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Abstract

Liquid formulations of monoclonal antibodies (MAbs) typically undergo fragmentation near the papain cleavage site in the hinge region,
resulting in Fab and Fab + Fc forms. The purpose of this study was to investigate whether this fragmentation is due to proteases. Four closely-
related MAbs were exchanged into a pH 5.2 acetate buffer with NaCl and stor@a€, 5°C, 30°C, or 40°C for 1 month. Fragmentation
generated size-exclusion chromatography (SEC) peak fractions that were analyzed by electrospray mass spectrometry to identify the cleavage
sites. The effects of protein inhibitors or host cell proteins on fragmentation were also studied. The extent of fragmentation was equivalent
for all four antibodies, occurring in the heavy chain hinge region Ser—Cys—Asp-Lys—Thr—His—Thr sequence. The fragment due to cleavage of
the Asp-Lys bond showed two forms that differ by 18 Da. A synthetic peptide with the hinge region sequence terminating with Asp did not
show fragmentation or the loss of 18 Da after incubation. Protease inhibitors did not affect rates of cleavage or modify sites of fragmentation.
Degradation was not affected by host cell protein content. Fragmentation appears to be a kinetic process that is not caused by low levels of
host cell proteases.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion for two monoclonal antibodies after incubation at differ-
ent pH values and temperatures. Alexander and Huf#tjes
Monoclonal antibodies (MAbs) typically undergo frag- monitored the degradation of a chimeric monoclonal anti-
mentation over time in the liquid state. This phenomenon is body under high temperature conditions using MALDI-TOF
usually observed by size-exclusion chromatography (SEC). MS, observing ions corresponding in mass to loss of one light
Fragmentation occurs in one heavy chain hinge region, nearchain from the antibody, loss of a Fab arm to yield a Fab + Fc
the papain cleavage site, resulting in Fab and Fab + Fc forms fragment, and separated HC and LC moieties-‘Goediated
Others have reported on this phenomenom. Jiskoot Ett]al.  cleavage of the molecule within the hinge region to generate
identified Fab and Fab + Fc fragments as products of degrada+ab, Fc, and Fab + Fc fragments has also been rep@ied
Cleavage of immunoglobulins by enzymes (e.g. papain,
—_— pepsin) is facilitated by the accessibility of the hinge region
Abbreviations: MADb, monqclonal a'ntibody;'SEC, size-exglusion chro- (Fig. 1). Flexibility of the 1gG in solution potentially favors
matography: HC, heavy chain; LC, light chain; CHOP, Chinese hamster kinetic cleavage at its weakest link (the hinge region). X-ray
ovary cell protein; LC-ESI/MS, liquid chromatography-electrospray mass ) ” - . 4
spectrometry; HPLC, high performance liquid chromatography; Da, Dal- Crystallographic studies have shown that the hinge region is
ton; a.m.u, atomic mass units mobile or completely disordered or very fluid and flexible
* Corresponding author. Present address: 1 DNA Way, MS 62, South San[4—7]. Roux et al.[8] defined the different modes of flexi-
Franciscg, CA 94080, USA._TeI.: +1 650 225 1840; fax: +1 650 225 3554. b|||ty These include hinge-like foldlng or bending, conical
E-mail addressarmandoj@gene.com (A.J. Cordoba). . . . ; .
wagging, rotation about the long axis, and translation (in-and-

1 Present address: Elan Biopharmaceuticals, 800 Gateway Boulevard, : . A -
South San Francisco, CA 94080, USA. out motion). In another study using high-resolution nuclear
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magnetic resonance (NMR), Endo and Argth concluded Tablel _
that in solution a hinge segment (upper hinge) undergoes anfrotease inhibitors added to MAb D cocktail sample

extensive degree of internal motion. Their results indicated Inhibitor Type Concentration
that in solution the hinge region contributes significantly to Ees4 Irreversible inhibitor of cys-  25uM
the internal flexibility of 19Gs. teine proteinases

By determining cleavage rates and clip sites of MAbs dur- -eupeptin Inhibits serine and cysteine 20uM
ing storage that have been purified under different processg, . plrr?;?gfsstrypsm_"ke serine 4mM
conditions, a better understanding of the nature of the frag- proteinases
mentation at the hinge region could be obtained. We inves- E-amino caproic acid Inhibits carboxypeptidase B 2mM
tigated whether host cell proteins could enhance fragmenta-Pepstatin A Inhibitor of various aspartic  10p.M
tion, and whether protease inhibitors could reduce fragmen- proteinases

tation. Four recombinant IgG1 MAbs were exchanged into a EDTA Metalloproteinase inhibitor 7.5mM

pH 5.2 acetate buffer with NaCl and stored at different tem-
peratures (ranging from20°C to 40°C) for 1 month. The
extents of cleavage of the four MAbs were measured by SEC.85% phosphoric acid (Mallinckrodt), and the flow rate was
The cleavage products were assigned by electrospray mas§.5 ml/min. Peak fractions from SEC were collected man-
spectrometry. ually, then exchanged into 100 mM Tris, pH 6.8, and con-
centrated to 0.1-2 mg/ml using Centricon YM-10 centrifugal
filter devices (Millipore Corporation, Bedford, MA, USA).
2. Experimental Peak fractions were analyzed by electrospray mass spec-
trometry (LC-ESI/MS). Samples were reduced with 25 mM
Four humanized IgG1 monoclonal antibodies (MAb A, dithiothreitol (DTT, Boehringer Mannheim, Indianapolis,
MAb B, MAb C, and MAb D) produced by Genentech Inc. IN, USA) at 37°C for 20 min, then desalted by injecting
were reconstituted with sterile water for injection (SWFI). onto a perfusion chromatography reversed phase column,
A 100 mg sample of each MAb was transferred into dialy- 10pum, 0.33mmx 20cm, packed with POROS R2 resin
sis tubing (Spectra/Por, 6000—8000 MWCO, from Spectrum (PerSeptive Biosystems, Framingham, MA, USA) using an
Laboratories Inc., CA, USA), then exchanged into 10mM HP1090 HPLC. The column was held at 100% solvent A
sodium acetate, 140 mM NacCl, 0.05% sodium azide, pH 5.2. (0.1% aqueous formic acid) for 5 min, and the samples were
Dialyzed samples were transferred to Falcon tubes and buffereluted with a linear gradient from 20% to 70% solvent B
was added to each sample to make the final protein con-(0.08% formic acid in acetonitrile) over 16 min. The column
centration 10 mg/ml. The samples were sterile-filtered with effluent was directly introduced into the electrospray source
0.22pm membrane filters (Lida Manufacturing Corp., PRO- of a PE Sciex API3000 triple quadrupole mass spectrometer
Xfilter unit) and transferred into 2 ml autoclaved vials. Dupli- (Foster City, CA, USA).
cate 1 mlaliquots of each MAb sample were stored2(°C, The mass-to-chargen(z) range 50-3000 of Q1 and Q3
5°C, 30°C, or 40°C for 1 month. were tuned by using polypropylene glycol standard (PPG’s)
Similarly, samples of MAb B at different stages of the and polypropylene glycol 3000 standard (PPG’s 3000) solu-
recovery process (initial, intermediate and final pools) were tion to give an approximate resolution of >2000 (50% valley
also prepared following the procedure described above usingdefinition) across the mass-to-charge range between 1000 and
the same buffer, and stored in duplicates-&0°C, 5°C, 3000. After using myoglobin for calibrating and optimizing
30°C, or 40°C for 1 month. An ELISA for Chinese hamster the spray condition, these samples were analyzed with the
ovary cell proteir{10] (CHOP) performed at Analytical Op-  described instrument parameters. For the reduced fragments,
erations Department at Genentech, was used to quantify thespectra were recorded by scanning tiie range of the first
levels of CHOP in the pool samples. quadruple from 1100 to 2400 in 0.1a.m.u steps with a to-
In a parallel experiment, MAb D samples were incubated tal scan time of 13.0 s. For intact antibodies, the scamnied
in a different buffer (5 mM histidine, 85 mM sucrose, 0.01% range was changed to 1800-3000in 0.1 a.m.u steps with a to-
Polysorbate 20, pH 6.0) for 1 month at4Dwith and without tal scantime of 12.0 s to accommodate the ionization window.
a mixture of protease inhibitors containing E64, leupeptin, Theresulting background was subtracted fromthe spectraand
benzamidine, E-amino caproic acid, pepstatin A, and EDTA then deconvoluted to the true mass using the manufacturer’s
(Table 1. All protease inhibitors were obtained from Cal- software (Bioanalyst, version 1.3).
biochem (San Diego, CA, USA). Five milligrams of a synthetic peptide KKVEPKSCD
Samples were analyzed by SEC using a HP1090 HPLC were prepared by the Bio-Organic Chemistry Department at
system (Hewlett-Packard, Santa Clara, CA, USA). A TOSO Genentech Inc. The peptide was reconstituted with 10 mM
HAAS TSK 3000SWXL (Tosoh Biosep LLC, Monto- sodium acetate (trihydrate), 140 mM NaCl, 0.05% sodium
gomeryville, PA, USA) 7.8 mnx 30 cm, 5um column was azide, pH 5.2 at a concentration of 1 mg/ml. Under asep-
used at ambient temperature. The mobile phase was 100 mMic conditions, the peptide was transferred into 2 ml depy-
KoHPO, (J.T. Baker), the pH was adjusted to 6.8 with rogenated vials; 1 ml duplicates were stored-20°C and
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3. Results
Fig. 2. Size-exclusion chromatography of MAb D after 1-month incubation

The SEC profiles of the samples after 1-month storage aaoc.

were very similar for the different MAbs. All 30C and 40°C

samples showed two additional peaks eluting after the intact ~ Structures were assigned for the collected peak fractions
form, the first one as a shoulder of the monomer and the sec-by comparison of the observed masses to the known heavy
ond one eluting about 3.6 min later (peaks 2 and 3, respec-and light chain structures, including Fc glycosylation. Peak 2
tively). The profiles for MAb D at 40C are shown irFig. 2 was assigned as the Fab + Fc (one Fab arm plus the Fc portion
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Fig. 3. LC/ESI-MS spectra of reduced MAb B fragments collected from size-exclusion chromatography. LC mass (23,442 Da) and HC mass (50,602 Da) do
not appear in these region of the spectra. Panel A represents the Fab part of the heavy chain of peak 3 (Fab fragment). Panel B represents the Fc part of the
heavy chain of peak 2 (Fab + Fc fragment). Identities of the peaks are shdabla?2
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Table 2 100
LC/ESI-MS fragments of MAb B observed in Fab and Fab + Fc forms col- MAb D
lected from SEC Fab+Fc
Peak Residués Expected Observed Cleavage site ¥
mass mass go  Aaggregate Fab

a HC:1-222 23619 236173 Ser-Cys
b HC:1-223 23725 237210 Cys—Asp
c HC:1-224 (18Da) 238377 238181 Asp-Lys MAb C
c HC:1-224 23837 238365 Asp-Lys 60
d HC:1-225 23969 239646 Lys—Thr —_
e HC:1-227 24204 242031 His—Thr £
f HC:228-449 w/GO 26413 264146 His—Thr 2
g HC:227-449 w/GO 26552 265565 Thr—His &
h HC:225-449 w/GO 26782 267820 Asp-Lys E(’ 40 MADb B
H HC:225-449 w/G1 26942 269421 Asp-Lys £
h” HC:225-449 w/G2 27108 271059 Asp-Lys
i HC:224-449 w/GO 26892 268970 Cys—Asp
I HC:224-449 w/G1 27059 270592 Cys—Asp

2 GO, G1, and G2 refer to Fc oligosaccharides with 0, 1, or 2 galactose 20
residues, respectively. MAb A
of the IgG, formed after loss of one Fab arm) fragment, and o
peak 3 contained the Fab fragmerig. 3shows the spectra
obtained for MAb B peaks 2 and 3. The derived structures of ' ‘ ' ' [ '

. 12 14 16 18 20 22
each form are shown ifable 2 These structures indicate the Time (min)
ime (min.

presence of multiple cleavage sites in the heavy chain hinge

region. No cleavage of light chains was observed in any peakFig. 5. Size-exclusion chromatography of MAbs A, B, C, and D after 1-

fraction. Peak 1 gave the expected intact heavy chain andmgnth incubation at 4¢C.

light chain masses for all of the MAbs (data not shown).

Fragments containing the heavy chain component of the exhibit the—18 Da form, even after incubation at 40 for

Fab fragment with Asp C-termini appear with two forms. The 1 month in the acetate—NacCl buffer used to incubate the four

main form is 18 Da lower than expectethple 2 Fig. 3). A antibodies, eliminating the possibility that the 18 Da mass dif-

synthetic peptide with the sequence KKVEPKSCD did not ference observed for the forms with a C-terminal Asp was due
to sample preparation or was an electrospray mass spectrom-

100 etry artifact. The synthetic peptide presented no fragmenta-

main peak ’ ) g
\ \ paakz 40°C tion after 1-month incubation at 4C. The complementary
Gabrbe)  poaks Fc fragments of the antibodies resulting from cleavage at the
Asp-Lys bond had the expected masses and did not exhibit
80  aggregate any +18 Da forms, eliminating the possibility of an alternate
5
T 60 40°C
=
2 g W 30°C
o g 5°C
e kA 8 -20°C
€ 40 5°C 2}
5
E |
Aj g> H
\C |
=
20 e
-20°C
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f T L L B — L 1
12 14 16 18 20 22 Fig. 6. Total fragments (Fab + Fc + Fab) area % of MAbs after 1-month in-
Time (min.) cubation at different temperatures. Samples A, B, C and D were incubated in

acetate—NaCl buffer, pH 5.2. Samples (MAb D control) and D (MAb
Fig. 4. MAb D after 1-month incubation at different temperatures. D cocktail) were incubated in histidine—sucrose buffer, pH 6.0.
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cleavage site or rearrangement. Asp-containing proteins ardow or not observed in all samples by SEC. Profiles of MAb
susceptible to an intramolecular reaction by the nitrogen of D at the different temperatures are showrfig. 4. Similar
the amino acid on the C-terminal side of the Asp residue onto profiles at different temperatures were observed for the other
the aspartyl chain. This reaction results in a cyclic imide in- MAbs (data not shown). A detailed view of the chromatogram
termediate, which has shown to be stable under certain con-section showing the fragments of the four MAbs incubated
ditions[11,12] Though the formation of a succinimide atthe at 40°C is shown inFig. 5. MAb A has higher levels of ag-
Asp site would cause a loss of 18 Da, cleavage of the succin-gregate than the other three MADbs at all time points (data not
imide ring would restore the expected aspartic mass (i.e. not ashown) Fig. 6shows the total fragment area percent value for
loss of 18 Da). The lack of 18 Da forms for the other heavy the four MAbs at the different incubation temperatures. The
chain Fab fragments suggests that this Asp residue does noéxtents of cleavage at elevated temperatures were equivalent
readily form the succinimide. The loss of 18 Da from the C- between MADbs.
terminal Asp forms, presumably by a loss of water to form A summary of the clip sites for all the MAbs is shown
the anhydride, appears to occur post-cleavage by an unknowrin Fig. 7. It is observed how the cleavage takes place
mechanism. within the same heavy chain hinge region Ser—Cys—Asp—
The area of the fragments increased proportionally with Lys—Thr—His—Thr sequence for all the MAbs. Complemen-
temperature. When stored &G or lower, fragmentationwas  tary fragments are generally observed for all sites except for

Lys Ser Cys Asp Lys Thr His Thr Cys

A 224 225 226 227 228 229 230 231 232
pk 2 (Fc, ends at Gly452) l l l l
pk 3 (Fab, starts at Glu1) l l . l l
B 221 222 223 224 225 226 227 228 229
pk 2 (Fc, ends at Gly449) . l . l
pk 3 (Fab, starts at Glu1) l l . l l
C 222 223 224 225 226 227 228 229 230
pk 2 (Fc, ends at Gly450) [ | []
pk 3 (Fab, starts at Glu1) [ m O [ | i il
D 222 223 224 225 226 227 228 229 230
pk 2 (Fc, ends at Gly450) [ | ll ] il
pk 3 (Fab, starts at Glu1) [ | 0 [ [
D* control 222 223 224 225 226 227 228 229 230
pk 2 (Fc, ends at Gly450) i l [ | l
pk 3 (Fab, starts at Glu1) . l l . l l .
D** cocktail 222 223 224 225 226 227 228 229 230
pk 2 (Fc, ends at Gly450) o l [ | l
pk 3 (Fab, starts at Glu1) l . . . . .

Fig. 7. Summary of clip sites for MAbs incubated for 1 month at@0Peak 2 is the shoulder peak (Fab + Fc) after the main SEC peak. Peak 3 is the Fab peak
that elutes later in the SEC profile. Light blue indicates a minor form. LC-MS data shows a loss of 18 Da when the C-terminal residue is Asp. Samples A, B, C
and D were incubated in acetate—NaCl buffer, pH 5.2. Samples D control and D cocktail were incubated in histidine—sucrose buffer, pH 6.0.
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(1l bation in the liquid state. The fragments can be resolved
56 by size-exclusion chromatography, allowing the extent and
sites of cleavage to be assigned. We found in this study

that four closely-related humanized IgG1 antibodies undergo

Fab+Fc Fab fragmentation to the same extent and at similar sites, all in
J, ¥ v the hinge region of one heavy chain. This cleavage was not

48

increased by the presence of host cell proteins, nor was the
cleavage rate decreased by co-incubation with protease in-
B I hibitors. Cleavage only occurred at peptide bonds. Our ini-
tialassumption had been that residual CHO-derived proteases
) were present in these preparations, but the experiments de-
scribed in this study indicate that non-enzymatic processes
: must be responsible.

The overall IgG1 structure contains highly compact, rel-
atively inflexible Fab and Fc domains that are connected by
an extended, protease-susceptible heavy chain hinge region,

8 / \ akin to dense modules that are connected by a weak link.
Several studies have demonstrated that the hinge region is

_/\J highly flexible[4]. This local flexibility may lower the acti-

. vation energy needed for hydrolytic cleavage, allowing the
— I cleavage of one heavy chain to produce the observed Fab
15 14 16 18 20 and Fab + Fc forms. The predominant cleavage sites are ad-

Time (min.) jacent to Asp and His residues, which may make the lo-

cal environment more acidic or basic, accelerating hydrol-

Fig. 8. MAb B process recovery pools after 1-month incubation &G40 ysis at these sites. It should be feasible to control the rate

(A) Final pool (<1ng CHOP/mg MADb B). (B) Intermediate pool (15ng  of cleavage by manipulation of pH and/or excipients; we
CHOP/mg MADb B). (C) Initial pool (160 ng CHOP/mg MAD B). did not examine this aspect. Lowering the storage tempera-
ture can minimize hinge-region fragmentation. Understand-

the Ser—Cys bond, where the Fab fragment with serine C-ing that the fragmentation of recombinant antibodies is not
terminus is observed, but the corresponding Fc fragment with due to proteases should simplify the challenges of developing
an N-terminal cysteine is not observed. purification processes, while adding an important aspect that

The use of protease inhibitors did not modify sites of frag- should be investigated during the development of stable liquid
mentation. The main clip sites are between Asp-Lys and formulations.

His—Thr (the papain clip site) of the hinge regidfid. 7).

The extent of cleavage was not diminishédg( 6) and no

cleavage site was eliminated in the presence of the i”hibitorSAcknowledgements
(Fig. 7). The extent of cleavage at 4G of the samples incu-

bated in the pH 6.0 buffer is somewhat lower thanthe pH 5.2 \yg thank Anita Baron for protease inhibitor suggestions,
buffer samples, but the addmon of protease |nh|b|tqrs had no cpyristina Ayran and Zherylinn Guerrero in Analytical Op-
effect on sample degradation when compared to its control orations at Genentech for running the CHOP ELISA, Gala-

sample Fig. 6). _ _ _ had Deperalta for running LC/MS on the synthetic peptide,
After 1-month incubation, the SEC profiles of samples 4 the Bio-Organic Chemistry Department at Genentech for
from different recovery pools of MAb B look very sim-  reparing the synthetic peptide used in this study. The poten-

ilar (Fig. 8. No new peaks were observed in the pro- g |ocal influence of side chains on hydrolysis kinetics was
files. The extents of cleavage between pools were equiv-gyggested by Aditya Wakankar.

alent, despite increasing levels of host cell proteins (O,
15, and 160ng CHOP/mg MADb). An increased level of
cleavage in the less pure pools vv_ould have suggested thq?eferences
presence of proteases, but we did not observe any such
increase.
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