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Abstract Charge heterogeneity has been broadly
studied as a critical quality attribute during mono-
clonal antibody (mAb) production that may subse-
quently affect product stability and biopotency.
However, the charge variation distribution is poorly
controlled, so methods of more effective control need
to be explored. In this study, the combined effects of
temperature shift (37-34, 37-32, or 37-30 °C) and
hydrolysate addition (0.100 g/L) to culture feed on the
charge heterogeneity of anti-IgE mAb were investi-
gated. The results showed that the distribution of
charge variation was significantly regulated by the
combination of hydrolysate addition with a highly
sub-physiological temperature (34 °C). In addition,
under this condition, the main peak content
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significantly increased, and the acidic peak content
significantly decreased. Furthermore, we explored Lys
variant content, which is the major basic variant
content, as well as its relationship with temperature
shift and hydrolysate addition. Lys variant levels were
positively related to the Lys and Arg concentrations in
the medium and negatively related to carboxypepti-
dase B and carboxypeptidase H transcript levels. The
combination of temperature shift and hydrolysate
addition can thus effectively improve anti-IgE mAb
charge heterogeneity and significantly increase main
variant levels and decrease acidic variant levels.

Keywords Carboxypeptidase - Charge
heterogeneity - Lysine variants - Temperature

Introduction

Over the past three decades, monoclonal antibodies
(mAbs) have undergone a dramatic transformation,
from scientific tools to powerful clinical therapeutic
agents. And the sales of therapeutic mAbs had
exceeded 100 billion US dollars in 2016. Omal-
izumab, first approved in the USA in 2003 and now
used in many other countries, is a humanized mAb that
binds serum IgE (Logsdon and Oettgen 2015), thus
reducing circulating free IgE levels and blocking both
early- and late-phase reactions to allergen challenge.
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Charge heterogeneity is a critical quality attribute
during mAb production that may subsequently affect
mAb pharmacokinetics in vivo (Boswell et al. 2010;
Woodside et al. 1998). Post-translational and chemical
degradation, such as via deamination (Xie et al. 2016),
glycosylation (Yan et al. 2009), glycation, disulfide
bond reduction (Khawli et al. 2010), and C-terminal
Lys cleavage (Dada et al. 2015), are the main reasons
for charge heterogeneity. Particularly, C-terminal Lys
cleavage is the most commonly investigated reason for
basic charge heterogeneity (Harris et al. 2004).
Incomplete C-terminal Lys residue cleavage leads to
the presence of Lys variation, which is a major basic
variant commonly detected during mAb manufacture
(Dorai and Ganguly 2014). C-terminal Lys cleavage is
an enzymatic process catalyzed by basic carboxypep-
tidases (Cps), including CpB and CpH, which are
found in Chinese hamster ovary (CHO) cells (Luo
et al. 2012; Zhang et al. 2015). Furthermore, C-termi-
nal Lys variation was found to be related to Lys and
Arg (Zhang et al. 2015). However, in the mAb
production process the charge variant distribution is
influenced by a series of culture parameters, such as
pH, temperature, and culture mode.

Culture temperature has been extensively studied in
the mAb production process; temperature affects not
only production but also quality attributes, such as
glycosylation (Ahn et al. 2008), charge heterogeneity
(Zhang et al. 2015), aggregation and fragmentation
(Gomez et al. 2012). In this context, the acidic peak
content is significantly decreased, and the basic peak
content is significantly increased, but the main peak
content remains constant when the culture temperature
is decreased (Zhang et al. 2015).

Hydrolysate is usually added to medium and feed,
which can effectively increase cell density or produc-
tion (Buss et al. 2012; Franek et al. 2000; Heidemann
et al. 2000). However, the effect of hydrolysate
addition on quality attributes, and especially charge
heterogeneity, has been seldom studied. Nevertheless,
in previous studies, we found that hydrolysate addition
to feed could decrease the acidic peak content and
enhance mAb production in fed-batch culture.

However, the charge variant distribution is poor and
difficult to control using current techniques, so
methods of more effective control need to be explored
for that charge variants have been shown to affect the
in vitro and in vivo binding characteristics of
antibodies (Gawlitzek et al. 2000; Mastrangelo et al.
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2000; Sauer et al. 2000), in addition, it has been shown
with an enriched pool of acidic species from an IgGl1
antibody, there was a lower FcRn binding response,
despite demonstrating similar in vivo pharmacokinetic
(PK) parameters (Riechmann et al. 1988). Therefore,
we investigated the combined effect of a series of sub-
physiological temperatures (30, 32, and 34 °C) and
hydrolysate addition (0.100 g/L) on anti-IgE mAb
charge heterogeneity in the present study. Further-
more, we examined the change in Lys variant levels in
relation to the temperature shift and hydrolysate
addition to the feed.

Materials and methods
Cell culture

Recombinant humanized anti-human IgE antibody
was produced in the recombinant CHO-K1 cell line,
with the mother cell line originally (Catalogue number
CCL-61) purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). The recom-
binant CHO-K1 cell line constructed with pEE12.4
vector (Lonza, Basel, Switzerland) and selected with a
glutamine synthetase (GS) system in house at the Cell
Culture Bioprocess Engineering (CCBE) laboratory of
the Shanghai Jiao Tong University (Shanghai, China).
The basic medium used was Dynamis® serum-free
basic medium (Thermo Fisher, NH, USA), and the
feeds used were in-house feed-A and feed-B [feed-
A + 100 g Sheff-CHO Plus PF ACF®L-1 (Kerry,
Beloit, WI, USA)]. Sheff-CHO Plus PF ACF, which
contains wheat and soy components, was the source of
hydrolysate in this study; therefore, the hydrolysate
addition group received feed-B, whereas the control
group received feed-A. The feed strategy involved feed
addition starting on day 4, with 5, 2, 5, 2, and 5% feed
(v/v) added sequentially every 2 days. The cells were
inoculated in a 500-mL shaker flask (Corning, NY,
USA) with 100 mL of medium, and the final cell
density was approximately 0.5 x 10° cells/mL. Both
groups were cultured at 37 °C until day 4, when the
culture temperature was shifted to 30, 32, or 34 °C,
which were defined as low, medium, and high sub-
physiological temperatures, respectively. Each day,
3-mL samples were removed to determine cell density,
cell viability, and off-line pH, and the supernatant were
stored at — 80 °C for further determination.
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Cell density, cell viability, off-line pH, and mAb
titer

The cells were stained with Trypan blue (Sigma, St.
Louis, MO, USA), and cell density and viability were
measured using a Countstar Automated Cell Counter
(Yurui, Shanghai, China). The sample pH was mea-
sured immediately after sampling using a pH meter
(Mettler Toledo, Zurich, Switzerland). In addition, the
titer was measured using a ForteBio Octet® RED96
(Pall, San Diego, CA, USA) system according to the
manufacturer’s instructions.

Amino acid concentrations

Lys and Arg concentrations were determined using a
high-speed amino acid analyzer (Hitachi, Tokyo,
Japan) according to the manufacturer’s instructions.

Weak cation exchange chromatography

Weak cation exchange HPLC (WCX-HPLC) was
performed to detect charge variation in the antibody
product. Antibody charge variants were separated on a
4.0 mm x 250 mm  ProPac WCX-10 column
(Thermo Fisher Scientific, Sunnyvale, CA, USA)
using an Agilent 1260 HPLC system (Agilent, San
Diego, CA, USA) at a flow rate of 1.0 mL/min.
Proteins were eluted at ambient temperature using a
mobile phase gradient of 0—100 mM NacCl in a buffer
consisting of 10 mM MES and 10 mM HEPES at pH
8.0.

Lys variant content

Lys variant content was quantified as the difference in
basic variants after CpB treatment of the mAb, which
was performed as follows. First, samples underwent
ultrafiltration with a 50 mM NH4HCO; exchange
buffer 3 times in a 10-kDa ultrafiltration tube (BD,
Franklin Lakes, NJ, USA) and were then diluted to a
final concentration of 1.0 mg/mL. Second, 200 pL of
the upper solution was transferred to a 1.5-mL EP
tube, 1 pL. of CpB enzyme was added, and the
resulting solution was mixed thoroughly. Third, the
samples were incubated in a 37 °C water bath for 2 h.
Finally, the samples were cooled to room temperature
before analysis.

Real-time PCR

Relative CpB and CpH mRNA levels were quantified
by real-time PCR analysis. Total mRNA was extracted
with E.Z.N.A.® Total RNA Kit I (Omega Bio-tek,
Norcross, GA, USA). The following primers were
used: CpB: forward TGAAAAGGAGACCAAGGCC
C, reverse CGCAGGCAGCTTATTTGCAT; CpH:
forward ACCTGGAGCAGATACACCGA, reverse
GGTTGCATTGGCAATTGGGT; and GAPDH: for-
ward GGAGTAAGAAGCCCACCCTG, reverse GG
TCTGGGATGGAAACTGTGA. Real-time PCR was
performed and monitored using SYBR Green PCR
Master Mix and an ABI Prism 7700 Sequence
Detection System (Thermo Fisher Scientific, CA,
USA).

Statistical analysis

The data are presented as the mean =+ standard
deviation (S.D.) of three independent experiments
and p values were estimated by two tailed Student’s t
test. *p < 0.05, **p < 0.01.

Results

The combined effects of temperature
and hydrolysate on cell growth and mAb
production

In both the hydrolysate addition and the control
groups, the viable cell density was significantly higher
at the high sub-physiological temperature than at the
medium or low sub-physiological temperature, and
there was no significant difference in density between
the medium and the low sub-physiological tempera-
tures (Fig. la). Specifically, the peak viable cell
densities were approximately 18.2 x 10°,
10.1 x 10° and 8.5 x 10° cells/mL at the high,
medium, and low sub-physiological temperatures,
respectively. Cell viability was similar under all
conditions and remained high (> 90%) during the
whole culture phase (Fig. 1b). The integral of viable
cell concentration (IVCC) yielded a similar result as
for viable cell density (Fig. 1c).

However, the titer was significantly higher in the
hydrolysate addition group at the high sub-physiolog-
ical temperature compared with the other group, even
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Fig. 1 Profiles of a cell
growth, b cell viability, c the
integral of viable cell
concentration (IVCC =
C.dt, C,: Viable cell
density), and d mAb
production during fed-batch
culture at different
temperatures and with or
without hydrolysate
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though the IVCC and cell density were comparable
between this group and the control group at the high
sub-physiological temperature. In particular, the titer
in the hydrolysate addition group at the high sub-
physiological temperature was approximately 2.6 g/L,
whereas in the control group, the titer was only
approximately 1.3 g/L. Meanwhile, the titer in the
hydrolysate addition group was similar to that in the
control group at the medium sub-physiological tem-
perature but was significantly lower at the low sub-
physiological temperature.

The combined effects of temperature
and hydrolysate on charge variant distribution

The acidic variant content increased with sub-physi-
ological temperature elevation in both the hydrolysate
addition and the control groups. The acidic variant
content specifically increased from 12.0 to 16.8% in
the hydrolysate addition group and from 11.2 to 23.1%
in the control group. However, the acidic variant peak
content was lower in the hydrolysate addition group
than in the control group at all sub-physiological
temperatures, with significantly lower contents at the
medium (13.8 vs. 17.2%) and high (16.8 vs. 23.1%)
sub-physiological temperatures (Fig. 2a).

@ Springer
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The basic variant content decreased with elevation
of sub-physiological temperature in both the hydro-
lysate addition and the control groups. The basic
variant content specifically increased from 32.3 to
9.8% in the hydrolysate addition group and from 22.1
to 10.2% in the control group. In particular, the content
was significantly higher in the hydrolysate addition
group than in the control group at the low (22.1 vs.
32.3%) and medium (16.0 vs. 25.1%) sub-physiolog-
ical temperatures but was comparable between the
groups at the high sub-physiological temperature (10.2
vs. 9.8%) (Fig. 2b).

The main peak content varied between the hydro-
lysate addition and the control groups with elevation
of sub-physiological temperature. Specifically, the
content in the control group remained steady, whereas
that in the hydrolysate addition group gradually
increased (from 60.1 to 73.4%). The main peak
content in the hydrolysate addition group was signif-
icantly lower than that in the control group at the low
and medium sub-physiological temperatures but sig-
nificantly higher at the high sub-physiological tem-
perature (73.4 vs. 68.4%) (Fig. 2c).
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Fig. 2 Profiles of mAb 2
charge variant content
during fed-batch culture at
different temperatures and
with or without hydrolysate
addition to the feed. a Acidic
variant content; b basic
variant content; ¢ main peak
content. White represents
the control group, and black
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The combined effects of temperature
and hydrolysate on Lys variants

The Lys variant content decreased with elevation of
sub-physiological temperature in both the hydrolysate
addition and the control groups. In particular, the
content of Lys variants in the hydrolysate addition
group was significantly higher than that in the control
group at the low (22.1 vs. 14.8%) and the medium (7.4
vs. 17.5%) sub-physiological temperatures but was
comparable between the groups at the high sub-
physiological temperature (Fig. 3a).

The lowest CpB mRNA levels were observed in the
control group at the low sub-physiological tempera-
ture, and the highest levels were observed in the
hydrolysate addition group at the high sub-physiolog-
ical temperature, whereas the other levels were
comparable. In addition, CpH mRNA levels were
comparable, except in the hydrolysate addition group
at the high sub-physiological temperature, which
showed significantly higher levels. Additionally, the
CpB and CpH mRNA levels were highest on day 11 at
the high sub-physiological temperature in the hydro-
lysate addition group (Fig. 3b, c).

The Lys and Arg concentrations increased with
elevation of sub-physiological temperature in both the
hydrolysate addition and the control groups. The Lys

34

and Arg concentrations were higher in the hydrolysate
addition group than in the control group at all times
and sub-physiological temperatures. Furthermore, the
Lys and Arg concentrations increased after day 8 and
achieved the highest concentrations, namely, 8.5 mM
and 6.2 mM, respectively, at day 14 in the hydrolysate
addition group at the high sub-physiological
temperature.

Discussion

Temperature shifts affect mAb charge heterogeneity,
glycosylation, and production (Ahn et al. 2008;
Gomez et al. 2012; Marchant et al. 2008). In the
present study, the change in the charge heterogeneity
of anti-IgE mAb was observed following temperature
shift. Some known modifications have been reported
to contribute to the formation of acidic variants such as
the sialylation (Cruz et al. 1999; Eaton 1995; Riech-
mann et al. 1988), deamidation (Zanghi et al. 2000)
and glycation (Riechmann et al. 1988). On the other
hand, the C-terminal Lysine (Lys) clipping (Riech-
mann et al. 1988; Zhang et al. 2015), pyro-glutamate
cyclization (Eaton 1995), C-terminal amidation, and
the formation of succinimide from isomerization of
aspartate (Asp) residues (Zanghi et al. 2000) are

@ Springer



1126

Cytotechnology (2018) 70:1121-1129

Fig. 3 Profiles of mAb Lys
variant content, the relative
mRNA levels of basic Cps,
and Lys and Arg
concentrations during fed-
batch culture at different
temperatures and with or
without hydrolysate
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commonly observed modifications that form basic
variants. Moreover, the addition of hydrolysate to
culture medium or feed has been reported to signif-
icantly enhance mAb production and glycosylation
(Ho et al. 2016; Kim and Lee 2009), and in the current
study, the production of anti-IgE mAb was also
enhanced in the presence of hydrolysate. However,
the effect of the addition of hydrolysate on charge
heterogeneity during anti-IgE mAb production has
been relatively unknown, so further investigation of
how charge heterogeneity can be regulated based on
temperature shift was needed. Thus, we studied the
combined effects of temperature shift and hydrolysate
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addition on the charge heterogeneity of anti-IgE mAb.
In addition, we explored the reason for the change in
Lys variant levels, which were the major source of
basic variants under the study conditions.

The data suggest that cell growth is mainly
influenced by temperature, with cell growth being
inhibited at a low sub-physiological temperature
(Oguchi et al. 2006). The same phenomenon was
observed for mAb production. However, at the high
sub-physiological temperature, production was pri-
marily related to the levels of nutrients due to the
effective utilization of raw materials for mAb
synthesis.
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Temperature shift during the stationary phase has
been reported as changing the charge variant distri-
bution (Zhang et al. 2015). A similar result was also
observed in the present study. In particular, with sub-
physiological temperature elevation, the acidic variant
content was increased, the basic variant was
decreased, and the main variant content remained
constant.

However, hydrolysate addition to the feed at the
three  different sub-physiological temperatures
resulted in a significant change in the charge distribu-
tion. Specifically, the acidic variant content was
significantly decreased at the medium and high sub-
physiological temperatures and remained constant at
the low sub-physiological temperature. Meanwhile,
the basic variant content was significantly increased at
the low and medium sub-physiological temperatures
and remained constant at the high sub-physiological
temperature. Finally, the main variant content signif-
icantly decreased at the low and medium sub-physi-
ological temperatures but significantly increased at the
high sub-physiological temperature.

Obviously, hydrolysate addition to the feed base
along with temperature shift could significantly
change the charge variant distribution, and especially
hydrolysate addition to the feed at the high sub-
physiological temperature. In the present study, under
these conditions, the acidic variant levels significantly
decreased, the main variant levels significantly
increased, and the basic variant levels remained
steady. The reason for the change in acidic variant
levels deserves further investigation, whereas the
change in the basic variant levels has been elucidated.

Lys variants are commonly considered the major
basic variants due to incomplete C-terminal Lys
residue cleavage (Dorai and Ganguly 2014). Here, it
was also observed that the Lys variants were the major
basic variants, and the major change in basic variant
levels originated from the Lys variants in our study.

Lys variants have been evaluated by WCX-HPLC
to indirectly monitor the C-terminal Lys variants after
chemical or enzymatic digestion of the antibody (Dick
et al. 2008). This method can be used to directly
determine the relative percentage of C-terminal Lys
contained in the original antibody.

In the present study, the basic variants were
predominantly Lys variants, so the trends for Lys
and basic variants were similar: the content decreased

with elevation of the sub-physiological temperature in
both the hydrolysate addition and the control groups.

It is widely assumed that Lys variants of mAbs are
created by Cps in complex cell culture inside biore-
actors (Dick et al. 2008; Zhang et al. 2015). The two
main factors impacting Cps are the Cp level and Cp
activity. The relative CpB and CpH mRNA levels
were considered as indicators of the Cp level in the
present study, and both the relative CpB and CpH
mRNA levels were significantly higher in the hydro-
lysate addition group at the high sub-physiological
temperature.

Cp activity is influenced by pH, temperature and
amino acid concentrations in the medium (Bradley
et al. 1996; Folk et al. 1962; Zhang et al. 2015). In the
present study, the sample pH was measured immedi-
ately after sampling using a pH meter, the hydrolysate
addition and the control groups’ pH values were not
significantly different at each sampling time (data not
shown), suggesting that pH should not be responsible
for the charge variants distribution of mAbs. However,
sub-physiological temperature elevation might
increase Cp activity (Bradley et al. 1996). Addition-
ally, the increases in the Lys and Arg concentrations in
the medium might be a factor that decreased Cp
activity, which was inhibited in prior studies (Folk
et al. 1962; Zhang et al. 2015).

Conclusions

The combined effects of temperature shift and
hydrolysate addition on anti-IgE mAb charge variant
distribution were investigated. Hydrolysate addition
could further change the charge variant distribution
along with temperature shift. At the high sub-physi-
ological temperature, the acidic variant content was
significant decreased, and the main variant content
was increased. Lys variant levels were positively
related to the Lys and Arg concentrations in the
medium and negatively related to CpB and CpH
transcript levels. Therefore, the combination of tem-
perature shift and hydrolysate addition could effec-
tively regulate charge heterogeneity in CHO fed-batch
culture.
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