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METHODS FOR REFOLDING OF RECOMBINANT ANTIBODIES

BACKGRDUND

The present application claims the benefit of priotity of U8, Provisional
Application 60/621,295 filed October 22, 2004 and us. Prowmonal Apphcatmn 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 erxnchment and/or recovery of preferred forms of proteins. More particularly,
the invention remtes 1o methods for refolding recombinant antrboéy proteins,

Backgrsnnd of the Reinted Axt

The advent of genetic engm»trmg brought with it the promise of, facﬂe
production of Iarge quantities of biclogically relevant polypeptides expressed in functiona] -
form in genetically-engineered prgamisms, In many Instances, prokaryotes have been
contemplated for use to achisve the expression of recombinant protﬂ:xm: However, this-
promise hias not been fully realized for 2 number bf reasons. For exampit, I many mstances-

. where the poiypnvnde bas been proauced and retained in the cytoplasm of the host organism,

inclusion bodies have rﬂsultzd Tequiring dcnamrahcn and renaturation of the protein,
frequently with onlypartxal or little success. Many important target proteins are at best
mefficiently expressed in soluble form in prokaryotic celis, due at least in part to foe
complexity of the protein folding process in vivo (Houry et al, Nature, 402; 147-154, 1999}
Retfrieval of the baolog1 ally active enkaryotic proteins from the mclusmn bodies requires
unfolding and refolding of the protein through the use of harsh conditions which includs the
use of chaotropic agents ané reducing thiols. Jn other instances, the expressed protsin-or
peptide is substantially degraded, not only leading to iow vields but also-generating
complicated mixtures that are difficult fo separate and purify,

Disulfide bond formation in proteins m Vivo is 2 complex process, which is
determined by the redox potential of the environment and specialized thicl-disnlfide
exchanging enzymes (Creighton, Methods Enzymol. 107, 305-329, 1984; Hounee-Levin,
Methods Enzymol. 353, 35-44, 2002; Ritz and Beckwith, Roizs of thiol-redox pathways in
bacteriz, Annu, Rev. Microbiol. 55, 2148, 2001.) The disulfides are formed in celis during or

shortly after secretion of the nascent chains i into the endoplasmic reticulum ( Crmghton,
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Methods Enzymol. 107, 305-329, 1984). Several conformational isoformis of the same
protein, but with different disulfide structures, can be generated during recombinant protein

- production in mammahan cells due to the failing disnlfide formation process, close proximity
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of three or more cysteine residues i in the protein stracture or surface exposure of unpa.lmd

cysteine resxdues

In general, cysteine residues in proteins (including antibodies, 1gG a.ntxbodles,

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

cysteine disulfide bonds or stenically protected from the disulfide bond formation when they
are a part of folded protmn regmn When a cysteine residue does not havea paxr in protein
structure and is not sterically protected by folding, it can form a d:sulﬁde bond with a free
cysteine from solution (cystcmylanon) The free cysteme rcmdues are typically available in
fermentation media together with other amino acids, bmldmg blocks of the proteins. The
cystemyiauon is undesirable pos‘:transiatmnal modification in pharmace:uncal protsms which

“may lead to a conformational isoform with undesirable pmpe:t:es, such as low bmdmg, fow
- biological activity and low stability. This invention provxdes method for removing tize

cystemylation and increasing relative abundance of the desired confonnatmnal 1soform B

without cysteinylation, .

Unpaired cysteine residoes in protmns can be stbj ecte:d to cystemylatxou,

' whlch can lead to significant changes in propernes and fsmctmn of the protcms
' Cysteinylation of proteins was reported on pmtems in vivo (Craescu et al.,, I, Bml Cher,

261, 14710-14716, 1986; Dormann et al,, I Biol, Chem, 1993, 268, 16286~16292 Davis et
al. Blochcmxsn'y 1996, 35, 2482-2488; Lim et al., Anal. Biochem. 2001, 295, 45- 56 '
Bondare:nko et al., Int. J. Mass Spectrom Ion Processes 2002, 219, 671- -680.) Mochﬁcatmns
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 fz!iy ac1d~bmdmgpmtems
(LABP) lost binding affinity afier cysteinylation and glutathionylanon (Dormann et al., T,
Biol. Chem. 1993, 268, 16286-16292). HIV-] protease activity was regulated thmugh
cysteinylation and giutat!nonylatmn {Davis et al. B:ochmmstry 1996, 35 2482- 2488) There '
are reports that there is a fraction-of human antibodies in circulation that possessesay

' unpalred cysteine. ' For examp]a in one report it is shown that an 1mmunoglobuhn hght 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 resxdues (Buchwald et al, Can. 1. Biochem. 1971, 49, 500- 902) 1t was
indicated that this free cysteine is a feature of a subgroup 1 of lambda I ght chains,

Although unpaired cystcmes have been raported in IgG me]eculcs thete are no
reported cases of cysteinylation of unpmrcd cystems Dietection of cy‘stsmylatlon canbe
analytically challenging and the failure to observe cystemylatlon i earlier report could be
due to the use of reduction in one of the . 5teps in the analysis {reduction will elimingte
cysteinylation). Cysteinylation when present in the CDR region can affect the biological -
activity as is seen in the case of 146B7, a fully human antzbody directed against human I.-135.
Removal of cysteinylation by refoidmg helps in minimizing heterogeneity hence i mpmvmg
product homogeneity. Removal of cysteinylation by refolding also mereased product
efficacy. Thereisa geod chance that cysteinylation will be present. on other IgG molecuies
contammg one or mere unpaired cysteines md removal of the cystmnylanon could be the: key
for phannaceuﬁcal viability of such products, h

PCT Pubhca‘non No. WO 02/68455 chscloses a proce:ss for rcfoldmg a tumor
necrosis factor receptor-Fe fusion protein. “The protem was bioengineered by f fusing Fo
region of IgG1 antibody and two tumor necrosis facior rcceptors {INFp) and does not oceur
patrally. The document does not address pmtems tuat have heterogeneous structures due o
the presence of at least ons free or unpaired cysteine, i.e., a cysteine that is not participating
in a disulfide bond Complex proteins bearing A fres cystemes are known to exist and at ieast . .

- some immumoglobulins are commercmﬂy relevant exampie of such proteins. In particular, it

is noteworthy that WO 02/68455 provides no exampies of processmg of naturaliy-oecurring
tolecules such as immunoglobuiins, nor does it discuss or address protein-folding problems

of large complex proteins that contajn free or.unpaired cysteines

In vitro folding of inciusion body pmtems produced by microbial cells (£
coi;’) is well described in the hteratun and includes two steps. First, the inclusion body
proteins are solubilized in a presence of hi gh conce:ntranon ofa chaotrcxpzc reagent and
reducing reagent to break all disulfide bonds (M:ddelberg, A, P Prcpara‘ave protein
refolding. Trends Biotechnol, 2002, 20, 437-443). For cxampi an inclusion body
solubilization solution inciudes 6 M guanidine nydrochionde and 100 mM DITina rcv:ew
by Rudséph, R,; Lilie, H. In vitro folding of inclusion body proteins, FASEB J 1596, ] 0, 49.
56. The second step is protein folding in presence of a moderate concentration uf guamdme
hydrochloride (0.5~ 1.0 M) and 2 mild redox environment (M1ddelbcrg, A.P. Preparative
protein refolding. Trends Biotechnol. 2002, 20, 437-443), This invention does not include the
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step of solubilization by protein complete denaturation and reduction of all disulfide bonds in
a preseznce of the high concentrations of chaotropic and reducing agents. The invented

" . method does not denature the protein or denatures it only and rcducesfox:dzzes (reshuﬁles)
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only a few disuifides. This invention is dealing with protems pmduces i mammalian cells.

The production by mammalian cells includes i In-vivo protein fo}dmg and disulfide formation,
while microbial cells produce proteins as a high densﬁy, unfolded, nron-soluble proteins
agglomerates with mixed disulfides (mclusmn bodies). Because the mammalian cells Hink

‘most of the disulfide bonds correctly, there no need for complete protein denaturation and
) reduction of all disulﬁds bonds.

- UL.S. Patent No. 4,766,205 recognizes:that recombinant produchon of’ proteing
is hampered by the formation of inappropriate intramolecular disulfide bonds that lead to
“non-native” confommtmns of the recombinant protein. that are “frozen” in that they canmot -
readﬂy be converted to the native conformation.” Such non-native products are at least

- partially biologically inactive, _To address this i 1ssue, U.S. Patent No, 4 766,205 discloses a -

process that involves exposure of the protein to'a reductant, addition of an adductnfonmng
disulfide compound, followed by addition of an oxidant with the temporally coordinated

 removal of the reductant, Ths detailed descnptmn of the invention indicates that pmtems are
. subjected to solub:hzanon by complete denaturation and reducuon of disulfide bonds. The

numnber of steps mvoived and the number of compounds required render this approach
cumbersome It is noteworthy that U.S. Patent No. 4 766,205 pro\ndm: no discussion on the
use of the disclosed process for refolding mammaiian produced proteins, and large complex -

' proteins that are formed by intermolecular bonding, such as :mmu.nog}obulms

The above discussion shows that there remains a substantial need and interest
in developing systems for the efficient and economic pmductmn, punﬁcaﬁan 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 i 1N an active
conformation or conveniently proccssed and renatured to 2 functional state. Additionally,
despma the fact {hat there are techniques that have been extensively used in the anaiys:s of .
low molecular weight protems such as insulin, or low. molccular weight digests of larger
proteins, there re:mams a need for additional methods and techniques for producing sequence
and detailed conformational information about larger proteins, in particular, proteins having

more than one subumts that are formed by intermolecular i interaction, The Present invention

is directed at addressing these needs.



SUMMARY

The present disclosure is duected to providing efficiert and economic
+ production, purification and analysis of active polypeptides that have proven refrasiory to
oxisting methotis of recombinant profuction due to the presenise of scrambied disulide
bonds, and free or unpaired cysteine residue. More particularly, Qle.disciosure describes
‘methods of refolding proteins to producs improved pharmacentical and crystaliization
properties. As described in frther detai] hereinbeiow, the addition of rednttion/oxidation
'. {redox) coupling reapents can Facilitate the formation of pative-jike msulnd- bonds m the

recombinant proteins and taus proun ce sracturaily bomogsheows, more zofive forms of‘ the
- molecule. . | '

Disclosed is 2 method of producing a
recombinanit IgG antibody, (.g., 20 1gG, and 1552, an 15G3 or an 1eG4 anibody)
o COmPpIiSig contactng @ polyp:pﬁdﬂ that has bem recombinant}y p;'csdunsﬁ by mermmatian |
-oells with 2 ﬁducﬁ_bn!.c{xidaﬁpn coupling reagent-at-s-pH of about § 1o abont 11, The mefhod
‘mzy optiotally coruprise contachng said preparation with & chaotropic agéﬁi bzfom,' afteror
contnzrently with said conteching with said rednction/oxidation coupling resgent. Ju soms l
smbodiments, the polypeptide is & recombinant TgG1. More preferably, the IgG1 is an TG
having at }r::ast ome free cysteme resides, An cxmnlary such anfibody is the ann’body
 designated as 14537 m IS Puhncatzﬂn Nos., 2003/01334’71 2003/[}2_586 a:ud
2004/0071702; all 6F which are incorporated by referencs hercin in fasir cufirefies, In other
pm;r:n‘ad smbogiments, the IgG 1s an IpG2Z molecnle. Ereferably, the method reduess the
beterogenzity of the [pG2 molecule, Ofher emibodiments invoive mefhods of refolding nG4
molesniss to Gecrease the presence of igG4 helf molecntes {referred to a5 “half-mers”
hsxmn)

" one aspect, there is provided a method of proéucing an 1g(G2 antibody or an IgG2
antibody fragment preparation entiched for one of several separate IgG2 forms comprising;
contacung anblgG2 andbody of an 1gG2 antibody fragment that kas been recombinantly
produced by mammalbean cells with 2 reducrion/oxiderion coupling reagent ata pH of 5
o114
wherein said 1gG2 antbody or IgG2 antibody fragment elutes as several sepazate forms -
on RP-HPLC and said method decreases the surnber of forms eluting on RP-HPLC, or
alters the relagve distribution of said several separzte forms on seid RP-FPLC,
optionally further compsising contacting said IgG2 antibody with a chaotropic agent
before, after or concurrently with said contacting with said reducton/oxidation couphng
reagent,
wherein omission of said step of contacting with the chaotropic agent enziches at least
one of said several separate forms, and
wherein execution of s2id step of contacting with the chaotronic agent enriches at jeast

another of said severa] separate forms,
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Accordingly, the methods of the present disclosure are particularly directed to
refoliing recombinant forms of 2 IgG antibodies. Axn example of the production of such & |
15 anﬁ‘aadyils the production of 2 ré:um‘ﬁinlant antibotty by the r:ccmbiﬁznt sxpr&séicrn of
that atibody in CHO eslls, An exemplary 1G] antibody is described in the aforemenfiones
U5, Publications, 14687 is » fully human antbody, i2., 12Gl, directed ngainst humpar IL-15.

As noted above, certain embodiments of the disclosure provide a recombinant
1pG1 antbody that has & fres or un:bai"sd oysteine residns, An antibody with ap oopatred

cysteine is undersiood to have one or more free cyst:ins residuees, wherein & iree cystome
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residue-is defined 2s an arnino acid in the antibody polypeptide hcavy chain or hghi thain that
5 not typically involved in the formation ofa disulfide bond, but is proxnnal 10 2 cysieine

- disnlfide pair and if the disulfide bond of that pair is broken, the free cysteine is capabie of

‘ ?ormiﬁg & different disulfide bond with one of the previously paired cysteines, It is alsy
understood that an antibody with a free cysteine may be capabic of assumiﬁg-mom than one
conformation depending on which cysteinss are paired. It is aiso understoogd that antibody -
with a fre= cysteine may be capable of assuming more than one conformation depending if
the cysteine residue is Gysteinylated or ghutathionelated, -

C-onsistent with tﬂe foregoing, disclosed is a method _

of producing 2 recombinant 1gG ann"boéy, comprising: contacting 2 IgG molecule that has
been recombinantly produced by mammalian cells with » rednction/oridation coupfing

. reagentat a pH df about 5 to sbout 11;. and optiopally further contacting the I8G mojecule

| with 2 chaotropic agent before, after or concurrently with the contacting with the

rcdu::horﬂ oxidation coupling reagent.

The methods thus compriéc pmdﬁcing & preparation of such 2 recombinant
1gG molecuie, comprising contacting & preparatior of the IgG molecule that hasbeen - l
recombinantty prodnced by mammalian cells (L.e., recombinant IgG) with 2
* reduction/oxidation coupling rcagt:nt at 2 pH.of about 5 to aboirt 11 uphona!ly further
contactmg said preparation with a chaotropic.agent before, after or concurrently with said
contacting with said reduction/oxidation coupling ;r:agcnt; anc, optionally, isolating 2 fraction
of the tredted preparation of the recombinant JpG molecule wherein the IgG has refolded into
2 desired conformation. More specifically, the pHof fhe reduction/ oxidation coupling -
reagent is from about 7 to about 10; further more specifically, the pH ofthe -
reduction/oxidation'coupling reapent is from zbout 7.6 to about 8.6. In specific, non-Imiting
exempiary embodiments, the pH of the reduction/oxidation coupling reagent is about 8.0; in
other embodiments the pH is about 8.6. The method 15 conducted at 2 temperature of frome- -
20°C 10 37°C, more spsciﬁcaliy, from-10°C to + §°C. In spesific embodiments, the method

is condusted at 4°C.

, The redox coupling reagent may be any rndux coupling reagent(s). In soms
embodiments, the redox coupling reagent comprises reduced ghutathione and oxidized

| glutathions, More specifically, in tertain embodiments, the ratio of reduced gintathione to .

oxidized ghitathione in tnc: reduction/oxidation coupling reagent is about 1:1 to.abowut- 100:1.

In other particular °mbod1mcnts the reduction/oxidation couphnu FEAgent Comprises
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cysteine/cystme. Specifically, the reduction/oxidation coupling.reagent comprises from

about 0.1 mM to about 10 mM cysteine-and ftom about 0.1 mM to about 10 mM cystine: In

_ yet other embomments, the cysteine and cystine are present it a cysteine: c:ystme ratio of
about 1:1 to about 1{0:1. In specific, non-limiting exemplary emibodiments, the
reduction/oxidation coupling reagent comprises about 6 mM ¢ysteine and either about I M -
ar about 6 mM cystine, In some mbodmems of the method of producing a recombinmt igG
molecuie {e.8,, 18G1, 1gG2, IgG3 or 1gG4), the cysteine/cystine compnse_s about 6 mb -
cysteine and sbout 6 mM cystamine.

The contacting with the redox reagent may be psrfomzéd over any convenient
period of ime sufficient to aliow the unfolding and refolding to ozcur. - In some -
embodiments, the contacting step with the redox coupling reagent, and fux:t—her withor .
without the chaotropic agent, is performed for about. 30 minutes.or'nibre.-- In some -

. embodiments, the contacting step with the redox coupling reagent, with or without fiie
_ chaotropic agent, is performed for about 4 1o about 48 hours. |

In other embodiments, the contacting with the reduction/oxidation
coupling reagent comprises providing the reduction/oxidation coiipling reagent to the growth
medium of the cell culture (i.., the cell culture medium) from which the récornbinant IgG is
" produced. L

In some t:mbomments of the method of pmducmg 2 recombinant [5G
ants"buéy, the contacting S’tcp comprises conta-hng at least a partially purified’ {or pamaily '
isolated) preparation of the recombinant IgG with the reduction/oxidation coupling Teagent.

- Whether partially purified or not, the concentration of the recombinant IgG is contcmplatad -
as exiending from the range of I mg/mi to about 50 rngfml '

The methods of the present disclosure may further compnse an addmonai step

" of contacting the isolated recornbinant protein that has been remlcie:d accommg to the |
methods described 2bove with a further composition COmpIiSIg & rcauctzpnfoxxdaﬁan
coupling reagent. While mm éomc embodiments a reductant and an oxidant are vsed, it is 2iso

contemplated that  reductant may be used alone,

In another embodiment, the method of producms a recombmant
polypeptide comprises comactmg the po}ypmﬁdﬂ with a chaoimpxc agent b»forn, after or
concurrently with the contacting of the polypeptide with the re&uc;tzqnjomq’tatmn ccuphng
r_sags-.nt The chaotropic agent Is any chaotropic ;omppuﬁd or physical condition known in - l
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the art, An cxemplary chaotropic ag"nt is selected from the gronp cnns;stmg of urse,
arginine, SDS and guamdmﬂ hydrochloride. ‘In s;aemﬁc embodmmts the chacamplc agentis
- guanidine hydrochioride. Chaotropic agent also sncompasses 2 low te:mperamxe condition, in
- which the temperature is low enough io causé a sguctaral p'érﬁszatibn of, forexample, IegG;
in particular, & temperature ranging from zero to ~30 degrees Celsius is contemplated. The
concen&aﬁon of any of the chaotropic agent compoun&s such as the guaﬁidinc :
hydrochloride, mey be varied according to particular conditions, howe:ver in some
‘embodiments, the concentration of the agent, e.p., guamdine hydrochlonide, in the reaction
‘mixture is from about 0.1 M to abont IM, and in other embodiments, the reaction mixpure is:
' from about 0.1Mto al.nql_xt 1.5M. . Jn particular embodiments, the concentration in the reaction
_ mixture is sbout 0.5M. In still other exemplary embodiments, -ﬁjw concentration of the agent,
£.g., guanidine hydrachloride, in the reaction mixtare is about OQM. High pmsure‘ {1000-
3000 bar), cle;v-ated temperatire (above 55°C); alcohol (up to 30%), low pH (below 3.5) are
known to partially wmiold IgG anubomcs and can perform the role of the cheotropic agent.
Combination of two or more of these unfaldmg clwments can be used.

D1sclosed 1s a method of producmg 2 recombmant
polypeptidc as described abnvc further comprising isolating the contacted polypeptide or |
1soiahng & ﬁ'a.cmm of the contacted polypeptxdc having a desired refolded conformation. The
isolating step ussd herein may be any isolating step convcnncnaﬁy emploved to isolate
proteins. The 1so.aﬁng step may compnsc one ar more te:chmqucs seiected from the gmup
consisting of reversed phase chromatography {e.g., HPLC) mze-ﬂxciumon chromatography,
1on~cxchanve c:hmmatography, hyamphobm interaction c:hromatography, affinity
chromatography, and électrophoresis, e.g., capillary electrophioresis. In embodiments that
' empiloy HPLC, the isolating :;ampﬁses Introducing a sample of the recombinant igG
" preparation of the recombinant protein onto 2 reversed-phase chromato graphy colhomn;
sepamﬁng- the recombinant 1gG from the other components of the preparation by sinfing 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 mobiie phaseof * -
the reversed-phase HPLC comprises a water miscibie organic 'soliféfqt having 2 C18
sluotropic strength coeffictent of at least 6.0, wherein the method produces 2 homogeneous
popuiation of IgG moieties than 2 similar method conducted in the absence of the
reducticn/oxidation coupling reagent or the HPLC separation parameters. The rccbﬁxbinant

igG can be similarly separated using cation exchange chromatography. A “homogensous”
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population of an antibody means an éntibody population that comprises largely a single form
of the antibody, for examp}e at least 50% of the antibody in the solution or composition is in

- the properly folded form. Ss,xmlzri}', a “bomogeneous” population of a polypeptide havmg 8 '

free or unpaired cy"te:ma means a population of said polypﬂphde which compns*s largely a
single, propcriy folded form. The concentration of the recombinant IgG in thc methads of the
disclosure may be any concentration of the IgG that is amenable to refolding. As such, the
concentration of 1gG may be an industrial gquantity (in terms of weight in grams) of 1gG (&2,
zn industrial ammount of & specific IgG) or alternatively may be in milligram quantities. o',
specie embodiments, the eoncentration of the recombinant IgG molecule in the reactibn
mixiurs is from about 1 mg/m! and abont 50 mg/ml, more spesiﬁcaﬁy, 10-mg/ml or., 15+
mg/ml. The recombinant IgG1 molecules in these condentrations are particularly '
-cantemplated.” In seme embodiments, the recombinant 1gG molecule tscontacted withthe =
. reduction/oxidation coupling reagent at & pH of about-8.0. -

In other embodiments, the methods of the disciosure are
characterized in that the contacting with the mductinh/ oxidation cﬁuph'ng Teagent produces at |
least  2-fold increase in thé biological astivity of the recombinant IgG antibody, (e.g, an
1gGl, 1gG2, IgG3 or IgG4 antibody) as compared to the same IgG antibody, that has riot-been
tefolded 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 result of treatment with the
reduction/oxidation coupling réagemt. in other embodiments, the contacting with the
thaotropic agent produccé at Jeast a two-foid increase in the biological activity of IgG -
preparation as compared to the same antibocty that hes not been refolded, due fo the -
production of an increase in the concénh‘aﬁonlof the active form of IgG in the preparation
* prepared by the method as 2 result of weatment with the chaotropic agent. In still other
. embodiments, the contacting of the recombinant polypeptide with the reduction/oxidation
coupiing reagent and the further contacting with the chaotropic agent produce a polypeptide
having at least & three-foid increase in the biological acﬁv:ty of the polypeptide compared o
the same polypeptide that is not contacted. '

In still other embodiments, the combined effect of contacting with the
chaotropic agent and the reduction/oxidation coupiinv reagéut produces at Jzast & 3- fold
increase in the biological activity of the igG pr"pamtxon a5 comparcd to thn sams antxbody
that has not been refolded, due to the proaucuoa of an increase in the conccntranon ofthe

active form of IgG im the preparation prepared by the method as 2 result of reatment with the
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combmat:on of the rsductmn/oxzdat:on coupling reagent and the. chaotmpm agcnt. By
refolding using the mcihods described herein the concentration of the desired comormahunai
form of the protein is increased (enriched or increased sbundance). During the isolaion step
éﬁer the refolding, more grams of desired conformational form are isolated. During the
isolation step of the IgG without refolding, fewer grams of désircd conformational form are

- isolated, The methods tanght herein produce an at k:a;st 2-fold or'a 3-fold increase in activity -
| by increasing concentration of the active form from 40% to 2t Jeast 80%-or from 30% to &t
Jeast 90%. The refolding procedure converts non-(or lessractive IgG molecules info (mors)
active IgG. | ‘ '

In a particuiar embodimeﬁt, the chaotropic agent is guanidine
hydrochloride present in the reaction mixture in a final concentration of about 1Mo shout
- 1.5ML

The methods of the disclosure are further characterized in that they produce a
‘more compact IgG structure in which the récnmbinant igG, refolded in the presence of the
" reduction/oxidation reagent and chaotropic agent, pmducesa:: alteration in thc'conrpacm::ss 7
‘of the slructurc of the IpG protein, When treating the recombinant IgG with redox avmts and
chaotropic agent the IgG becomes less compact (25 seen by SEC and LCAMS analyms) as, .
- compared to the pon-treated material and the IgG treated with redcx egents aione becormes

more compact.,

The methods of the disclosure produce an IgG population, which may further
be processed by formulating the population of the IgG moistisg, produced by the method, into
2 sterile bulk form. In other embo:iim;nts, 2 sterile unit dose form resnlts from the

formulafing of the population of the igG moisties produced bf the méthnd.

Also provided by the disclosure are methods of treating a subject in need of a
recomhmant 1gG molecule comprising administering to the subject 2 homogeneous
popuiamon of the IgG molecule prepared according to the methods of the present disclosure,

In certain cmbpd:mcnts, the methods involve intravenous or subecutaneons administration of -
the IgG molecule,

Also contempiated for the present disclosure is a method for removing
" cysteinylation of 1gG protein having free or unpaired cysteine and increasing relative

abundance of the desired conformational isofortn without cysteinylation, comprising
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contactmg such proteins with a rsductson/oxadahon coupling reagent. Such proteins imzinde,

for example, IsG1. o . - o L

Also contemplated for the present disclosure is a method for i Improving storage

stabﬁjty, thermmal stability, homovenczty, or crystal propcmes of protein having a free or
unpaired cysteine comprising contacting said protein with 2 reducuonfoxxdahon cmupxmg
rzagent, In certain fzmbommznts the recombinant prutcm/ann"body is 2 hi gh molscumr
weight protein has a molecular mass of sbout 90 kDa.

In a related embodiment, the method of producing a recombmant

polypeptide compnse:s & contacting step wh”rem the contactmg protiuces 2 palypcpnde thuh
15 mnore stable in storage than the same poiyp*phde that is not contacted. nxemplary
eznhadnnen’cs incinde mathods wherein the uantaz:nng pmduccs a po}ypgptxd“ wmch is morz -
thermalty stable than the same polypeptide that is not contacted. In’ other embodiments, the -
method of pmducmg 2 recombinant polypepfide comprises 2 contacting step whérein the
‘contacting produses a polypspt:dc which has an improved crystal propcrty compared to the -
same polypeptide that is not contacted.

Also encompassed by the pre%ent disclosure is a populatlon of the recombinant

IpG antibody moieties, prepared accordzng o the mﬁthc;ds dt:scnbed hersin, For E:xamplﬁ the
| disclosure 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 popuiafion of the polypa—phn such as an |
1gG1, IgG2, 1gG3, 1gG4 polypeptide. '

In a refated embodiment, the preparation comprises & recornbmant IgG antibody and
further comprises a pharmacbuncally acccptablc carrier, excipient or diluent (i.e. tue '
preparation comprises a phannaceuﬂca] composition). An exemplary embodiment
is a preparation of a recombinant polypeptide comprising at least one
ﬁ'ec'cystcinc‘rasidue. In soms smbodiménts, the pharmaceutical composition comprises g
population, ¢.g., & bomogeneous population, of an 1gG molecule, and a pharmaceutically
acceptable cam'ef, excipient or diluent. The disclosure contempiates any known route of
administration for the preparations comprim'ng a pob’pﬁpﬁdﬂ and 2 pharmaceutically
- acceptable carrier, excipient or dﬂuent, such as mn*amuscular parenteral, intravenous, or

subontanesys m_;cct:on oT implantation, urethral, Fectal, or retvoorbital defivery, and the I;ke.
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' Other specific embodiments include methods of producing an 1gG

antibody preparation comprising contacting a pmiﬁéd preparation of an IgG anﬁbcdy that has
" been recorﬁbinanﬂy produced by mammalian cells with 2 reducion/oxidation coupling
reagent at 2 pH of about 5 to about 11; and optionalty further cént;cﬁ;zg {he preparation with.
a chaotropic agent before, after or concwrrently with the contacting with the

reduction/oxidation coupling reagent. -

In such methods, the IgG antibody may be selected fom the group cﬁusisting
of an IgG1, IgG2, IgG3 and 1gG4 antibody or frapments thereof that exhibit heterogensity..
~ Such heterpgeneity may be introduced by the prese.';ncs of igG monomers, 'IgG multmers,
IgG half molecules, or other fragments of an IgG molecule. - - -

In some embodiments, the 1gG a:;ﬁbodjr 15 an JgG2 autibody that elutes as |
several separate forms on RP-HPLC and the method dscreases the mumber of forms siuting -
on RP-HPLC, or alters the relative distribution of fhe several separdte’ forms on the RP-

HPLC. Inspecific-such embodiments, the method preferentially-enriches at least one of the
several separate foums in the preparation as détermined by RP-HPLC, 'Mcrf;.paréiculaﬂy, the
preferentially enriched form has 2 pharmaceutically desirable property as compared to a
preparation that has zot beer reated by the method.

The term by “prefafeﬁtialiyi ermiched” means an increase in relative abundance
of a desired form or increase in relative proportion of & desired form. -Pharmaceutically
desirable properties as used herein include, but are not Iimited to increased stability,
decreased viscosity, longer half life in circulation. For example, using the methods of the
present disclosure the preparation is produced that is stable at a temperature of about 2-8°C for
at Jeast one year; at abowt 25°C for at jeast one montk:; following freezing and thawing. In

addition, the more stable preparation is one which forms fewer dimere, aggregates, clips,.

. particles than the same IgG antibody that is not.contacted. A- desirable prcpamﬁon.pmduccd_ -

by the methods of the disclosure s an IgG antibody {or IgG antibody fragment) preparation
which has lower viscosity-than the same 1gGantibody (or IgG antibody fragment) that isnot -
been contacted with the reduction/oxidation and optional chaotropic agent as described .
heremn. .Another desirable IgG antibody (or 1gG antibody fragment)preparation prepared
according to the methods of the disclosure is one which has longer life in circulation than an
1gG antibody {or igG antibody fragment) of the same class that has not been contacted with
the reduciion/oxidation and optional chaotropic agent as described berein. In certain
embodiments, such 2 desirable preparation has a half-kfe in circulation 20% lonper 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 “halfs

. life” as used herein is the time it takes for the plasma concentration of a drug (in the prcééut
. examples, an IgG antibody or fragment thereof) to reach half of it’s original concentration at

time zero. 4 |
In other efnbodime:nts the IgG antibodyis a recombinant IgGl antibody
having at least one free cystzine residue or 2 ﬁ-agmem of a recombmant IgG1 antibody

baving at least one free cysteme residue.

In other embodunents the IgG antibody is an Ig(34 annbody and the mcthod
decreases the formation of half molecules of IgG4 ’

In particolar embodzments itis contemplated that the method does not
compnsc contacting the preparation with a chaotroplc agent ' :

The pH of the reducbonfomdanon coupling reagent is ﬁ'om about 5 to about
10; for example between 7.6 to about 9.6 or more partmuiar about 8 0 to B.6.

The reduction/oxidation coupling reagent comprises reduced giutathioné and
oxidized glutathione. For example, the ratio of reduced glutathione to, oxidized gli.‘ltath.ione is

~ about 11 to about 100:1. In othcr embodiments, the reducnonfoxldatnon coupling reagent

compnses cysteme/cysnne For example, the cystemefcysnne compnse.s from ebout (.1 mM .
to about 10 mM cysteine. In other examples, the redox coupling reagent compnses from
about 0.1 mM to about 10 mM cystinc and o exogenocus cysteine is added. In still uthe:r )
examples, the cysteine/cystine is present in a cysteine:cystine ratio of about 1:1 to about 10:1.
In other examples, the cysteme/cys‘une compnses about 6 mM cysteine and about 1 mM
cystine. In still other examples the cystsmefcystme compnses about 6 mM cystame and
about 6 mM cystannpe

The methods may involve a contacting stép 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
mediz 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 puriﬁe& from
the mediz in which it has been secreted in that, for example, the cells and uther particulate =~ '

matter have been removed from the media media pnor to the ccntacnng
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In specific embodiments, the methods of the disclosure involve mulﬂple steps

* of contacting the recombinant 1pG antibody with a reduction/oxidation couphng Teapent.

In specific embodiments, the methods of the disclosure involve isolating the
IeG antiboay irom the culture medivam of mammaixan cells in a method compnising culturing
2 mammalian cell that expresses and secretes into culture medium 2n 1gG antibody or an IgG
antibody fragment; adding reduction/oxidation coupling reagent at 2 pH of sbout 3 1o about .
11, and opﬁanaily contains a chaotropic agent upon se:crnnon of antibody from the cell. Such
ispiating may involve one ar more chromatography steps.

The methods of the disclosure may be performed on a media or other
prcparatlon that tomprises & concsniration of ﬁ'om sbout 1 mp/ml and about 50 mp/mi of the

recombinant IgG aniibody.

 The methods of the disclosure are such that the contacting produces algG
antibody whmh 1s more stable in slorage than the same IgG antibody fhat is not contacted,
'The methods of the disclosure are such that the contacting produces a IgG antibody whlch is
mort: thm‘mai star:-ie than the same IgG entibody that is not contacted, In other ﬁ:mbodune:nts )
the comactmg produces 2 1gG axmbody which has an improved crystaliization propezty
compared to the same IgG antibody that is not c:ontacted. As used herein the term _
' crystzlhzauon property refers to crystal growth, WoIphoiogy, sm: umformxty, crystal yx*ld,
suspmdabﬂxry of the erystal, suspendability of the crystal, or any other propert}r of the 1gG
crystal that facilitates its preparation into a pham;\acﬁ:uncal nrﬂparauun Prcfﬂrably, the crystal
will be used in solution, either alone or in combmanen with a pharma,cenh'-ally acceptables

adJuvam, diluent or excipient.

" The ccntacnng with the rcancnon;’omdanon reagent {and op‘uonaliy the

chaotrope) produces an 1gG anﬁbedy population which is more homogeneous than the sams
IgG antibody populatlon that i is not contacted. In other embodiments, the contacimg produces a
IeG antibody baving at least a two-fold 1 increase in its bwlogxcal acmnty camparad o the
sarne IgG antibody that is not contacted. In specific embodiments, the method contﬂmpkates
contacting the 1gG antibody with a chaotropic agent before, after or c_:ancurrenﬂy with the
contacting with the reduction/oxidation coupling reagent. The chaotropié agent may be

+ selected from the group consisting of: urea, arginine, SDS and guanidine hydrochioride, In
preferred embodiments, the chaotropic agent comprises guamdine hvdrochloride.
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) In some embodiments, the concentration of granidine hydrochior de is ﬁ'om
about 0.1 M to about 1.5 M. In others, the concentration of guamdme hydrochioride is from
. about 0.1 M to about IM. In a specific embodiment, the concentration of fpuapidine
hydrochioride is zbout 0.5M. In another specific embodiments; the concentration of
guanidine hvdrochiondc is about 0.9M.

In parficular z:mbommems the contacting with th= reduction/oxidation” -
coupling reagent.and the further contacting with the chaotropic agent produce‘ an IeG. -
&ntibody heving at Jeast a three-fold increase in its omlogmal activity compared to the same
IgG antibody that is not contasted,

The methods of the dzsclosure aiso may comprise formulating the IgG antibody
pmduce;,d by the methods into & sterile bulk form. In other emgomme:n‘cs, the methods further
comprise formulating the IgG antibody as produced by the method inio 2 sterile 1m:';t dc;se
form_ In =till othf:r embodiments, the mcthods furﬂaf:r Comprise 1solanng a iraction of the -
contaated igG antxbody having 2 desired refolded ccnformahon. Such & procedure for thﬂ .
isolating is selected J from the group consisting of: reversed-phase chromatography HPLC
' fize-exclusion chromatographly, ion-sxchange chromatography, nydrophobzc interaction .
chromatography, affinity chromatography, and electrophoresis. In. spccl.ﬁc embodiments, the
pm::e:um'e for the isolafing is jon-exchange chromatogmphy

Also contemplated herein is 2 preparation of an IgG antibody prepared
according to the methods described herein, the prcparahon having 2 homogeneous uopulatmn .
of the IgG antibody. The preparation may further cornprise pharmaceutically accepiable

carrier, excipient or diluent.

Alse contemplated is & compesition cnn;pﬁéing a homogeneous population .of .
& recombinant IgG antibody and a pharmacentically acceptable carrier, excipient or‘ciilue.m.
The composition can contain an IgG} antibody, 1gG2 antibody, an 1gG4 antibody, or IgG
monomers of an 1gGl, IgG2 or 1G4, IgG multimers of an 1gGl, igG2 or 1pG4, 1pG balf
molecuies of an 1gG1, 1gG2 or igG4, or other fragments of such IgG molecules. Methods of )
treating z subject with such homogeneons populations aise are contemplated. In snch
methods, the, adminisration may be fore example subcutaneous or infravenous
atministration. '
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Also contempiated is 2 method of detecting or moﬁitoﬁﬂg the gualiry of 2
recombinant IgG aﬁtibody during the mamuifacturing, formulation, and/ or sz'omgé thereof;
© comprising: i‘ | '
| a) contacting a preparation of -f;he 1gG that has been recofnbinaﬁfiy produced
by mammalian celis with a reduction/oxidation coﬁpﬁng reagent.at 2 pH of about 5 to about
11, and, optionally, further cantact;'ng the preparation with 2 chaotropic égent before, after or

concuwrently with the contacting with the reduction/oxidation coupling reagent;
b) c}eavi%:g the IgG molecule that hes been reated accurciing to step a) into
fragments; and ‘ '
| ) subjecting the intact IpG and/or fragments from stepb) to s chromémgmphy
analysie, thereby detecting or mdﬁituﬁnv‘the quality.of the IsG molecule.
I.n such metuods the IgG ant)body is ap IgG1 antzbody and the mumtnrmg the
quality compnses monitoring the states of. free nrlmpazred cyst“me of the IgGl antibody.

In oths:r such methods, the IgG antibody is an IgG2 antibody and the
monitoring the.quality comprises monitoring the humbir of forms of the TgG2 to determine
_hétmgsneity of the preparation. :

In other such methods the 1gG n;:tole:cule is an IpG4 molecule and the
monitoring the quality comprises monitoring the presence of half molecules.of 1gG4.

In some embodiments the chrématogaphy comprises an LC/MS ana.iysis.

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

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

Also provicicd are methods of producing a recombinant 1gG apﬁﬁody, or an

‘ IgG antibody fragment compnising:

contacting an IgG antibody or an IgG antibody fragment that has been
recombinantly produced by marmmalian celis with » reduction/oxidation coupling reagent at a
pE of abowt 5 to abont 11; and optionally

furtber contacting the IgG antibody or IgG antibody fragment with a
- chaotropic agent before, afier or concurrently with the contacting with the

reduciion/oxidation coupling reagent.
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In some embodiments, prior to such mefhods the IgG antibody or IgG
antzbady fmgmcnt 18 1sc}atcd from the culture medmm of mammalian cells in a mefhod -
. comprising culturing - mammelian cell that expresses and secretes into culture memum an
1gG antibody or an IgG antibody fragment; adding reduction/oxidation coupling Teagent ata

pH of about 5 to abomut 11 and optmnaliy contmns a chaofropic agent upon secretion of
anubody ﬁ'om the cell.

It.should be understood that the reccumbmant 1gG antibody may be an IgGl
1gGZ or IeG4.

_ The methods of the disclosure provide for preparation of a crystailized form of
an intast revombmant 1gG antlbody by pﬂrfonmng the refolding methods dcscnbcd berein
and preparing a crystaliized fom of the mombman* IgG antibody. In some e:mbommmts
pHorto pmnarannn of such crys;ak the methods may mvolvc isolating the recombinant IgG
annbody prcparcd by the methods dascnbcd hcx*m_

In specific-embodiments; the recombimant IgG an’rmody 15 attached to &
statmnaxy phase of a chromatographic coiumn and redox reagents and chaompxu magmts are
a part of the mobile phase. Tn other t:mbodlmznfs the reducbonfaxadancn coupling reagent is
~ an enzyme. In still other embodiments, the re:ducnon} ox;danon coupling reagent inchudes
bwalem metal ions and uxygen '

Also described herein is 2 method of producing an IgG antibody preparation
cuﬁpﬁﬁng contacting an isolated preparation of an IgG antibody that has been recombinantly
produced by mammalian celis with a reducﬁqxﬂcxidaﬁpﬁ coupling reagent at a pH of sbout 5 '
to about 11; and cptionally further subjecting the preparation fo denaturation by high pressure
before, after or concurrently with the contacting with the reduction/oxidation coupling |

The present disclosure involves a method of producing an IgG antibody ora
 frapment thereof comprising culturing 2 mammahan cell that expresses and secretes info
culture medium an 1gG antibody or an IgG antibody fragm"nt and addmg _
reduction/oxidation coupling reagent at a pH of abont 5 to about 11, and cptionally contains &
cha.o&cpic agent upon setretion of antibody from the cell; and thereby producing an G .
antibody or frapment thereof havmg mprovcd phannacnuncal and "rysta!hzahon properties’
as compared to an IgG anhbndy or fragment thereof that has not been expose:d to the

reduction/oxidation reagent and optionally chaotropic agent.
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. Deseribed herein is sn fmprovement in 2 mammah'én cell-based method for
producing & recombinam 1gG antibody or & recqmbinant 1gG antibody &agmcnf, the
. improﬁment comprising adding to 2 culture medium used for the production of the I1gG-
antibody or the IgG antibody fragment a reduction/oxidation cdupﬁng reagent at a pH of
about 5 to about 11; and optionally a chactropic agent upon secretion of the IzG antibody or
 the IgG antibody fragment into the medinmm. -

Other features and advantages of the disclosure 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 disclosure,
are given by way of illustration only, because various changes and modifications within the

spirit and scope of the disclosure will become apparent to those skilied in the art from this

detailed description.

BRIEF BESCRIPTION OF THE FIGURES

The following drawings form part of the present specification and are inciuded
fo further illué-:trate aspei:ts of the p}esmt invention. The invention m'ay be better understood
by refersnce to the drawings in combination with thw dztzulcd dnscnpnon of the specific
 embodiments p:esented hc:rem ‘ .

Figurs 1 shcmrs RP-chromatograms of 'cw6 recombinant monoclonal human
antibodies with the same CDRs and mp}f:mtmtad as IgG1 and I1gG2 modalities, There is
95% arnino acid homolo gy betwesn the two molecules but there is significant dﬁerence: m

the homogeneity of the antibodies preparation depending on whéther the antibodies are IgGl
or ig:2 antibodies. '

Figure 2 shows {A} cation-exchange CEX of whole 12G2 sample and (B)
reversed-phase chromatograms of the same whole IgG2 sampie and collected CEX fractions.

Figure 3A shows reversed phase chromatogram of 1gG2 detected using
absorbance af UV 215 nm and total ion mmwn{ {TIC}) of mass spectrometer. 3R shows
electrospray ionization mass spscra of I2G2 structural vanants eluted from RP column zs
peaks 1 2, 2, znd 4 fom Figure 3A.

Figure 4 shows the four subclasses of human IgGs. - Adopted form Kuby
| ~ Chepter 4, Inmumoglobulins: Strusture 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 igGl. ‘

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 this figure shows: the sedimentation of chimeric immunoglobulins
containing different human subclass regions in the presence and absence of bis-dansyl- .
cadaverine. (4) integral scans of the immunoglobulins in the absence of bivalent hapten.
Conditions of centrifugation were: IgG1 20°C, 52,000 pm consecutive integral scans -
{280nm) at 12 min intervals; IgG2 21.7°C, 52,000 rpm consecutive mtegral scans at 8 min
intervals; IgG3 21.6°C, 52,000 rpm consecutive integral scans at 8 min mtervals IgG4

+ 20.7°C, 52,000 rpm consecutive integral scans at 8 min intervals, (B) Integral scans of the. . -

immunoglobulins in the presence of equimolar bis~dansyl cadaverine. Conditions of -
centrifegation were: IgG1 21.7°C, 42,000 pm, 12 min mterva]s IgG2 21.4°C,-44,000rpm, 8
min intervals; IgG3 21.7°C, 44,000 rpm, 12 min intervals; 1gG4 21.7°C, 44,000 rpm, 12 min
intervals. (C) Sedimentation coefficient distributions (uncon'ect for diffusion) of the different
subclasses m- thc absence (-} and presence (+) of equimeolar bzs—dansyi cadaverine,

Flgure 7 shows struchyre of IgGl annbody as cormpared to the proposed -

’ structuxe of IgG2 antibodies,

 Figure 8 shows the RP chromatograms of the two refoided IgG2 auhbédjeé..
Note that the refolded native form’ and the refoided in the presenca of denattmug 0.89M
guznidine hydrochlonde ali gne.d with the proﬁle of the cwmﬂy produced bulk IgG2
material. When four dlﬁ’erent IgG2 antibodies were refolded, again 2 similar pattern was
seen in which the presence of cysteine/cystine for 48 hours at room temperature,pmduced a
uniform single peak, use of guanidine hydrochloride in the presence of cysteine/cystine for 48

* hours at room temperature also produced a single peak which eluted later than the peak

produced by cysteine/cystine freatrnent alone, whereas absence of treatment with
cysteine/cystine produced a hetero geneous mixture containing multiple peaks associated with
the IgG2 preparation.

Figure 9. RP chromatogram of the intact IgG1 of Example 9.

Figure 10. Deconvoluted electrospray ionization mass spectrum of intact IgG1
of Example 4. ' ' v
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Flgure 11: RP chromatogram of the IgGl of Example 1 aﬂer lmuted
proteclysm with Lys-C

Figure 12. Deconvoluted ESI mass spectra of peaks 1,2 and 3 from Figure 11,

Figure 13. Deconvoluted ESI mass spectm of peaks 5 and 7 from RP
chromatogram in Figure 11,

Figure 14. RP chromatogram of the 1gG1 éamples of Example 4 after limited

 proteolysis.

Figure 15, Dcconvoluted mass spectra of the Fab peaks from Fxgare 14 for -
labeled and unlabeled 18Gl of Example 4,

" Figure 16. RP chromatogramé of stressed and control intact IgGi of ‘Example

Fxgure 17. Schmnatlc of chps found jn IgGI samplc incubated in A5S buffer
for 1 month a! 45"C

Fxgure 18; Comparison of various IgG1 ma]ecu]es by reversed phase
chromatography after limited proteolysis w1th Lys-C protease.

Figure 19, CEX chromatogram of intact IgG1 control and native refold after

24 hour refo]dmg

-+ Figure 20. RP chromatogram of intact 1gG1 CHO control, native refold, and -
GuHC] refold samples after 24hr ncubation, _

- Figure 21, ESI mass spectra of peak 1 (A) and peak 2 (B) éeparated. onthe RP

chromatogram of IgG1 bulk. Deconvoluted EST mass spcctra of peak 1(C) and peak 2 (D).

" Figure 22. Deconvoluted ES] ; mass spectra of IgG1 CHO bulk material {A),
GuHCl refold (B) and native refold {with ox:danon/mducﬁon couplmg reagents only} (C )

Figure 23, Schematic of limited proteolysis using Lys-C protease produced
one Fe fragment, MW=53488 D4 and two Fab fragments, MW47282 each.

Figure 24. RP chromatograms of IgGl CHO‘ after jimited proteolysis with
Lys-C: control (bulk) material; GuHC] refold and native refold.
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Figure 25. Deconvoluted ESI mass specira of Fab fragments of 1gG1 CHO
samples after limited proteolysis with Lys-C: A) contro} (buik) material; B) GuHCI refold

and C) native refold.

- Figure 25. Glu-C peptide maps of IgG1 CHO: (A) bulk and (B) native refold.

Figure 27, Size exclusion chromatograms of IgGl: CHO bulk, hybndoma
bulk, and CHO refold.

Fi igure 28 CD and fluorescence measurements of IgG1: CHO bulk, hybndoma
buik, and CHO refold.

_ Figure 29, Reversedvphase chromatograms of IgG1 hybridoma and CHO afier

'hrmted proteolysis. Cysteinviated (Fab-Cys) and non-cysteinylated {Fab} fragments are

sepa:ated and guantified,

Fzgure 30. Reversed-phase chromatograms of IgGl before and after refolding
after limited proteolysis. Cysteinylated (Fab-Cys) and non»cystemylated (Fab) fragments are -

: separated and quantified.

Figure 31. Non-reduced peptzde rnappmg of IgG1 using trypsm after labelmg
of free cysteines with NEM st pH5, Location of cystemylatmn was 1dentxﬁed in pos:hon

' CIO4 of heavy chain,

‘Figure 32. Tdentification of methionine 48 oxidation i HC CDR2 region. A
small percentage of M48 in HC CDR2 was oxidized according to the non-reduced peptide
mﬁp. '

: Fzgurt: 33. Reconstructed jon chromatograms (top) and fragmentatmn mass

"spectra (bottom} from IgG1 non-reduced peptide map showxng 3dent1ﬁcatmn of methionine
. 48 oxidation in HC CDR2 region using MS/MS analysis. Approximately 10% of the

methionine 48 1s oxidized. The oxidized peptide elutes at 98 minutes, non-oxidized at 110

minutes,

Figure 34. Differential calonmetry scanmng (DSC) measurement of IgGl
b°fare 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. GnHC! equilibrium denaturation of bulk and redox treated CHO-
denived 14637 IgGl antibody monitored by Fluorescence emission at 360nm Redox treated

- 146B7 IgG1 antibody is more stable to chemical denaturant as mdxcated by a shift in the Cm

value of roughly 0.7M GdnHCl. Lines are drawn to guide the eye a.ud do not represcnt fits of

Figure 37. Slzc exchusion chromatography (SEC) data for a companson smdy
of bulk mnd redox—trcated 146B? 1gGl antibody, Panel A is three month data for the percent:
decrease in main peak monomer species for storage tmnperamres 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 tcmpmmres of -80, 4, 29, 37, and45°C

Fxgure 38 Revmed—phase (RP} chromatograms of thee antibodies with the

‘same CDRs implemented as IgG1, igG2 and 1gG4 modalities. IgG2 antibody shows multiple -
- peaks due to the previously réported structural heterogene:ty 1gG4 is also structuraliy.

heterogeneous. Under the denaturing PR conditions, the half molecule (1/2 1gG4) was -
separated fmm the covalent]y bound IgG4 molecule (IgG4).

Figure 39. Electrospray ionization (ESI) mass spectra of half molecule of IgG4
{A) and covalently bound IgG4 (RB). Deconvoluted ESI mass spectra of half molecule of

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

mass of % IgG4 (73,398 Da) 15 exactly haif of IeG4 (146,796 Da),. suggesting that disulfide .
bond shifting lead to the formation of half molecules. The disulfide bond shift from
interchain fo intrachain should theoretically generate a half molecule with exactly the half

mass, which was experimentally observed in this assay.

Figure 40, Photograph 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 1gG2, 50mM Potassivm Chloride pH 2.0, 24% PEG 3350.

Figure 42. Photograph of IgG2 crystals formed under conditions of: 50
mg/mL 1gG2, 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); blus = Light chain (LC}); yellow dotted Jine =
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internal disulfides; red = disulfide bonds between chaing; red dimnends‘ with ammows =

cysteine residues susceptible for scrambling.

Figure 44. RP-HPLC profiles of Intact 1gG antibodies. The two subclasses of
IgG’s display significantly different profiles by this method. Human purified JpG2, purchased
form Sigma, displayed the same heterogeneous profile as all Amgen IgG2's.

Figure 45. A) Reversed phase chromatogram of anti IL-1R 1gG2 antx;body B)

' Deconvoluted electrospray fonization 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.

F1gure 46. Revmcd phase chromatogram of an IgG2 antibody before A) and
after B) reduction and alkylation. The hghi cham {LC) and heavy chain (HC) einted as smgle
peaks after the disulfide bonds were reduced.

Figure 47. Bioassay curves for anti II.»IR }gG2 antabody, native rcdox (Fonn
1), and GuHC] redox (Form 3) material. Dramatic differences were seen in the bmloglcai
acnvlty of the oxidative refold material. The assays were repcated over three days prowdmg

‘ good statistical confidence.

Fxgme 48. Reversed phase chromatograms of othcr IgGZ antibodies tha! were
treated with the same oxidative refold conditions as an I12G2 antibody. All of the IgG2
antzbodles showed significant d:ffercnccd by RP~I~IPLC that were consistent with the
previous IgG:Z antibody refold experiments, ‘

Figure 49. Crystal structure of hinge region of human monoc}onai igGl
antibody pletted using PDB coordinates of entry 1BZH. Color code: blue are heavy chains
(HOC) at the hinge; red is heavy chain loop including residue $131; green are light chams |
(LC). Dotted lines were added to approximate positions of two flexible rcgmns coordinates
of which were not determined by crystallography due to their ﬂex:b:hty a loop of HC.
between §127 and T137containing residue $131 {red dotted line) and a section of the HC at
the hinge between C217 and C226 (biue dotted Hne). .

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

treatment on an IgG?2 (anti I1~1R) antibody in the presence of varying levels of GuHCI,



10

‘15

20

25

30

“24.

Figure 51. Reversed phase chromatograms dlsplaymg the effect of redox
treatment on an IgG2 (anti IL~1R) antibody in the presence of varying levels of arginine HCl.

_F;gure 52. Reversed phase chromatograms dispiaying the effect of incubation
temperature during redox treatment of an Ig(32 {anti IL-1R) antibody.

DETAILED DESCRIPTION OF THE INVENTION -

Oxidative refolding of proteins from the inclusion body state is 2 common

practice in the prokaryotic production of recornbinant proteins but is not typically

implemented in eukaryotic cell production processes for the production of recombinant
pmfcins. This 1s because eukaryotic cells are thought to contain sufficient cellular machmery
to correctly refold the recombinantly produced proteins. However, as described in ULS.
Patent Apphcatmn Nos: 60/548 302 Dﬂlon et al, filed February 27, 2004, and 60/538,982 |
Bondarenko et al,, filed January 23, 2004, (each mcorporated hercm by reference in its

. cnhrety), Tecent mprovements n. RP~I-IPLC sepm-ahon and dctechon techmquas reveal that -

there is sxgm:ﬁcant conformational hetemgenexty m recombinantly produced high molecular '
waxght proteins that were previonsly thought to be homogeneous. As discussed in the .

aforfamentmned 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 beent rewved
recently in the protein pharmaceutical industry. 1gG1 and g2 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 '
préducing more structurally homogeneous reconbinant pmteins, and more parhcu}ariy,
mammalian-cell produced recombinant IpG antibodies and parhcuia:]y, IgGl, IgG?. and igG4.
therapeutic antibodies with improved activity,

It has been suggested in several previous reports, that IgG2 moiécules 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’-dithjo(22’~dhﬁtro)béxlzoate
{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 Ing subclass,
Others have also reported that ali four human IgG snbclasses were subjected to reduction of
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interchain disulfide bonds by thioredoxin with thioredoxin reductase and NADPH. IgGZ was
found different from other subclasses in two effects: 1) it resisted 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, 12G2 covalent
dimers were detected in pooled human gamima globulin and several normal sera (Yoo et al.; -
2003, J.Immunol., v. 170, p. 3134-3138). Cyanogen bromide cleavage analysis of the dimers

~ indicated that one or more cysteine residues in the hinge are involved in dimer assembly,

‘again suggesting presence of free or labile cysteines in hinge of IgG2. A study by Phﬂhps et

al. (Mol Immoun., v. 31, p. 1201:1210, 1994), using sedlmentanon and electron nucroscopy
analysis, 1dent1ﬁed multiple shapes of IgG2 molecules and their complexes with bwalent :
hapten and only a single form for other threc subclasses of human gamma globuhns

. . According t6 @ recent report, wel] over 200 s!:ucmres of antibody fragments,
mamly Fab and Fab’, have been determined {Saphire et al,, 2002, J.MolBiol,, v. 319, p. 5-
18). Crystals of intact anitibodies have been rcported only ten times and only seven of these
crystals provided partial or complete structures. All these structures were either murine IgG
or human IgG? antibodies, but not human IgG2 (Saphire et al., 2002, J.Mol.Biol., v. 319, P
9—18). Enﬁre_s&ucnrres 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,
JMol.Biol, v. 222, p. 17-19), mAb 61.1. 3, amurine IgG1 (Harris et al., 1998, JMolBiol., v,
275 P 861—872), and a human IgGI b12 dn“ected apainst HIV-1 2p120 (Saphire et al,, 2001
Science, v. 293, p. 1155.1159; Saphlre et al, 2002 JMol.Biol,, v, 319, p. 9-18). Fragmmts |
of the crystal image of a buman IgG1 ant;body near the bmge from PDB number 1HZH is )
avmlable(Saphxre et al.,, 2001, Science, v. 293, p. 1155-1159). The fact, that crysta.l structure
of 2 human IgG2 15 not avaﬁable leaves the question about exact disulfide connectivity
unanswered and also suggests that this IgG subclass may be heterogeneous, which makes it é
difficult subject for crystaliizaﬁon. It also highlights a need for new methods of structural
analysis. The inventors used their'nev'.f]y devé]oped method of hnalysis of intact antibodies

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

discovery and characterization of heterogeneity of human G2 antlbodzcs (Dillon et aL
2004, J Chromatogr.A, v. 1053, p. 299-305),

Having discovered that there i is sxgmﬁcant conformational hetero geneity in
recombinant IgG2 annbodles expressed in mammalian cells the i mvemors dcveIOped a

refolding pmcedm to enrich two forms of the protein as described in Examples 1-3 herem¢
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Influence of addztwes such as GadHC}, glutat}uone L-arginine, on refoldmg of a single-

chain immunoglobulin-folded proteins was discusses in (Umetsu et al,, 2003 L onl Chem.,

. v.278,p. 8975-8987). Spontaneous folding in the 1M GpdHC] buffer resu!ted in a structure
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in which a correct disnlfide bonding was achieved; however, the addition of L-arginine
resulted in the formation of a partialiy folded intermediate mthout disulfide imkagw (Umetsu
etal,, 2003, IBiol.Chem., v. 278, p. 8979-8987),

In anomcr specific example, the present mventors have discovered that one of

the ant:bodzes aga.lnst IL-IS dcscnbed In, e.g., U.S. Pubhcauon No. 2003/0138421, i.e.,
14687, contains an unpaired cysteine residue. Spemﬁcaliy, 146B7 has a free cysteine in

posmon 104 of the CDR3 heavy chain, This free cysteme can be 4 source of covalent
dimerization and lead fo stability issnes during formulahon or storage. The presence of thzs
residue confounds attempts to produce 2 uniform, active samplc of that recombinant IpG1.
The zddition of redox agents facilifates the producncn ofa structuraily homogcneous and
more active form of this IgG1 molecule, The addition of the redox agents is combined with
the addition to chaotropic apents to facilitate the producuon of refolded IgG1 molecuies that
are more homogeneous than the same molecules that have not bée:_: 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 moilecules. AsIgG4 does not activate
complen{cnf, the chance of an immunogenic response arid inflammation due to antigen-
anﬁbody—compimcnt complexes is very small with 1G4 molecules. This makes IpGd a
very attractive candidate for therapy as it is eﬁpected to be a safe therapeutic modality: IgG4

should snnply bind to antigen and shouid not tri sger any addmonal response in human body..

An TgG4-based reSponsc is generated in response to, for cxample antzgens

such.as dust mite, grass pollen or bee stmg These antigens are typlcal}y eliminated w:thout ‘

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

structure of the : hinge of IgG4, this IgG is present as a mixture of intact and half mciecules

Without being bound to any partzcular theory or mechanism of action, it is ‘noted that the
presence of half molecules of IgG4 conid be deletenous m the development of 18G4 mmet:es

as therapeutic compositions. The half molecules can potentially create a problem, because

they can exchange between two different IgG4 molecules. In such circumstances, an IsG4
molecule is created, which would bind to two antigens with two halves (arms). Such anTpG4

is bifunctional and monovalent, It is contemplated that such bifunctional and monovalent
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- features on an IgGé would render the hybrid ig‘G4 molecule potentially unsafe as a

therapeutic agent. For example, a therapeutic J5G4 can be developed with the purpose to |

_bind to an arthntzc related receptor. If other 1gG4 half molecules are present in the site of

injeciion or ent:ere homan body, it may lead to.the bifunctional 2G4, which binds both the
receptor and grass pollen antigen. This may lead to immune response and inflammation. In
the p:;esent invention, methods are provided for refolding IgG4 moicties. _Such refolding will
be used to eliminating the half molecules of TgG4, which often are present together with
intact IgG4 molecules,

In some aspects of the i invention, the introduction and optumzatmn of redox
companents and/or chaotrop:c agents direetly into the fermentation medium in which the

-cukaryotic cells are grown such that the appropnate Tedox potential i is achieved for refoldmg
. of the IgG (i.e., the IgGl, IgG2, Ie(33, or Ig(G4) product secreted iato the media are also. -

contemplated., “Thus, the media is supplemented with, or optimized for, components such as .

l cjsteine, cystine, cystamine, _glutaghinne, copper, an_dfor other reducing{oﬁcidizing agentsin

order to achieve the appropriate redox potential. The optimization of the redox components .
is achieved by varying the components in the fermentation me&ja. " The heterogeneity of the
secreted 1gG product may be assessed using HPLC/MS methods or any other protein
separation technique that vields information about the heterogeneity of the composition
separafed, The %aciox reagents and/or chaotropes that provide a more uniform homogeneous

recombinant product are thug readily identiﬁc_d.

Alternatively to, or in combination with, inclusion of the redox rcagents in the
fermentation mediz of the. recombmant protein producing host cells, a separate, distinct
processing step may be mtroducc:d in which oxidative refolding of the protein is achieved. .Jn
such a further processing step, the refolding solution may contain denaturants such as .
guanidine hydrochloride or urea; folding agents such as, polyols, polymers, or detcrgents

and/or reducing agents,

Methods for producing recémbinant antibodies in mammalian cells are known.
In scuh methods, the antibody production involves induction of protein exprcssmn Nucleic
acids.encoding an IgG antibody or an IgG antibody fragment are convcment}y rendered
expressible by operative association with a promoter, preferably a controflable promeier

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

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

promoters for expressien of proteins and polypeptides herein are widely available and are
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well known in the art. Inducible promoters or-constitutive promoters that are linked to -
regulatory regions (e.g., enhancers, operators, and binding regions for trétnscrjpﬁon or
translafinn 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 unti} activated or induced by the presence of an activator
or inducer) or as derepressible promoters fi.c., subject to negative regulation m being active
unless a repressor is present, with removal of the Tepressor, or deprepression, resulting in an

increase in promoter activity). Promoters contemplated herein include, for example, but are

not mited to, the trp, Ipp, tac, and lac promoters, such as the lacUV35, from E. coli; the P10

or poiyhednn gene promoter of bacu]ovxrusfmsect cell 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 mducible -
promoters from. other eukaxyonc expressmn systems, as wauid be knowrin the art. For
expression of the protﬂns such promoters are inserted in a plasmid in operative linkage with

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

“Preferred promoter regions are those that are inducible and functional in
mammalian cells, for example. Examples of suitable inducibie promoters and promoter.

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

. responsive 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. 4,8’70,009); the phage T7lac promoter
responsive to IPTG (ses, e.g., U,S. Patent No. 4,952,496; and Studier et al., 1990 Meth, -

Enzymol. 185:60-89) and the TAC promoter. Dependmg on the expression host system to be

used, the vector {¢.g., pla.smzd phagemid, cosmid, amﬁcxal chromosome, virus) may

optionally inciude a selectable marker gene or genes that are funétional in the host. Thus, for
example, a seiectable marker gene includes any gene that confers a phenotype on a host ¢cell
that allows transformed host cells to survive under c:mam conditions, such as exposure to an

. antibiotic. Also contemplated are screenable markers for inclusion in 2 vector, with

screenable markers conferring a distinguishable phenotype on transformed host cells.
Suitable selectable marker genes for hosts include, for example the ampxcﬁlm resistance
gene (Ampr), tetracycline resistance gene (Ter) and the kanamycin resistance gane (Kanr).

In various expression sysiems, vectors (e.g., plasmids) may also include DNA
encoding 2 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 (ses, ¢.g., von Heijne, J. Mol.

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

introduced i 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 ﬁ-agment

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
cystemefcystme added fo maintain the appropriate amount of cysteme/ cystme in the refolding

medium.

In yet anothcr aspect the redox agent is mtroduced du’ectly into the pmtem :
crystallization séiutions such that misfolded protein can refold in solution and attach to the
growing protein crystal resuhmg in improved protein crystallization yields. The
crystallization step may be combined with any improvernents achieved through the use of
protein material that has already been treated by refolding using the.redox conditidns 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 improvad pharmaceutical and crystallization
properties, including improved homogeneity, acﬁ\'it};/potency, stability, crystal growth, and -
crystallization yield. This approach for improving the pharmaceutical and crystallization
properties of the recombinant proteiﬁs is preferably to the vse CEX. chromatography because

 the latter technique would reguire collection of orﬂy the active component from a bulk .

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

In some other aspects of the present invention, there are provided methods of '
producing human or humanized IgG antibodies, such as, for exampte a fully human IgG1
against IL-15, or IgG2 against IL-1R, which methods include a step of refolding of the 1eG

| produced by recombinant Chinese Hamster Chfary (CHO} cells and obtaining simc!;uraliy

homogeneous, active forms of the igG molecule. Tn those circumstances where the IgG is an R
Ing the structurally homogeneous forms are one of the forms 1,2, 3, or 4 identified ﬂn-ough
HPLC profiles described herein such that only e.g., form 3 is produced, or only form [ js

 produced efe. In those circumstances where the IgG is an IgG1 antibody, it is contempiated

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 provide for IgG4
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prepa:ramns that are intact rather than present as half-molecules. To achxeve these beneficial
outcomes in certain-embodiments, the refolding can be performed using cysteme-cysnne
cysteine-cystamine, ghutathione, coppet, molecular oxygen, and chaperones and different
buffer, temperature and time compositions. Typical refolding conditions include for
cxample, 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 (GuHCI refoid). A combination of cysteine: cystine is added at the approximate

molar ratio of 6 mM: 1 mM, rcs;;ectively The samples were placed at 2-8°C for 48 hours,
Ahquots were taken at 24 and 48 bours for analysis. Refolding of the recombinant IgG
molecule using such typical refolding conditions in the presence of redox reagent and
chaotropic agent produces 2 single s;rucﬁxral form with & three-fold increased activity. per

-gram of protein.. In certain embodimcnts the refolding step will thus triple the production of

an Ig(G molecule and reduce by tb.ree times the protein concentration need in furmulanon

so]utmns to ach:eve the same ar.:tmty

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 IgGl directed
agamst IL-13, or an IgG2 against IL-1R where the preparation involves mammalian cell

. pmducnon.of the protein, purification of the protein from that mammalian cell culture,

refolding of the purified protein using the refolding methods described berein, exchanging the
buffer of the compomtxon thus produced to formulation buffer and producing a single dose -
foxmulatwn that may be used in the patient. Alternatively, the preparation of formulation
involves the steps of mammalian cel] production of the protein, purification of the protein
followed by refolding of the protein as described herein, followed by isolation of desired
form of the protein, afier which the buffer of the compusition thus produced is exchanged to
formulation buffer and produf:ing a single dose formulation tha’f 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 hydrochlonde Or urea) to furt.her 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,

‘ cdmbined refolding production and protein purification methods of the invention are

particularly advantageous when the recombinant protein is intended to be used in vivoasa

drug or biologic.
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Use of the LC methods wxll allow fhe skilled person 1o assess those pMcular
refolding cond;tmns 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 Tecombinant 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 hf:rem form a genﬂe and

- effective process for 1 1rnprovmg the productmn process for rccombmant IgG anﬁbodles or
ﬁ'agmems thereof that can adopt multiple conformahons Inone  aspect, the methods of the
mvennon can b° used on pm-parabons of recombmant G antxbocizes or fragments thsreof m
which the prepa.ra’uon of the isG anubody or fragment thereof isa hﬂterog_eneous mixtrs
which crmtams stable and unstable conformatzons of the IgG anx:lbody or fragmant thereof. -
’I’he terms "stable” and "unstable" are nsed as reiatrve terms. The stable conformation wﬂ}
have, for cxample 2 gher melting tempe:mture (T m) than the unstable conformation when
mcasured in the same soltition. A conformation is stable compared 10 a.nother conformation
wheri the difference in the Tm is 4t least about 2°C, more prefcrably about 4°C still more
preferably about 7°C, yet more prefcrably about 10°C, ever more preferably about 15°C, st
‘more preferably about 20°C, even stili-more preferably about 25°C, and most prcferabiy

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

'I’hus in one aspect, the mvenhon contempiates comactmg a preparation of
rccombmant protem that is made up of a heteropenecus mixturs of feast two conﬁguratmnal
isomers of the rccombmant protein to a reduction/oxidation coupling reagent for atime -
suﬁ’ic:em o increase the reiative proportion of the desired configurationa] i 1snm='r and

de:tenmmng the relative proportion of the desired configurational isomer in the mxxmre In
| another aspect, the invention contemplates contacting a preparetion of a recnmbmant protein
that has been produced by mammalian cells with z reduction/oxidation couphnrr 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
recomnbinant proteins sich as, e.g., those produced by eukaryotic cells. In certain aSpccis thrter
. methods of the present invention are used to reduce the conformational heterogeneity that is
mduced by disulphide scrambling. In more specific aspects.t}us conformational .
beterogeneity is present in antibodies, and more particularty, IQGI; igG?;. 18G3, or 1pG4
antibodies. It should be noted that the term “configuration” is used interchangeably with the
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term “confomation” herein throughout and is intended to mean a protein' that has a different
secondary, tertiary or quatemary structure from another pmtein that has the samo primary-
structure (the same amino acid sequcnco) Using the redox reage:nts either alone orin
combination with the further processing using chaotropic agents such as guanidine
hydroohlonde it is possible to produce a more homogeneous and more thorapeutzcally active
IgG protein 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.

| Gonora.lly, the methods of the invention are useful for i mzprovmg production
processes for recombinant 1gG (i.e., the IgGl, 1gG2, IgG3 or IgG4) molecules or proteins,
Recombinant molecn]es or rocombmant proteins are proteins pmduced by the process cf

goneno engmeermg The term "genetic engmmmng" refers to any recombinant DNA or RNA .

_method used to creato a host cell that expresses a gene at elevated le:vels, at iowcred lcvels

and/or a mutant form of the gene. In other words, the cell has been transfected, uansformed
or mesduced wﬂh a recombmant polynucieotide molecule, and theroby altered so as to cause

- thecell to alter expresswn of a desired protem Methods and vectors for genoncally

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

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

. Molecular Biology, Ausubel et al;, eds. (Wiley & Souns, New York, 1988, and quarterly A

updates) and Sambrook et al, Molecular Cloning: A. Laboratory Manual (Cold Sprmg
Labomtory Press, 1989). Genetic ongmeenng techniques include but are not limited to-

- expression vectors, targeted homologous racombmatzon and gene activation (ses, for

oxample us: Pat, No. 5,272,071 to Chappel) and trans activation by engineered -
transcription factors (see, for example, Segal el al.,, 1999, Proc. Natl. Acad. Sci. USA
96(6y:2758-63),

In the m'othodg of treating a disease, disorder, or condition, in addition to the
prophylactic metheds or method of preventing such discases, disorders and coodiﬁons, an
“effective amount” of a recombinant polypeptide is an amount of the polypeptide that will
produce the desired bio}og}‘ca_i or physiologioaj effect, as would be known in the art.
Particularly with respect to treatment methods, as well as the methods of a:lno}ioraﬁng a

tom associated with a disease, disorder or condition, an “effective amount” is used
symp ! O use

~ synonymously with a “therapeutically effective amount.” In such methods, a “subject in
- need” is any animal, e.g., a human, exhibiting a symptom of, at risk of developing, or

diagrosed as having 2 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 appropnate

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

production and refolding of 14687, 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 herein. These
beneficial resnlts may be assessed by monitoring such heterogeneity using the LC and .
LCMS methods known to those of skill in the art. Specxﬁcally, proteins that are secreted by
fungal cell systems (e.g., yeast, filamentous fimgi) and mammahan cell systerns wﬂl be. -
glycosylated. Preferably, the proteins are secreted by mammalian production cells adapted to
gznw incell cujture. Examples of such céﬂs commonly used in the industry are CHO, - ‘
VERO, BHK, HeLz, CV1 (including Cos), MDCK, 293, 3T3; myeloma cell lines (especially
murine), PC12 and WIBS cells. Particularly pfeferred host cells are Chiness hamster ovary
(CHO) cells which are wzdely vsed Tor the pmducnon of several complex recombmant ‘
protems e.g. cyiokines, ciotnng factors aﬁd anubodjes (Brasel et al,, 1996, Blood 88 :2004-
2012; Kanfinan et al,, 1988, T Biol Chem 263: 6352-6362; McKinnon et al., 1991, J Mol _
Endocrmol 6: 231 -239; Wood et al,, 1990, J. Immunol 145: 3011-3016). The dihydrofolate

. reductase (DHFR} deﬁcxent mutant cell Line (Urlaub et al 1980, Proc Natl Acad Sci USA

77:421 6—4220) DX.'BII and DG-44, are the CHO host cell lines of choice because the
efficient DHFR selectable and amplifiable gene expression systemn allows high level

* Tecombinant protein expresszon in t.hese 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 g-e‘uc stability. CHO cells and recombinant proteins expressed in
them have been extensively characterized and have been approved for use in chmcal

manufacnmng by regulatory agencies.

It has been found that the i Invention is a gentle and effective process for
improving the productmn process for recombinant IgG (e.g., IgGl, 1gG2, igG3, or IgG4}

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

"domain” is a conti guous region of the polypeptide chain that adopts a particular tertiary

structure and/or has a partmular activity that can be localized in that region of the polypept:dc
cha.m For example, one domain of a protein can have binding afﬁmty 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 cboperative 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 usefisl for preparation of
other types of recombinant IgG proteins, including immunoglobulin molecules or poriions
thereof, and chimeric antibodies (e.g., an antibody Laving 2 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 recombinaat proteins such as single chain antibodies, autxbod:es with enhanced

affinity, or other antibody-based polypcpbdes (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; Chandhary et al., 1989
Nature 339: 394—397} Preparations of fully human annbodles (such #S are prepared using
transgenic animals, and ophonal]y further modified in vztro), as well as humanized
ant:bodms can also'be used in the invention. The term humanized antibody also

: encompasses single chaint antibodiss. See, e.g., Cab:lly etal, U.S. Pat. No, 4,816,567+

Cabilly et al., Evropean Pate:nt 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; Nauberger,

. M.S.etal European Patent No. 0,194,276 Bl; Wmter US Pat. No. 5,225,539; Wmter

European Patent No. 10,235,400 B!; Queen et al. European Patent No. 0451 216 B1; and
Padlan, E. A. et al,, EP 0519 596 Al. The method of the invention may also be used dunng
the preparat[on of conjugates comprising an antibody and a cytotox;c or luminescent _
substance. Such substances include: maytansitie derivatives (such as DM1); enterotoxins
(such as a Staphlyococeal enterotoxin); iodiné isotopes (such as jodine-125); technium
isotopes (such as Tc-99m); cyanine fluorochromes (such as Cj'S.S.IE); and ribosome-

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

Preparations of various fusion proteins can also be prepared u:sing the
inventive methods. Examples of such fusion proteins include proteins expressed as a fusion
with a portion of a recombinant IgG (i.e., the IgG1, IgG2, 1gG3, or 1gG4) molecule, proteins
expressed as fusion proteins with a zipper moiety, and novel polyfunctional protems suchasa
fusion proteins ofa 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 oli gomer;c

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

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 bist not

limited to the extracellular domain of a cellular receptor molec:ule, 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 préfcrabiy 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 suhsequcntij purified. The preparationof -
recombinant protein can be z cell culture supernatant, cell extract, but is preferably 2 paﬁially.-
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 conformatidﬁ is present. One of the adﬁantage’s of
the methods of the invention is that the preparation of recombinant protem canbeata fairly

" high concentration. Some concentration ranges are 0.1 o 20 mp/m], more prefembly from 0.5
‘to 13 mg/ml, and still more preferably from 110 10 mg/ml. - ' '

“The preparatmn of recombmant protem can be prepared mmally by culturing
recombinant host cells under culture conditions smtable to express the poiypcpiade in the

presence of the redox reagents as descnbed herein. The polypepnde can also be expressed as

a product of transgemc anirials, e, g, asa component of the milk of fransgenic cows, goats,

' pigs, or sheep which are charactenzed by somatic or gmn ‘cells containing a nucleotide

seguence ancodmg the polypeptide. The resultmg expressed poiypcphde can then be purified,
or partzally purified, fmm such cu]ture or component (e.g., from culture medium or cell
extracts or bodily finid) using known processes. While fractionation including but not
limited 1o one or more steps of filtration, centrifugation, precipitation, phase separation,
affinity purification, gel filtration, jon exchange chromatographj;, hydrophobic iﬁteraétion
chromatography (HIC; using such resins as phenyi ether, butyl ether, or propyl ether) HPLLC,
or some combination of above may be nsed herein, the advantageous methods of the present
invention may employ LC factionation 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 aiso may be combined
with other purification methods, such as for example, purification of the po]ypeptxde using an
affinity colamn containing agents which will bind to the polypeptide; one or more column

steps over such affinity resins as concanavalin A-agarose, hepa:m-toyopaari@ or Clbacmm '
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‘blue 3GA Sepharose®; one or more steps involving elution; zmdfor 1mmunoafﬁmty

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), glutaﬁﬁonc—s-tzansfsrasé; {GST) or thioredoxin (TRX). Kits for _
expression and purification of such fusion polypeptides are commemiaﬂy’ava_ilablc from New

- England BioLab (Beverly, Mass.), Pharmacia (_I’iscataﬁvay, N.J.) and InVitrogen,

respectively. The polypeptide can be tagged with an epitope and subsequently purified by
using a specific antibody directed to such ep1t0pe One such epitope (FLAG®)is _
commemany avmlable from Kodak (New Haven, Conn.). his also possible to utilize an

' afﬁmty column cornpnsmg a palypepnde-bmdmg po}ypeptzde suchasa monoclonal

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

_aﬁmty punﬁca'uon steps can be a Protein A or a Protein G columm, which affinity agents
bind to proteins that contain Fe domains. Polypeptides can be removed from an affinity

coiumn usmg conventional techmques, €.g., in a high salt elution buﬁfer and then dzalyzed
into a lower sa}t buffer for use or by changmg pH or other components dependmg on the
affinity matnx utilized, or can be compeuhveiy removed usmg the naturally occmmg
substrate of the affinity mmety In one embodzmmt of the mvennon the prcparatmn of

recombmant protem may be parhal}y punﬁed over a Protein A afﬁmty column

Some or all of the foregoing punﬁcahon steps, in various combmatmns, can
also be employed to prepare an appmpnate preparation of a recombinant IgG (.e., the IgGi
1gG2, IgG3, or IgG4) for use in the methods of the i invention, and/or to further purify such &
recombinant polypeptide after contacting the preparation of the recomb:nant protein with 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 rsagent-based methods descnbed herein are described
in further detai! in U.S. Patent Apphcatmn No: 60/548 302, Dillon et al. filed February 27,

- 2004 and 60/538,982 Bondarenko et al., filed Janary 23, 2004, (each incorporated herein by

reference in its ennrety)

The polypeptzdc can also be produced by known conventiona! chemical
synthesis. Methods for constructing polypeptides by synthetic means are known to those

 skilled in the art. The synthefically-constructed polypeptide sequences can be glycosylated m

vitro,
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The desired degree of final 15urity depends on the intended use of the
polypeptide. A relatively hi gh degree of purity is desired when the polypeptide is to be -
administered in vivo, for example. In such 2 case, the polypeptides are purified such that ne -
polypeptide bands corresponding to other polypeptides are detectable upor analysis by SDS- -
polyacrylamide gel clectrophnresis'(SDS-PAGE). It will be recognized by one skilled in th'e.
pertinent field that multiple bands cozrespondiﬁg to the polypeptide can be ﬁsuaiized by
SDS-PAGE, due to differéntigl.giycosy}aﬁen,. differential post-translational processing, and
the like, Most preferahiy, the polypeptide of the invention is purified to substantial

. homogeneity, as indicated by a single polypeptide band upon analysis by SDS-PAGE. Thc

polypeptide band can be visualized by silver staining, Coomassie blue staining; and/or (1fth:= ‘
polypeptide is radiolabeled) by autoradiographyy.

By "contactxng" 1s meant subjecting to, and/or exposmg to, in solution. The

protein ar polypeptxde can be contacted with the redox reagents whﬂe also bound to a solid

support (e. g., an affinity colunm ora chromatography matrix), Prefmb]y, the solution is
buffered. In order to maximize the yield of protein with-a desn-ed conformation, the pH of the
solution is chosen to protect the stability of the protein and to be optima! for disulfide _
exchange. In the practice of the invention, the pH of the solution is preferably not strongiy

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

more preferably from about pH .7 to about PH.10; and still more preferably from abont pH 7.6
to about pH 9.6. 'In one non-lhniting embodimant of the invention, the optimal pH was found

‘to be about pH 8.6. However, the optlmal pH for a particolar cmbodiment of the invention
- can be easily determined expenmental}y by those skilled in the art.

The reduction/oxidation coupling rcagent is 2 source of reducing agents.

" Some reducing agents are free thiols. The reduction/oxidation coupung reagent is prefcrahly

comprised of a compound frora the group consisting of reduced and oxidized glutathione,
dithiothreitol (DTT), 2-mercaptoethanol, dithionitrobenzoate, cysteine and cystine/cystamine.
For ease of use and économy, reduced glutathione and/or reduced cystsine can beused. 3t
has to be noted that, at neutrdl pH, cysteine forms disulfides with itself generating cystine,
The rate of this oxidation reaction increases in presence of oxygen, which is ofien present in -
solutions including the redox solutions used for refolding. Practically, a neutral pH solution, -
which initially contains only cysteine (reducing reagent), qmckly produces cystine (o;mdxz.xng
reagent). Therefore, redox coupling reagent can be introduced in the solution by addmg

only cysteine,
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The redox reagent may be added to the fe:mentahon media in whach the calis
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 as a heterogeneous mixture as indicated
by the number of peaks. The use of the reduction/oxidation coupimg reagent and/or
chaotropic agent produces a simpler and more umfom peak pattam. Itis contemplated that
this more uniform peak of interest may be isolated s a more homogeneous preparation of the -
I5G. |

- The rednction/oxidation coupling reagent is present at e concentration
sufficient to increase the relative proportion of the desired conformation. “The optimal:
absolute concentration and ratio-of the reduction/oxidation couphing reagent depends upon
the concentration of fotal IgG and in some circumstances the specific IgG subclass. When
used for preparing IgG1-molecules it also will: depend on the number and accesszblhty 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 reduction/oxidation couplmg reagent can contam oxidized
thiols at approximately higher, equal or lower concentrations as the reduced thiol componant.
For example, the reduction/oxidation coupling rezgent can be a combination of reduced
g]utaﬂnone and oxidized glutathione. It has been found that a ratio of rednced g!uiathione to
ox:chzed glutathione of from about 1:1 to about 100:1 {reduced hiols: roxidized thmls) can
function equally well. Alternatively in another embodiment, the reductmn/ox:danon coupling

reagent can be cysteine or a combination of cysteine and cysting/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 1:10to about
1000:1, more preferably about 1:1 to about 500:1, snll more preferably about 5:1 to about

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

Contactmg the preparation of recombmant prntem w1th a rcductlonlomdatmn

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

example, at least 1 0%, 20%, 30%, 40%, 50%, O%, 70% and even 80% of the protein with

. an undesired conformation is converted to protsm with the desired conformation, Typical

yields that have been achieved with the mctbods of the invention range from 40 to 80%. The
contacting may be per:formed by providing the redox reagent-to the fermentation medivum in

‘which the protein is being generated. Altemanvely, the contasnng takes place upon parnal

purification of the protein from the cell culture | in which it is generated. In still other -
embodiments, the contacting is perfonned after the protein has been eluted from the HPLC

- column but before any further processin g. 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 antibodles atiached to a

‘stationary phase of a chromatographic columns, while the redox rédgents and chaotropic

reagents are a part of the mobile phase. .Jn this case the contacting may be performed as a
part of chromatographic purification pro'cedure.A Examples of rep:‘-eéexitaﬁve'bhrematographic -
refolding processes may include size exclusion {SEC); solvent exchange during reversible-
adsorption on protem A-column; hydrophobic interaction chromatography (HIC);
immobikized metal afﬁmty chromatography (IMAC); reversed-phase chromatogmphy (RPC);
use of immobilized folding catalyst, such as GroEl, GroES.or other proteins with folding
properties. The on-coiumn rcfoldmg 1s atfractive because it is easily antomated using
commerc:al!y avaalabis preparative chromatographxc systems. The refolding on colunn of
recombmant protems produced in m:crobxal cell was reccnﬂy reviewed in (L1 et al. 2004)

1{ the contactmg step 1s performed on a partially or highly punﬁed preparahon .
of recombinant protein, the contacting step can be performed for as short as about 1 hour to
about 4 honrs and as long as.about 6 hours to about 4 days. It has been found that a
contacting step of about 4 1o about 16 hours or about 18 hours works well. The contactmg
step can also take place during another step, such as on a solid phase or during filtering or

 any other step in purification.

The methods of the invention can be berfun;ie’d over 2 wide temperature

- range. For example, the methods of the invention have been éucbessfully carried out at

temperatures from about 4°C to about 37°C, however the best results were achieved at Jower
temperainres. A typlcal 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,



10

15

20

25

30

-40 -

- 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 -

disaggregate (solubilize) and refold several denatured proteins produced by E-coli as

_ inclusion bodies that mclnded human growth hormone and lysczyme, and b-lactamase (St

John et al., Proc Natl Acad Sci USA, 96:13029-13033.(1 999)). B-lactamase was refolded at
high yields of active protein, even without added GdmHCY. In another study (Seefeldt et al,,
Protein Sci, 13:2639-2650 (2004)), the refolding vield of mammalian cell produced protein

lblkumn obtained with high pressure-modulated refolding at 2000 bas was 70% by RP HPLC,

si gmﬁcantiy higher than the value of 55% (by RP-HPLE) obtained with traditional guanidine
hydrochloride “dilution-refolding”, These findings md:catc that high hydrostaﬁc pressure.
facilitates dxsmphon of inter- and mn'a~molecu1ar mte'racuon.s, Ieadmg to protein unfoldmg
and dxsaggregatxan The mteractlon of the high pressure on protein is similar to the

mteractmn of ; protems thh chaotropac agents. 'Ihus it 1s comemplated that in the methods of

the mve:ntzon, mstead of usmg chaotmplc agents thh pressure is used for protein unfoldmg

Of course, 2 combination of high pressure and  chaotropic agents alse may be used in some
instanees.”

“The preparation of recombinant protein can be contacted with. the R
reduction/oxidation coupling reagent in various volumes as appropriate. For example, the
methods of the invention have been carried out successfully at the analytical iaboratorjz?—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 sma.li and large scale with.

reproduczbzhty

'

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

hydroch}onde In a specific mnbodrmem the ox;danve refolding is achieved in the presence

' of appmx:mate]y 1.0 M guanidine hydrochloride or an amount of other chaotropic agent that

produces the same or similar amount of refolding as lM puanidine hydrochlonde In some
embodiments, the methods use between about 1.5 M and 0:5 M chaotmpe
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The amount of chaotropic agent used is based on the structiral 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 siructure 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 2 chaotrope into a solution

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

fluorescence (Figure 36).
“There are other parameters that could beé used to unfo]d or slightly pcrturb the

structure of a protein that may be nsed instead of a chaotrope, Temperatu.re and pressure are

two findamental parameters that have been previously nsed to alter the structure of a protein
and may be used in place of a chaotmpm agent while contachng with a-redox agent. The
inventors contemplate that any parameter that hias been shown to denature or periwrb 3 pmtem
sticture may be used by someone practiced i in the art in place ofa chaotropzc agent

stulﬁde exchange can be quenched in any way k:nown to those of sicxll in the
art. Fo:: example, the reduction/oxidation coupling reagent can be removed or its
concentration reduced through a purification step, and/or it can be chemically mactwatsd by,
e.g., acidifying the solution. Typmally, when the reaction is quenched by ac1d1ﬁcatxon, the
pH of the solution contmmng the .reductxonfoxzdatzon coup]mg reagent will be bmught down
below pH 7. Tii some embodxment, the pH is brought to below pH 6. Generally, the pH is
reduced to between about pH2 and about pH 6.

Detcmnmng the conformatmn of a prote:m, and the relatzve propomons ofa
conformation of a protein in 2 mixture, can be done using any of a variety of analytxca.! a.nd/or
qualitative techniques. If there is a difference in activity between the confonnahons of the
protein, determzmng the relative praporhon ofa conformation in the mixtare can be done by
way of an acuvzty assay {e.g., bmdmg toa hgand, enzymatic activity, biological actmty,
etc.). Biological activity of the protein also could be used. Alternatively, the bmdmg assays
can be used in which the activity is expressed as activity units/mg of protein. '

If the two conformations resolve differently during separation technigues such
as chromatography, electrophoresis, filtering or other punﬁcat:on technique, then the relatxve
proportion of a confonnatlon m the mixture can be determined using such purification

technigues. 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

Cizcular Dichroism has been used to estimate. secondary structure composmon af prote,ms

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

altemative conformations of a protein are present. Still another technique used to determine
conformation is fluorescence spectroscopy which can be employed to ascertain
cornplementary 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 agpregation

stafus, mﬁerenhal scanning calonmetry to measure meliing transitions (Tm 's} and component
entha]pxes and chaotrope unfolding. In some embodlmcms described in detail hcrmn below
the invention uses LC/MS detection to determine the heterogenclty of the protein.

:By the termi "i§6i'ziﬁi’1g" is meant physica sepa}aﬁon of at léést one component
in a mixture away from other components in a mixture.” Isoiatmg components or partxcﬂar

. conformations of a pmtem can be achieved using any punﬁcatmn method that tends to: -

separate such. components. Accordingty, one can pezfﬂrm multiple chromatogmphy steps n
addition to the RP-HPLC described beiow, including but not limited to HIC, hydroxyapatite
chromatography, ion exchange chromatog_raphy, a_fﬁr_nty, and SEC. Cther purification
met};:ods are fiitration {e.g., tmgenﬁal flow ﬁ}:tratiqn), elcctmphon_ziic techniques (e.g., -
elecimphofesis, électroclutiun, isoelectric focusing), and phase separation (e.g., PEG-dextran
phase separation), to name just a fcw In addition, the fraction of the preparation of -
recombinant protein that contains the protein in the undesired conformation can be trem
again in the methods of the invention, to furthf:r optimize the yields of protem 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~packaged and/or packaged for a final user. For purposes of the invention, the term

“"sterile bulk form" means that a formulanon 1s free, or esscntmlly free, of microbial

contamination (to such an exient as is acceptable fur food arsdfor drug purposes), and 1sof
defined composition and concemranon The term "sterile unit dose form" means a form that
is appropriate for the customer and/or patient administration or consumptxon Such
composmons can comprise an effective amount of the protem, in combination with other
components such as a physiologically acceptable diluent, camer andfor excipient. Theterm |

phannaceuncaliy 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 agueous 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-agueous sterile suspensions which may

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

- unit forms may contain a small concentration {approxunately 1 microM to apprommateiy 10

mM) ofa reduction/oxidation eoupling reagent {e.g., glutathione, cysteine, etc.). The -.
pélypeptides can be formulated according to known methods used to prepare
pharmaceutlcaliy useful composmons They can be.combined in admixture, either as the sole
active matcnal or with other known active materials suitable for a given mchcatmn, with

pharmaceutically acceptable diluents {e.g., saline, Tris-HCI, acetate, and phosphate buﬁ'emad :

, solutions), prescrvatlves {e.g., thimerosal, benzyl alcohol, parabeus), emulsifiers, soluhlhzcrs,

adjuvanfs and/or carriers. Suitable formulanons for pharmacautlcal compositions include

_ those descnbed in Rezmngton [ Pharmaceuncai Scxences, 16th ed. 1980, Mack Publishing
Company; Easton, Pa. In addition, such composxtmns can be compiexed with polyethylene

glycol (PEG) metal 1ons, and/or 1 ncorporated into polymeric compounds such s polyacetic
3C]d polyglycohc acid, hydrogels, dextran, etc., or mcorporai:cd inta hposomes ‘

nncroemulsmns micelles, um]amellar or multilamellar vesicles, srythrocyte ghosts or.

spherobiasts Smtable lipids for liposomal formulatmn include, without limitation,
monog]ycendes, d)glycsndes sulfatides, Iysolecﬂhm, phosphohp:ds saponm bile acids, and
the like. Prapa:aﬂon of such  liposomal formuianons is within the leve] 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.8. Pat. No.,
4,837,028; and U.S. Pat. No. 4,737,323. Such compositions will influence the physical state,
solubﬂ:ty, stability, rate of in vivo release, and rate of in vivo clearance, and are thus chosen
according to the mtended application, so that t‘ne charactensncs of the carrier wxii depend on’
the selected route of administration. Sustained-release forms su:tahle for use include, but are
not limited to, polypeptides that are encapsulated mna slawly-dlssolvmg biocompatible
polymer (such as the alginate microparticles described in U.S. Pat. No. 6 036 978), edmixed

* with such a polymer (including topically appheé hydrogels) and or encased in a

biocompatible senn-permeable implant,

_ The methods of the present invention are useful for the analysis of
recombinant 1gG (e.g., 1gG1, 1gG2, IgG3, or 13G4) proteins, and are particularly useful for
analysis of such high molecular weight protéi_ns. The methods are also useful for the analysis’,
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of protein monomers of high molecular weight and protein heteromultimers, e.p., antibodies,

It is contemplated that these proteins will contain post-«ﬁ'anslétional 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 cxample, the
methods are used for the analysis of proteins having a molecular weight greater than 90kDa,
including intact antibodies, any tertiary protein structure baving & molecular weight preater
than 90kDa. It is to be understood that the molecular weight is calculated based on amizio

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

carbohydrate modification. The methods are applied to characterize the oligosaccharide

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

variants with different disulfide structures, and/or specific ammo ac1ds within the pmtem.

Insome embodirients; the fiethods 6f the infvention are used to anal)ze
antibodies and antibody fragments The sammple to be analyzed may cumpnse ap intact
antibody compnsmg an Fc domain and two Fab domains. Alternatively, the methods of the
invention are employed to analyze the structure of a pottion of an antzbody such as for:

‘ example an Fi domain or one or both of the Fab domains. It | is parhcula:iy contemplated that

the methods of the invention will be useful in the analysxs of the products of partxai cieavage

. of an intact antibody. Such cleavage may be performed pnar to the RP-HPLC separation,’

Typical prot&oiyms will be performed with the use of ari enzyme e g., papain, Iyc-C proteasc
or pepsin to yield cleavage of the antlbody at the hmge Tegion, A}tcmat;vely, the cleavage
may employ a reducing agent to reduce the disulfide bonds that connect the two chains of an
antibody structure. Such reduction may be achxeved using e.g.; dithiothreitol, '
mercaptoeﬁzanol tnbutylphos;nhme, and m(Z-carboxyethyl)phosphme hydrochloride. For &
review of analynca! and preparative methods used in the preparation of antibodies and -
fragments thereof, those of skill are referred to Josic and Lim: Methods for Punﬁcatxon of
Antibodies, Food Technol. Bmtec}mo! 3903 215-226 {2001).

In exemplary embod:ments the hrmted proteolysis is achieved usmg
endoprotemase Lys-C from a range of 10 to 60 muinutes at a pH range o 7.0 to 8.0. The
digestion is performed without denaturation at 37°C with a molar enzyme:protein ratm of
1:150, This produces a few large ﬁagments of the antibody without undue chppmg of the

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

described herein. Using this limited proteolysis Fab and Fe fragments at the hmgc regmn of o
an IgG1 were generated. These methods allowed the detection of 2 *+16Da increast in the
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mass of the fragments due to an oxidation of a methionine residue and the de{ectmn ofa +2

Da increase due io incomplete disulfide bond formation.

“The meﬁlods of the invention may be used to analyze native proteins, fusmn ‘
proteins, humanized antibodies, chimeric antibodies, human anh’bodxes single chain
antibodics and the like. In one example, the methods can also be used to analyze any
antibody or & "fragment thereof that riay be as small as 40 kDa, 50kDa, 55kDa, GDkDa,'
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 (Fab)z region generated by cleavage of the Fc region of the

antibody, Analogous!y, the methods of the invention also may be used to anajyze the Fe -
Tegion of an antibody generated from such ciéavage, Tn specxﬁc embodimexts, the antibody -

"being analyzed comprisés an intact Fc region and only one intact Fab region. In addition the -

methods of the invention are used to.analyze a protein comprising an antibody Fo region and
additional pept:des attached thereto, or a protem comprising an Fab region of antibody with

”addmona! pephdes attached thereto.

“The methods of the present invention may be used to analyze recombmant
antibodies. Recombinant antibodies can either contain an Fe domain or not contam an Fe
domain, In particular, mulivalent ant:bod;csmay be analyzed nsing the present invention.
As used heréin "multwalent annbadles" are recombinant annbody-iake molecnles that contasﬁ
binding domains far more than one epztope 'For examp]e such antxbody~denved proteins

'mclude 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 weight

recombinant bispecific antibodies that do n'ot'contéining an Fe¢ portion, Prodﬁc:ing antibodies
that lack the Fc domain is advantageous because the presence of such 2 domain on an
antibody-related therapeutic molecule tends to increase the serum persistence tirne df the
molecule by protecting it from metabolism in the Bver and can also crosshnk other cells via
its interaction with the Fc receptor, thereby giving rise to toxic side effects due to systemic
triggering of immune effector cells, "fhus, certain antibody related therapeutic molecuies lack
the Fe 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 Fe, (Fab")2, Fab, scFv, dlabody)

with heterodimerizing motifs in order to efficiently create multispecific antibodies:



10

15

20

25

30

- 46 -

The methods of the invention are particularly useful in detenmmng the’
integrity of an antibody and in particular & therapeunc antibody. The an‘abody is separated
and analyzed gsmg the RP-HPLC/MS methods described herein in order to determine the
presence of antibody degradation products. The methods described herein allow those eidlied
in the art to assess the presence of dimers, antibody cleayage prodgcts, deamitiatipm presence
of oxidation or formation of N-terminal pyroglutamic eeid or scrambling of disulfide bonds
of the antibody. These characteristics are all degradations that occur in an antibody and
diminish the structural Integrity of the antibody.

~The methods demonsu'ated in the examples herein below show the unproved

chmmatogmphlc separatmn and accurate molecular weight measurements of- phazmaceutxcai

antibodies and their degradation products, The method utilizes a high resolution high
precision mass. spectrometer capable of measuring mass difference between two variants of .
an antibody that differ by one amino acid residue (e.g., gfyeine 57 Da) or one suga:"moiety o
(e.g., galactose 162 Da). The mass resolution of the spectrometer should be at least 3000 for -

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

as:
Resohmon MW/AMW = 150kDa/57Da = 3000

"In certain embodlments the methods of the present invention are able i) deteet
the change in mass ofan anubody or protein of greater than 100kDa before and after ‘
oxidation, i.c., a mass difference of 16 Da. This produces 2 mass resolution of 10,000 for a-
typ:eal antibody. The methods of the invention are further ilinstrated in the examples below.

EXAMPLES _ i

The follewmg examples are included to demonstrate some embod:ments of the
invention. It shouid be appreciated by those of skill in the art that the techmques dlsclosed in
the examples which follow represent techmques discovered by the inventors to funetzeu well
in the practice of the invention, and thus can be considered to constitute preferred modes for
its practice. However, those of skill in the art should, in light of the present disclosure, .
appreciate that many changes czn be made in the speexﬁc embedlments which are dlsclosed
and still obtain a like or simiiar result without departing from the Spmt and scope of the
invention. |

U.S. Provisional Application No. 60/621,295 (incorporated hereinby - - -

reference) provides a disclosure of refolding of an 12G2 molecule in the presence of
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reduction/oxidation agents, and optionally, chaotropic agents. The biological activity of such
a refolded 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 procuce refolding of the protem According to the aforementioned
application, using the refolded 12G2, it will be possible to deliver a Jarger eﬁ“ecnvs dose of
the IgG2, whjlst using less amount of protcm. Such a reduction i in.the overaﬂ 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 dehvemd e.g., by Intravenous or subcutaneons

m_] ectxon _

The follov.'mg Examples provide exemplary embod:ments for achieving

advantapeous refolding of recombinant IgG moiecules

"EXAMPLE i

DISCIISSIOB of Refoldmg of Proteins

quoidmg af, prorems produced in E, coIz Advances in refolding of protems
produced in £, coli were rec:emly reviewed by Rudolph and coworkers (Lilie et al., 1998;

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

compilcated mechanism in the machinery of tha protein production and “the specific
conditions regarding buffer composition, protein concentration, temperamre and 50 on, has
to be optimized for every protein.” The incotrect disulfide bonds is one of the problems,

One mean "to enhance comectior of i incorrect disulfide bonds i in the periplasm of E. coliis to -
over express the endogencus 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 (Glackshuber et al. Vcrbessercung der ausbente bei der sekretion

von disulfidverbruchten proteinsn. {Patent No. 0510658 BI], 1992; Wunderlich et al., .I Biol.
Chem. 268 24547-24550, 1993). Several other patents related to protein refo]dmg are sited
in (Lilie et al., Curr. Opin. Biotech,, 9: 497-501, 1998), Tt was a.lse shown that prosaquence
facilitates folding of several proteins mcludmg buman nerve growth factor (Rattenholl et al.,
Eur. J. Biochem., 268:3296-3303, 2001) from Escherichia coli inclusion bodies.

Folding intermediates of murine monocional IgG ant:badaes The folding:
pathways of 2 murine antibody of subclass k/IgGI were investigated in (Lilie et al,, , 4. Mol
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Bm} 248: 190—201 1995b) mc]ndmg domain folding, association through disulfide bonding
and proly] czs/trans 1somerization. The study identified that.in Fab renam:ratmn, the folding
reaction aﬁar 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. Prol359 within the Fd |
fragment may be responsible for the observed slow folding phase and may require the
quaternary but.not the tertiary structure to facilitate the isomerization (Lilic et al., J. Mol. -

Biok, 248: 190-«201 1995b). For the same Fab antibody fragment, domain-domain

interactions were found to be a rate~iumtmg step of folding, thus accumulating folding -
mtenned;ates at a late step of folding (Lilie et al,, Protein Sci., 4:917-924, 1995a). Earlier,

-Llhc et al (Likie et al., Protein Sc1 2 1490—1496 1993) show that several members of prolyl -

isomerases (PPIS) accelcrated the. in-vitro refoldmg process of an anhbody Fab fragment and
increased the yield of correctly folded mojecules. They acted as catalysts of protein folding

by accelerating the time-limited isomerization of Xaa-Pro peptlde bond (Lilicet al,, Pmtcxn

Sei., 2:1490-1496, 1993).

An alxematzveiy Jolded state af murine monoclonal IgG antzbod;es An
a]tematwely fo]ded state that is different from the native states have been described for

_ monoclonai 1gG antibodies with intact dlsulﬁde bonds (Buchner et al, B;oche:m;stry, '
30: 6922-6929 1991 Welﬁe et al., Biochim, Bmphys Acta, 1431 120-131 1699}, 'I‘hls

conformatmnal state is reportedly formed upon mcubatmn of e.:ther the pative or the
denatured IgG molecule at acidic pH (<3). This A- state is characterized by ahigh degree of
secondary structure, increased hydrophob:cx!y, increased stability against denaturant and
thenml unfolding and existence of tertiary structure (Buchner et al Bmchem:stry, 30:6922-
6529, 1991) It was found (Buchner ¢t 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, stabke, but non-native structure at low PH. Tt is interesting that apparent stability

- of the alternanvely folded state of the reduced Ii ght chain is higher than that of the oxidized
' hght cham suggestmg that the mtradomain disnifides, which are crmcal for the stab:hly of

the native state, destabilize the alternatively folded state (Buchner stal,l. Bmi Chem.,
318:820-836, 2002) Interactions between the light and heavy chams stabilized by the '
interchain disulfide within the Fab fragment, were found essentia] for formanon of the
altemnetively 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 cﬁn_fonnational changes and the formation of
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new structure and suggested, that desorpotion from affinity columns skould be performed at
PH 3.5 or above (Welfi€ et al,, Biochim. Biophys. Actz, 1431'1201-131 1999).

Refaldmg af zmmuuoglobulm falded pratems usmg GndHCI and L-
arginine, Inﬂuencc of additives, such as GaFCl, glutaﬂuone L-arginine, on refolding -

: nmuunog]obulm—folded pmtems was discusses in (Umetsu et al,, J Biol. Cham. 278:8979-

8987 2003). Spontaneous foldmg at the 1m GndHC! resulted in a stracture in which a
correct d1su1ﬁde bonding was achxeved howaver the addition of L-argmme resulted in the
formation of @ parnally folded mtermedxate thhout dxsulﬁde lmkages (Umctsu et al, I. Biol,
Chem., 278:8979-8987, 2003). h :

EXAMPLE 2.
Recaomhon of Structural Heterogenelty in human munoc!onal Ing ant:bodlm

- wX-ray crystallography plCtll!‘BS of huma:u 1gGl antxbud:es have been published .
in several reports (Saphire et al., Scierice, 293: 1155-1159, 2001; Saphire ¢t al,, . Mol Biol,, -
319:9-18, 2002} For example, Saphire et al., (3001), showed an X-ray crystallography trace
of human IgGI b12 antibody. However, to date there has been no resolution of the X-ray .
c-:ysta.l structures of 1gG2 antibody. The present invention shows that human 1g(G2 antibodies

posses structural heterogenenty, and such heterogenmty may 'be responsible for the difficulties

in producmg an X-ray crystallegraphc data for IgGZ

"Data from reversed-phase (RP) HPLC/MS and cation-exchange (CEX) HPLC
methods experiments showed tha; 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 IgG] and IgGZ modalities. The amino acid sequences have 95% homology
between these two molecnles but RP chromatogram again are different and contain multiple
peaks for Ing and a single peak for IgG1. CEX chromnatography of IG2 shows similar
profile of peaks as compared to RP chromatograph (Figure 2). Afier the collected CEX
fractions were re-injected an the RP column, they co-eluted with the RP peaks of the whole

IgG2 sample (Figure 2).
A high resolution Micromass/Waters Q»TOF mass spectrometer was used to

obtain mass spectra of the peaks separated by RP HPLC; Figure 3A shows RP chromatogram N
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 curfent ag
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. 'ccmparcd to other peaks. Figure 3B indicates that 12G2 ions elutmg n peaks 1 contam

maximmum of 53 protons on the surface of the § ion giving the fon 53 positive charges IgGZ

Ky moiecular ions of peak 1 accommodate approximately 6 pmtons less than the other IpG2-
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molecules eluting as peaks 2, 3, and 4, which indicates that peak 1 contain 18G2 molecules,

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

fewer-charges-on-the-surface ions of peak 1 also produce smaller TIC signal (Figare 34).
On the other hand deconvoluted elecimspray ionization mass spectra reveal that all IgG2

' 1soforms scparated by RP HPLC have the same molecular weight (MW) values within'the

mass precision of the instrument of &2 Da. This ﬁndmg eliminates possibility of most of the
reported structural modifications of IgG antibodies. After reduction and alkyiaﬁan, the RP
chromatogmphy for both 1gG1 and IgG2 antibodies pmduce narrow peaks for. light and heavy
chains without heterogcnezty The fact that reduction ehmmates the heterogenelty indicates
that'it is dxsnlﬁde-connacnvzty related,

“The IgG1 and Ing mbclasscs of antxborhcs are different by the structure of ‘
hinge region, which includes two mterchmn dlsulﬁde bonds i in 1gG1 and four in IgG2 (Flgure
4 and 43). 'I‘he above studies strong}y suggest that nm]nplc I gG2 isoforms are populated by
molecules wn.h different dlsu.lﬁde bond connccnv:.ty in the hmge region,

Analyzmg the above-described results, thc mventars concinded that IgG2
mol ccules have several structural variants, wh1ch dxffer by disulfide cannect:wty in the hinge
regmn Fi gure 4, adopted from Kuby Chapter 4 lmmunogiobulms Strixctare and Function,
2002, shows all four subclasses of IgG antibodies i in their conventmnal textbook
configuration. In reality, a study by Aalberse and Schuurman (Aalberse et al Immtmoiogy,

105:9-19, 2002) identified that in the preferred IgG4 configuration, CHI regions interact with

CH2 domains of this antibody (Figure 5). Fxgure 4 shows that IgG4 structures are very
similar including the four disulfide links in the hinge region. There are differences in amino
acid sequence of the hinge, so the configurations cf IgG2 and IgG4 are not expected to be
same, but may have similarities and, poss1bly, evcn fold as 1gG4 antlbody in Figure 5.

Ancther study by Ph;]i:ps et al. (Phillips et a1, Mol. Immun 31:1201-121¢0,
1994), using electron microscopy and sedimentation analysis showed the distnbutmn of

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

| observed "a distribetion of complexes which was nonccab}y different from the other ‘

subclasses. Some circular dimmers, some lincar dimmers and 2 large amount of monomer

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

_ complex seen with the analytical ultracentrifuge " The sedxmentatmn data (Fagure. &) shcw :
. 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 scartering.analysis of the subclasses of Human IeG.
According to the authors, "IgG1 is supgested to have a hinge length of 0-15 A and non-
coplanar Fab amms; IgG2 to be effectively hingeless with folded-back Fab amms." The two
sited above reports (Gregory et al., Mol. Immun,, 24:821-829, 1987; Phillps et a., Mol.

JImmun,, 31:1201- 1210, 1994), suggest that [gG2 may have scverai confonnntxonai stafes,

including the configuration with foideé«back Fab arms; Figure 7 containg several structures. -

.0f 1gG2 antibody proposed by authors-of - the-current-report.--Figure 7 also contains; the only

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

EXAMPLE 3,
Refoldmg of IgG2 Antibodies in the Presence of Redox Reagents Reduces Structural
Heterogeneity.of I2G2 and increases its Activity

The above-described studies léd to the idea of refolding the igG2 antibody in

. order to verify its activity. The refo]dmg was done by incubating the anbbody in d cysteire-

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

Apreferred redox coupling syste:m employed herein is the cysteine/cystine as
reduct:onfox:datson coupling reagents. The' startmg material was a purified preparation of
1gG2 antibody. Buffers were 0.1 M citrate or 0.2 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. Inpreferred examples the
protem was vaned from 2.5 mg/mL to 3 mg/mL.

_ 'I'he redox coupling system of L—cystcme (varymg ﬁ:om 0to 50 mM) was
utilized and thc procedure was assessed in the presence or absence of equal amounts of -
cystine and in the prcsence and absence of ImM EDTA. Incubation ternperature was
essessed at 4°C, 15°C, and 22°C for G, 18, and 48 hours. Treated preparations of |

recombinant protein were characterized by RP-I-IPLC as described in the Examplcs above

. and in the Figure jegends of Figures 1 to 15 in DIHO]’I etal, U.S. Provxs:ona] Apphcanon

60/621,295 and PCT/US05/001840.
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‘ -1t 15 determined that refolding readily occurs whcn the redox system contains
from about . 1 mM to about 10 mM cysteine and from about 0.1 mM to about 10 mM .

cystine. The cysieine/cystine may but need not be present ina 1:1 concentration ratio.

“In addition, the protocol included 0.9 M GndHCi in the buffer to slightly
unfald (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 pealgs 1 and 3 of the RP chmmatograph
eiution pmﬁlez ’ .

Yet another redox coupimg system that may be used is one in which reduced
glutaﬂnone and glutathzone (GSH/GSSG ata ratm of 10: 1} is added at varying concentraﬁons
of from 0.1 to 5 mM GSH. The effect of pH and tcmperature of mcubahon in the prasence of
thls redox couplmg agent may be assessed pH may be varied from PH 5 to pH 5. Incubahcm
temperature may be varied at 4°C, 22°C or31°C. In other embodlments the tempe:rature at.
which the IgG2 was incubated in the GSF/ GSSG redox coupling system was varied,” The
refoldmg is more efficient at 4°C 4°C than at toom tempcramre (Flgure 52)

The bxoiogzcal acthty of the Ing refolded inthe presence of 0.89M
guanidine hydrochloride, is six time higher than the IpG2 refolded without guanidine
hydrochloride and was three to four times higher than 3G2 bulk antibody that has bées;
prepared without the nse of redox agents to produce refolding of the protcih. {Figurs 47).

" The refolding methods can be performed on grams and kilograms of CHO-
produced 1gG2 bulk material to significantly increase concentration of the active [gG2 form

per gram of the material and reduce the protein concentrations of formulation solution. - The

granidine hydrochlonde processmg of the protem thus produced will further i mcrease the
vield of biologically active protein, The RP-HPLC/MS studies described herein show that all
IgGZ antibodies contain muitiple forms and can be modified according to the proposed
refolding technique. :

- Using the refoided 1gG2, it will be possible to delivery a larger effective dose

“of the 1gG2, whilst using less amount of protein. Such a reduction in the overall amount of

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

" bécause 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 gG2, which are in many cases a preferred modality of

antibody pharmaceuticals as compared'to IgG1 because there is more of a risk associated

. with elevated complement-binding acﬁvity of IgGl as compared to IsG2.

-While the exemplary protocols using the redox agcnts discussed above treat a
purificd preparation of recombinantly produced IgG2, it is contmnplated that the 1gG2 may
be produced in the presence of such redox coupling systems, wherein the reagents ars atdded
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 duected 1o an examination of heterogeneity of IgG2, it is contempiated that the

raethods may readily be adapted and used for any mcombmant protein that undergues post- . .

transiahonal refolding and exhibits ‘heterogeneity due to presence of dxsu.lﬁde bond that are
amenab}e ) scramB’Img, ‘The methods’ descnbed hmm ma)r be espcmally useful for the
preductmn of other IgGs such as for example, IgG3 and IgG4 antibodies which may exhibit
heterogeneity. . '

EXAMPLE 4,
Further Studies on the Discovery and Charactenza:on of Confonnatwnal Isoforms of
Human Monoclonal IgG2 Antibodies

- Human therapentic proteins produced in microbial-cells often misfold and- -
accumulate as insoluble inclusion bodies. The protein must be subsequcnﬂy refolded usmg
chaotropic agents under reduction/oxidation conditions in order to gain biological activity.
Unt:l recently, mammalian cell production of humnan therapeutic proteins had been thought to

_yxe]d product having the correct fold and post-translational modifications. In the present

Example there are identified four structura) variants for an anti IL-1R IgG2 antibody and
several other IgG2 ant:boches These newly characterized structural vmanzs are umique to the |
122 subclass (in both recombmant and naturally occurring IgG2's) wh]ch have not been -
seen in IgG1s or IgG4s. Based on these ﬁndmgs, itis proposed that the IgG2 subclass of
human immunoglobulins may be further divided jnto sub-subclasses to represent the

conformational varants.
Materials and WMethods

The following materials and methods are exemplary methods used in the
instant Example. Similar such methods were vsed in the other examples as spcciﬂcéﬂjr
indicated in those examples. It should be understood that these exemplary methdds maybe
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readily modified for use in analysis of other IeG moieties in the context of the present

) invention.

"An anti IL~IR IgG2 antibody and other human monoclonal IgG antibodies’
used in this study were recombinantly expressed and purified using standard manufacturing
procedure. 1gG2 kappa human myeloma from plasma was purchased from Sigma, # 15404,

Refolding Procedure: In another specific example ofa refo]dmg procedure
used in the present invention, hursan monoclonal anti IL-1R IgG2 antibody was incubated at
either 3 mg/mL ot 10 mg/mL intwo buffers 13 200 mM Tris buffer at pH 8.0 (native refold);
2) 200 mM Tiis buﬁ‘er at pH 8.0 with 0.9M GuHCI (GuHCl refold). A combmanon of
cysteine: cysnne were added at the molar ratic of 6 mM:1 mM (3 mg/mL) and 10 mM: 1 mM

(10 mg/ml.) r:spectwely The precise concentration of cystine was not determined due to- 1ts"

poor solubxhty of the cystine, however, the cystme was provxded 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 ofarginine and urea as a chaotropic agent, different ratios of

cystene: cystine and using cystamine in place of cystive, a range of GuHC] concentration for
0-2:M, and multiple temperanures during the redox process.

CEX analysis of intact antibody: The proteins were injected onto a Dionex

» WCX10 weak cation exchangé column operated at 0.80 ml/min fiow rate and 25°C. A -

gradient elution Wwas used by increasing concentration of solvent B-and, correspondently, -
dec;easing A in the mobile phase. Solvent A-was 20 mM sodinm acetate at pH- 5.0, solvent B

" included 20 mM sodinm acetate, 0.5 M NaClat pH 5.0.

Reversed-phase LC/MS analysis of intact antibody and arznbady ﬁagmem.s‘
The proteins were injected onto a Zorbax BOOSB C8 colump operated at 75°C, The
optimized method used a mobile phase conmstmg of 2 mixture of i isopropy] alcohol and _
acetonitrile with 0.1% TFA. An Agxle:nt 1100 Capillary HPLC system was connected on-line
to a Waters Q-Tof Micro mass ‘'spectrometer equipped with an electrospray jonization (ESD
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 i wstrument was tuned and calibrated using multiply charged

- lons of bovine trypsinogen, MW23981.0, S1g1na T1143, »The deconvoiution of ESI mass

specira was performed using a MaxEntl algorithm of in MassLynx soﬁware‘-fmm.Wa'te-;s.
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Limited proteolysis using pepsin: Pepsin digestion of human I2G2 was

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

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

several other IgG2 antibodies were subjected to Jimited proteolysis using pepsin was
performed for 1 hour at pH 2.51n 100 mM ammomum aceiate buﬁ‘er pH 2.5 at Toom -
temperature with a smg]e addition of pepsin. The digestion was performed mthou.t
denaturation with enzyme to protein ratio (w:w) of 1:50, '

. Reduction, oxidation, and n}pﬁc digestion: Reduction and alkylation was -
performed vsing IgG under denaturing conditions to produce the free Beavy_and light chains-
for ﬁn’ther analytical characterization. Antibody was diluted to 2 ing/mL with 7.5 M -
gnamdme hydrochlonde (Ma!}mckmdt, #7716), 0.1 M Tris-HCl (Fiuka), ImM-

cthy!cnedxammetetraaceuc acid (EDTA Sigma # 6281- 92-6) pH 7.5 to a volume of 0 5 mL.
A S—pL ahquot of a2 0.5M dithiothreitol {DTT, from S:gma D554S) 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 3 13-pL aliquot of &
0.5M iodoacetamide (IAM, Sigma # 11 149} stock solution was added to reach 13 mM 1AM,

. The alkylation was perforrned at room tempera‘mre for 40 minutes while being protected from

light. The 0. 5 ml volume of the reduced and alkyiatcd Tmaterial was exchanged witha I mL
of 10 mM sodmm acetate (JT BAKER, Phﬂhpsburg NI # 9526—03) pH 50 to a final - -
conceniration of 1 mg/mL of protein. Buffer exchange was pm'fcrmed nsmg a NAP-5 gel
filtration coiumn packed with Sephadcx G-26 medinm (Pharmama Biotech), The dlgestmn
with seque;ncm g grade trypsic was performed using the reduced and alkylated IgG from the
previous paragraph. Lyophilizeé trypsin (Worthington # 3744) was suspended in water to &
fina} 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, Amn Review Biochem., v.

37, p. 695-726), correspondently. Tryptic digestion was perfomed overnight (15 hours) at

37 °C using an enzyme: protein ratio of 1:50. The dlgest was quenched with the addition of a _
small aliquot 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. Smalier amounts of antzbody were reduced, alkylated and digested using

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

 flow cell and temperature controlled coiumn-cqmparbnent. A Polaris Ether column, 250x 2
: rhm, packed with 3 um particle size, 300 A pore size C18 resin (Varian, Torrance, CA, USA)

was use for the peptide map separation. T}ié solvents were: A =0.1% TFA wifluoroacetic
acid in water, and B = 90:9,015:0.085 of ACN: water: TFA. The procedure was as foliows,

* Tryptic 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 specirometry: A Thermo Finnigan Ion Trap mass spectrometer

LCQ DECA was used on-hne with the HPLC system to identify the digestion. products

Masses of peptides and their fragments were obtained using 2 triple play method including

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

aﬁnosphere—wacuum interface. Instrument was tuned using the doubly charged jons ofa

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

software and a Mass Analyzf:r software were used for peptide identification,

, : Bz’ndz‘ng assay: Biotin-coated fluorescent microspheres (Beadlyte beads
(Upstate Bioiéchnology Inc.)) were coated with an avidin-I1-1R fusion protein. The beads
were washed to remove unbound protein and aiiquoted to 96-well filter-bottom plates
(Millipore Corp). Titered amounts of the test antibodies {diluted from 1 nM 1o 61 M) were
then added to the beads, Antibody bxndmg to the bead-captured avidin-IL- 1RI fusion protein
was detected usmg pPhycoerythnn—conjugated goat anti-human (Fab")2 (Southem
Biotechnology). The binding reactions were anatyzed using a Luminex 100 instrument
(Luminex Corp.). The amount of antibody binding to the bead-bound protein was
prﬁportional to the mean fluorescence intensity (MFT) measured by the instrument, '.I'he
bindiﬁg curves and associated EC50 values (the concentration of antibody which generated a

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

Biological activity (Chondrocyte assay): The anti IL-1R IgG2 antibody,
Refoldl- forml 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



10

15

20

25

30

-57-

human chondrocytes at a density of.10 000 celis/well in 2 100 ul volume. The final antibody
concentration ranged from 10 nM to 0.0064 pM. After a 30 mm mcubahon, 50 wlof -

. recombinant human I1-1 beta was added to a final concentration of 10 pM. After mcubanon

overnight, the antibody activities were analyzed using IL-6 and MMP-13 ELISAs. The
infubition of JL-6 or MMP-13 production was calculated as a percentage of maximum I~1
beta activity.’ The inhibition response curve for each test antibody was. estabhshed and the
corresponding IC50 values (the concentration of antibody which reduces the signal by 50%)
were derived using GraphPad PRISMa software.

Biological acthzy (Antibody-mediated Iysz.y) For the anﬁbody—medxated cell
lysis assay, amibody was added to whole blood (1 mg/ml), mcubated for 48 hours (37°C,
5%C0O2), process for fluorescence activated cell somng {FACS) analyszs {label T/B cells and .

lyse red blood cells), and then zmalyzed. The depletion of B/T cells was monitored by flow
Cytometry, o
Reé*:.ults .

) Both cation cxchange {CE3D) and reverscd—phase (RP) chromatography of thc -
IgG:’. annbody against LL-IR revealed the structural heterogenmty of IgG2 (Figures 1 and

2A) even t‘nou gh the two techmques asscssed antlbody stmctu:e under very different :
condmnns The antibody was in the native conformahona] state (feannmg the ant:-para!]al

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

salt concentration. On the othar hand, the’ antﬂaody was in 2 molten globuiar 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 ravcrsed~phase colurmm
with high percentage of 1so~pr0panol in agueous 0.1% TFA (pH2) at 75°C, F ar-UV circular
dichroism data indicate that the native globulin beta-sheets were converted to helical and
random-coi] molien structures under these RP chromatography conditions. The fact that
both the native and molten sh'ncﬁlms 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 colamn

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

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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‘fn_rther evidence that RP chromatography itself is not a source of the peak splitling, but rather

another useful analytical tool for detecting the covaient va.riants.

* The human IgG2 anti IL-1R tnonocional antibody was cloned and expressed
as dn IgGI ‘The IgG1 subtype contained greater than 96% sequence homology with the IgG2.

~ The human IgG] anti TL-1R mAb was analyzed by CEX and RP HPLC usmg identical
" methods as previously described, The CEX and RP analysis of the IgG1 pmduced

chromatograms which displayed a single bomogenous peak. The IgG1 antibody elute -
approximately at the same time as form 3 (RP peak 3) of the 1gG2 antibody (Figure 1),

' The ESI orthogonal-TOF mass spectrometer described in thf: Expenmcntal
sechon was connected on-line with the RP HPLC systsm to identify that the fonr isoforms of

| Ig(32 have ldentxcal molecular weight values within the measmement error of the i instrivment

of £2 Da(Flgure 45). This eliminated glycosylation differences, lysme variants, and other
chemical degradation modiﬁcations associated with a large mass change as the source of

-heterogeneity.. Although deconvoluted ESI mass spectxa of isoferms- revealed identical

" molecular weight values, the isoforms carried different number of positive chargcs (protons)

on thBlI‘ surfaces, RP chromatography of the intact antibody with UV detection st 215'nm
and total ion current (TIC) detection was perfonned (Figure 3A). ESI mass specira

" containing mulhply charged ions of the intact annbodxes for the four separated isoforms were

also obtained. These data showed that the later eluting forms carry a2 larger number of.-
positive charges (Figure 3B). These is an indication that these variants have larger surface
area and poss:bly better proton accessibility to the basic amino acid residues (Chawdhury and
C'halt 1991 Anal.Chem., v. 63, - 1660-1664; Dobo and Kaltashuv 2007, Anal.Chem,, v. 73,
p. 4763-4773; , Fenn, 1993, 1. Am.Soc.Mass Spactrom v. 4, p. 524-535), 'When these forms -
clute from the RP column, form 3 possesses a larger surface area Wlth a larger pumber of
charges, while form 1 has smaller surface area and more “foldéd” 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 fomi 3 also produced a higher total ion current {TIC}, but
lower UV absorbance as compared to Form L. It means that a larger number of charges was
carried on the form 3 species as compared 1o 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 showd not shi ft the envelope of the

m/z peaks. A control experiment using 2 (structurally homogeneous) IgG1 antibody was
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carried out to further venfy that the difference in charge state is not induced by the minor

difference in percentage of organic solvent in eluting mobile phase

_ Afier reduction and alkylation, the heterogeneity disappeared and the RP
chromatograms of the IgG2 antibody with reduced disulfide bonds featured only a single
narrow peak for the light chain and a single narrow peak for the heavy chain (Figure 46).
These ﬁndings again show thét 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‘ny 2 Da, which was within the error
margin of mass measurements fﬁr the intact antibody of MW 150 kDa. The structural.
variants related to disulfide bonds possess different c‘ovaient structures that conlrd be - _
scparatcd by both CEX under the native condition and by RP chromatography under the
dena.turmg condlttons o

_ - Reversed-phase chromatograms of éevem] IgG2 and IpG1 antibodies used in
-this study were compared. While all IgG1 antibodies eluted as a single peaks, all IgG2
antibodies, including myeloma IgG2: antzbody from human plasma serum, were separated on
multiple variants under the same chromato graphic conditions (Figure 44). This result.-
suggests that heterogeneity is a feature of entire IgG2 subclass of the immunoglobulin - .
gamma molecules, incl&ding 15G2 molecules from human scrum.

" InIgG2 heavy chains, the CHI peptide FLAPCSR was xdentxﬁcd as a pait of
light-heavy interchain bond residues 127-133 (EU), and residue C13".l from this peptide was
connected to light chain.. A similar peptide PLAPSIS! SL occupies a position from residue
127 to 133 (EU) in the human IgG! heavy cham

~ Although the crysta} structures of IgG2 antibodies have not bcen pubhshed,
the close resemblance betwesn pnmary sequeuce:s of IgGl and IgG2 antibodies suggested
that pcsmon of 5131 in IgG1 heavy chain can be used to approximate position of C131 of
IgG2 heavy chain with respect to cysteine residues 214 of light chain and 226 and 229 (hinge
region) of the heavy chain. Ina Eagrﬁem of crystal structure of human Igé‘l antibody near
the hinge, downloaded from the RCSB Protein Data Bank under accession number 1HZN

' (Saj:hire etal., 2002, I.Mol.Biol,, v. 319, p. 9-18), the position of serine $131 was used as

approximate location of cysteine C131 in human IgG2 (Figure 49). The crystal structure
does show that three residues, LC C214, HC $131, HC C226, are in close proximity with
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respect to each other (within 6A), This proximity may allow them to. crosshink generatmg
several covalent structural variants with different disulfide bond structure in the hm.ge area.

. The inventors have generated significant data to show that the different
structural forms can be enriched by treating the IsG2 solution with redox agents

 (cysteine/cystine) in the presence and absence of a chaotropic agent (GuHCI), The wcrklng

hypothesis was that the. chaotropic agent in a reiatively small amount may slightly permrb 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 mixhire of

cysteine and cystine according to the protocol described in the experimental sectmn The

-amount of added GuHC was varied from 0 M to 1.4 M. The-output of the refolding was o

monitored by the reversed-phase chromatogmphy (F:gure 50), which showed that foom 1 and . -
form 3 were preferenﬁally populatcd within 48 hours, Using reversed-phase chromatography
compmsons of the ori gmal (unireated) humamzed IgGZ anﬁbody produced in marmmalian

o CHO) cells, the antibody refolded without apy GuHCl and the antlbodv refolded with 1.0 M

GuHC‘I it was-seen that form 1 was better populated i in the absence of GUHCI The addition
of the chaotropic agent facilitated population.of form 3. The enrichraent of form 3 was
fasfest in the‘presénce of 1.0 M GuHCl. Similar results were seeﬁ upon raféiding the other
1gG2 antibodies. The effect of using A.rgmme HClasa denaturant was also assessed and is
shown in Flgure (F:gure 51). The arg:mne~HCI was 1deuuﬁed asa weaker chaotroplc agent
as compared to GuHCL ‘ ' '

_ Although receptor binding and bndgmg assays showed no significant
d1ﬂerences between the untreated and refolded matenals the cell based bioassays indicated
that the isoforms displayed different biological actmty. The bioassays were repeated over
several days monitoring both IL-6 and M-IB levels with consistent results (Figute 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 ﬁum form 1. Aocofding to the reversed-phase
chromatograms, although the refolding without GuHC} sxgmﬁcantly enriched form 1 a small

population of forms 2 and 3 remamr:d in the sample

The refolded material was also tested for differences in physxcal properiies
using DSC, CD, and fluorescence. The most dramatic d]fference between the forms was seen
by DSC, where form—B had only one major Tm at higher temperatures as compared 1o the

control and form-1.
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_ EXAMPLE 4. _
Demeonstration that an IgG1 immunoreactive to T1-15 contains free cysteine residues in

the beavy chain that is partially cysteinylated

This exampie is directed to characterization of a human menoclonal 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 antif)ody and after
limited proteolysis with Lys-C protease. This IgG2 has a fres 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 seen that -
the C-terminal lysine variance caused by partial cleavage of the tezmmal iysme residue. Thig
type of variance is typacal in hy’ondoma-produced IgG molecules. ‘Approximately 70% of the -
Ig(G1 sample had no lysine on either of the heavy chains, 20 % had 2 lysine ¢ on’ one of the
heavy chains and 10% had lysine on both the heavy chains. S:gmﬁcant ox1dataon
(approximately 10 %) was also detected in the FAB region possibly at one of the meﬁnonme
res:dues in the CDR region. No significant amounts of covalent dimers weie detected evenin -
samples that were stressed. The C104 residue was not readily labeled with JAA mdxcatmg

 that the fre:e cysteine 104 was not readily accessible.

The IgG1 antibody investigated has a free cysteine in pasition 104 of the
CDR3 beavy cham This free cysteine can be 2 source of covalent dimerization and lead to
stability issues during formulation or storage: The goal of the present example was to
establish the redox statug and evaluate accessibility of the free cysteine 1o an alkylating agent
such as 1A A, identify possible covalent dimers in heat stressed samples and characterize
known posttransiational modifications such as ysine vanance, glycoform vanance (G0, G1,

(32} and other possible modifications.
Reversed phase LC-MS analysis of intact IgGI

The RP chromatogram of the IgG} is shown in Figure 9 was similar to that of
other IgG1 molecules. The major peak (peaf: 3} is comprised of the IgG molecule. Thereisa
peak splitting on the top of peak 3, which may be due to the heterogeneity uncovered in thxs
study. Two other minor peaks {peaks 1 and 2) can also be observed in the chromatogram.

Using accurate mass measurements we have identified these peaks as the i ght chain
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fragment, El (G93/5%4, and a cysteinylated form of the fight chain, respectweiy Smal}

amounts of free i ght chain have been observed 1n 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 cham. 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 molecu]cs
The levels of light chain contaminants in thzs anhbody sample can be readily mnmtored by.
the described RP LC/MS method. Cystsmylatzon is found in physiological protems which,
contain free cysteine, In recombinant annhodxes it is introduced during the production stags-

, possabie due to the addition of cysteine, togeﬁxe:r with severai other amino acids to feed the
- CHO cells. Varying degree of cysteinylation in the free light cham in different recombinant
_ antibodies indicates that certain production parameters influence thc degree of cysteinylation.

This o‘nscrvanon might be of note-in understanding cystemylanon 0of C104 in the heavy chain
of the IgGI

F:gme 10 shows the deconvoluted mass spectrum of the mam peak. Typically
in IQGI molecules several galactose van'a;nts'(GO G1 and G2) are observed which are caused
by the loss'of 1 or both galactose residues from the biantennary sugar. These vanants can be
identified by a characteristic mass difference of 162 Da corresponding to the moiecular _
weight of galactose, It can be seen from Figure 10 that this typ:cal patiern was not observed )
m the IgGl of the present cxample. Instead, several peaks conld 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 Iysme variants, cystemylauun and

* oxidation.

Reversed phase LC-MS analysis of IgG1 afier limited proteolysis with Lys-C

To further characterize the sample, limited proteolysis with Lys-C protease

was ﬁerformed. 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 Fe

fragments. Limited proteolysis enhances LC/MS analysis by isolating modifications from

different regions and improves resolution because of the smaller size of the frapments as
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compared to the intact 1gG. Areversed phaéc chromatogram of Lys-C-treated IgG1 of this
Example 15 shown in Figure 11, In a typical IgG1 sample, hva.;xiajorpéaits corresponding 1o
the Fab and Fc fragments are observed. However, several peaks were observed in the IeGl

of the present example, which are attributed to additional modifications seen in this sample.

The deconvoluted elecu-ospmy‘ioni;'ration (EST) mass spectra of peaks 1, 2, and 3 are shown’

in Figure 12, The mass of these peaks corresponds with that of Fc ﬁagment. :

. The mass difference between Fc molecules eIutmg n chromatogaphzc peaks
1,2 and 3 is approximately 128 Daltons, which corresponds well to the mass of Iysine (1282
Daltons). Thé lysine variance is commonly associated with IgG produced in hybridoma cell
lines.and associated with carboxype:ptxdasc B activity. 146B7 is also produced in hybridoma.
cell lines and hence peaks 1, 2 and 3 are due to lysine vanants. From the mass difference, it
can be confirmed that peak | 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-terrminal lysines. Apart from
-lysine vaxiance,;peaks that differ by 162 Daltons are also-seen-These peaks correspond to the
sugar heterogeneity in which one or both gajactdsc molecules at the end of the biantennary
sugar moiety are lost. Such heterogeneity is very typzcal of the Fe fragment of both IgG1 and
Ing mo}ecuies No other atypical sugar modifications such as loss of the bi-antennary sugar .

. mcnety 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 5has 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 IgG1 of this example has a free cysteine i in the CDR 3 of the
"heavy chain. This free cysteine is cystemylated probably dunng produchon 1t 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,
rcspeﬁtively. This mass difference corresponds to oxidation most likely of & methionine

residue. The sites of oxidation may be further identified using p,ebtide mapping experiments,
IAA labeling studies

1AA labeling was carried to probe the accessibility of residue C104 of the

heavy chain, No differences could be deteéted in the reversed-phase chromatograms of either
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‘intact or Lys-C digested sampies before and after TAA labeliﬁg The reversed phase

chromatograms of the IgG1, labeled and un!abelled, after limited proteolysm with Lys-C are
shown in Figure 14. '

“The IAA 1abeling should result in the addition of 58 Daltons. Thei inventors
have a}ready shown in earlier results that 60% of IgGl is cysteinylated and caly 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 samp}e is shown in
Figure 15, No shift in mass was observed afier labeling, indicating that the frce cysteine was
not accessible: for labeling,

.RP LCSs anaiysw of heat stressed IgGJ

Stressed sampies of the IgGl “were zncubated in ASS buffer for 1 month at
5°C The free cysteine at residue 104 can be involved i covalent dimerization throngh the
formauon of mtcrmolecular dmulfide bonds. Such dzmenzatlon can be enhanced durmg heat-
mduced stress. Heat stressed sz samples were anaiyzed for the possibla fomzatmn of covaient
dlmmers Fagure 16 shows reversed phase chromatograms of 146B7 after stress versus
contml Fxgure 173 isa schematic of chppmg :dentnﬁcd i the stressed sampie

Peaks 1 and 2 of the stressed sample are due to the light chain clip El-
G93/894 (10, 125 Da) and the dehydrated light chain chp at 10,107 Da Pe.ak 3 contams a
heavy chain N-termma! frapment (E1-G1 38/(3139) A shght ﬁ'ontmg can be seen in the main
pcak of 146B7 igG1 annbody stressed sample (peak 4). Peak 4 contains the “one armed -
antfbodf’ Fab~Fc {Figure 17) and a mmor clip of the heavy chain (E1-C22 1/D222). The

_"Iost arm” (Fab fragment, F:gure i7) co‘elutes thh the main peak (peak 5). The ESI mass

Spectrum of peak 5 shows a minor amount of thc Fab clip with a typical sequence ladder due

to muitzple cleavage sites in the hinge region (data are not shown). Peak 6 in Figure 16.

contains & covalent dimer of the antibody. Because of the very low signal 1 mtensnty we were.
unable to obtain 2 good deconvoluted spectrum, However, from the ESI IGass specirum, &
small amount of dimer envelope can be seen in both the stressed and control samples,
Because of incoﬁxplcte separation and low intensity we wers ﬁnablt; 1o pet 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 IgGl antibody stressed sample

are summarized in Table X and in the schematic of antibody clips shown in Flgure 17.
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Table X: Summazy of clips found in stressed samples .

" [ Peak - | Chain ‘Fragment Masg (Da)
1 LC E1-G93/S94 ‘ 10,1258
2 ALC E1-G93/594 (dchydratcd) 10,147
3 HC - | E1-(138/G139 15,122
4 HCLC Fab-Fc 101,000 -
4 HC E1-C221/D222 23,960
5 2HCLO) | IeG 148,016
15 HCLC E1-D222/K223 (HC)+LC 147148
6 : IgG dimer 296,600

" The heterogeneity found in the Fc and Fab frapments of this IgGI is mniguetp
this molecule. To confinm that the heterogeneity found o this IgG1 is not method mduced,
similar studxes were carried out on other EgGi molecules, Figure 18 shows RP
chromatograms of four different IgGs after limited proteolysis. The Fo fragmcnts are highly .

- homologous among the IgGs and clute at approximately 14 mmutw The Fab regions contain

the variable regions and elute at dlfferent times. It can be seen, from Figure 19 that the,

" “heterogenieity fouma in the Ftand Fab fegion of the IgG1 of this"Example is tnique 1o ﬁns
molecule 'I'he data also confirms that the modifications are inherent to the mo}ecule and not
indnced during the analytical process,

To summarize the results of this Example, it i is shown that cysteinylation of .

CIM isa major concern in the IgG1 of this example. C104 is present in the CDR3 region

and modifications on that residue could affect i gand bmdmg, The amount of cystcmyiaﬁon
on C104 could vary in different batches. ngmﬁcant batch-to-batch variations in the
cystemyia‘uon of light chain have been observed for several IgG molecules in formulation.
The methods described herein will allow for methods of refolding these antibodies in order to '
eliminate cysteinylation of free cystemes Such methods will lead to a mductlon of mructux"al
heterogeneity, and/or’ increased bmioglcal activity and/or improved stability and shelf life.
This will lead to a more uniform produet. Cystemyiabcm of the anfigen binding if
particularly 10 be examined and controiled where observed. |

A EXAMPLES. - _
Redox refoiding of 1gG1 CHO improves heterogeneity, removes cysteinylation and
increases cell based biological activity as monitored by reversed-phase LC/MS and

other technigues

As discussed herein thronghout, the prokar’ybtic recombinant prodiiction of
eukaryotic proteins is hindered by the fact that during such recombinant production the
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‘proteins often misfold and aceumulate as insoluble inclusion bodies.- These proteins need to

be refolded in the presence of chaotropic agents and reducing thiols in order to gain full
biclogical activity. Until recently, it has been assumed that eukaryotxc pmtems produced in
eukaryotic hosts (for example, buman or hunanized antibodies produced in CHO celis) are
folded uniformly and correctly. As discussed in the examples abovc several IgG2 antibodies
were refolded to eliminate structural heterogenmty of these mo]ecuies and such refolding led
10 szgmﬁcant merease in activity of the 1gG2. In this example, refoldmg of IgGl antxbody 15

further demonstrated. This IgG1 contains a un-paired cysteine in position 104, The process

of refoldmg was monitored and refolded species were characterized by a recently developed
revemed~phase LC/MS method for intact antibodies and their Fab and Fe ﬁ'agments obtained
after Iimited pmteolyszs with Lys-C proteass

Examp}e 4 provides detmled charactenzanon of the IgGI a.nt:body that is
refolded in the present Example. Tms antlbody has beﬁm charactenzed as having
appmx:mately 60% of the molecule modified by cystcmylanon The modification was -
determined, by hmlted proteolysis, to be m the ¥ab region of the antibody. It was also shown
that there were at least two Fab isoforms present in the intact antibody. The differences were

thought to be due to the additional cysteinylation and/or misfold(s) caused by the umque

. cystéine in posmon 104 of the heavy chain. In adcht\on, b1oactmty and bridging assays had

been nim nsmg the samematerial, which dasp}ayed uncharactenshc tesults. Thei mventom
suggest that cystemy]atxon in the Fab could be the cause of the unexpected properties. _The
present example provides further charactenzanon data from cxpcnmcnts using ox:dat:ve
refolding to ﬁxrtber ehucidate this effect and to assess whether such processmg will Jead to
lmpmvcmmts of the pharmaceutical propert:es of IgGl '

Refolding procedure ‘ . _
The 1eG1 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 GuHCI (GuHCl refold). A

combination of cysteine: cystine was added at the approximate molar ratio of 6muM: ImM,

. Tespectively. The samples were placed at 2-8°C for 48 hours. Aliguots were taken at 24 and

48 hours for analysis.
Analysis -

Before.and after refolding, the samnple was analyzed by the following

techniques: 1) cation exchange (CEX) chromatography; 2) reversed-phase LC/MS analysis of
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intact molecule; 3) imited proteolysis with Lys-C protease followed by reversed-phase
LC/MS analysis of generated Fab and Fe fragments; 4).peptide mapping of the 146B7 IgGl

_ antibody bulk and refold material; 5) biclogical activity; 6) size exclusion chromatography

(SEC}; 7) fluorescence and circular dichroism spectroscopy. These techniques are generally
discussed above in the some embodiments and 3peczﬁc parametcrs are prov;dad below. CEX
analysis of intact antibodies,

~ “The CEX anajysxs was perfonned using a sodivm phosphate and sodiun:
chlonde buﬁ'er atpH 7.2,

For the reversed—phase LC/MS analyms ofi mtact antibodies, the samples were

7 anai}acd usmg a Zotbax 300SB C8 1 x 50 mm revmed-phasa column packed with3 um

par’uc}cs and operated at 50 ml/nin flow rate and 75°C. The optimized method used amobﬂe
phase consisting of a mixture of isopropyl alcoho! and acetonitrile. An Apilent 1100 -
Capxllary HPLC system was connected on-line to a Mzcrmnass Q-TOF Micro mass

spectroreter-equipped with-an- electrospray ionization- (ESI) source. The ESI-Q-TOF mass

spectromneter 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 1000-6000, and mass resolution of 5000. The
instrument was tuned and calibrated using nivltiply charged ions of bovine trypsmogen,
MW23981.0, ‘Sigma T1143. The deconvohition of ESI rnass spectra was performed using a

‘MaxEntl algonthm in MassLynx Software.

The above~descnbvd condmons were aiso used for RP LC/MS ana]ysls of Fab
and Fc fragments ‘

The Ig(G1 was sﬁbjected to imited proteolysis using endoproteinase Lys-C

(Roche, Cat # 1 420 429) for 30 minutes in pH 7.5, 100 mM TRIS buffer at 37°C. The

digestion was performed without denaturation with enzyme to protein rau'o (w w) of 1:400.
Using these conditions, we were able to create Fab and Fe fragments without further chppmg.

Peptide mapping of the IpG] was perfonned using Glu-C prozease befere after
refolding. The chgestxozz with Glu-C protease was perfoxmad at pH S ammonium acetate
buffer without reduction and alkylation. AtpH 5, the Glu-C protease cleaves largely at the
C-terminus of every glutamic acid (E). The LC/MS/MS analysis was performed on an
Agzlent HP1100 connected on-line to 2 Thermo Finnigan LCQ iof trap mass Specn'ometer
equipped with an ESI source.



- | - .68-

“For biological activ:;ty determinations, cell based Ei'c.)}ogical activity assays
. were performed by mannonng IgG1 dose response w;th 200 pg/mL and 50 pg/mlL I1~15 and
by measuring biological potency.

' Separation using SEC chmmatography was performed on IgG1 CHO bulk,

5 GuiClrefold, and hybridoma material. 10ug of each of these compositions was injected (in .
separate runs) onto a Phenomenex TSK Gel super SW3000 column (4.6mm % 30cm 4
particle size). ‘The numing buffer was 100mM Na Phosphate 150mM NaCl, pH 6.9 and the . -
" flow rate 0.25m)/min. : '

) o For CD and Fh_mréscence spectroscopy, 1gG1 CHO bulk, GuH(l refold, and
~10  hybridoma samples were diluted to final coricentrations.of 0.5mg/mL in ASS buﬁ'er. CDh -
spectra were collected at 25 °C from 250-200 nm on an AVIV model 202-01circular
dichroism spectrophotometer using a path-length of 0. 2cm for all samples. Fluorescence
spectra were collected at 25 degrees C on anrAVIV ATF105 spectrofluorometer exciting at-.
-290nm and momtcrmg ermission: fmm-SOO tor 39013111

15 “ The above techmques were perfonned 2nd the follomng results and data are
‘ exemplary of thc results that were obtained through such experiments,

CEX of intact 146B7 oxldanvg refolded matenai

Figure 19 shows cation exchange chromatogram of IgG1 CHO bulk and
GuHCl refold. The chmmatograms mdlcate that the earher eluting (acidic) peak thsappears
20  after refoldmg

_ The reversed phase LC/MS analyses of intact Ig(31 vxada‘ave refolded material
is shown in the chromatogram in Fxgure 20, which shows 1gG1 CHO before and afier
oxidative refolding. The control sample dxsp]ayed two major peaks with a smalier post -peak
shoulder. The refoldcd materials eluted mostiy as a smgle species in Figure 20, which

25  aligned with the small post-peak seen in the control The IgG1 CHO samples refolded both
with and without GuHCl showed similar RP chromatographic profiles. Similarity of RP '
chromatographic profiles suggests that with 0M or 0.9M GuHC, refolded species have the
same structure and refolding rates are approximately the same, The éccmate mass
measurement of the species eluting as the RP chromatographic jaéak I from 10.010 10.5

30 m:in'utcs showed that these antibody molecules possessed MW values approximately 240 Da
higher as compared to calculated molecular weight of the 1gG2 that is discussed in U.S.
Provisional Application 60/621,295 (see also Figure 21). This and later described analyses
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identified this mass addition as due to the cysteinylation of two non-paired cysteine residues.
Peak 2 eluting between 11 and 13 minutes is an overlap of doubly-, singly- and non-

cysteinylated antibody molecules.

Figure 22 shows deconvoluted electrospray ionization (ESI) mass spectra of

12G1 CHO control (A), GuHC! refold (B) and native refold (C). After refolding, the MW

values of the samples were the same and equal to the calculated MW value within the
precision of the Q-TOF mass spectrometer of +/- 3 Da. (A +14-Da correction was introduced
by using an additional external calibration. This correction adjusted the measured MW value
of the refolded forms shown in Fignre 228,C (147743 Da) to 147757 Da, which 1s within the
4/~ 3 Da error margin from the calculated MW value of 147759 Da, Anti IL-1R antibody was
used as the external calibrant.) The ESImass spectra show several peaks separated by the
galactose residues (162 Da), which are the terminal residues of the twb sugar moieties
attached to the Fc fragment of the antibody. The peaks labeled in Figure 22 as GO-GO, GO-
G1, G1-G1, G2-Gl, and G2-G2 correspond to glycosylation structure with 0, 1, 2, 3, and 4
total galactose residues per molecule of antibody. Figure 23 shows z structure of IgG1 .
including the structure of the glycans (G2-G2). The different number of galactose residuss is
a common source of heterogeneity among all antibodies and is easily resolved by the Q-TOF
mass spectrometer, Figure 22A shows an EST mass sperctrum of the entire IeG1 CHO bulk
material eluting between 10 and 13 minutes. The mass spectrum in Figure 22A shows several
additional moieties with higher molecular weight values coeluting with the galactose variants.
Identification of the higher MW species was complicated while using the intact antibody

molecules,

To further characterize the sample, limited proteolysis with Lys-C prbtease
was performed. Lys-C when used in low concentrations preferentially cleaves at the heavy
chain lysine in the hinge region of Ig(31 subclass, generating Fab and Fe fragments. The
TgG1 antibody was cleaved with Lys-C to produce one Fe fragment, MW qiepinea=53488 Da,
and two Fab fragments, MWoaieutes = 47282 each (Figure 23). Limited proteotysis snhances
LC/MS analysis by isolating modifications from different regions and improves resolution
because of the smaller size of the fragments as compared to the intact 1sG. A reversed phase
chromatogram of Lys-C-treated IgG1 is shown in Figure 24. In a typical 1gG1 sampie,
two mmajor peaks corresponding to the Fab and Fc fragments are observed. However, two Fab
peaks were observed in 1g(G1 bulk material, which are attributed to additional modifications

seen in this sample. The Fab fragment of refolded materials eluted mostly as a single peak,
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which aligned with the post-peak seen in  the bulk control, Figure 25 containg deconvo}uted
ESI mass spectra of Fab fragment of IgG1 before and after refolding, The measured mass of
Fab fragments of refoided samples agrees well with-the calculated mass and with the mass of
the Fab peak 1 of the IgG1 control (Figure 25). The Fab peak 1 of the control sample hasa
MW value of 118 Da }:ugher than the caleulated va&ue conﬁrmmg cystemylatwn n the Fab
fragment.

Cysteinylation has been reported on proteins with free cysteines in circulation
and aiso observed on minor impurities oflight chains detected in monocional IgGs, In

| Tecombinant antibodies the cysteinylation is introduced during the production stage possibly

due fo the addition of cysteine, together with other amino acids to feed the CHO celis.. The
two Feb fragments eluting as peak ] and peak 2 in Figure 24 exhibited great chromatographic.
separation, which should be caused by greater structural differences thag Just cystemyiauon
For example, cystemyiated and non-cystemylated lightchain i impurities co-clute on the RP .
chromatograms. The drashc difference in e}u’non times of Fab fragments was the other clue - .

. snggestmg that disulfide scrambling may be involved.,

-~ Figure 26 shows non-reduced Giu-C pept:dc maps-of IgG1 control (bulk) and

native refold. * Although the two peptide roaps are almost perfectly aligned, there are .
: chﬂ'erences in inténsities of at least three peptldcs marked with red arrows in Figure 25,

F urther 1dentxﬁcatlon and assxgnment of the dxsulﬁdes may now be performed.

“Tables Y contain results of the cell based bloiog;cai actmty assays performed
by momtonng IzGG1 dose response with 200 pg/ml. and 50 pg/mL IL-15. Table Z contains
results of the cell based biological potency measurements. Both assays show that celi based
bmiog:cai activity doubled after the refolding by using eltber the native refoiding or GuH Ci
refbiding,

Table Y, Bmassay results for 146B7 controls, GuHC} refold and natlve refold.
Assay performed by Nicholas Yeager.

Curve M:dpomt 200 ne/ml. H~15 gg[rnL IL- IS

14687-C1 15.73 ) 1 544
Native Refold - 909 "1.162
146B7-GuHC] . 7.635 1.021

146B7-Pharm. 22438 2488
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: Tab!e Z. Bioassay results for 146B7 contmls GuHCl refold, and naﬁve refold.

14687 Expected -1 Biol. Active Relative Potency
- "Protein Conc. Protein Conc. | (n=3)
(mg/ml) (mg/mi) Mean. cv

' : (%) (%)
Assay Control 63.00 67.51 107 g -
Hybridoma- 1 20,00 2799 140 6.
derived ' :
CHO-derived, 245 . 15.85 235 . 6
Gan-ICI-treated ' : '
Refold .
CHO-derived, 2.66 1560 211 4
Native Refold _ '
CHO-derived, 5.47 6.41 R I 3 YA
AS5S Control. T ,

Fxgnre 27 shows SEC chromatograms of IgGl CHO bulk, GiiHCl refold, anti
hybridoma matenal The chromiatog grams irdicate & increase in retent:on time of the . ‘

--refolded matéfial suggesnnga‘chamgewmconformatmn relatwe—to-the ‘bulk-and hybridoma

proteins. A decrease in the aggregate peak of refolded material was also observed.

" CD and fluorestence spectroscopy analyses are shown in Figure 28. Panel A
indicates that there is no change in secondafy. structure 6f IgG1 after the refolding, Panel B
shows an increase in the fluorescence intensity after refolding relative to both the CHO bulk
and hybridoma material. This may be due to structural changes in the microenvironment(s)

~ of the fluorescing tryptophan residues after refolding. The fluorescence intensity of the
~ hybridoma derived protein is greater than thie CHO bulk protein. This may correlate with the

greater bioactivity data for the hybridoma material relative to the CHO bulk material. The
hybridoma detived protein was stored in PBS pH 7.4 prior to being diluted, a pH is more
conducive to disulfide exchange reactions than the ASS storage conditions used for the CHO

" bulk protein. There is no appreciable change in the emission maximum wavelength between

samples suggesting that the polarity of the tryptophan environment remains the same.

Summérizing the above studies, during the course of gathering the above data
it was leamned that JgG1 CHO bulk material is structurally heterogeneous and‘ inciuées
molecules with cysteinylated cysteine in Fab fragment. Approximately 60% of all Fab
fragments were cysteinylated. Because of the great difference in elution of cysteiny}ated and
non-cysteinylated Fab ﬁ-agments and because of the presence of the unique non-pa.xrad
cystame in the anti-IL-15 IgG1, the inventors proposed that cystemylatmn 1s associaied with
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disulfide bond scrambling. The IgGI bulk material was refolded with and without chaotmpxc

sgent (0.9 M GuHCi and no GuHCl). Both refolds produced a homogeneous non- .- -
cystemylatcd 146137 molecule according to accurate mass measurements by a Q-TOF mass
spectrometer. After 24 hours most of the 14687 bulk was refolded into the later eluting
hbinogeneous species. Afier 48 hours the refold was almost complete. Cell based biological
activity was pérfofmcd and revealed that the refolded samples were two-fold more active as

. compared to the IgG1 CHO bulk material that had not been refolded.

. The data in this example show that the cystcmyiated species elute earlier from

theRP column as identified by mass spectrometric measurements and are eliminated after

ref‘oldmg The RP LC/MS technique employed in this study was especially effective;
because of the ‘apparent association between the misfolding and cysteinylation.

“The above-presented data show that the refolded the IgGl molecules are more -
homogeneous and more active after the refolding. Further optimization and charactenzatson
may now be performed based on the studies and techniques taught herein,

o EXAMPLE 6.
Methods for refolding of recombinant antibodies that bind Interlenkin-15

The present Exampie pmwdes a comparison of different Jots of 14687 usmg '

 Timited protedlysis followsd by RP LC/MS salysis. In the data presented in this Example,
- different Jots of 146B7 were compared for the levels of cystemylatxon on C104 in heavy -

chain usmg Jimited proteolysis foﬁowed by RP LC/MS. Levels of omdatxon, sncmmmxde and
galactose content for different Iots were also calculated The site of cystemylatmn and

oxidations were :dentzﬁed nsing peptide mappmg

’I’hc lsvels for cystemy]abon, omdabon, galactose content and succinimide
vaned in dxﬁ'crent Jots. There was significant variability between CHO and hybridoma
denvcd material. Refolding of CHO danved 146B7leads to the loss of cysteinylation. .
Refolding does not cause any other rnodxﬁcatlons and the two materials look comparable by
peptide mappmg For hybridoma, CHO PD, and CHO PD refold materialg, bxoacuwty

increases with decreasmg amount of cysteinylation.
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Lot# Hex _ % % % Bioacﬁvity
I Ox . Succinimide |Cys(fre¢) (Aual.Sci.)
Hybridoma 1.1 i3 138 . 54d6) . 135
CHOPD(1) 08 17 T T4(26) 165
[CHOPD() refold . 09 |7 15 0100) 211
C1o4s 05 |4 18 Jo@en
CHO ProSci (1) 1.3 14 11 . 74026 168
CHO ProSci (2) 1 T - 50(50) 201

* The levels (percentages-of the three modifications were caiculated -
independently and do not add to 100% in the above table. For example, 13% of cysteinylated
molecules of hybridoma are also oxidized, while the other 87% of cysteinylated molesnles

. arenot oxidized.

Hex Tis the average number of Hexose (Galactose) molecules per molecule of
IgG and identification of cysteinylation and refolding of the IgG1 are described above ip
other examples. ‘
, The data from these experiments are consistent with those shown in Exampies
4 and 5. In Figure 29, there is shown another RP chromatograph of the IgG1 hybridoma and

 'CHO after limited proteolysis. The cysteinylated and non-cysteinylated fragments tay

readily be separated and quantified. In Figure 30 RP chromatograms of IgG) before and afier
refolding are shown showing the absence of Fab-Cys in the refolded preparation. In the nan-
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reduced peptide map of the IgG1 afier labeling of the free cystcineé with NEM, the CHO
material before and a.ﬁer refold Jooks comparable by peptide mappmg IgG1 bulk matedal

_contains a large abundance of the tryptic peptide G99-K122 with cysteinylated C104 eluting

at 117 mmutes After refoldmg, tbe abundance of cystcmylated peptide decreased and
abundance of the non-cysteinylated peptide increased. The nonwcystemylated pcp’ude was
labeled with NEM to prevent it from scrambling with other cysteme residues during
seduction, alkylation and digestion. Figure 30 depict the non-peptide mapping of the IgG1
using trypsm after labeling of free cysteines aith NEM at PHS. The cysteinylation location
was identified as being at position C104 of the heavy chain. Methionine 48 oxidation in the
heavy chain CDR2 region also was identified (Figure 32). According to the non-reduced

peptide map, a small pmentage of the M48 in the heavy chain CDR2 was oxidized.
Onxidized peptide elutes at 98 minutes and non-oxidized peptide elutes at 110 mmutes As
can be seen from Figure 32, the reconstructed ion chromatograms and fragmt:ntahon rass |
spectra show that appmmmately 10% of M48 is ox1d1.zed

EXAMPLE 7.
Refolding of recombinant antibodies on protein A column for Scale-up Process

'I'he data present throughout the present application show that in general for

. punﬁed 1gG 2, three peaks are observed in RP HPLC methods described herein. Fm‘thet, the

three peaks can be converted into either peak 1 or peak 3 by using reduction/oxidation -
reégents with- GuHCI or without GuHCI. -The heterogeneity of an antibody population is due
to di-sulfide bonds scrambling. This heterogeneity can be resolved refolding as desc:n'bed
herem From certain bioassay data it seems that the antbody population eluting from peak 1
on the chromatogram is more stable and that elutmg from pezk 3 is the most active with a

reiabve stability after reduction-oxidation,

Tn the present Example, data are provided to show an on-column refolding of
the IpG molecules. More particularly, the a protein A affinity column is designed for IpG
red-ox or refolding carrier. The column resin can handle 1-2M GuHCY, as well as reducing
agents such as cysteine/cystine. The resin is run at pH 7.2 or high, a pH well suited for
reduction-oxidation processing of the IgGs’ being separated.



-75 -

1. Redox or Refolding in Sokttion

Run ID I 1562 tmglmb} | Cysteine [mM) i Cystine {mM) F Temp (°C) |1MGuankﬁnal Incubation Time

i 3 0 8 Noredex = No redox 48hrs
2 3 & Y 0.6 4 © Yes 48hrs
3 5 : 6. b6 4 - Yes 48hrs
é 10 8 X 4 . Yes : 4Bhrs
5 10 10 0.6 RT Yos . 48hrs
3 3 B 0.6 - RY Yos 48iwrs.
7 3 6 0 Y no ' 4Bhrg
8 5 8 ] 4 no 48hrs
g 10 B 0.6 4 e . sghe
4D 16 10 0.6 RY no " 48hms
11 3 6 .06 RT

no. . - 4Bhrs

Tha above table provides cxemplaxy components ofa :rcfo} dmg reactmn _
5 mixture that can be used for refolding IgGs in solution., Adaptmg the above techmque forop- .
column processing, the following Table provides that paramcte:s fer redox processing of an
IgG2ona Pmtem A afﬁmty column.
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2.1gG2 Redox on Protein A Affinity Column

* Process Condition:

" [Parameter
. Condition

Equilibration 3-5CV - 100mM NaCl, 20mM Tris, pH 7.4 at 300cm/hr
Load Target load of 10 or 20ma/ml at 300cm/hr
Wash ¥ - 3CV « 200mb Tris pH 8.0 at 300crm/hr

ash 2 Redox 2, 6 and 42 hr with or without GuHG at 50cm/hr pHE.0

‘Wash3 . - 5CV - 100mM NaCl, 20mM Tris, pH 7.4 at 300cm/hr

Eiution 5CV - 50mM NaAOo pH 3.4 at 200emihr

~-RuniD| 1962 imgimL) [Cysteine (mM)|Cystine (mM} | Temp (*C) 1.2 M Guanidine |Radoe Tme

1 20 .20 0.6 4 Yas 2hrs’
2 20 20 © 08 4 Yes 6hrs
3 .2 20 © D6 - 4 . Yes . 12hrs
4 10 o 10 S 08 4 Yos © 2hrs
5 10 10 s 4 Yes 12hrs
6. 20 20 0.6 4 no 2hrs
7 20 20 0.6 4 no Ghrs
B 20 20 08 4 no AZhrs
9 10, 10 0.6 4 no 2hrs
10 10 10 0.6 4 fio 12hrs
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Purified IgG) samples were treated with redox pairs of varied cancsnt:ahons
and at both pH 7 and 8 and for varying amounts of time. In some exemplary studnes y

_ treatment lasted about 24 hours at 2-8 °C., The reaction was stopped by lowering the pH of

the samples to about pH 5. The bioassay activities were presented as a percentage of activity
of the untreated IgG1 (see table below). Redox conditions including room tﬁ:mperamre,

shorter duration (e.8. 3 hours) have also been carried out and found to § 1mprove the bmassay

activity of 146B7.

Table: Cell-Based Bioassay Activity or Potency after Redox-Treatment |

# FL | Geteie @My | Gtamrie (@M Qe (b | Refio . | Potemey
1 7 6 < S T P .

F) 8 6 03 . X .

3 7. 6 ) S
4. 7" 3 03 ' X -
5 8 3 06 5 .
6 7 3 06 3 ; 18
- 7 . -8 - R R T ] M) 7
8 g 3 {3 - 10 .
9 8 3 : . 06 W am
10 B 15 . 0 ‘ m

In Figure 34, it is seen that the ‘melting point of IgG1 was increased after the
redox treaﬁne'nt as measured by DSC, which indicated higher thermostability. To generate
these data, IgG1 was treated with 6 mM cysteine, 0.6 mM cystine; pH 8 over night at 2.8 °C,

‘ The IgG1 was also treated with reductant alone, without the addition of
oxidant, as shown in Experiment #10, in the above Table. In that example, purified I5G1 was -
incubated with 1.5 mM cysteine overnight at 2-8 °C. Jts activity was increased by about 2 .
fold. This will certain embodxments contemp}ate the use of botk reductant and oxxdant, it is

* contemplated that the antlbody refolding may be performed using reductant slone.

As dlscusscd 1n the some embodments the refolding may be achieved by

adding the refolding agent to the celi cu]ture the antibody alone or even by separating the

antibody using a column that contains the redox agents. In certain exemplary embodimenis,
the IgG1 was refolded in the cell culture medium where it was produced. Clarified cell

culture medium was treated with redox pair (6 mM cysteine, 0.6 mM cystine, 2-8 °C

overnight). The IgG1 was then purified with Protein A affinity chromatography In this
particular case, the refolding was observed with a shift in its retention fime on SEC—HPLC
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(Figure 35). Refolded 1gG2 consistently showed longer retention time on SEC-HPLC, and as
such the SEC-HPLC method may be nsed to as rafolding~indicating assey method.

" During large-scale prodnctmn of the IgG1 anhbody, 10 some embodiments, it
is contemplated that the redox-treatment step could readily be introduced before the cation

. exchange chromatography step to refold the antibodies in order to elumnate cystemylanon of

free cysteines. This produces an antibody population that has a reduction in'the stroctural

heterogeneity, and/or iricreased biological activity and/or improved stability'and shelf jife,

EXAMPLE 8,
Stability study of refolded an anti-IL15 IgG1 antibody

" Denaturation curves may be used to obtaiﬁ an estimate on the conformaﬁorial'

stability of proteins and are well suited for measuring: stablhiy diffcrences betwecn proteins

'dlffemng in chemical or conformahonal structure (Pace, C. N., Methods in enzymo?ogy 1986

vol. 131, 267-280) In cases where the equilibrium curves may be fit to 2 particular unfo]dmg‘

_ mechamsm a free e:nergy ef unfolding or-2 measure of how much more stable the native

conformatwn is from the mfo]ded state may be obtained. Typicaily what is done is the

" protein is unfolded and equilibrated at varying concentrations of chemical denaturant and &
_spectroscopic signal recorded at each of thé:;e denaturant concentrations. With knowledge of
the signal in the folded region of the curve (pative baseline) and the unfolded region .

(unfolded baseline) an equilibrium constant {and thus change in free energy) may be obtained
at each denaturant concentration within the unfolding transition region. The values for the
changes in iree energy may then be extrapolatcd back to the abscnce of denaturant to yxeid
the’ change in ﬁ'ee energy of the protein unfoldmg in water.

Different spectroscopic methods will report on different unfolding events, for

example fluorescence is used to probe tertiary stmcture .unfolding and circular dichroism is

used to monitor unfoldmg of secondary structure. For a : more complete descnpnon of the

methcd, refe:r to the Pace text cited above.

_ For the comparison of anti-IL-15 IgG1 pre and post redox treatment Img/mL

- protein was equilibrated overnight at the guanidinium hydrochloride concentratiors shown in

the graph. Samples were then analyzed by exciting at 295nm and monitoring the
fluorescence emission at 360nm (see Figure 36). CD datﬁ was also recorded by monitoring
CD at 218nm (data not shown). Unfortunately, afier normalizing the FL and CD data to the
fraction unfolded the signals from the two spectroscopic probes did not overlay suggesting a
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- non-two state unfolding transition that can not at this time be casily fit to y]e]d a free c's;xergy

difference that may be compared between the redox and non-redox treated sam;ales The FL
graph, however, does show that the mi idpoint (Cm) of this wransition is-greater for the redox
treated sample than for the non-redox treated bulk material suggesnng the stability of the
redoxntrt:ated 146B7 IgG1 antibody to be greater than the bulk non~redox treated sarmmie.
This may be the case and is supported by the shift in Tra seen for therma.! denaturahon
expemnents ‘however, without an adeguate. ﬁt of the data taking mto consxderatwn the ‘:
apparent differences in m-values one can only say that there are apparent differences in the
eqmlxbnum unfolding between the redox and non-redox treated 146B7 IzG1 pmtems

. An accelerated stability study was pm’ormed companng the non—redox treated
bulk IgG1 and the redox-treated146B7 1gGT annbody Both pmtems were formulated at
t00mg/mL in ASSbuffer (T0mM s6ditm acetdte, pH'S; 5% sorbitol) and stored at thé .
following temperatures: -80, 4, 29, 37, and 45°C. At various time-points samples of both
proteins were-pulled and analyzed for degradation. The methods employed were size -
exclusion chromatography (SEC) to monitor high MW.-agpregates and low MW protem clips,
SDS-PAGE, dnd particle counts to measure insoluble aggregates. ‘Protein concentration as
well as pH was also measured at each time point. The graph in Figure 37 is representative
SEC data for the three month time point showing that the non-redox treated sample has a
propensity toward aggregation at a faster rafe than the redox-treated anti-IL-15 IpG1 at all

- Hquid temperatures. Clipping reaction remained the same for either sample (data not shown),

'EXAMPLE 9.’
Production of Enriched Population of intact 1G4

The present Example is directed to producing an enriched popnlation of

- covalently bound intact ronoclonal IgG4 antibodies by refolding the half molecules of 1gG4

into cova}emiy bound intact molecules of IgG4. The recombinant monoclonal IgG4 ‘

- produced in mammalian cells and is a heterogeneous population of IgG4 molecules

containing half-molecules and covalently bound intact molecules of IgG4. This

hetero geneous population is contacted with reduction-oxidation reagents in the presence of a
denatunng reagent 1o produce intact IgG4 molecules. After performing the redox treatment,
the antibody is formulated in a stable buffer (low pH, liquid or frozen) that would prevent
further formation of half molecules. The covalently bound intact monoclonal 1gG4
antibodies are antibodies that possess two heavy chains and two light chains, kIng, half



-80-

inolecules possess one heavy chain and one light chain, The half molecules are generated

together with the intact molecules during production in mammalian cell and also in

circulation. The half molecules is one of the main obstacles on the way of IgG4 subclass to
. commercial iaharmaceuﬁcais. .

- Human IgG4 antibody is a vnique subclass of ﬂﬁmunoglobulihs gamma,
because it possesses several unique features. First, it is unable to precipitate' puriﬁéd antigens
[Adlberse and Schuuzman, Immunology 2002, 105, 5- 19; Schuurman et al., Immunology
1999, 97, 693-698.] This inability is cavsed by the inability of IgG4 antibodies to cross-link
two antigens and start creating complexes. ‘Human serum IgG4 are called functionally.
rﬁonavalcnt. Among all subclasses of immunogiobutins gamma IpG4 reporfedly pbsses only
mizﬁmal (if any) ability to activate complement, as it can be seen from Table I adapted from
* [efferis and Tound; mmunol. Lent. 2002; 83, 57-65: Hiilett znd Hopgarth, Adv. Immurol- 1954,
37,1-127]. This unique feature makes IgG4 an attractive antibody cand:date for the
therapentic apphcanons which require only binding to-a ligand, and not creation of the

complexes, which may lead to an undesitable immune. response

Table |
Humsm 1pG-Fe reeopnition specificity for diector igands ] )
150 tsotype ‘ ‘ U O v R
Fe recepuar expression: ) ] ! .
FeyRl—monocytes, miscrophages : e e T
FeR Iz —mnnocyiie, mocropheges, nestrophils, eusmvp%ﬂs plam . 4. =t 4 -
FeylIb—B cells, mosocytes, macrophages ) ‘44 e - 4
FeyR Ma—macrophapes, LGL, NK, 46 T calis : + - + -
FeyRHib—~nentrophils, eosingphily © + - + T
FcRn —multiple o2l types for cotabofisn ++ 4 47 4
phnmlalccﬂsfon.mnspm ) +44 -+ 44 +4
Camplement actiraion: :
Clgclasical prhway +++ ¥ 44+
Cl—alternate pathrway ) . - + - .
MBL-—depending on giyoosylation stame ' +4 4 4 44
Producis of micreorgantins: ‘
SpA ~—-staphylycoccal prowdin A . + 4 R B
Spl—streptoxoccal proieis G ‘ : +4 4 £ +4
FeyR —cpcoded by bezpes vire : : T4+ 4 - C44

Updared from Ref. [§). LOL, farge granuiar lymphocyizs NK, rawt) Kller cells; and §, depending on.the nﬂmyye of FoyRila,

ln addition, 1pG4 molccules possess the following, second, umque property:
18G4 molecules undergo in vivo exchange of half molecules (HL) among IgG4 molecuies
" [Aalberse and Schuurman, Immunology 2062, 105, 9—19}. This exchange is possible, because
IgG4 molecules are madé up of two non-covalently bound half molecules. In these IgG4

molecules, interchain disulfide bridges between the two heavy chains at the hinge region are
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shifted to form intrachain bndgcs There have been reports that 25 5% ﬁ'actxon of the IpG4

molecules is bound oniy by the non-covalent interactions between the heavy chams These

- 18G4 molecules are very stable under normal physmlog:ca! conditions in vitro, because of the

strong non-covalent interactions between the CH3 domains, and posmbly CHI and CH2
domains. It was suggested Aalberse and Schuurman, Immunology 2002, 105, 9-19], that the
exchange 1s cataiyzed in vivo by protein disulfide isomerase (FDI) and /or FcRn (the major
hxstocompamhﬂxty complex (MHC)—relaied Fe receptor) dunng transit of IgG4 inthe -~ .
endosomal pafhway in endotheha.l cells. It was also suggested that the inter-heavy chain _
disulfide bonds of Ig(34 are in equilibrinm with mtm—cham dzsu]ﬁde bonds [Schuurman et al.,
Mal Immunol 2601 38, 1-8].

. ‘This ability of non-covalently bound 1gG4 anfibodies to exchange halves is

, bxologzcally relevant in sitwations in w}nc‘ﬁ high IgG4 responscs are found against two -

nnreiated antigens that happfm ‘to-be present in the body 4t the same time and place Aazalberse
complexes can be formed causing an. immunogenic response. This has been confirmed -
experimentally by Schuurman et al., [Immunology 1999, 97, 693-698], in studies which
showed IgG4 cross-linking with two different anti gens in serum from patients with IeG4
anubodms to both house dust mite and grass pollen. It was found that a large fraction of

- plasma IgG4 molecules had two different antigen-binding sites, resulting in the bispecificity,

Thig feature reprssents a potential risk of i m)cctmg 1gG4 molecules into patients, who suffer
from allergies caused by house dust mite, grass polien or bee sting and may have polyclonal
or a'second monoclonal IgG4. The inventors propose that the observations from [Aalberse
and Schuurman, Immunology 2002, 105, 9-19; Schuurman et al, s Immunology 1999, 97, 693-
698.] suggest that Ig(34. half-molecules are undesirable species for pharmaceutical
applications, because they can form bispecific antibodies and have a shorter hfe—t:me mn
circulation [Angal et al., Mol Immunol, 1993, 30, 105-108]. Indeed in the selection for a

: therapeupc for clinical deveiOpment.an 1G4 moiety bas been considered but thought'

undesirable because of the possibility of b’iSpeéiﬁcity, which can be caused by exchange of
half molecules of the specific therapeutic 1gG4 with other IgG4 half molecules that may be

present in circulation.

Angal and coworkers mutated the serine in the hinge motif ~CPSC-to a
proline (which is found at that posmon in IgG1 and IgG2) in 2 mouse/human chimeric heavy
chain o IgG4 [Angal et al., Mol Jmmunol. 1993, 30, 105-108). This single residue mutation
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lead to the production of a homogeneous homodimer 13G4 antibody.- The single point

mutation led to a significantly extended serum half-life and an improved tissue distribution as

'compared to-the original chimeric IgG4.

Given the above observations and the teachings of the present invention with
respect to refolding of IgGl and IgG2 molecules, it is proposed that a heterogeneous
population IgG4 molecules that contains IgG4 half molecules as well as fntact 1G4

molecules can be enriched for covalently bound intact monoclosial IgG4 antibodies by .

tefolding the half moiséula's into the covalently bound intact molecules g4 antibodies. The -

monoclonal IgG4 produced in mammalian cells and containing half-molecules and covalently”

bound molecules will be contacted with reduction-oxidation reagents in the presence of a

- denaturing reagent to produce predominantly 2G4 homodimer molecules. After performing
+theredox treatment; the antibody should be-able to be ftmulated in 2 stable buffer (low pEi .
- liquid or frozen) that would prevent further half-mers from forming, Figure 38 and‘rrigure 39 -

below detailsof a reversed-phase LC/MS analysis of an TeG4 antibody, which was used to
separate and identify half IgG4 molecules and intact IpG4 molecules.

" Given these finding, it is suggesied that the rcfuldmg experiments desciibed
above for IgG1 and IgG2 molectiles conld be adapted to produce appropriate refolding of |

g IgG4 molecu]es in hke manner to the refolding seen for 1gGl and IgGZ

EXAMPLE 10.
Refoidmg Ann'bodxes for Improved Crystallization Pmperﬁes

" Another area in which the methods of the present invention are useful is in the
area of formation of antibo&y crystals. The development of antibody crystallization has been
limited by the Heterogeneity of these large macromolecuies with respect to conformation,
disulfide connectivity, glycovariants, and charge variauts. Crystaliization of IgG molecules
has been primarily limited to the Fab fragment, Fc fragment, complexation of fragments with
the ligand or Ft receptor, intact IgGl, and intact murine JgG2a (not intact human IpG2). '
Previous patents on intact antibody crystallization describe spherical nanocrystalline
composite protein particles and crystalline formulations [Altus WOO272636(A2,A3) and
W00300014(A2)] that have been successful only in limited cases of therapentic IgG1
antibodies, namely Infliximab (Rexmcade), Rituximab (Rituxan), and Trastuzumab

(Herceptin).
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- Recent analytical advancements in reversed- -phase HPLC analysis of high
molecular wej ght proteins have revealed disulfide heterogenen‘y of Ig(G2 antibodies fDilion et

- al., U.S. Provisional Application 60/621,295 and PCT/US05/001 840} Methods of refold

protems by the addition of reductxon!omdaﬁon (redox) agents to facilitate the formation of
native-like disulfide bonds, resulting in a structurally homogeneous, active form of the
molecule for improved pharmaceﬁtical propértiés have been described aﬁpve.' In the present
Example, data are provided on the application of refolding antibodies for improved ..
crystallmanon pmpertles |

. As described in PC'I‘/USOS/ODI 840 and U.S. Prows:onal Application -

. 60/621,295, one aspect of the invention mvulvcs Introducing or optimizing components of the

fermentation media, including nutrients such as cysteine, cystiné,=c}'stmine, glutathions, .
coppes, and/or-other oxidizing reagents and different buffer compositions such that the: -
appropriate redox potential is achieved for refolding of the product secreted into the media:

_ A-second aspect is to introduce a separate processing step for oxidative refolding of the-

protein, differing from typical microbial refolding of inclusion bodies. A third aspect of the:
invention is 1o introduce the redox agents dxrectly mto czystaihzanon solutions, such that

m;sfolded protein can refold in soluhon and attach to the growing cxystal resultmg in
mproved crystalhzanon yxelds

Data provided i in the present Example demonstrate successful ctystaﬂmahon
of refolded intact IgG2. Refolding of IgG1 to remove cystemylatmn has also demonstrated
improved activity and homogeneity {.see Ex:amples above], and crystallization studies are in
progress lo demonstrate refolding IgG1 results in improved crystallization p‘roﬁeﬁies for that

- subclass. By refolding during the fermentation, in2 stparate processing step, or within the -

crystallization solution, it is -possible to generate product with improved phaimaceutical angd
crystallization properties, including improved homogenelty, acﬁv:ty/potancy, stablhty, crystal

growth, and crystalhzatxen yxelds

" In the initial screens, crystais were obtained in the following cond.mcns using
refolded antx IL-1R IpgG2 antxbody at 50 mg/ml. Anti IL-1R lgGZ antibody was rcfald@d i
the presence of denamram to populate form 3, 25 described zbove,

L SOmM potassium chioride, 20% PEG 3350 pH 2.0
2. 50mM potassium chloride, 24% PEG 3350 pH 2.0
3 50mM MES, 20% PEG 3350 pH 6.0
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'S5, 50mM MES, 24% PEG 3350 pH 6.0

“6. - LI3MNazK phosphate 0 IM Na cacodylate pH 5.5, 0. 69% MEGAJ*
(a sugar-based detergent obtained from Anatracc)

, 7. 2.12M sodium acetate 0. 65% MEGA.-7* (2 sugar—based detergent
cbtamcd ﬁom Anatrace)

The data, shown in Fxgures 41-43 ghow tha.t t‘ne IgG2 crystals formed under
the conditions above were spherical crystals, demonstrating that the methods of the invention
provxde a homogeneous preparauon of the IgG to allow formahon of umform crystals of -

mtact annbod:&c

) - All of the compositions and/or methods disclosed and clajmed bherein can be
‘made and executed without undue experimentation-in-i ght of the present- dxsclosum*WhﬂE
the compositions. and methods of this invention have been described in terms of some - )
embodxmcnts it will be apparent to those of skill in the art that variations may be applied to
the compositions and/or methods and in the steps or in the sequence of steps of the method
described herein without departing from the concept, spirit and scope of the i invention.. More ..
specxﬁcally, it will be apparent that certain agents which are both chermcally and

- physiologically related may be substituted for the agents described herein while the same or

similar results would be ach:cved All such sumlar substltutes and modifications apparent to

' those skilled in the art are deemed to be w;tlun {he spm‘r, scope and conccpt of the i mvent:on K

as defined by the appended claams

- The references cited herein throughout, to the extent that they provide
exemplary procedural or other detaﬂs supplementary to those set forth herein, are all -
specifically incorporated herein by reference,
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Claims

A method of producing an IgG2 antibody or an IgG2 antibody fragment preparation
enriched for one of several separate IgG2 forms comprising:

contacting an Ig(G2 antibody ot an 1g(G2 antibody fragment that has béen recombinantly
produced by mammalian cells with a reduction/oxidation couphng reagent ata pH of 5
to 11;

wherein said IgG2 antibody or IgG2 antbody fragment elutes as several separate forms
on RP-HPLC and said method decreases the number of forms eluting on RP-HPLC, or
aiters the relative distribution of satd several separate forms on said RP-HPLC;
optionally further comprising contacting said IgG2 antibody with 2 chaotropic agent
before, after or concutrently with said contacting with said reduction/oxidation coupling

reagent,

wherein omission of said step of contacting with the chaotropic agent enxiches at least
one of said several separate forms, and

wherein execution of said step of contacting with the chaotropic agent enriches at Jeast
another of said several separate forms.

The method of claim 1, wherein said enriched form has 2 pharmaceutically desirable

property as compared to a preparation that has not been treated by said method.

The method of Claim 1, wherein the pH of said reducton/oxidation coupling reagent s
from 5 to 10 or from 7.6 to 9.6 or is 8.6.

The method of Claim 1, wherein the reduction/oxidation coupling reagent comprises
reduced glutathione and oxidized ghtathione.

The method of Claim 4, wherein the ratio of reduced glutathione to oxidized glutathione
is 111 o 106:1.

The method of Claim 1, wherein the reduction/oxidation coupling reagent comprises
cysteine/cystine.

The method of Claim 6, wherein the cvsteine/eystine comprises from 0.1 mM to 10 mM
cysteine.
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The method of Claim 6, wherein the cvsteine/cystine is present in a cysteineicystine ratio
of 1:1 to 10:1.

The method of Claim 6, wherein cysteine/cystine comprises 6 mM cysteine and 1 mM
cystine.

The method of Claim 6, wherein the cysteine/cystine comprises 6 mM cysteine and 6
mM cystine.

The method of Claim 1, wherein said recombinant IgG2 antibody is purified, or wherein
said recombinant IgG2 antibody is partially purified, prior to said contacting,

. The method of Claim 1, wherein said contacting produces a IgG2 antibody having at

least 2 two-fold increase in its biological actvity compared to the same IgG2 antibody
that is not contacted.

The method of Claim 1, wherein said chaotropic agent is selected from the group
consisting of: urez, arginine, SIS and guanidine hydrochloride.

The method of Claim 13, wherein said chaotropic agent comprises guanidine
hydrochlonide.

The method of Claim 14, wherein the concentration of guanidine hydrochloride is from
0.1 Mto 1.0 M or from 0.1 M to 1.5 M.

The method of Claum 14, wherein the concentragon of guamdine hydrochloride 1s 0.5M
oris 0.9 M.

- The method of Claim 1 wherein said contacting with said reduction/oxidation coupling

reagent and said further contacting with said chaorropic agent produce an IgG2 antibody

having at least a three-fold increase in its biological activity compared to the same Ig(G2
antibody that is not contacted.

The method of Claim 1, further comprising isolating 2 fraction of the contacted IgG2
antibody having a desired refolded conformanon.



19.

20.

2i.

22,

87

The method of Claim 18, wherein the procedure for said isolating is selected from the
group consisting of: reversed-phase chromatography HPLC, size-exclusion
chromatography, ton-exchange chromatography, hydrophobic interaction
chromatography, affinity chromatography, and electrophoresis.

The method of claim 1 further comprising:

culturing a mammualian cell that expresses and secretes into culture medium an IgG2
antibody or an IgG2 antibody fragment;

adding reducton/oxidation coupling reagent at 2 pH of 5 to 11, upon secretion of
antibody from said cell; and thereby producing an IgG2 antbody or fragment thereof

having improved pharmaceutical and crystallization properties as compared to an [gG2

antibody or fragment thereof that has not been exposed to said reduction/oxidation

reagent, and wherein said IgG2 antibody elutes as several separate forms on RP-HPLC
and said method decreases the number of forms eluting on RP-HPLC, or alters the
relative distribution of said several separate forms on said RP-HPLC.

The method of claim 1, wheremn the reductnon/oxidaton coupling reagent is added to a

culture mediom used for the production of said 1g(G2 antibody or said 1gG2 antbody
fragment ata pH of 5 to 11.

The method of claim 20, further comprising contacting said IgG2 antibody with 2
chaotropic agent before, after or concurrently with szid contacting with said
reduction/oxidation coupling reagent.

. The method of claim 1, wheremn said method preferendally enriches at least one of said

several separate forms in said preparation as determined by RP-HPLC.



