpm, 12 min-
intervals. (C) Sedimentation coefficient distributions (uncorfeci for diffusion) of the different
subclasses in-the absence (-) and presence (+) of equimolar bis-dansyl cadaverine.

B Figure 7 shows structure of IgG1 antibody as compared to the proposed -
structure of IgG2 antibodies. | '

" Figure 8 shows the RP chromatograms of the two refolded IgG2 antibodies.

~ Note that the refolded native form and the refolded in the pres_c:hée of dénaturing 0.89M

guanidine hydrochloride 'alighed with the prc.).ﬁle of the éurfently produced bulk IgG2
material. When four different IgG2 antibodies were refolded, agaih a similar pattern was
seen in which the presence of cysteine/cystine for 48 hours at room temperature produced a

uniform single peak, use of guanidine hydrochloride in the presence of cysteine/cystine for 48

~ hours at room temperature a]so produced a single peak which eluted later than the peak

produced by cysteine/cystine treatment alone, whereas absence of treatment with

cysteine/cystine produced a heterogeneous mixture containing multiple peaks associated with
the IgG2 preparation. A
Figure 9. RP chromatogram of the intact IgG1 of Example 9.

Figure 10. Deconvoluted electrospray ionization mass spectrum of intact IgG1

of Example 4.
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Figure 11: RP chromatogram of the IgG1 of Example 1 aﬁer llrmted
proteolysis wnh Lys-C.

Figure 12. Deconvoluted ESI mass spectra of peaks 1,2 and 3 from Figure 11.
Figure 13. Deconvoluted ESI mass spectra of peaks 5 and 7 from RP
chromatogram in Figure 11.

Figure 14. RP chromatogram of the IgG1 samples of Example 4 after limited

 proteolysis.

Figure 15. Deconvoluted mass spectra of the Fab peaks from Flgure 14 for
labeled and unlabeled IgG1 of Example 4.

- Figure 16. RP chromatograms of stressed and control intact IgG1 of Example

F igure 17. Schematic of cllps found in IgGl sample incubated in A5S buffer
for 1 month at 45°C

‘ anure 18: Comparison of various IgG1 molecules by reversed phase
chromatography after limited proteolysis W1th Lys-C protease
Figure 19. CEX chromatogram of intact IgG1 control and native refold aﬁer
24 hour refolding.
- Figure 20. RP chromatogram of intact IgG1 CHO control, native refold, and
GuHCl refold samples after 24hr incubation. ‘

- Figure 21. ESI mass spectra of peak 1 (A) and peak 2 (B) separated on the RP

chromatogram of IgG1 bulk. Deconvoluted ESI mass spectra of peak 1 (C) and peak 2 (D).

* Figure 22. Deconvoluted ESI tnass spectra of IgG1 CHO bulk material A),
GuHCl refold (B) and native refold (with oxidation/reduction coupling reagents only) (C ).

Figure 23. Schematic of limited proteolysis using Lys-C protease produced
one Fc fragment, MW=53488 Da and two Fab fragments, MW47282 each.

Figure 24. RP chromatograms of IgG1 CHO after limited proteolysis with
Lys-C: control (bulk) material; GuHCI refold and native refold.
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Figure 25. Deconvoluted ESI mass spectra of Fab fragments of IgG1 CHO
samples after limited proteolysis with Lys-C: A) control (bulk) material; B) GuHCI refold

and C) native refold.
Figure 25. Glu-C peptide maps of [gG1 CHO: (A) bulk and (B) native refold.

Figure 27. Size exclusion chromatograms of IgG1: CHO bulk, hybridoma
bulk, and CHO refold.

Figure 28 CD and fluorescence measurements of IgG1: CHO bulk, hybridoma
bulk, and CHO refold.

_ F igure 29. Reversed-phase chromatograms of IgG1 hybridoma and CHO after

limited proteolysis. Cysteinylated (Fab-Cys) and non-cysteinylated (F ab) fragments are

separated and quantified.

Figure 30. Reversed-phase chromatograms of IgG1 before and after refolding
after limited proteolysis. Cysteinylated (Fab-Cys) and non-cysteinylated (Fab) fragments are -

. separated and quantified.

Figure 31. Non-reduced peptide mapping of IgG1 using trypsin after labeling
of free cysteines with NEM at pHS. Location of cystemylanon was 1dent1ﬁed in posmon

| C104 of heavy chain.

-Figure 32. Identlﬁcatlon of methionine 48 oxidation in HC CDR2 reglon A
small percentage of M48 in HC CDR2 was oxidized accordmg to the non-reduced peptide
map.

. Figure 33. Reconstructed ion chromatograms (top) and fragmentation mass

spectra (bottoin) from IgG1 non-reduced peptide map shoWing identification of methionine

48 oxidation in HC CDR2 region using MS/MS analysis. Approximately 10% of the
methionine 48 is oxidized. The oxidized peptide elutes at 98 minutes, non-oxidized at 1 10

minutes.
Figure 34. Differential calonmetry scanmng (DSC) measurement of IgG1

before and after redox treatment or refolding.

Figure 35. SEC-HPLC chromatography of Protein A affinity column purified

IgG1 from cell culture medium with redox treatment or without redox treatment.
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Figure 36. GdnHCI equilibrium denaturation of bulk and redox treated CHO-
derived 146B7 IgG1 antibody monitored by Fluorescence emission at 360nm. Redox treated
146B7 IgG1 antibody is more stable to chemical denaturant as indicated by a shift in the Cm
value of roughly 0.7M GdnHCI. Lines are drawn to guide the eye arid do not represent fits of
the data. o

Figure 37. Size exclusion chromatography (SEC)' data for a compaﬁson study
of bulk and redox-treated 146B7 IgG1 antibody. Panel A is three month data for the percent-
decrease in main peak monomer species for storage temperatures of -80, 4, 29, 37, and 45°C.
Panel B. is three month data for the percent increase in pre-monomer aggregate species for

storage temperatures of 80, 4, 29, 37, and 45°C.

Fi gure 38. Reversed-phase (RP) chromatograms of thee antlbodles with the
same CDRs implemented as IgG1, IgG2 and IgG4 modalities. IgG2 antibody shows multlple
peaks due to the previously réported structural heterogeneity. IgG4 is also structurally.
heterogeneous. Under the denaturing PR conditions, the half molecule (1/2 IgG4) was -
separated from the covalently bound IgG4 molecule (I1gG4).

Figure 39. Electrospray ionization (ESI) mass spectra of half molecule of IgG4
(A) and covalently bound IgG4 (B). DeconvOluted ESI mass spectra of half molecule of

- 1gG4 (C) and covalently bound IgG4 (D). The accurate mass measurements indicate that

mass of %2 IgG4 (73,398 Da) is exactly half of IgG4 (146,796 Da),' suggesting that disulfide -
bond shifting lead to the formation of half molecules. The disulfide bond shift from
interchain to intrachain should theoretically generate a half molecule with exactly the half

mass, which was experimentally observed in this assay.

Figure 40. Photogfaph of IgG2 crystals formed under conditions of: 50
mg/mL IgG2, 50mM Potassium Chloride PH 2.0, 20% PEG 3350.

Figure 41. Photograph of IgG2 crystals formed under conditions of: 50
mg/mL IgG2, 50mM Potassium Chloride pH 2.0, 24% PEG 3350.

Figure 42. Photograph of IgG2 crystals formed under conditions of: 50
mg/mL IgG2, 50mM MES pH 6.0, 20% PEG 3350.

Figure 43. Schematics of IgG1 and IgG2 antibodies. IgG2’s have a unique.
attachment of the light chain and have two additional inter-chain disulfides in the hinge
region. Color cod: green = heavy chain (HC); blue = light chain (LC); yellow dotted line =
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internal disulfides; red = disulfide bonds between chains; red diamonds with arrows =

cysteine residues susceptible for scrambling.

Figure 44. RP-HPLC profiles of Intact IgG antibodies. The two subclasses of |
IgG’s display significantly different profiles by this method. Human purified IgG2, purchased
form Sigma, displayed the same heterogeneous profile as all Amgen IgG2’s.

Figure 45. A) Reversed phase chromatogram of anti IL-1R IgG2 anﬁbody. B)
Deconvoluted electrospray ionization mass spectra of the multiple isoforms eluting from the
reversed-phase column as peaks_ 1,2,3,and 4 The MW values of the four peaks are:
147,256; 147,253; 147,254; 147;261 Da. '

_ | Figure 46. Reversed phase chromatogram of an IgGZV antibody before A) and
after B) reduction and alkylation. The light cha.m (LC) and heavy chain (HC) eluted as smgle
peaks after the disulfide bonds were reduced.

Figure 47. Bloassay curves for anti IL-lR IgGZ antlbody, native redox (F orm
1), and GuHCl redox (Form 3) material. Dramatlc dlfferences were seen in the biological
activity of the oxidative refold material. The assays were repeated over three days provndmg

good statistical confidence.

F igure 48. Reversed phase chromatograms of other IgG2 antibodies that were
treated with the same oxidative refold conditions as an IgG2 antib__ody. All of the IgG2
antibodies showed significant differenced by RP-HPLC that were consistent with the

previous IgG2 antibody refold experiments.

Figure 49. Crystal structure of hinge region of human monoclonal IgG1
antibody plotted using PDB coordinates of entry 1HZH. Color code: blue are heavy chains
(HC) at the hinge; red is heavy chain loop including residue S131; green are light chains

"~ (LC). Dotted lines were added to approximate positions of two flexible regions, coordinates

of which were not determined by crystallography due to their flexibility: a loop of HC
between S127 and T137containing residue S131 (red dotted line) and a section of the HC at
the hinge between C217 and C226 (blue dotted line). . 4

' Figure 50. Reversed phase chromatograms displaying the effect of redox

treatment on an IgG2 (anti IL-1R) antibody in the presence of varying levels of GuHCI.
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Figure 51. Reversed phase chromatograms displayihg the effect of redox

treatment on an IgG2 (anti IL-1R) antibody in the presence of varying levels of arginine HCI.

Figure 52. Reversed phase chromatograxhs displaying the effect of incubation
temperature during redox treatment of an IgG2 (anti IL-1R) antibody.

DETAILED DESCRIPTION OF THE INVENTION

Oxidative refolding‘ of proteins from the inclusion body state is a common
practice in the prokaryotic production of recombinant proteins but is not typically
implemented in eukaryotic cell production processes for the production of recombinant
proteins. This is because eukaryotic cells are thought to contain sufficient cellular machinery.
to cérrectly refold the recombinantly produced proteins. However, as described in U.S. »
Patent Application Nos: 60/548,302, Dillon et al., filed February 27, 2004, and 60/538,982
Bondarenko et al., filed J anuary.23, 2004, (each incorporated herein by reference in its

i cntit_'e_ty),_,;eqent,improvements_in_RP:HPLC separation and detection techniques reveal that

there is sigrxiﬁéant conformational heterogeneity in recombinantly produced high molecular
weight proteins that were previously thought to be homogeneous. As discussed in the

aforementioned applications, the nature of the heterogeneity is due at least in part to disulfide

. scrambling.

The interest in the structure and function of IgG molecules has been revived
recently in the protein pharmaceutical industry. IgG1 and IgG2 subclasses have attracted
special interest, because they are the most abundant, long lasting and stable immunoglobulins
in circulation. The present invention is directed to addressing a need for methods of
prbducing more structurally homogeneous recombinant proteins, and more particularly,
mammalian-cell produced fecombinant IgG antibodies aﬁd particularly, IgG1, IgGZ" and IgG4.

therapeutic antibodies with improved activity.

It has been suggested in several previous reports, that IgG2 molecules contain
free thiol groups and are structurally heterogeneous as compared to other subclasses of
gamma globulins. In one report, the content of free thiol groups was determined for all four
human IgG antibodies by the reaction with 5,5’-dithio(2,2’-dinitro)bénzoate
(DTNB)(Schauenstein et al 1986 Int.Arch.Allergy Immunol., v. 80, p. 174-179). The
uncovered free thiols (about 0.24 per mole of human IgG) were assigned to IgG2 subclass.

Others have also reported that all four human IgG subclasses were subjected to reduction of
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interchain disulfide bonds by thioredoxin with thioredoxin reductase and NADPH. IgG2 was

found diﬁ'ercnt from other subclasses in two effects: Dit resist_ed reduction and 2) consumed

- NADPH reagent. The later finding suggested that the reagent was consumed by reduction of

a labile interchain or surface-exposed mixed disulfide. In yet another study, IgG2 covalent
dimers were detected in pooled human gamma globulin and several normal sera (Yoo et al., -
2003, J.Immunol., v. 170, p. 3134-3138). Cyanbgen bromide cleavage analysis of the dimers
indicated that cne or more cysfeine residues in the hinge are involved in dimer assembly,
again suggesting presence of free of labile cysteines in hinge of IgG2. A study by Phillips et
al. (Mol.Immun.,, v. 31, p. 1201-1210, 1994), using sedimentation and electron microscopy
analysis, idepﬁﬁed multiple shapes of IgG2 morlec‘ulcs and their complexes with‘bi\.(alent

hapten and only a single form for other three subclasses of human gamma globulins.

~_‘According to a recent report, well over 200 structures of antibody fragments,
mamly Fab and Fab’, have been determined (Saphire et al., 2002, J.Mol.Biol., v. 319, p. 9-
18). Crystals of intact antibodies have been reported only ten times and only seven of these
crystals provided partial or complete structures. All these structures were either murine IgG
or human IgG1 antibodies, but not human IgG2 (Saphire et al., 2002, J.Mol.Biol., v. 319, p.
9-18). Entire structures of IgGs with full-length hinges have been reported only three times:
mAb 231, a murine IgG2a (Harris et al., 1992, Nature, v. 360, p. 369-372; Larson et al., 1991,
J.Mol.Biol., v. 222, p. 17-19), mAb 61.1 .3, a murine IgG1 (Harris et al., 1998, J.Mol.Biol., v.
275, p. 8614872);‘,and a human IgG1 b12, directed against HIV-1 gp120 (Saphire et al., 2001,
Science, v. 293, p. 1155-1159; Saphire et al., 2002, J.Mol.Biol., v. 319, p- 9-18). Fragménfs |
of the crystal 'iinage of a human IgG1 anfibody near the hinge from PDB number 1HZH is
available(Saphire et al., 2001, Science, v.. 293, p. 1155-1159). The fact, that crystal structure
of a4 human IgG2 is not availabie, leaves the question about exact disulfide conncctivity
unanswered and also suggests that this IgG subclass may be heterogeneous, which makes it a
difficult subject for crystallizafion. It also highlights a need for new methods of structural

analysis. The inventors used their.nev&'/ly devcloped method of Analysis of intact antibodies

by using reversed-phase chromatography on-line with mass spectrometry to facilitate

discovery and characterization of heterogeneity of human IgG2 antibodies (Dillon et al., |
2004, J.Chromatogr.A, v. 1053, p. 299-305).
Having discovered that there i is mgmﬁcant conformational hcterogenelty in

recombinant IgG2 antlbodnes expressed in mammahan cells the mventors developed a

refolding procedure to enrich two forms of the protein as described in Examples 1-3 hcrem.
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Influence of additives, such as GndHCl, glutathione, L-arginine, on refolding of a single-

chain immunoglobulin-folded proteins was disc_ussés in (Umetsu et al., 2003, J.Biol.Chem.,

~ v.278, p. 8979-8987). Spontaneous folding in the 1M GndHCI buffer resulted in a structure
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in which a correct disulfide bonding was achieved; however, the addition of L-arginine
resulted in the formation of a partially folded mtermedlate wrthout disulfide hnkages (Umetsu
et al., 2003, J.Biol.Chem., v. 278, p. 8979-8987).

In another specific example, the present mventors have discovered that one of
ithe antlbodles agamst IL-15 described in, e.g., U.S. Publication No. 2003/0138421, i.e.,
146B7, contains an unpaired cysteine residue. Specifically, 146B7 has a free cysteine in
position 104 of the CDR3 heavy chain. This free cysteine can be a source of covalent
dimerization and lead to stability issues during formulation or storage. The presence of this
residue confounds attempts to produce a uniform, active sample of that recombinant IgG1.
The addition of redox agents facilitates the production ofa structurally homogeneohs and
more ﬁ:tlze_ form of this IgG1 molecule. The addition of the redox agents is combined with
The 7add1tlon to chaotropic agents to facilitate the production of refolded IgG1 molecules that
are more homogeneous than the same molecules that have not been treated with the redox

coupling agent and chaotropic agent.

As discussed in Example 9, the methods :of the present invention also are
useful in the preparation of uniform intact IgG4 molecules. As IgG4 does not activate
complemeni, the chance of an immunogenic response and inflammation due to antigen-
antibody-complement complexes is very small with IgG4 molecules. This makes IgG4 a
very attractive candidate for therapy as it is e)rpected to be a safe therapeutic modality: IgG4

.should simply bind to antigen and should not frigger any additional response in human body.

‘ An IgG4-based response is generated in response to, for example antlgens
such as dust mite, grass pollen or bee stmg These antigens are typlcally eliminated w1thout _

significant immune response and inflammation. On the other hand, due to the unique

 structure of the hinge of 1gG4, this IgG.is present as a mixture of intact and half mo]ecﬁles. |

Without being bound to any partieular theory or mechanism of action, it is noted that the
presence of half molecules of IgG4 ‘could be deleterious in the development of IgG4 moieties
as therapeutic compositions. The half molecules can potentially create a problem, because |
they can exchange between two different IgG4 molecules. In such circumstances, an IgG4
molecule is created, which would bind to two antigens with two halves (arms). Such anIgG4

is bifunctional and monovalent. It is contemplated that such bifunctional and monovalent



10

15

20

25

30

WO 2006/047340 -27- PCT/US2005/038045

features on an IgG4 would render the hybrid IgG4 molecule potentially unsafe as a
therapeutic agent. For example, a therapeutic IgG4'can be developed with the purpose to

~ bind to an arthritic related receptor. If other IgG4 half molecules are present in the site of

injection or enﬁre human body, it may lead to the bifunctional IgG4, which binds both the
receptor and grass pollen antigen. This may lead to immune response and inflammation. In
the present invention, methods are provided for refolding IgG4 moieties. Such refolding will
be used to eliminating the half molecules of IgG4, which often are present together with
intact IgG4 molecules.

In some aspects of the invention, the introduction and optimization of redox

components and/or chaotropic agents directly into the fermentation medium in which the

eukaryotic cells are grown such that the appropriate redox potential is achieved for refolding:

~of the IgG (i.e.; the IgGl, IgG2, IgG3, or IgG4) product secreted into the media are also.

contemplated. - Thus, the media is- supplemented with, or optimized for, components such as .
cysteine, cystine, cystamine, glutathione, copper, and/or other reducing/oxidizing agents in
order to achieve the appropriate redox potential. The optimization of the redox components
is achieved by varying the components in the fermentation media. ‘The heterogeneity of the
secreted IgG product may be assessed using HPLC/MS methods or any other protein
separation technique that yields information about the heterogeneity of the composition
separafed. The .redox reagents and/or chaotropes that provide a more uniform homogeneous

recombinant product are thus readily identified.

Alternatively to, or in combination with, inclusion of the redox reagents in the
fermentation media of the recombinant protein producing host cells, a separate, distinct |
processing step may be introduc.cd in which oxidative refolding of the protein is achieved. . In
such a further processing step, the refolding solution may contain denaturants such as
guanidine hydrochloride or urea; folding agenté such as, polyols, polymers, or détergents
and/or reducing agents. |

Methods for producing recombinant antibodies in mammalian cells are known.
In scuh methods, the antibody production involves induction of protein expression. Nucleic
acids.encoding an IgG antibody or an IgG antibody fragment are coni/enicntly rendered
expressible by operative association with a promoter, preferably a controllable promoter

functional in mammalian cells. Such recombinant constructs are designed for expfe_ssion of"

~ IgG antibody protein in a suitable host (e.g., bacterial, murine, or human). Suitable

promoters for expression of proteins and polypeptides herein are widely available and are =
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well known in the art. Inducible promoters or constitutive promotérs that are linked to -
regulatory regions (e.g., enhancers, operators, and binding regions for transcription or '
translation factors) are preferred. An “inducible” promoter is defined herein as a controllable
promoter, including promoters typically referenced as inducible promoters (i.e., subject to
positive regulation in being inactive until activated or induced by the presence of an activator
or inducer) or as derepressible promoters (i.e., subject to negative regulation in being active
unless a repressor is present, with removal of the repressor, or deprepression, resulting in an
increase in promoter activity). Promoters contemplated herein include, for example, but are

not limited to, the trp, Ipp, tac, and lac promoters, such as thé lacUVS5, from E. coli; the P10

or pquhedrin gene promoter of baculovirus/insect cqll expression systems (see, e.g., U.S.

Patent Nos. 5,243,041, 5,242,687, 5,266,317, 4,745,051, and 5,169,784) and inducible
promoters from other eukaryotic expression systems,.as would be known in the art. For
expression of the proteins, such promoters are inserted in a plasmid in operative linkage with

a control region such as the operator region of the trp operon.

‘Preferred promo—téf regions are those that are inducible and functional in
mammalian cells, for example. Examples of suitable inducible promoters and promoter. -

regions for bacterial expression include, but are not limited to: the E. coli lac operator

, re;ponsive to isopropyl B D thiogalactopyranoside (IPTG; see Nakamura et al., 1979.Cell

18:1109-1117); the metallothionein promoter metal-regulatory-elements responsive to heavy-
metal (e.g., zinc) induction (see, e.g., U.S. Patent No. 4,870,009); the phage T7lac promoter
responsive to IPTG (see, e.g., U.S. Patent No. 4,952,496; and Studier et al., 1990 Meth.
Enzymol. 185:60-89) and the TAC promoter. Depending on the expression host system fo be
used, the vector (e.g., plasmid, phagemid, cosmid, artiﬁéiél chromosome, virus) may
optionally include a selectable marker gene or genes that are funétional in the host. Thus, for
example, a selectable marker gene includes any gene that confers a phenofype on a host cell

that allows transformed host cells to survive under certain conditions, such as exposure to an

. antibiotic. Also contemplated are screenable markers for. inclusion in a vector, with

screenable markers conferring a distinguishable phenotype on transformed host cells. V
Suitable selectable marker genes for hosts include, for eXample, the ampicillin resistance

gene (Ampr), tetracycline resistance gene (Tcr) and the kanamycin resistance gene (Kanr).

In various expression systems, vectors (e.g., plasmids) may also include DNA

encoding a signal for secretion of the operably linked protein. Secretion signals suitable for

_ use are widely available and are well known in the art. Eukaryotic secretion signals
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functional in mammalian cells are preferred. A variety of eukaryotic secretion signals are

known to those of skill in the art, all of which are contemplated (see, e.g., von Heijne, J. Mol.

 Biol. 184:99-105, 1985). In specific embodiments, it is contemplated that the redox agent is

introduced into the cell culture medium of cells expressing and secreting the recombinant
antibodies at a point when the expression of the recombinant IgG antibody or fragment

thereof has been induced in those cells. The redox agent may be added in a single dose bolus
or may be added in multiple doses. For example in the case of cysteine/cystine as |
reduction/oxidation coupling reagents it may be desirable to have multiple daily doses of .
cysteine/cystine added to maintain the appropriate amount of cysteine/cystine in the refolding
medium. | '

In yet another aspect the redox agent is introduced directly into the protein |
crystallization solutions siich that misfolded protein can refold in solution and attach to the
growing protein crystal resﬁlting in improved protein crystallization yields. The
crystallization step may be combined with any »improverhents achieved through the use of
protein material that has already been treated by refolding using the redox conditions in the
fermentation media, and/or through the further processing steps. By refolding of the protein
during fermentation, in a separate processing step or within the crystallization solution, the
present invention provides products with improved pharmaceutical and crystallization
properties, including improved homogeneity, activity/potency, stability, crystal growth, and
crystallization yield. This approach for improving the pharmaceutical and crystallization
properties of the recombinant proteihs is preferably to the use CEX chromatography because
the latter technique would require collection of only the active component from a bulk

recombinant protein mix, which is more costly and leads to significant loss of material.

In some other aspects of the present invention, there are provided methods of |
producing human or humanized IgG antibodiés, such as, for example a fully human IgG1
against IL-15, or IgG2 against IL-1R, which methods include a step of refolding of the IgG
produced by recoxﬁbinant Chinese Hamster Ovafy (CHO) cells and obtaining structurally
hbmogeneous,' active forms of the IgG molecule. In those circumstances where the IgGis an
IgG_2, the structurally homogeneous forms are one of the foﬁné 1, 2, 3, or 4 identified through

HPLC profiles described herein such that only e.g., form 3 is produced, or only form 1 is

~ produced etc. In those circumstances where the IgG is an IgG1 antibody, it is contemplated

that any unpaired free cysteines are treated so that they do not lead to deleterious

dimerization. In the case of IgG4 antibodies, the methods of the invention ptoilide"i'of IgG4
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vpreparations that are intact rather than present as half-molecules. To achieve these beneficial

outcomes in certain embodiments, the refolding can be performed using 'cystein‘e-cystine,
cysteine-cystamine, glutathione, copper, molecular oxygen, and chaperones and different
buffer, temperature and time compositions. Typical refolding conditions include for
example, incubation of the recombinant IgG molecule at 3-15 mg/mL in two buffers 1) _
200mM Tris buffer at pH 8.0 (native refold); 2) 200mM Tris buffer at pH 8.0 with 0.9M

- GuHCI (GuHCl refold). A combination of cysteine: cystine is added at the approximate

molar ratio of 6 mM: 1 mM, respectively. The samples were placed at 2-8°C for 48 hours.
Aliquots were taken at 24 and 48 hours for analysis. Refolding of the recombinant IgG

“molecule using such typical refolding conditions in the presence of redox reagent and
- chaotropic agent produces a single structural form with a three-fold increased activity per

~gram of protein.. In certain embodiments, the refolding step will thus triple the production of =~

an IgG molecule and reduce by three times the protein concentration need in formulation

solutions to achieve the same activity.
- It should be understood that the methods of the invention can be used to -
prepare a protein formulation for use in a patient, e.g., an IgG1 such as an IgG1 directed

against IL-15, or an IgG2 against IL-1R where the preparation involves mammalian cell

- production of the protein, purification of the protein from that mammalian cell culture, -

refolding of the purified protein using the refolding methods described herein, exchanging the
buffer of the c'omposition thus produced to formulation buffer and producing a single dose -
formulation that may be used in the patient. Alternatively, the preparation of formulation
involves the steps of mammalian cell production of the protein, purification of the protein
followed by refolding of thé protein as described herein, followed by isolation of desired
form of the protein, after which the buffer of the composition thus produced is exchanged to

formulation buffer and producing a single dose formulation that may be used in the patient.

_The invention provides methods of increasing the recovery of active

~ recombinant proteins. In addition the invention employs chaotrope treatments (such as, for

example, denaturants such as SDS, guanidium hydrochloride or urea) to further process the " -
proteins. The methods of producing the appropriately refolded protein are combined with

advantageous LC methods of isolating the protein as described in detail below. These

* combined refolding production and protein purification methods of the invention are

particularly advantageous when the recombinant protein is intended to be used in vivo as a

drug or biologic.



10

15

2_0

25

30

WO 2006/047340 : -31- PCT/US2005/038045

Use of the LC methods will allow the skilled person to assess those panicular

refolding conditions that yield the desired protein conformation for any given recombinant

_protein. Other purification and isolation methods also may be used.

The desired conformation of a recombinant protein may or may not have a
different arrangement of disulfide bonds, although preferably the conformation contains-

native disulfide bonds.

It has been found that the methods described herein form a gentle and
effective process fori 1mprovmg the productlon process for recomblnant IgG antlbodles or
ﬁ'agments thereof that can adopt multiple conformations. In one aspect, the methods of the

inven_tion can be used on preparations of recombinant IgG antibodies or fragments thereof in

which the preparation of the .18._9 antibody or fragment thereof is a heterogeneous mixture . .

Which contains stable and unstable conformations of the IgG antibody or fragment thereof. -
'I'he terms "stabIe" and "unstable" are used asrelative terms. The stable conformation will
have, for example a higher melting temperature (Tm) than the unstable conformation when -
measured in the same solution. A conformation is stable compared to another conformation
wher the difference in the Tm is at least about 2°C, more preferably about 4°C, still more

preferably about 7°C, yet more preferably about 10°C, even more preferably about 15°C, still

‘more preferably about 20°C, even still more preferably about 25°C, and most preferably

" about 30°C, when measured in the same solutlon

' Thus m one aspect, the 1nventron contemplates contactmg a preparation of
recombmant protem that is made up of a heterogeneous mixture of least two configurational
isomers of the recombinant protein to a reduction/oxidation coupling reagent for a time
sufficient to 'inc'rease the relative proportion of the desired configurational isomer and

determining the relative proportion of the desired configurational isomer in the mixture. In

another aspect, the invention contemplates contacting a preparation of a recombinant protein

that has been produced by mammalian cells with a reduction/oxidation couphng reagent, at a
pH of about 7 to about 11, and isolating a fraction of the preparation of the recombinant
protein with a desired conformation. Some recombinant proteins are glycosylated

recombinant proteins such as, e.g., those produced by eukaryotic cells. In certain aspects, the

~methods of the present invention are used to reduce the conformatronal heterogenelty that is

induced by disulphide scrambling. In more specific aspects this conformational
heterogeneity is present in antibodies, ‘and more particularly, IgGl, IgG2, 1gG3, or IgG4 ,
antibodies. It should be noted that the term “configuration” is used interchangeably with the
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term “conformation” herein throughout and is intended to mean a protein that has a different

secondary, tertiary or quaternary structure from another protein that has the same primary-
structure (the same amino acid sequence). Using the redox reagents either alone orin -
combination with the further processing using chaotropic agenté such as guanidine
hydrochloride, it is possible to produce a more homogeneous, and more thcrapeutically active
IgG brotein as compared to a sample of the same protein produced in the same manner but

for the presence of the redox reagents and/or chaotropes.

) Generally, the methods of the invention are useful for improving production
processes for recombinant IgG (i.e., the IgG1, IgG2, IgG3, or IgG4)' molecules or proteins.
Recombinant molecules or recombinant proteins are proteins pri)duced by the process of

genetic engineering. The term "genetic engineering"” refers to any recombinant DNA or RNA

~method used to 'create_a host cell that expresses a gene at elevated levels, at l_owered levéis,

and/or a mutant form of the gene. In other words, the cell has been transfected, transformed

or transduced with a recombinant polynucleotide molecule, and thereby altered so as to cause

- the cell to alter expression of a desired pfotei_n. Methods and vectors for genetically

engineering cells and/or cell lines to express a protein of interest are well known to those

skilled in the art; for example, various techniques are illustrated in Current Protocols in -

. Molecular Biology, Ausubel et al., eds. (Wiley & Sbns,rNew York, 1988, and quarterly

updates) and Sambrook et al., Molecular Cloning: A Laboratory Manual (Cold Spring
Laboratory Press, 1989). Genetic éngineering techniqueé include but are not limited to-
expréssion vectors, targeted homologous recombmaﬁon and gene activation (see, for
example, U.S. Pat. No. 5,272,071 to Chappel) and trans activation by engineered -
tranécription factors (see, for example, Segal el al., 1999, Proc. Natl. Acad. Sci. USA
96(6):2758-63). o -

In the methods of treating a disease, disorder, or condition, in addition to the

prophylactic methods or method of preventing such diseases, disorders and conditions, an

~ “effective amount” of a recombinant polypeptide is an amount of the polypeptide that will

produce the desired biolog_ica_l or physiological effect, as would be known in the art.
Particularly with respect to treatment methods, as well as the methods of ameliorating a

symptom associated with a disease, disorder or condition, an “effective amount” is used

~ synonymously with a “therapeutically effective amount.” In such methods, a “s_ubject in

“need” is any animal, e.g., a human, exhibiting a symptom of, at risk of developing, or

diagnosed as having a disease, disorder or condition.
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The invention finds particular use in improving the production of any

recombinant proteins that is produced in e.g., mammalian cells and requires appropriate -

. refolding. In some embodiments, the invention is specifically directed to improved

production and refolding of 146B7, an anti-IL-15 IgG1 molecule. The heterogeneity of such
proteins due to the presence of an unpaired cysteine residue at position 104 (Cys104) is:
significantly reduced as a result of the. use of the redox reagents described hefein. These
beneficial results may be assessed by monitoring such heterogeneity using the LC and -
LC/MS methods known to those of skill in the art. Specifically, proteins that are secreted by
fungal cell systems (e.g., yeast, filamentous fungi) and mamfn_al_ian cell systems will be. -
glycosylated. Preferably, the proteins are secreted by mammalian production cells adapted to
grow in cell culture. Examples of such ccils commonly used in the industry are CHQ, -
VERO, BHK, HeLa, CV1 (including Cos), MDCK, 293, 3T3_; myeloma cell lines (especially

| murine), PC12 and WI38 cells. Particularly preferred host cells are Chinese hamster ovary

(CHO) cells wh1ch are. w1dely used for the productlon of several complex recombinant -
protems e. g cytokmes clottmg factors and antibodies (Brasel et al,, 1996, Blood 88:2004-
2012; Kaufman et al., 1988, J.Biol Chem 263: 6352-6362; McKinnon et al., 1991, ] Mol
Endocrinol 6:231-239%; Wood et al., 1990, J. Immuniol 145:3011-3016). The dihydrofolate

_reductase (DH_FR)-deﬁ_cient mutant cell line (Urlaub et al., 1980, Proc Natl Acad SciUSA

77:4216-4220), DXBI11 and DG-44, are the CHO host cell lines of choice because the

efficient DHFR selectable and amplifiable gene expression system allows high level

- recombinant protein expressxon in these cells (Kaufman R. J., 1990, Meth Enzymol 185:527- -

566). In addition, these cells are easy to manipulate as adherent or suspension cultures and
exhibit relatively good genetic stability. CHO cells and recombinant proteins expressed in
them have been extensiveiy characterized ahd,have been approved for use in clinical A
manufacturing by regulatory agencies. |

It has been found that the invention is a gentle and effective process for
improving the productlon process for recombinant IgG (e.g., IgG1, IgG2, IgG3, or IgG4)

molecules that can adopt multiple conformations and/or contain more than one domain. A

"domain" is a contiguous region of the polypeptide chain that adopts a particular tertiary

structure and/or has a particular activity that can be localized in that region of the polypeptide
chain. For example, one domain of a protein can have binding affinity for one ligand, and
one domain of a protein can have binding affinity for another ligand. In a thermostable sense, |

a domain can refer to a cooperative unfolding unit of a protein. Such proteins that contain -
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more than one domain can be found naturally occurring as one protein or genétically

engineered as a fusion protein. In addition, domains of a polypeptide can have subdomains.

The inventive compositions and methods are also useful for preparation of
other types of recombinant IgG proteins, including iminunogiobulin molecules or portions
thereof, and chimeric antibodies (e.g., an antibody having a human constant region coupled to
a murine antigen binding region) or fragments thereof. Numerous techniques are known by

which DNA encoding immunoglobulin molecules can be manipulated to yield DNAs capable

- of encoding recombinant proteins such as single cham antibodies, antibodies with enhanced

affinity, or other antibody-based polypeptldes (see, for example, Larrick et al., 1989,
Biotechnology 7:934-938; Reichmann et al., 1988, Nature 332:323-327; Roberts et al.,.1987,
Nature 328: 731-734 ‘Verhoeyen et al., 1988, Science 239:1534-1536; Chaudhary etal, 1989
Nature 339: 394-397) Preparations of fully ‘human antlbodles (such as are prepared using

transgenic animals, and optlonally further modified in v1tro), as well as humanized

_ antibodies, can also be used in the invention. The term humanized antibody also

: encompasses single chain antibodies. See, e. g Cabllly etal., U.S. Pat. No. 4,816,567; -

Cabilly et al., European Patent No. 0,125 ,023 Bl Boss et al.,, U.S. Pat. No. 4 816,397; Boss
et al. European Patent No. 0,120,694 B1; Neuberger, M S. et al.,, WO 86/01533 Neuberger

~ M.S.et al., European Patent No. 0, 194 276 B1; Wmter, U S. Pat. No. 5 ,225,539; Winter,

European Patent No. 0,239,400 B1; Queen et al., European Patent No. 0 451 216 B1; and
Padlan, E. A. etal., EP 0519 596 Al. The method of ﬂie invention may also be used dunng
the preparation of conjugates comprising an antibody and a cytotoxic or luminescent
substance. Such substances include: maytansirie derivatives (such as DM1); enterotoxins
(such as a Staphlyococcal enterotoxin); iodine isotopes (such as iodine—lZS); technium
isotopes (such as Tc-99m); cyanine fluorochromes (such as cys .5.18); and ribosome-

inactivating proteins (such as bouganin, gelonin, or saporin-S6).

Preparations of various fusion proteins can also be prepared using the
inventive methods. Examples of such fusion proteins include proteins expressed as a fusion
with a portion of a recombinant IgG (i.e., rhe IgGl, IgG2, IgG3, or IgG4) molecule, proteins
expressed as fusion proteins with a zipper moiety, and novel polyfunctional proteins such as a

fusion proteins of a cytokine and a growth factor (i.e., GM-CSF and IL-3, MGF and IL-3).

~ WO 93/08207 and WO 96/40918 describe the preparation of various soluble oligomeric

forms of a molecule referred to as CD40L, including an immunoglobulin fision protein and a

zipper fusion protein, respectively; the techniques discussed therein are applicable to other
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proteins. Any of the above molecules can be expressed as a fusion protein including but not

limited to the extracellular domain of a cellular receptor molecule, an enzyme, a hormone, a

~ cytokine, a portion of an immunoglobulin molecule, a zipper domain, and an epitope. .

The preparation of the recombinant protein is preferably achieved by using the
redox reagents described herein in the media of the cell culture. The recombinant proteins
are produced by the cells in that culture and subsequently purified. The preparation of -
recombinant protein can be a cell culture supernatant, cell extract, but is preferably a partially:
purified fraction from the same. By "partially purified” means that some fractionation -
procedure, or procedures, have been carried out, but that more polypeptide species (at least
10%) than the desired protein or protein conformation is present. One of the ad\}antages of

the methods of the invention is that the preparation of recombinant protein can beata fairly -

~ high concentration. Some concentration ranges are 0.1 to 20 mg/ml, more preferably from 0.5

'to 15 mg/ml and still more preferably from 1 to 10 mg/ml. -

‘The preparatron of recombmant protem can be prepared 1mt1ally by culturing
recombinant host cells under culture conditions suitable to express the polypeptide, in the
presence of the redox reagents as _descnbed herein. The polypeptrde can also be expressed as

a product of transgenic animals, e.g., as a component of the milk of transgenic cows, goats,

pigs, or sheep which are characterized by somatic or germ cells containing a nucleotide

sequence encoding the polypeptide. The resulting expressed polypeptide can then be purified,
or partially plrﬁﬁed, from such culture or conrponent (e.g., from culturé medium or cell
extracts or bodily fluid) using known processes. While fractionation including but not
limited to one or more steps of filtration, centrifugation, precipitation, phase separatron
affinity purification, gel filtration, ion exchange chromatography, hydrophobic interaction -
chromatography (HIC; using such resins as phenyl ether, butyl ether, or propyl ether), HPLC,
or some combination of above may be used herein, the advantageous methods of the present
invention may employ LC fractionation and purification of the high molecular weight
therapeutic proteins as described in U.S. Patent Application No: 60/548,302, Dillon et al.
filed February 27, 2004 and 60/538,982 Bondarenko et al., filed January 23, 2004, (each

incorporated herein by reference in its entirety).

The LC and LC/MS methods described herein below also may be combined
with other purification methods, such as for example, purification of the po]ypeptrde using an
affinity column containing agents which will bind to the polypeptide; one or more column

steps over such affinity resins as concanavalin A-agarose, h‘epann-toyopearl@ or Cibacrom
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‘blue 3GA Sepharose®; one or more steps involving elution; and/or immunoaffinity

chromatography. The polypeptide can be expressed in a form that facilitates purification.
For example, it may be expressed as a fusion polypeptide, such as those of maltose binding
polypeptide (MBP), glutathione-S-transferase (GST) or thioredoxin (TRX). Kits for

expression and purification of such fusion polypeptides are commercially available from New

| England BioLab (Beverly, Mass.), Pharmacia (PiscataWay, N.J.) and InVitrogen,

respectively. The polypeptide can be tagged with an epitope and subsequently purified by
using a specific antibody directed to such epitope. One such epitope (FLAG®) is

commercially.available from _Kodak (New Haven, Conn.). Itis also possible to utilize an

' afﬁnity column comprising a polypeptide-binding polypeptide, such as a monoclonal

antibody to the recombinant protein, to affinity-purify expressed polypeptides. Other types of

affinity purification steps can be a Protein A or a Protein G column, which 'afﬁnity agents
bind to proteins that contain Fc domains. Polypeptides can be removed from an affinity

-column using conventional techniques, e.g,ina high salt elution buffer and then dialyzed

" into a lower sa]t buffer for use or by changmg pH or r other components dependmg on the

affinity matrix utilized, or can be competmvely removed usmg the naturally occurnng
substrate of the affinity m01ety In one embodiment of the mventlon the preparatlon of

recombmant protem may be panlally punﬁed over a Protein A afﬁmty column

Some or all of the foregoing purification steps, in various combmatlons, can
also be employed to prepare an appropriate preparation of a recombinant IgG (i.e., the 1gG1,
IgGZ, IgG3, or IgG4) for use in the methods of the invention, and/or to further purify such a
recombinant polypeptide after contacting the preparation of the reeombinant protein w1th a
reduction/oxidation coupling reagent. The polypeptide that is substantially free of other
mammalian polypeptides is defined as an "isolated polypeptide". The specific LC methods
that may be combined with the redox reagent-based methods described herein are described ,
in further detail in U.S. Patent Application No: 60/548,302, Dillon et al. filed February 27,
2004 and 60/538,982 Bondarenko et al., filed January 23, 2004, (each incorpora_ted herein by

reference in its entirety).

The polypeptide can also be produced by known conventional chemical

synthesis. Methods for constructing polypeptides by synthetic means are known to those

~ skilled in the art. The synthetically-constructed polypeptide sequences can be glycosylated in

vitro.



10

15

20

25

30

WO 2006/047340 -37- o : PCT/US2005/038045

The desired degree of final pun'ty depends on the intended use of the

- polypeptide. A relatively high degree of purity is desired when the polypeptide is to be -
~ administered in vivo, for example. In such a case, the polypeptides are purified such thatno

polypeptide bands corresponding to other ponpeptides are detectable upon analysis by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE). It will be recognized by one skilled in the
pertinent field that multiple bands correspondihg to the polypeptide can be visualized by
SDS-PAGE, due to differential glycosylation, differential post-translational processing, and’
the like. Most preferabiy, the polypeptide of the invention is purified to substantial

- homogeneity, as indicated by a single polypeptide band upoh analysis by SDS-PAGE. The

polypeptide band can be visualized by silver staining, Coomassie blue staining, and/or (if the

polypeptide is radiolabeled) by autoradiography.

By "contacting” is ieant subjecting to, and/or exposing to, in solution. The

protein ar polypeptide can be contacted with the redox reagents while also bound to a solid

support (e.g., ah_ affinity column or a Eh_rgmafog_raphy matrix). Preferably, the solution is
buffered. In order to maximize the yield of protein with a desired conformation, the pH of the
solution is chosen to protect the stability of the protein and to be optimal for disulfide

exchange. In the practice of the invention, the pH of the solution is preferably not sﬁ'ongly

-~ acidic. Thus, some pH ranges are greater than pH 5, préferably about pH 6 to about pH 11,

more preferably from about pH.7 to about pH 10, and still more preferably from about pH 7.6

to about pH 9.6. In one non-liim’ting embodiment of the invention, the optimal pH was found

‘to be about pH 8.6. However, the optimal pH for a particular embodiment of the invention

- can be easily determined experimentally by those skilled in the art.

The reduction/oxidation coupling reagent is a source of reducing agents.
Some reducing agents are free thiols. The reduction/oxidation coupling reagent is preferably

comprised of a compound from the group consisting of reduced and oxidized glutathibne,

dithiothreitol (DTT), 2-mercaptoethanol, dithionitrobenzoate, cysteine and cystine/cystamine.

For ease of use and economy, reduced glutathione and/or reduced cysteine can be used. It
has to be noted that, at neutral pH, cysteine forms disulfides with itself generating cystine.
The rate of this oxidation reaction increases in presence of oxygen, which is often present in
solutions including the redox solutions used for refolding. Practically, a neutral pH solution, -
which initially contains only cysteine (reducing reagent), quickly produces cystine (oxidizing
reagent). Therefore, redox coupling reagent can be introduced in the solution by édding

only cysteine.
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The redox reagent may be added to the fermentatlon media in which the cells
producing the recombinant protein are grown. In additional embodiments, the reagents also
may be added to the LC mobile phase during the LC separation step for separating the-
recombinant protein. In certain embodiments, the protein is immobilized to a stationary -
phase of the LC column and the redox and chaotrope are part of the mobile phase. In specific
embodiments, the untreated IgG antibody may elute asa heterogeneous mixture as indicated
by the number of peaks. The use of the reduction/oxidation coupling reagent and/or
chaotropic agent produces a simpler and more uniform peak pattern. It is eontemplated that
this more uniform peak of interest may be isolated as a more homogeneous preparation of the -
IgG.

" The reduction/oxidation coupling reagent is present at a concentration

sufficient to increase the relative proportion of the desired conformation. The optim‘all o

- absolute concentration and ratio of the reduction/oxidation coupling reagent depends upon

the concentration of total IgG and in some circumstances the specific IgG subclass. When
used for preparing IgG1 molecules it also will-depend on the number and accessxblhty of the

unpaired cysteines in the protein.

" Generally, the concentration of free thiols from the reduction/oxidation =

* coupling reagent can be from about 0.05 mM to about 50 mM, more preferably about 0.1 mM

to about 25 mM, and still more preferably about 0.2 mM to about 20 mM.

In addition, the reduct:on/oxrdatron coupling reagent can contain oxidized
thiols at approximately higher, equal or lower concentrations as the reduced thiol component
For example, the reduction/oxidation coupling reagent can be a combmatlon of reduced
glntathjone and oxidized glutathione. It has been found that a ratio of reduced glutathione to
oxidized glutathione of from about 1:1 to about 100:1 (reduced thiols:oxidized thiele) can

function equally well. Alternatively in another embodiment, the reduction/oxidation coupling

reagent can be cysteine or a combination of cysteine and cystine/cystamine. Thus, when

oxidized thiols are included in the initial reduction/oxidation coupling reagent, the ratio of
reduced thiols to oxidized thiols can in some embodiment be from about 1:10 to about

1000:1, more preferably about 1:1 to about 500:1, still more preferably about 5:11to about

- 100:1, even more preferably about 10:1.

Contacting the preparation of reeombinant prot.ein with a reduction/oxidation

coupling reagent is performed for a time sufficient to increase the relative proportion of the
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desired conformation. Any relative increase in proportion is desirable, including for

example, at least 10%, 20%, 30%, 40%, 50%, 60%, 70% and even 80% of the protein with

an undesired conformation is converted to protein with the desired conformation. Typicai o

yields that have been achieved with the methods of the invention range from 40 to 80%. The

contacting may be performed by providing the redox reagent to the fermentation medium in

which the protein is being generated. A]tématively, the-contécting.takes placé upon partial -

purification of the protein from the cell culture in which it is generated. In still other

embodiments, the contacting is performéd after the protein has been eluted from the HPLC

. column but before any further processing. Essentially, the contacting may be performed at

any stage during preparation, purification, storage or formulation of the antibody.

The contacting may be also performed with IgG.éntibodies attached to a

‘stationary phase of a chromatographic columns, while the redox reagents and chaotropid c

reagents are a part of the mobile phase. -In this case the contacting may be performed as a

part of chromatographic purification procedure. Examples of representative chromatographic -

refolding processes may include size exclusion (SEC); solvent exchange during reversible-
adsorption on protein A column; hydrophobic interaction chroniatography (HIC);
immobilized metal affinity chromatography (IMAC); reversed-phase chromatography (RPC);
use of immobilized folding catalyst, such as GroEl, GroES or other proteins _with folding
properties. 'I'hc on-column refoldixig is attractive because it is easily automated using - -
commercially available preparative chromatographfc systems. The refolding on column of

recombinant prbteins produced in microbial cell was recently reviewed in (Li et al, 2004).

If the contacting step is performed on a partially or highly purified preparation .-

of recombinant protein, the contacting step can be performed for as short as about 1 hour to
about 4 hours, and as long as about 6 hours to about 4 days. It has been found that a
cont;acting step of about 4 to about 16 hours or about 18 hours works well. The contacting
step can also take place during another step, such as on a solid phase or during filtering 6r

any other step in purification.

The methods of the invention can be performed over a wide temperature

- range. For example, the methods of the invention have been suct:essfully carried out at

temperatures from about 4°C to about 37°C, however the best results were achieved at lower
temperatures. A typical temperature for contacting a partially or fully purified preparation of
the recombinant protein is about 4°C to about 25°C (ambient), but can also be performed at

lower temperatures and at higher temperature.
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. In addition, it is contemplated that the method may.be performed at high .
pressure. Previously, high hydrostatic pressures (1000 — 2000 bar), combined with low, |

~ nondenaturing concentrations of guanidine hydrochloride below 1M has been used to -

10

disaggregate (solubilize) and refold several denatured proteins produced by E-coli as
inclusion bodies that mcluded human growth hormone and lysozyme and b-lactamase (St
John et al., Proc Natl Acad Sci USA, 96:13029-13033. (1999)) B-lactamase was refolded at
high yields of active protein, even without added GdmHCI. In another study (Seefeldt et al.,
Protein Sci, 13:2639-2650 (2004)), the refolding yield of ma_mmalian cell produced protein
bikunin obtained with high pressure-modulated refolding at 2000 bas was 70% by RP HPLC,

Signiﬁcantly higher than the value of 55% (by RP-HPLC) obtained with traditional guanidine

hydrochloride “dilution-refolding”. These findings indicate, that high hydrqstatic pressure.

_ facilitates disruption of inter- and intra-molecular interactions leadihg to protein unfolding =

15

20

25

30

and d1saggregatlon The interaction of the high pressure on protein is similar to the
mteractlon of protems W1th chaotroplc agents. Thus, it 1s contemplated that in the methods of

the mventxon mstead of using chaotroplc agents, high pressure is used for protein unfolding.

Of course, a combmatlon of high pressure and chaotropic agents also may be used in some

instances.

‘The preparation of recombinant protein can be contacted with the
reduction/oxidation coupling reagent in_ various volumes as appropriate. For example, the
methods of the.invention have been carried out successfully at the analytical 'laboratory'-scale
(1-50 mL), preparative-scale (50 mL-10 L) and manufacturing-scale (10 L or more). Thus,

the methods of the invention can be carried out on both small and large scale with.

reproduclblhty

In certain embodiments, the proteins produced using media contain redox
reagents are further processed in a separate processing step which employs chaotropic
denaturants such as, for example, sodium dodecyl sulfate (SDS), urea or guanidium
hydrochloride (GuHCI). Significant amounts of chaotropic agents are needed to observe
perceptible unfolding. In some embodiments the processing step uses between 0.1M anti 2M
chaotrope that produces an effect equivalent to the use of 0.1 Mto 2M guanidine |

hydrochlonde In a specific embodlment the oxxdatwe refolding is achieved in the presence

of approxlmately 1.0 M guanidine hydrochloride or an amount of other chaotropic agent that

produces the same or similar amount of refolding as lM guanidine hydrochloride. Insome

embodiments, the methods use between about 1.5 M and 0.5 M chaotrope.
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The amount of chaotropic agent used is based on the structural stability of the

protein in the presence of the said chaotrope. One needs to have enough chaotrope present to

~ perturb the local tertiary structure and/or quarternary structure of domain interactions of the

protein, but less than that required to fully unfold secondary structure of the molecule and/or
individual domains. To determine the point at which a protein will start to unfold by

equilibrium denaturation, one practiced in the art would titrate a chaotrope into a solution

_ containing the protein and monitor structure by a technique such as circular dichroism or .

fluorescence (Figure 36).
“There are other p‘arameters that could be used to unfold or slightly pertnfb the

structure of a protein that may be used instead of a chaotrope. Temperature and pressure are

two fundamental parameters that have been previously used to alter the structure of a protem S

and may be used in place of a chaotropic agent while contacting with a redox agent ‘The
inventors contemplate that any parameter that has been shown to denature or perturb a protein

structure may'he used by someone practiced in the art in place ofa chaotropic agent.

stulﬁde exchange can be quenched in any way known to those of sk111 in the
art. F or examp]e the reduction/oxidation coupling reagent can be removed or its '
concentration reduced through a purification step, and/or it can be chemically inactivated by,
e.g., acidifying the solution. Typically, when the reaction is quenched by acidiﬁeation, the
pH of the solution containing the reduetion/oxidation coupling reagent will be hrought 'down '
below pH7. Iri some embodlment the pH is brought to below pH 6 Generally, the pH 1s
reduced to between about pH 2 and about pH 6. '

» Determining the confonnation of a protein, and the relative proportions of a
conformation of a protein in a mixture, can be done using any of a variety of anafytical 'and/or
qualitative techniques. If there is a difference in activity between the conformations of the
protein, determining the relative propomon ofa conformation in the nnxture can be done by -
way of an act1v1ty assay (e.g., bmdmg toa hgand enzymatic activity, biological act1v1ty,
etc.). Biological activity of the protein also could be used. Altemnatively, the bmdmg assays

can be used in which the activity is expressed as activity units/mg of proteln

If the two conformations resolve differently during separation techniques such
as chromatography, electrophoresis, filtering or other puriﬁcation technique, then the relative
proportion of a conformatnon in the mixture can be determined using such purification

techniques. For example, at least two different conformations of the recombinant IgG could
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“be resolved by way of hydrophobic interaction chromatography. Further, since far-UV -

Circular Dichroism has been used to estimate secondary structure composition of proteins -

. (Perczel et al., 1991, Protein Engrg. 4:669-679), such a technique can determine whether

alternative conformations of a protein are present. Still another technique used to determine
conformation is fluorescence spectroscopy which can be employed to ascertain
complementary differences in tertiary structure assignable to tryptophan and tyrosine

fluorescence. Other techniques that can be used to determine differences in conformation and,

“hence, the relative proportions of a conformation, are on-line SEC to measure aggregation

status, differential scanning calorimetry to measure melting transitions (Tm's) and component

' _cnthalpies, and chaotrope unfolding. In some embodiln_t:nts Qesg:ribe_d in detail herein below

the invention uses LC/MS detection to determine the heterogeneity of the protein. -
:By the term "isIbl"a’tiﬁg" is meant physical separation of at least one component

in a mixture away from other components in a mixture. Isolating components or pé.rticular' i

. conformations of a protéin can be achieved using any purification method that tends to:

separate such components. Accordingly, one can perform multiple ‘chromatography steps in
addition to the RP-HPLC described below, including but not limited to HIC, hydroxyaﬁatite
chromatography, ion exchange chromatography, afﬁnity; and SEC. Other purification
methods are filtration (e.g., tangenﬁal flow filtration), electrophoretic techniques (e.g., -
electrophoresis, électroelution, isoelectric focusing), and phase separation (e.g., PEG-dextran
phase separation), to name just a few. In addition, ihe fraction of the preparation of - .
rccdmbinant protein that contains the protein in the undesired conformation can be treatAed‘
again in the methods of the invention, to further optimize the yields of protein with the’ :
desired conformation. | ' |

The invention also optionally encompasses further formulating the proteins.

By the term "formulating” is meant that the proteins can be buffer exchanged, sterilized,

bulk-packa'ged‘and/or packaged for a final user. For purposes of the invention, the term

“"sterile bulk form" means that a formulation is free, or essentially free, of microbial

contamination (to such an extent as is acceptable for food and/or drug purposes), and is-of
defined composition and concentration. The term "sterile unit dose form" means a form that

is appropriate for the customer and/or patient administration or consumptibn; ‘Such

~ compositions can comprise an effective amount of the protein, in combination with other

comf)onents such as a physiologically acceptable diluent, éarrie_r, a_nd/dr excipient. The term

"pharmaceutically acceptable” means a non-toxic material that does not interfere with the
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effectiveness of the biological activity of the active ingredient(s). Formulations suitable for

~ administration include aqueous and non-aqueous sterile injection solutions which may.. ..

~ contain anti-oxidants, buffers, bacteriostats and solutes which render the formulation isotonic

with the blood of the recipient; and aqueous and non-aqueous sterile suspensions which may

include suspehding agents or thickening agents. In addition, sterile bulk forms and sterile

-unit forms may contain a small concentration »(approximately 1 microM to approximately 10

mM) ofa reduct10n/ox1dat10n coupllng reagent (e.g., glutathione, cysteine, etc.). The .
polypeptides can be formulated according to known methods used to prepare - _
pharmaceutically useful compositions. They can be combined in admixture, either as the sole
active matel'ial or with other known éctive materials suitable for a given indication, with

pharmaceutically acceptable diluents (e.g., saline, Tris-HC, acetate, and phosphate buffered : -

_ solutions), preservatives (e.g., thimerosal, benzyl alcohol, paral_a_er;s)’, emulsifiers, solubilizers;

adjuvants and]or carriers. Suitable formulations for phaﬁnaceutjcal compositions include

) ﬂloéé described in Remington's ‘Pharmac_euti_ci_ail Si:iences, 16th ed. 1980, Mack Publishing

Company, Easton, Pa. In addition, such compositions can be complexed with polyethylene

glycol (PEG), metal ions, and/or incorporated into polymeric compounds such as polyacetic
acld polyg]ycohc acid, hydrogels dextran, etc., or incorporated into liposomes, '
mlcroemu]smns micelles, unilamellar or ‘multilamellar vesicles, erythrocyte ghosts or .
spheroblasts. ___Sultable lipids for liposomal formulation include, without limitation,
monoglycgridés, diglycerides, sulfatides, lysdiccithin, pﬁospholipids, saponin, bile acids, and
thé.like. j_’rep_aratioh of such liposomal formulations is within the level of skill in the art, as.
disclosed, for example, in U.S. Pat. No. 4,235,871; U.S. Pat. No. 4,501,728; U.S. Pat. No.
4,837, 028' and U.S. Pat. No. 4,737,323. Such compbsitions inll influence the physical state,
solublhty, stability, rate of in vivo release, and rate of in vivo clearance, and are thus chosen
according to the mtended application, so that the characteristics of the carrier wxll depend on
the selected route of administration. Sustained-release forms suitable for use include, but are
not limited to, polypeptides that are encapshlated ina slowly—dissolving biocompatible =~

polymer (such as the algiﬁate microparticles described in U.S. Pat. No. 6,036,978),_ admixed

~ with such a polymer (including topically applied hydfogeis), and or encased in a

biocompatible semi-permeable implant.
The methods of the present invention are useful for the analysis of

recombinant IgG (e.g., IgG1, IgG2, IgG3, or 1gG4) proteins, and are particularly useful for

analysis of such high molecular weight proteins. The methods are also useful for the analysis



10

15

20

25

30

WO 2006/047340 -44 - , PCT/US2005/038045

‘of protein monomers of high molecular weight and protein heteromultimers, e.g., antibodies.

It is contemplated that these proteins will contain post-translational modifications, such as
oligosaccharide moieties and the like. In specific embodiments, the methods of the present
invention are used for the analysis of antibodies and antibody domains. In one example, the
methods are used for the analysis of proteins having a molecular weight greater than 90kDa,
including intact antibodies, any tertiary protein structure having a molecular weight greater

than 90kDa. It is to be understood that the molecular weight is calculated based on amino

‘acid sequence and includes the known post-translational modifications of the protein, e.g.,

carbohydrate modification. The methods are applied to characterize the oligosaccharide

' compdsition, cleavage, dimer or multimer formation and oxidation of the proteins; structural

variants with different disulfide structures, and/or specific amino acids within the protein

- In"some embodimieits, the méthods of the mventnon are used to analyze -
antibodies and antibody fragments The sample to be analyzed may compnse an intact"
antibody comprising an Fc domain and two Fab domains. Alternatively, the methods of the

invention are employed to analyze the structure of a portion of an antibody such as for

| example an F¢'domain or one or both of the Fab domains. It is pa}tieularly contemplated that

the methods of the invention will be useful in the analy'é'is of the products of partial cleavage

~ of an intact antibody. 'Such cleavage may be performed prior to the RP-HPLC separation.

Typical proteolysis will be performed with the use of an enzyme e.g., papain, lyc-C protease
or pepsin to yield cleavage of the antibody at the hinge region. Alternatively, the cleavage
may employ a reducing agent to reduce the disulfide bonds that connect the two chams of an
antibody structure. Such reduction may be ach1eved using e.g., dithiothreitol,
mercaptoethanol tnbutylphosphme and tri(2- carboxyethyl)phosphme hydrochloride. For a
review of ana]ytxcal and preparative methods used in the preparation of antibodies and
fragments thereof, those of skill are referred to Jos1c and Lim: Methods for Purification of
Antibodies, Food Technol. Biotechnol. 39 (3) 21 5-226 (2001).

In exemplary embodiments, the lirnifed proteolysis is achieved using
endoproteinasﬂe Lys-C from a range of 10 to 60 minutes ata pH range of 7.0 to 8.0. _’I'hé
digestion is performed without denaturation at 37°C with a molar enzyme:protein ratio of

1:150. This produces a few large ffagments of the antibody without undue clipping of the

* protein. The limited proteolysis products are then subjected to RP-HPLC/MS methods

described herein. Using this limited proteolysis Fab and Fc fragments at the hinge region .of o

an IgG1 were generated. These methods allowed the detection of a +16Da increase in the |
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mass of the fragments due to an oxidation of a methionine residue and the detection of a +2

Da increase due to incomplete disulfide bond formation.

The methods of the invention may be used to analyze native proteins, fusmn
proteins, humanized antlbodles chimeric antibodies, human antibodies, single chain
antibodies and the like. In one example, the methods can also be used to analyze any
antibody or a fragr_nent thereof that may be as small as 40 kDa, 50kDa, 55kDa, 60kDa,'
65kDa, 70 kDa, 75kDa, 80kDa, 85kDa or greater. In some embodiments, the antibody
loaded onto the RP-HPLC column is an intact Fab region. In other embodiments, the

* antibody being analyzed is an (F ab), region generated by cleavage of the Fc region of the

antibody. Anélogously, the methods of the invention also may be‘ used to analyie the Fc -

region of an antibody generated from such cleavage. Ini specific embodiments, the antibody

* being analyzed comprises an intact Fc region and only one intact Fab region. In addifi»(;r_lﬂti{é :

methods of the invention are used to analyze a protein comprising an antibody Fc region and

- additional peptides attached thereto, or a protein comprising an Fab region of antibody with

additional ﬁepﬁdeé attached thereto.

“The methods of the present invention may be used to analyze recombma.nt
antibodies. Recombinant antibodies can either contain an Fc domain or not contain an Fc
domain. In particular, multivalent antibodies'may be analyzed using the present invention
As used herein "multlvalent antibodies" are recombinant antlbody-hke mo]ecules that contam

blndmg domains for more than one epitope. ‘For example such antibody-derived proteins

include molecules in which an antibody Fab chain has been fused to binding domains e.g.,

(Fab-scFv bibodies or tribodies). These molecules are useful intermediate welght

recombinant bispecific antibodies that do nbt'containing an Fc portion. Prodhcing antibodies
that lack the Fc domain is advantageous because the presence of such a domain on an
antibody-related therapeutic molecule tends to increase the serum persistence time of the
molecule by protecting it from metabolism in the liver and can also crosslink other cells via
its interaction with the Fc receptor, thereby giving rise to toxic side effects due to systemic
triggering of immune effector cells. 'Thus, certain antibody related therapeutic molecules lack
the Fc domain. Those of skill in the art are aware of methods to engineer such antibody-
related molecules. For example, recombinant antibodies may be produced from a
combination of antibody derived building blocks (such as Fc, (Fab')2, Fab, scFv, diabody)

with heterodimerizing motifs in order to efficiéntly create multispecific antibodies:
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The methods of the invention are particularly usefu] in determlmng the’
integrity of an antibody and in particular a therapeutlc antibody. The antibody is separated
and analyzed nsmg the RP-HPLC/MS methods described herein in order to determine the
presence of antibody degradation products. The methods described herein allow those skilled -
in the art to assess the presence of dimers, antibody cleavage products, deamidation, presence
of oxidation or formation of N-terminal pyroglutamic acid or scrambling of disulfide bonds .
of the antibody. These characteristics are ail degradations that occur in an antibody and

diminish the structural integrity of the antibody.

* The methods demonstrated in the examples herein below show the xmproved

chromatographic separatlon and accurate molecular weight measurements of pharmaceutical

. antibodies and their degradation products. The method utilizes a high resolution high

' precision mass spectrometer capable of measuring mass difference between two variants of . -

15

20

25

30

an antibody that differ by one amino acid residue (e.g., glycine 57 Da) or one sugar moiety =~

(e.g., galactose 162 Da). The mass resolution of the spectrometer should be at least 3000 for

‘a typical IgG antibody with molecular weight of 150kDa. The mass resolution is calculated

as: ‘ S
‘Resolution = MW/AMW = 150kDa/57Da = 3000

'In certain embodiments, the methods of the present invention are able to detect

the change in mass of an antibody or protein of greater than 100kDa before and after

* oxidation, i.e., a mass difference of 16 Da. This produces a mass resolution of 10,000 fora

typical antibody. The methods of the invention are further illustrated in the examples below.

EXAMPLES

"I'he follotving eytamples are included to demonstrate some embodiments of the
invention. It should be appreciated by those of skill in the art that the techmques disclosed in
the examples which follow represent techmques discovered by the inventors to functlon well
in the practice of the invention, and thus can be cons1dered to constitute preferred modes for
its practice. However, those of skill in the art should, in light of the present drsclosure
appreciate that many changes can be made in the specnﬁc embodlments which are dlsclosed

and still obtain a like or similar result without departing from the splnt and scope of the
invention.

U.S. Provisional Application No. 60/621,295 (incorporated herein by

reference) provides a disclosure of refolding of an IgG2 molecule in the presence of
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reduction/oxidation agents, and optionally, chaotropic agents. The biclogical activity of such

arefolded IgG2 was six time higher than the IgG2 refolded without a chaotropic agent and

. was three to four times higher than IgG2 bulk antibody that has been prepared without the use

of redox agents to produce refolding of the protein. According to the aforementioned
application, using the refolded IgG2, it will be possible to deliver a larger effective dose of
the IgG2, whilst using less amount of protéin. Such a reduction in the overa]i amou_nt of
protein thaf is needed to produce a biologically effective response will be advantageous
because reducing the amount of such a protein that must delivered to an-animal will be likely
to produce less of an adverse reaction when delivered e.g., by intravenous or subcutaneous
injection. | |

The following Examples provide exemplary embbdiments for achieving.

advantageous refolding of recombinant IgG molecules. -
" "EXAMPLE 1.
Discussion of Refolding of Proteins
.'Refolding of proteins produced in E. coli. Advances in refolding of proteins

produced in E. coli were recently reviewed by Rudolph and coworkers (Lilie et al., 1998;

~ Rudolph and Lilie, 1996). The authors pointed that protein folding is one of the most

complicated mechanism in the machinery of the protein production and “the specific
coﬁditions regarding buffer composition, protein concentration, temperature, and so on, has
to be optimized for every protein.” The incorrect disulfide bonds is one of the problems.

One mean "to enhance correction of incorrect disulfide bonds in the periplasm of E. coli'is to -
over express the endo'genous periplasmic DsbC protein, which is a disulfide isomerase.
Another way is cultivation in the presence of thiol reagents, which lead to reshuffling of |

incorrect disulfide bonds, has been proven to enhance the yield of native proteins containing

| ‘multiple disulfide bonds (Glockshuber et al., Verbessereung der ausbeute bei der sekretion

von disulfidverbruchten proteinen. [Patent No. 0510658 B1], 1992; Wunderlich et al., J. Biol.
Chem., 268:24547-24550, 1993). Several vothcr patents related to protein refolding are sited
in (Lilie et al., Curr. Opin. Biotech., 9:497-501, 1998). It was aléo shown that prosequence
facilitates folding of several proteins inchiding human nerve growth factor (Rattenholl et al.,

Eur. J. Biochem., 268:3296-3303, 2001) from Escherichia coli inclusion bodies.

Folding intermediates of murine monoclonal IgG antibodies. The folding:

pathways of a murine antibody of subclass k/IgGl were investigated in (Lilie et al., J. Mol.
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Biol., 248:190-201, 1995b) including domain folding, association through disulfide bonding

and prolyl cis/trans isomerization. The study identified that.in Fab renaturation, the folding
reaction aﬁér association of Fd and light chain is determined by prolyl isomerization. At
least four folding intermediates have to be assumed according to the folding stage of light
chain and the configuration of at least one prolyl-peptide bond. Pro159 within the Fd .
fragment may be responsible for the observed dlow folding phase and may require the .
quaternary but.not the tertiary structure to facilitate the isomerization (Lilie et al., J. Mol. -
Biol:, 248:190-201, 1995b). For the same Fab antibody fragment, domain-domain
interactions were found to be a rate-limiting step of folding, thus accumulating folding
intermediates at a late step of folding (Lilie et al., Protein Sci., 4:917-924, 1995a). Earlier,
Lilie et al (Lilie et al., Protein Sci., 2:1490-1496, 1993) show that several members of prolyl

isomerases (PPIs) acceierated thé in-vitro refolding process of an antibody Fab fragment and

increased the yield of correctly folded molecules. They acted as catalysts of protein folding
by accelerating the time-limited isomerization of Xaa-Pro peptide bond (Lilie et al., Protein
Sci., 2:1490-1496, 1993). ” " |

An altemdtively Jfolded state of murine nionoclonal IgG aniibodies An ’

alternatlvely folded state that is different from the native states have been described for

_ monoclonal IgG antibodies with intact dxsulﬁde bonds (Buchner et al., Biochemistry,
'30:6922-6929, 1991 Welﬂe et al., Biochim. Blophys Acta, 1431: 120-131, 1999). This

conformatlonal state is reportedly formed upon mcubatlon of elther the native or the
denatured IgG molecule at acidic pH (<3). This A-state is characterized by a high degree of

secondary structure, increased hydrophobicity, increased stability against denaturant and

~ thermal unfolding and existence of tertiary structure (Buéhner et al BiOchemistxy, 30:6922-

6929, 1991). It was found (Buchner et al., J. Biol. Chem 318 829 836, 2002) that both the
reduced Fab fragment of the murine monoclonal antibody and its reduced light chain formed

a specific, stable, but non-native structure at low pH. It is interesting that apparent stability

- of the altematiVely folded state of the reduced li ght chain is higher than that of the oxidized

li ght chain, suggestmg that the intradomain disulfides, which are cntlcal for the stabxllty of
the native state, destabilize the alternatively folded state (Buchner et al,, J. Biol. Chem,,
318:829-836, 2002). Interactions between the light and heavy chains, stabilized by the
interchain disulfide within the Fab fragment, were found essential for foﬁnation of the
alternatively folded state (Lilie et al., FEBS Lett., 362:43-46, 1995). Welfe et al. found that

lowering pH to between pH 3.4 and 2.0 induced cbn_formational changes and the formation of
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new structure and suggested, that desorpotion from affinity columns should be performed at

pH 3.5 or above (Welfle et al,, Biochim. Biophys. Acta., 1431:120-131, 1999).

) Refolding of immunoglobulin-folded proteins usiné GndHCl and L-
arginine. Influence of additives, such as GnHCI, giutathione L—arginine on refolding -
1mmunoglobuhn-folded proteins was discusses in (Umetsu et al., J. Biol. Chem 278:8979-
8987 2003). Spontaneous folding at the 1m GndHC] resulted in a structure inwhicha
correct dlsulﬁde bonding was achieved however the addition of L-argmme resulted in the
formation of a partially folded mtermediate w1thout dlsulﬁde hnkages (Umetsu et al., J. Biol.
Chem., 278: 8979 8987, 2003).

EXAMPLE 2.

Recognition of Structural Héterogenei_t_y in human monoclonal IgG2 antibodies = . -

. «X-ray crystallography pictures of human IgGl antibodies ha\re been published
in several reports (Saphire et al., Science, 293:1155-1159, 2001; Saphire et al., J. Mol.. Biol.,
319:9-18, 2002). For example, Saphire et al., (2001), showed an X-ray crystallography trace
of human IgGI b12 antibody. However, to date there has been no resolution of the X-ray .

crystal structures of IgG2 antibody. The present invention shows that human IgG2 antibodies -

posses structural heterogeneity, and such heterogeneity may be responsible for the difficulties

in producing an X-ray crystallographic data for IgG2.

‘Data from reversed-phase (RP) HPLC/MS and cation-exchange (CEX) HPLC
methods experiments showed that all studied humanized IgG2 antibodies show multiple
peaks on RP and CEX chromatograms, while IgGl antibodies elute as single peak. Figure 1
shows RP chromatograms of recombinant human antibodies with the same CDRs
implemented in IgG1 and IgG2 modalities. The amino acid sequences have 95% homology
between these two molecules; but RP chromatogram again are different and containmulti_ple
peaks for IgG2 and a single peak for IgGl. CEX chromatography of IG2 shows similar
profile of peaks as compared to RP chromatograph (Figure 2). After the collected CEX
fractions were re-injected on the RP column, they co-eluted with the RP peaks of the whole
IgG2 sample (Figure 2).

A high resolution Micromass/W. aters Q-TOF mass spectrometer was used to
obtain mass spectra of the peaks separated by RP HPLC. Figure 3A shows RP chromatogram .
of IgG2 antibody detected by using both, absorbance of UV at 215 nm and total ion current of

the mass spectrometer. The figure indicates that peak 1 produces less mass spec current as -
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‘compared to other peaks. Figure 3B indicates that IgG2 ions eluting in peaks 1 contain

maximum of 53 protons on the surface of the ion giving the ion 53 positive charges. 'IgG2

molecular ions of peak 1 accommodate approximately 6 protoris less than the other IgG2

molecules eluting as peaks 2, 3, and 4, which indicates that peak 1 contain 1gG2 molecules_,

which are more compactly folded as compared to other eluting molecules of this sample. The -

fewer-charges-on-the-surface ions of peak 1 also produce smaller TIC signal (F igure 3A).

On the other hand, decorlvoluted electrospray ionization mass spectra reveal that all IgG2
isoforms separated by RP HPLC have the same molecular weight (MW) values within the
mass precision of the instrument of +2 Da. This finding eliminates possibility of most of the
reported structural modifications of IgG antibodies. After reduction and a.lkylation, the RP
chromatography for both IgG1 and IgG2 antibodies produce narrow peaks for light and heavy
chains without heterogeneity. The fact that reduction eliminates the hetero genelty indicates

thatitis d1sulﬁde—connect1v1ty related.

“The IgG1 and IgGZ subclasses of anttbodles are different by the structure of
hmge region, which includes two mtercham dlsulﬁde bonds in IgG1 and four in IgG2 (Figure
4 and 43). The above studies strongly su ggest that multiple IgG2 isoforms are populated by

molecules W1th different dlsulﬁde bond connectwnty in the hmge reglon

Analyzmg the above-described results, the inventors concluded that IgGZ
molecules have several structural variants, whlch dlffer by disulfide connect1v1ty in the hinge
reglon Flgure 4 adopted from Kuby Chapter 4 Immunoglobuhns Structure and Function,
2002, shows all four subclasses of IgG antibodies in their conventional textbook
configuration. In reality, a study by Aalberse and Schuurman (Aalberse et al., Immunology,
105:9-19, 2002) identified that in the preferred IgG4 configuration, CHI regions interact with
CH2 domains of this antibody (Figure 5). Fiéure 4 shows that IgG4 structures are very
similar including the four disulfide links in the hinge region. There are di_fferences in amino
acid sequence of the hinge, so the configurations of IgG2 and IgG4 are not expected to be

same, but may have similarities and, po.ssibly, even fold as IgG4 antibody in Figure 5.

Another study by Phillips et al. (Phillips et al., Mol. Immun., 31:1201-1210,
1994), using electron microscopy and sedimentation analysis showed the distribution of

shapes of IgG2 compare to other three subclasses of antibodies. The authors of that study

observed "a distribution of complexes which was noticeably different from the other

subclasses. Some circular dimmers, some linear dimmers and a large amount of monomer

were seen. This was interpreted in terms of an energy barrier to ring closure arising from the
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orientation of the Fab arms of IgG2 probably-leading to linear dimers as the predominate -

~ complex seen with the analytical ultracentrifuge." The sedimentation data (Figure 6) show -
 partially resolved multiple peaks, further indicating that IgG2 molecules are structurally

heterogeneous (Phillips et al., Mol. Immun., 31:1201-1210, 1994). In another article, -
Gregory et al (Gregory et al., Mol. Immun., 24:821-829, 1987) described the use of
sedimentation and small angle X-ray scattering analysis of the subclasses of human IgG.
According to the authors, "IgG1 is suggested to have a hinge length of 0-15 A and non-
coplanar Fab arms; IgG2 to be effectively hingeless with folded-back Fab arms." The two
sited abdve reports (Gregory et al.; Mol. Immun, 24:821-829, 1987; 'Phillips et al., Mol.

Immun., 31:1201-1210, 1994), suggest that IgG2 may have several conformational 'states,

including the configuration with folded-back Fab arms: Figure 7 contains several structures. -

.. of IgG2 antibody proposed by authors of the-current-report.-Figure 7 also contains; the only -~~~

reported structure of IgG1 antibody from the:studies using X-ray crystallography.

_ EXAMPLE 3. :
Refolding of IgG2 Antibodies in the Presence of Redox Reagents Reduces Structural
Heterogeneity of IgG2 and Increases its Activity

The above-described studies led to the idea of refolding the IgG2 antibody in

order to verify its activity. The refolding was done by incubating the antibody in a cysteine-

. cystine containing buffer, at pH 8, 4°C for 72 hours.

A preferred redox coupling sy5tem employed herein is the cysteine/cystine as
reduction/oxidation coupling reagents. The starting material was a purified preparation of
IgG2 antibody. Buffers were 0.1 M citrate or0.2 M Tris at pH 8.5. Protein concentration of
the IgG2 in the reaction was varied from 0.5 mg/mL to 10 mg/mL. In preferred exampleé the
protein was varied from 2.5 mg/mL to 3 mg/mL. '

. | The redox coupling system of Dcysteine (varying from O to SOvnllM) was
utilized and the.proced‘ure was assessed in the presence' or absence of equal amounts of L-
cystine and in‘ the presehce and absence of ImM EDTA. Incubation temperature was
assessed at 4°C, 15°C, and 22°C for 6, 18, and 48 hours. Treated preparations of -

recombinant protein were characterized by RP-HPLC as described in the Examples above

- and in the Figure legends of Figures 1 to 15 in Dillon et al., U.S. Provisional Application

60/621,295 and PCT/US05/001840.
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- It is determined that refolding readily occurs when the redox system contains
from about 0. 1 mM to about 10 mM cysteine:-and ﬁ'om about 0.1 mM to about 10 mM .

cystine. The cysteine/cystine may but need not be present in a 1:1 concentration ratio.

In addition, the protocol included 0.9 M GndHCl in the buffer to slightly
unfold-(relax) the structure during refolding/oxidation. Figure 8 shows results of the two
refolding experiments. The results indicate, that the two refolded sample of IgG2 antibody

are homogenous in structure and co-elute with peaks 1 and 3 of the RP chromatograph

elution proﬁle "

Yet another redox couplmg system that may be used is one in which reduced

glutathlone and glutathlone (GSH/GSSG at a ratio of 10: 1) is added at varying concentrations

of from O l1to 5 mM GSH The effect of pH and temperature of mcubatlon in the presence of I

thls redox couplmg agent may be assessed pH may be varied from pH 5 to pH 9. Incubatlon
temperature may be varied at 4°C, 22°C or 31°C. In other embodlments, the temperature at-
which the IgG2 was incubated in the GSH/GSSG redox coupling system was varied.' The
refoldmg is more efficient at 4°C 4°C than at room temperature (F igure 52)

The brologlcal act1v1ty of the IgG2 refolded in the presence of 0.89M
guanidine hydrochloride, is six time higher than the IgG2 refolded without guanidine

~ hydrochloride and was three to four times higher than IgG2 bulk antibody that has been

prepared without the use of redox agents to produce refolding of the protein. (Figure 47).

" The refolding methods can be performed on grams and ]'ci’lo”gr'ams of CHO-
produced IgG2 bulk material to significantly increase concentration of the active IgG2 form
per gram of the material and reduce the protein concentrations of formulation solution.  The
guanidine hydrochloride processing of the protein thus produced will further ihcrease the |
yield of biologically active protein. The RP-HPLC/MS studies described herein show that all
IgG2 antibodies contain multiple forms and can be modified according to the proposed

refolding technique.
~ Using the refolded IgG2, it will be possible to delivery a larger effective dose

of the IgG2, whilst using less amount of protein. Such a reduction in the overall amount of

protein that is needed to produce a biologically effective response will be advantageous

* because reducing the amount of such a protein that must delivered to an animal will be likely

to produce less of an adverse reaction when delivered e.g., by intravenous or subcutaneous

injection. The methods of the present invention advantageously allow the production of
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homogeneous preparations of IgG2, which are in many cases a preferred modality of

antibody pharmaceutlcals as compared to IgG1 because there i is more of a risk assoc1ated

~ with elevated complement-binding activity of IgG1 as compared to IgG2.

-While the exemplary protocols using the redox agents discussed above treat a
purified preparation of recombinantly produced IgG2, it is contemplated that the IgG2 may
be produced in the presence of such redox coupling systems, wherein the reagents are added
to the media of the cell cultures in which the protein is produced. Alternatively, the redox
agents can be added after purification of the proteins. Further, while the examples provided
herein are directed to an examination of heterogeneity of IgG2, it is contemplated that the
methods may readily be adapted and used for any recombmant protein that undergoes post- .

translatlonal refolding and exhibits heterogeneity due to presence of dlsulﬁde bond that are

, amenable to scramblmg, The methods descnbed herem may be especially useful for the

productlon of other IgGs such as for example, IgG3 and IgG4 antxbodxes whlch may exhibit
heterogenexty :
| EXAMPLE 4. -
Further Studies on the Discovery and Chai'acterizaion of _C’onform‘ational Isoforms of
Human Monoclonal IgG2 Antibodies

- Human therapeutic proteins produced in microbial cells often misfold and
accumulate as insoluble inclusion bodies. The protein must be subsequently refolded using
chaotropic agents under reduction/oxidation conditions in order to gain biological activity.

Until recently, mammalian cell production of human therapeutic proteins had been thought to

‘y‘ield product having the correct fold and post-translational modifications. In the present

Example there are identified four structural variants for an anti IL-1R IgG2 antibody and
several other IgG2 antibodies7 These newly characterized structural variants are unique to the
IgG2 subclass (in both recorhbinant and naturally occurring IgG2’s) which have not been -
seen in IgG1s or IgG4s. Based on these findings, it is proposed that the igGZ subclass of
human immunoglobulins may be further divided into sub-subclasses to represent the

conformational variants.

Materials and Methods

The following materials and methods are exemplary methods used in the
instant Example. Similar such methods were used in the other examples as speciﬁcélly

indicated in those examples. It should be understood that these exemplary methods may be
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readily modified for use in analysis of other IgG moieties in the context of the present
invention.
- An anti IL-1R IgG2 antibody and other human monoclonal igG antibodies

used in this study were recombinantly expressed and purified using standard manufacturing

procedure. IgG2 kappa human myeloma from plasma was purchased from Sigma, # 15404.

Refolding Procedure: In another specific example of a refolding procedure
used in the present invention, human monoclonal anti IL-1R IgG2 antibbdy was incubated at
either 3 mg/mL or 10 mg/mL in two buffers 1) 200 mM Tris buffer at pH 8.0 (native refold);
2) 200 mM Tris buffer at pH 8.0 with 0.9M GuHCI (GuHCI refold). A combination of
cysteine: cystiné wei'e added at the molar ratio of 6 mM:1 mM (3 mg/mL) and 10 mM:1 mM
(10 mg/mL), respectively. The precise concentration of cystine was not determined due to 1ts

| podr solubility of the cystine, however, the cystine was provided by weight fall within the
ratio noted above. The samples were placed at 2-8°C for 48 hours. Other refolding

- conditions tried included the use of-arginine and urea as a chaotropic agent, different ratios of

cysteine: cystine and using cystamine in place of cystine, a range of GuHCI concentration for

0-2:M, and multiple temperatures during the redox process.

CEX analysis of intact antibody: The proteins were injected onto a Dionex
- WCX10 weak cation exchange column operated at 0.80 ml/min flow rate and 25°C. A
gradient elution was used by increasing concentration of solvent B and, correspondently,
decreasing A in the mobile phase. Solvent A was 20 mM sodijum acetate at pH 5.0, solvent B
' included 20 mM sodium acetate, 0.5 M NaCl-at pH 5.0.

Reversed-phase LC/MS analysis of intact antibody and antibody fragments: .
The proteins were injected onto a Zorbax 300_SB C8 column operated at 75°C. The
optimized method used a mobile phase consisting of a mixture of isopropyl alcoﬂol and
acetonitrile with 0.1% TFA. An Agileni 1100 Capillary HPLC system was connected on-line
to a Waters Q-Tof Micro mass spectrometer equipped with an electrospray ionization (EST)

source. The ESI-Q-TOF mass spectrometer was set to run in positive ion mode with a

capillary voltage of 3400 V, sample cone voltage of 70-100 V, m/z range of 1000-5000, and
mass resolution of 5000. The instrument was tuned and calibrated using multiply charged

. ions of bovine trypsinogen, MW23981.0, Sigma T1143. The deconvolution of ESI mass
spectra was performed using a MaxEnt1 élgédthm of in MassLynx soﬁware.froml Waters.



10

15

20

25

30

WO 2006/047340 -55- ' PCT/US2005/038045

Limited proteolysis using pepsin: Pepsin digestion of human IgG2 was

performed in a manner similar to that described in (Turner andeennich, 1968, Biochem.J., v.

. 107, p. 171-178), but at lower pH and shorter time. The anti IL-1R IgG2 antibody and

several other IgG2 antibodies were subjected to limited proteolysis using pepsin was -
performed for 1 hour at pH 2.5,in 100 mM ammonium acetate buffer, pH 2.5 at room .
temperature with a single addition of pepsin; The digestion was performed without:

denaturation with enzyme to protein ratio (w:w) of 1:50.

. Reduction, oxidation, and tryptic digestion: Reduction and alkylation was
performed using IgG under denaturing conditions to produce the free heavy and light chains
for further analytical characterization. Antibody was diiuted to2 mg/mL with 75M -
guanldme hydrochlonde (Mallmckrodt #7716), 0.1 M Tris-HCI (Fluka) 1 mM-

,ethylenedlannnetetraacetlc acid (EDTA Sigma # 6281-92 6) pH 7.5 to a volume of 0: 5 mL

A 5-puL ahquot of a 0.5M dithiothreitol (DTT, from ngma D5545) stock solution was added
to obtain 5 mM DTT concentration and the reaction mixture was placed at 37° C for 30
minutes. Protein solution was then cooled to room temperature and a 13-pL aliquot of a

0.5M iodoacetamide (IAM, Sigma #I1 149) stock solution was added to reach 13 mM IAM.

. The alkylation was performed at room temperature for 40 minutes while being protected from

light. The 0. 5 mL volume of the reduced and alkylated material was exchanged withalmL . -
of 10 mM sodium acetate (JT BAKER, Phillipsburg, NJ, # 9526-03) pH 5.0 to a final '
concentration of 1 mg/mL of protein. Buffer exchange was performed using a NAP-5 gel . |
filtration column packed with Sephadex G-26 medium (Pharmacia Biotech). The digestion
with sequencing grade trypsin was performed using the reduced and alkylated IgG from the
previous paragraph. Lyophilized trypsin (Worthington # 3744) was suspended in water to a
final concentration of 0.50 mg/mL. The reducing buffer was exchanged by a digestion buffer
including 0.1 M TRIS, 1 M urea, 20 mM hydroxylamine (Sigma # H9876), pH 7.5. One M

'urea and 20 mM hydroxylamine were added to increase solubility of the light and heavy

chains and to protect protein from carbamylation (Cohen, 1968, Ann.Review Biochem., v.
37, p. 695-726), correspondently. Tryptic digestion was performed overnight (15 hourS) at
37 °C using an enzyme: protein ratio of 1:50. The digest was quenched with the addition of a ‘
'smalllaliquot of 20% formic acid to a final concentration of 0.2% formic acid. The digest
was either placed in the autosampler maintained at 4°C for the RP LC/MS analysis or frozen
for future analysis. Smaller amounts of antibody were reduced, alkylated and digested using

similar procedure in smaller volumes with the same molar ratios of the components.
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HPLC of tryptic peptides: Tryptic peptides were separated by reversed phase
HPLC using an Agilent 1100 HPLC unit equipped with a UV detector, autosampler, micro

~flow cell and temperature controlled column compartment. A Polaris Ether column, 250x 2
 mm, packed with 3 pm particle size, 300 A pore size C18 resin (Varian, Torrance, CA, USA)

was use for the peptide map separation. Thé solvents were: A =0.1% TFA trifluoroacetic

acid in water, and B = 90:9.015:0.085 of ACN: water: TFA. The procedure was as follows.

' Tryptie peptides were injected into the RP HPLC column, which was then equilibrated with

100% A. A linear gradient from 0 to 50% B was run over 205 minutes. The column was
eluted with 200 pL/min flow and its temperature was maintained at 50°C. A total of 20 pg

total protein digest was injected onto the column for the mass spectrometry anaiysis.. The

'ﬂow. from the column was analyzed by the UV detector and then directed to an on-line ion-

trap mass spectrometer
Ion-trap mass spectrometry: A Thermo megan Ion Trap mass spectrometer

LCQ DECA was used on-line with the HPLC system to identify the dlges_tlon,prqducts.
Masses of peptides and their fragments were obtained using a triple play method including

.full scan, followed by zoom and MS/MS scans. A standard off axis-ESI source was used as

atmosphere-vacuum interface. Instrument was tuned using the doubly charged ions of a

- synthetic peptide (m/z 842). Both, Sequest algorithm of Thermo. Finnigan BioWorks 3.1

software and a Mass Analyzer software were used for peptide identification.

Bmdmg assay: Biotin-coated fluorescent microspheres (Beadlyte beads
(Upstate Biotechnology Inc.)) were coated with an avidin-IL-1R fusion protein. The beads
were washed to remove unbound protein and aliquoted to 96-well filter-bottom plates
(Millipore Corp). Titered amounts of the test antibodies (diluted from 1 nM to 61 fM) were
then added to the beads. Antibody binding to the bead-captured avidin-IL-1RI fusion protein
was detected using pPhycoerythﬁn—conjugated goat anti-human (Fab’)2 (Southern
Biotechnology). The binding reactions were analyzed using a Luminex100 mstrument
(Lummex Corp.). The amount of antibody binding to the bead-bound protein was
propertlonal to the mean fluorescence mtensny (MFI) measured by the instrument. The
binding curves and associated EC50 values (the concentration of antibody which generated a

half-maximal response) were derived using PRISM™ software.

Biological activity (Chondrocyte assay): The anti IL-1R IgG2 antibody,
Refold1-form1 and Refold2-form3 were serially diluted from 40 nM to 0.0256 pM in assay
media. 50 pl of the diluted test antibodies were added to the wells 96-well plates seeded with
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human chondrocytes at a density of 10 000 cells/well in a 100 ul volume. The final antibody
concentration ranged from 10 nM to 0.0064 pM. After a 30 min incubation, 50 plof -

- recombinant human IL-1 beta was added to a final concentration of 10 pM. After incubation

overnight, the antibody activities were analyied using IL-6 and MMP-13 ELISAs. The
inhibition of IL-6 or MMP-13 production was calculated as a percentage of maximum IL-1
beta activity.  The inhibition response curve for each test antibody was ‘establi»shed and the
corresponding IC50 values (the'concentration of antibody which reduces the signal by 50%)
were derived using GraphPad PRISMa software.

" Biological activiry (Antibody-mediated Iysis): For the antibody-mediated cell

lysis assay, zihtibody was added to whole blood (1 mg/mL),‘iucubated for 48 hours (37°C,
5%C02), process for fluorescence activated cell sortmg (FACS) analysrs (label T/B cells and o

lyse red blood cells) and then analyzed. The depletron of B/T cells was monitored by flow

’ ~ Cytometry.

- Results - - - - o ———

Both catlon exchange (CEX) and reversed-phase (RP) chromato graphy of the
IgG2 annbody against IL-1R revealed the structural heterogeneity of IgG2 (Figures 1 and
2A) even though the two techmques assessed antlbody structure under very different -

condmons The antibody was in the natlve conformatlonal state (featurmg the antl-parallel

" beta sheets) in the CEX mobile phase, which is close to physiological in pH, temperature and -

salt concentration. On the other hand, the an‘tibody was in a molten globular state (Buchner
et al., 1991 Biochemistry, v. 30, p. 6922-6929; Ptitsyn et al., 1990 FEBS Lett., v. 262, p. 20-
24; Kuwajima, 1989 Proteins, v. 6, p. 87-103) when eluted from the reversed-phase column
with high percentage of iso-propenol in aqueous 0.1% TFA (pH 2) at 7S°C. Far-UV circular
dichroism data indicate that the native globulin beta-sheets were converted to helical and '
random-coil molten structures under these RP chromatography conditions. The fact that
both the native and molten structures eluted from the CEX and RP columns have similar
profiles suggested that the conformational isoforms have different covalent structures, which
remain different in both the native and molten states. To correlate the peaks separated by the

two different techniques, four CEX fractions were collected and injected on the RP column

~ (named CEX fractions 1, 2, 3 and 4). The re-injected CEX fractions 1, 2, 3 and 4 co-eluted

with the RP peaks 1, 2, 3, and 4 proving that there is a correlation between relative . -
abundances and elution order of the peaks (Figure 2B). This experiment also provided
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‘fu.rther evidence that RP chromatography itself is not a source of the peak splitting, but rather

another useful analytical tool for detecting the covalent variants.

The human IgG2 anti IL-1R monoclonal antibody was cloned and expressed

as an IgG1. The IgG1 subtype contained greater than 96% sequence homology with the IgG2.

~ The human IgG1 anti IL-1R mAb was analyzed by CEX and RP . HPLC using identical
" methods as previously described. The CEX and RP analysis of the IgG1 prbdtrced

chromatograms which displayed a single homogenous peak. The IgG1 antibody elute -
approximately at the same time as form 3 (RP peak 3) of the IgG2 antibody (Figure 1).

" The ESI orthogonal-TOF mass spectrometer described in the Experimental

sectron was connected on-line with the RP HPLC system to identify that the four isoforms of

IgG2 have 1dent1cal molecular weight vahies within the measurement error of the instrument

of £ 2 Da(Figure 45). This eliminated glycosylation differences, lysirle variants, and other

chemical degradation modifications associated with a large mass change as the source of

-heterogeneity. Although deconvoluted ESI mass spectra of isoforms-revealed-identical

~ molecular weight values, the isoforms carried different number of positive charges (protons)

on their surfaces. RP chromatography of the intact antibody with UV detection at 215'nm
and total ion current (TIC) detection was performed (Figure 3A). _ESI mass spectra

' containing multiply charged ions of the intact antibodies for the four separated isoforms were

also obtained. These data showed that the later eluting forms carry a larger number of-
posrtive charges (Figure 3B). These is an indication that these t'ariants have larger surface
area and possibly better proton accessibility to the basic amino acid residues (Chowdhury and
Chait, 1991 Anal.Chem., v. 63, p. 1660-1664; Dobo and Kaltashov, 2001, Anal.Chem., v. 73,
p- ‘4763-4773;_ Fenn, 1993,] .Am.Soc.Mass Spectrom., v. 4, p. 524-535). When these forms -
elute from the RP column, form 3 possesses a larger surface area withv a larger number of
charges, while form 1 _h'as‘smaller surface area and more “folded” structure. The fact that
form 3 has a larger number of charges as compared to form 1 can be also derived from -
experiments which showed that form 3 also produced a higher total ion current (TIC), but
lower UV absorbance as compared to Form 1. It means that a larger number of charges was
carried on the form 3 species as compared to the form 1 species. The increase in solvent B

concentration across the peak during elution of the peak is less than 0.5%. Therefore the

| change in organic solvent for electrospray is minor and should not shift the envelope of the

m/z peaks. A control experiment using a (structurally homogeneous) IgG1 antibody was
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carried out to further verify that the difference in charge state is not induced by the minor

difference in percentage of organic solvent in eluting mobile phase.

After reduction and alkylation, the heterogeneity disappeared and the RP
chromatograms of the IgG2 antibody with reduced disulfide bonds featured only a single
5 narrow peak for the light cham and a single narrow peak for the heavy chain (Figure 46).

| These findings again show that the uncovered variants of IgG2 antibody have different
disulfide connectivity or opened disulfide bonds. An opened disulfide was a possibility,
because one open disulfide bond would increase mass By 2 Da, which was within the error
margin of mass measurements fer the intact antibody of MW 150 kDa. The structural .

10  variants related to disulfide bonds possess different e‘ovalent structures that could be .
separated by';.both CEX under the native condition and by RP chromatography under the '
derlaturing conditions. | - o

: : Reversed-phase chromatograms of several 1gG2 and IgG1 antibodies used in
. —-this study were compared. While all IgG1 antibodies eluted as a single peaks, all IgG2

15 antibodies, including myeloma IgG2 antxbody from human plasma serum, were separated on
multlple variants under the same chromatographic conditions (Figure 44). Tlns result.-
suggests that heterogeneity is a feature of entire IgG2 subclass of the immunoglobulin - -

gamma molecules, inclﬁding IgG2 molecules from human serum.

' In IgG2 heavy chains, the CH1 peptide PLAPCSR was 1dentified as a part of
20  light-heavy interchain bond residues 127-133 (EU), and residue C131 from this peptide was
connected to light chain.. A similar peptide PLAPS131SL occupies a position from residue
127 to 133 (EU) in the human JgG1 heavy chain. |

Although the crystal structures of IgGZ antibodies have not been published,
the close resemblance between pnmary sequences of IgGl and IgG2 antibodies suggested
25 that posmon of S131 in IgG1 heavy chain can be used to approximate position of C131 of
IgG2 _lleavy ehain with respect to cysteine residues 214 of light chain and 226 and 229 (hinge
region) of the heavy chain. In a fregment of crystal structure of human IgGl antibody near
_the hinge, downloaded from the RCSB Protein Data Bank under accession number 1HZN
' (Saphire et al., 2002, J.Mol.Biol., v. 319, p. 9-18), the position of serine S131 was used as
30 appreximate location of cysteine C131 in human IgG2 (Figure 49). ’l’he crystal structure
does show that three residues, LC C214, HC.Sl31, HC C226, are in elose proximity with
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respect to each other (within 6A). This proximity may allow them to crosslink generating

several covalent structural variants with different disulfide bond structure in the .hingearea.

. The inventors have generated significant data to show that the different
structural forms can be enriched by treating the IgG2 solution with redox agents
(cysteine/cystine) in the presence and absence of a chaotropic agent (GuHCI). The working
hypothesis was that the chaotropic agent in a relatively small amount may slightly perturb the
structure and reposition the cysteine residues in the hinge in favor of one of the forms. To
verify this hypothesis, several aliquots of the IgG2 antibody were treated with the .mixture of |

cysteine and cystine according to the protocol described in the experimental section. The

-amount of added GuHCl was varied from 0 M to 1.4 M: The output of the refolding was

monitored by the reversed-phase chrpmatogfaphy (F igure 50), which showed that form 1 and . :
form 3 were preferentially populated within 48 hours. Using reversed-phase chromatography
comparisons of the original (untreated) humanized IgG2 antibody produced in mammalian .

(CHO) cells, the antibody refolded without any GuHCI and the antibody refolded with 1.0 M

GuHC, it was seen that form 1 was better populated in the absence of GuHCI. The addition

of the chaotropic agent facilitated population of form 3. The enrichment of fonn 3was
fastést in the presénce of 1.0 M GuHCI. Similar results were seen upon rcfblding the other
IgG2 antibodies. The effect of using Arginine HCl as a denaturant was also assessed and is
shown in Figure (Figure 51). The arglmne-HCl was 1dent1ﬁed asa weaker chaotroplc agent
as compared to GuHC. '

_ Although receptor bmdmg and bndgmg assays showed no significant
differences between the untreated and refolded materials, the cell based bioassays indicated
that the isoforms displayed different biological acfivity. The bioassays were repeated over
several days monitoring both IL-6 and MMP-13 levels with consistent results (Figure 47).
Form 3 was on average 3.5 times more active as compared to the untreated material, while
form 1 possessed only a fraction (0.7) of the bioactivity of the untreated material. Hence,
form 3 was seven times more active than form 1. Accofding to the reversed-phase
chromatograms, although the refolding without GuHC]‘.signiﬁcant'ly enriched form 1, a small
population of forms 2 and 3 remained in the éample. | |

The refolded material was also tested for differences in phyéica] properties
using DSC, CD, and fluorescence. The most dramatic ‘d.ifference between the fornis was seen
by DSC, where form-3 had only one major Tm at higher temperatures as compared to the

control and form-1.
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' EXAMPLE 4.
Demonstration that an IgG1 immunoreactive to IL-15 contains free cysteine residues in

the heavy chain that is partially cysteinylated

This example is directed to characterization of a human monoclonal IgG1
antibody that is immunoreactive with IL-15, specifically, 146B7. The 146B7 IgG1 antibody
was characterized using reversed-phase LC/MS analysis for both intact antibody and after
limited proteolysis with Lys-C protease. This IgG2 has a free cysteine residue in position
104 (C104) of the CDR3 heavy chain. Several modifications were identified with the most
prominent being cysteinylation of the Fab fragment (+119 Da) probably at C104.
Approximately 60 % of the Fab fragments were cysteinylated. In addition, it was Seexj'that' -
the C-terminal lysine variance caused by partial cleavage of the terminal lysine residue. This
type of variance is typibal in hybridoma-produced IgG molecules. 'Appfoximately 70% of the
IgG1 sample had no lysine on either of the heavy chains, 20 % had a lysine on one of the

_heavy chains and 10% had lysine on both the heavy chains. Significant oxidation
(approximately 10 %) was also detected in the F AB region possiBly at one of the methionine

residues in the CDR region. No significant amounts of covalent dimers were detected even in
samples that were stressed. The C104 residue was not readily labeled with IAA indicating

 that the free cysteine 104 was not readily accessible.

The IgG1 antibody investigated has a free cysteine m position 104 of the
CDR3 heavy chain. This free cysteine can be a source of covalent dimerization and lead to
stability issues during formulation or storage. The goal of the present example was to
establish the redox status and evaluate accessibility of the free cysteine to an alkylating agent
such as IAA, 1identify possible covalent dimers in heat stressed samples and characterize
known posttranslational modifications such as lysine variance, glycdform variance (G0, G1,

G2) and other possible modifications.
Reversed phdse LC-MS analysis of intact IgG1

The RP chromatogram of the IgGl is shown in Figure 9 was similar to that of
other IgG1 molecules. The major peak (peak 3) is comprised of the IgG molecule. There is a
peak splitting on the top of peak 3, which may be due to the heterogeneity uncovered in this
study. Two other minor peaks (peaks 1 and 2) can also be observed in the chror'ﬁatogram. |

Using accurate mass measurements we have identified these peaks as the light chain
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fragment, E1-G93/S94, and a cysteinylated form of the light chain, respectively. Small

amounts of free light chain have been observed in other IgG molecules.

‘ The free light chain (peak 2 in FIG. 8) found in the IgG2 exists in
cysteinylated form. The cysteinylation occurs on the free C214 residue of the light chain.
This residue is involved in disulfide linkage between light and the heavy chain. Hence
cysteinylation of C214 prevents the association between the light and heavy chains. However
small amounts of non-cysteinylated light chain have also been observed in other molecuies. .
The levels of light chain contaminants in this antibody éample can be readily monitored by
the described RP LC/MS method. Cysteinyiation is found in physiological protgéiné,‘ which = -

contain free cysteine. In recombinant antibodies it is introduced during the production stage

, possibleb due to the addition of cysteine, together with several other amino acids to feed the -

. CHO cells. Varying degree of cysteinylation in the free light chain in different recombinant

antibodies indicates that certainproduction parameters influence the degree of cysteinylation.
This observation might be of note in understanding cysteinyl‘z_\tibn,-_o‘f C104 in the heavy chain -
of the IgG1. . '

Figﬁre 10 shows the deconvoluted mass spectrum of the maih peak. Typicﬂly
in ngl_ molecules several galactose variants (GO G1 and G2) are observed which are caused
by the loss of 1 or both galactose residues from the biantennary sugar. These variants can be
identified bya characteristic mass difference of 162 Da corresponding to the moleculér
weight of galactose. It can be seen from Figure 10 that this typical pattern was not _obéerved
in the IgG1 of the present example. Instead, several peaks could be observed which differ by
140 to 150 Daltons. This data indicates that other sources of heterogeneity are present in
IgG1 and the mass difference observed in the deconvoluted spectrum is a sum effect of these

additional modifications along with the various glycosylation forms. The additional

~heterogeneity may be caused by modifications such as lysine variants, cysteinylatioh and

~ oxidation.

Reversed phase LC-MS analysis of IgG1 after limited proteolysis with Lys-C

To further characterize the sample, limited proteolysis with Lys-C protease

was performed. Lys-C when used in low concentrations preferentially cleaves at the heavy

- chain lysine (residue 223) in the hinge region of IgG1 type molecules, generating Fab and Fc

fragmehts. Limited proteolysis enhances LC/MS analysis by isolating modifications from

different regions and improves resolution because of the smaller size of the fragments as



5

10

20

25

30

WO 2006/047340 -63- V ] PCT/US2005/038045

compared to the intact IgG. A reversed phase chromatogram of Lys-C-treated IgG1 of this
Example is shown in Figure 11. In a typical IgG1 sample, two.major peaks corresponding to |
the Fab and Fc fragments are observed. However, several peaks were observed in the IgG1

6f the present example, which are attributed to additional modifications seen in this sample.
The deconvol?ted electrosprayvioni'zation (ESI) mass spectra of peaks 1, 2, and 3 are shown

in Figure 12. The mass of these peaks corresponds with that of Fc fragment.- .

: - The mass difference between Fc molecules eluting in chfomatographic peaks
1, 2 and 3 is approximately 128 Daltons, which conespdndé well to the mass of lysine (128.2
Daltons). The lysine variance is commonly associated with IgG produced in hybridoma cell
lines and associated with carboxypeptidase B activity. 146B;7 is also pfoduced in hybridoma.
cell lines and hence peaks 1, 2 and 3 are due to lysine Varia.nts. From the mass difference, it
can be confirmed that peak 1 has lysine residues on C termini of both heavy chains. Peak 2
has a lysine on only one of the heavy chain and peak 3 has no'C-terminal lysines. Apart from

- -lysine variance, peaks that differ by 162 Daltons are also-seen-These peaks-correspond to the
15

sugar heterogeneity in which one or both galactdse molecules at the end of the biantennary
sugar moiety are lost. Such heterogeneity is very typical of the Fc fragment of both IgG1 and

IgG2 molecules. No other atypical sugar modifications such as loss of the bi-antennary sugar

- moiety were observed.

. The deconvoluted mass spectra of peaks 5 and 7 from Figure 11 are shown in
Figure 13. The molecular weight of 47281 Da for peak 7 matches with the theoretical - -
molecular weight of Fab (47282): Peak 5 has a molecular weight of 47401, which is
approximately. 120 Dalton higher than that of peak 7. The mass difference of 120 Daltons
corresponds to an additional cysteine residue. Cysteinylation was reported on free cysteines
in physiological proteins. The IgG-] of this example has a free cyéteine in the CDR 3 of the
“heavy chain. This free cysteine is cystéiny]ated probably during producfibn. It can be seen
from the peak area measurements that more than 60% of the molecule is present in the
cysteinylated form. Peaks 4 and 6 have a mass difference of +16 Daltons from peaks 5 and 7,
respectively. This mass difference corresponds to oxidation most likely of a methionine

residue. The sites of oxidation may be further identified using peptide mapping experiments.
IAA labeling studies

IAA labeling was carried to probe the accessibility of residue C104 of the

heavy chain. No differences could be detected in the reversed-phase chromatograms of either
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.intact or Lys-C digested samples before and after IAA labeling. The reversed phase

chromatograms of the IgG1, labeled and unlabelled, after hmlted proteolys1s with Lys-C are
shown in Figure 14. ' ‘ '
"The IAA labeling should result in the addition of 58 Daltons. The inventors

‘have already shown in earlier results that 60% of IgG1 is cysteinylated and only the

remaining 40% is prone to labeling. The deconvoluted mass spectrum of peak 5 (which
represents the form that has free cysteine) from labeled and unlabelled sample is shown in
Figure 15. No shift in mass was observed after labeling, indicating that the _'ﬁee cysteine was

not accessible for labeling.
R.P LC/MS analyszs of heat stressed IgGI

Stressed samples of the IgGl ‘were mcubated in ASS buffer for 1 month at
5°C The free cysteme at residue 104 can be mvolved in covalent dlmenzanon through the
formanon of mtennolecular disulfide bonds Such dimerization can be enhanced during heat-
mduced stress. Heat stressedsamples were analyzed for the possxble formauon of covalent
dimmers. anure 16 shows reversed phase chromatograms of 146B7 after stress versus -

control Flgure 17i isa schemanc of cllppmg 1dent1fied in the stressed sample

Peaks 1 and 2 of the stressed sample are due to the light chain clip E1-

G93/S94 (10, 125 Da) and the dehydrated light chain clip at 10,107 Da. Peak 3 contains a

heavy chain N-termmal fragment (E1-G1 38/6139) A slight frontlng can be seen in the main
peak of 146B7 IgG1 antlbody stressed sample (peak 4). Peak 4 contains the “one armed
antibody” Fab-Fc (Figure 17) and a minor clip of the heavy chain (E1-C221/D222). The
“lost arm” (Fab fragment, Figure 17) co-elutes with the main peak (peak 5). The ESImass
spectmm of peak 5 sh.ov_vs. a minor amount of the Fab clip with a typical sequence ladder due
to rnultiple cleavage sites in the hinge region (data are not shown). Peak 6 in Figure 16
contains a covalent dimer of the antibody. Because of the very low signal intensity we were
unable to obtain a good deconvoluted spectrum. However, from the ESI mass spectrum, a
small amount of dimer envelope can be seen in both the stressed and control samples.
Because of incox'nplete separation and low intensity we were nnable to get absolute

quantification. The dimer is present at a very low amount, below 1 %, and does not grow

" significantly after heat stress. The clips identified in 146B7 IgG1 antibody stressed sample

are summarized in Table X and in the schematic of antibody clips shown in Figure 17.
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Table X: Summary of clips found in stressed samples .

- | Peak Chain ‘Fragment Mass (Da)
1 LC E1-G93/S94 ‘ 10,125
2 | LC E1-G93/594 (dehydrated) 10,107
3 HC E1-G138/G139 15,122
4 HCLC Fab-Fc 101,000
4 HC E1-C221/D222 - 23,960
5 2(HC:LC) | IgG 148,016
15 HCLC E1-D222/K223 (HC)+LC | 47,148
6 ' IgG dimer 296,000

“The heterogeneity found in the Fc and Fab fragments of this IgG1 is unique to
this molecule. To confirm that the hetero geneity found in this IgG1 is not method induced,

similar studies were carried out on other IgG1 molecules. Figure 18 shows RP

chromatograms of four different IgGs after _lirn_ited proteolysis. The Fc fragments,a.re highly ... ..

- homologous a__rraeng the IgGs and elute at approximately 14 minutes. The Fab regions contain

the variable regions and elute at different times. It can be seen, from Figure 19, that the.

~heterogeneity found in the Fcand Fab region of the IgG1 of this Example is unique to this

molecule The data also conﬁrms that the modlﬁcatlons are inherent to the mo]ecule and not

induced during the analytical process.

To summarize the results of this Example, it is shown that cysteinylation of .

Cl04isa rnaj:or concern in the IgG1 of this example. C104 is present in the CDR3 region

and modifications on that residue could affect ligand binding. The amount of cysteinylation
on C104 could vary in different batches. Sigrﬁﬁeant batch-to-batch variations in the
cysfeinylatiori of light chain have been observed for several IgG molecules in formulation.
The methods described herein will allow for rrlethods of refolding these antibodies in order to |
eliminate cysteinylation of free cysteines. Such methods will lead to a reduction of structural
heterogeneity, and/or increased biological activity and/or improved stability and shelf life.
This will lead to a more uniform product. Cysteinylatien of the antigen binding if
particularly to be examined and controlled where observed. |
EXAMPLESS. - .
Redox refolding of IgG1 CHO improves heterogeneity, removes cysteinylation and
increases cell based biological activity as monitored by reversed-phase LC/MS and
| other techniques
As discussed herein throughout, the prokarydtic recombinant prodticﬁorl of

eukaryotic proteins is hindered by the fact that during such recombinant production the
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proteins often misfold and accumulate as insoluble inclusion bodies.  These proteins need to

be refolded in the presence of chaotropic agents and reducing thiols in order to gain full

- biological activity. Until recently, it has been assumed that eukarydtic‘ proteins produced in

eukaryotic hosts (for example, human or humanized antibodies produced in CHO cells) are
folded uniformly and correctly. As discussed in the examples above, several IgG2 antibodies
were refolded to eliminate structural heterogeneity of these molecules and such refolding led .

to significant increase in activity of the IgG2. In this example, refolding of IgG1 antibody is

further demonstrated. This IgG1 contains an un-paired cysteine in position 104. The process

of refolding was monitored and refolded species were characterized by a recently developed
reversed-phase LC/MS method for intact antibodies and their Fab and Fc fragments obtained
aﬁer limited proteolysrs with Lys- -C protease

Example 4 provides detailed charactenzatlon of the IgGl antlbody that is

_ refolded in the present Example. ThlS antlbody has been charactenzed as having

approx1matel_y 60% of the molecule modified by cystemylatxon. The modification was
determined, by.v.limited proteolysis, to be in the Fab region of the antibody. It was also shown
that there were at least two Fab isofomis preeent in the intact antibody. The differences were
thought to be due to the additional cysteinylation and/or misfold(s) caused by the unique
cysteine in posmon 104 of the heavy chain. In addmon, bioactivity and bridging assays had
been run usmg the same material, which dxsplayed uncharactenstlc results. The mventors
suggest that cystemylatlon in the Fab could be the cause'of the unexpected properties. ,The
present example provides further characterizetion data from experiments using oxidative
refolding to further elucidate this effect and to assess whether such processmg will lead to

improvements of the pharmaceutical propemes of IgG1.
Refolding procedure |
The IgG1 was incubated at 3mg/mL in two buffers 1) 200mM Tris buffer at

pH 8.0 (native refold); 2) 200mM Tris buffer at pH 8.0 with 0.9M GuHCl (GuHCl refold). A

combination of cysteine: cystine was added at the approximate molar ratio of 6mM: 1mM,

respectively. The samples were placed at 2-8°C for 48 hours. Aliquots were taken at 24 and
48 hours for analysis. '
Analysis -
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