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Abstract
The direct induction of cell death, or apoptosis, in target cells is one of the effector mecha-

nisms for the anti CD20 antibody Rituximab. Here we provide evidence that Rituximab’s

apoptotic ability is linked to the antibody IgG isotype. Reformatting Rituximab from the stan-

dard human IgG1 heavy chain into IgG2 or IgG4 boosted in vitro apoptosis induction in the

Burkitt’s lymphoma B cell line Ramos five and four-fold respectively. The determinants for

this behavior are located in the hinge region and CH1 domain of the heavy chain. By trans-

planting individual IgG2 or IgG4 specific amino acid residues onto otherwise IgG1 like back-

bones, thereby creating hybrid antibodies, the same enhancement of apoptosis induction

could be achieved. The cysteines at position 131 of the CH1 domain and 219 in the hinge

region, involved in IgG2 and IgG4 disulfide formation, were found to be of particular struc-

tural importance. Our data indicates that the hybrid antibodies possess a different CD20

binding mode than standard Rituximab, which appears to be key in enhancing apoptotic

ability. The presented work opens up an interesting engineering route for enhancing the

direct cytotoxic ability of therapeutic antibodies.

Introduction
The chimeric CD20 antibody Rituximab (RTX) combines a murine variable region with
human constant domains and has been approved for the treatment of B cell malignancies since
1997. RTX’s efficacy has been associated with a number of mechanisms; including the activa-
tion of immune effector functions such as complement dependent lysis (CDC) or antibody-
dependent cell mediated cytotoxicity (ADCC) as well as the direct induction of apoptosis in
CD20 expressing tumor cells [1–5]. Therapeutic antibodies in general are able to elicit apopto-
sis in target cells by activating death receptors, inhibiting growth or survival pathways by
blocking receptor-ligand interactions or crosslinking cell surface antigens which induces pro-
apoptotic signaling [6]. The exact apoptotic mechanisms of anti CD20 mAb are still being
debated. It has been reported that CD20 crosslinking on the cell surface [7,8] leads to the acti-
vation of tyrosine kinases [9–12] and an increase in intracellular calcium levels [8,11,13].
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While some works have found classic hallmarks of apoptosis such as caspase activation [13,14],
other authors describe cell death to be independent of caspase and mitochondrial pathways
[11,15]. The cell death process has been described to involve intracellular actin polymerization
and lysosome rupture [16,17] as well as the release of reactive oxygen species [18].

The development of therapeutic antibodies has thus far largely focused on the IgG class and
its four subtypes. Of those, only IgG1, IgG2 and IgG4 have been utilized due to IgG3’s extensive
allotypic variance in the constant domain and proneness to proteolytic cleavage caused by its
long hinge region [19,20]. The human IgG subclasses differ with regards to their biological role
in vivo. IgG1, the most abundant IgG comprising 60% of all serum IgG, is largely formed in
response to protein antigens. IgG2 (25%) recognizes carbohydrate antigens associated with bacte-
rial infection whereas IgG4 (5%) occurs in response to persistent antigen stimulation and is thus
considered to possess anti-inflammatory propertied [20,21]. The IgG subtypes exhibit stark dif-
ferences in engaging host effector functions due to their varying affinities to complement proteins
and Fcγ receptors present on immune cells. IgG1 is considered an active isotype, with the ability
to interact with C1, FcγRI, FcγRII and FcγRIII, and thus being able to elicit both ADCC and
CDC [20,22]. IgG2 only interacts with FcγRII bearing leukocytes but lacks the ability to induce
ADCC and CDC and has therefore been used in therapeutic antibodies where the recruitment of
host effector functions would be detrimental to the therapeutic concept [19,21]. IgG4 has also
been applied as an inactive isotype. Some authors, however, have shown that IgG4 is able to
recruit Fcγ receptors and has the capacity to induce ADCC under certain conditions [23,24].

While multiple studies have been undertaken to identify and mutate the constant domain resi-
dues responsible for controlling ADCC and CDC, with both effector enhancing and attenuating
mutations having been described [25–29], the relationship between the IgG subclasses and apopto-
sis induction has thus far not been investigated. Here we report that, using Rituximab as a model
antibody, IgG2 and IgG4 subtypes are more effective at eliciting apoptosis in CD20 expressing tar-
get cells in vitro than IgG1. We quantified cell death induction by measuring the externalization of
the cell membrane lipid phosphatidylserine as a marker for apoptosis [30]. We found that IgG2
and IgG4’s increased apoptotic ability is influenced by the hinge and CH1 domains of the heavy
chain and that transplanting hallmark amino acid residues onto IgG1, thereby creating hybrid
antibodies, increases IgG1’s cytotoxic potential. The hybrid antibodies were found to possess a dis-
tinct CD20 binding mode and modulated ADCC activity in comparison to the IgG1 control. We
propose this approach as an interesting engineering design option in enhancing the direct cyto-
toxic efficacy of therapeutic antibodies; particularly in indications such as oncology where the
directed ablation of target expressing cells is an essential pharmacological mode of action.

Materials and Methods

Expression vector construction
Expression vectors for the heavy and light chain of RTX were constructed by inserting the cod-
ing sequences into separate pTT5 [31] vectors using routine molecular biology techniques [32].
The point mutations required to obtain amino acid exchanges in the heavy chain of the hybrid
antibodies were introduced by whole plasmid site specific mutagenesis [33]. Mutagenic primers
(30-45bp) were ordered fromMWG Biotech. The Phusion Hot Start Polymerase (NEB) was
employed for amplification. In a total reaction volume of 25μl, 50ng of the parental heavy
chain plasmid was mixed with 0.3μM of each primer, 2mM dNTPs (NEB), 1x Phusion buffer,
4% DMSO and 0.5U of Phusion polymerase. The following thermal cycling protocol was
employed: Denaturation at 98°C for 30s; 20 cycles of denaturation at 98°C (10s), primer
annealing at 55°C (30s), extension at 65°C (30s/kb) followed by a final extension cycle at 65°C
(300s). Subsequently, the PCR reaction was digested with 2U of DpnI (NEB) to remove
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methylated parental plasmid DNA. A 2μl aliquot of the reaction was then transformed into the
bacterial strain NEB10β (NEB). Lysed bacterial colonies were Sanger-sequenced to confirm the
presence of the desired mutation. Plasmid DNA was purified using Qiagen kits according to
the manufacturer’s protocol.

Residue numbering
All amino acid residues of the RTX heavy chain referred to herein are numbered according to
the Eu nomenclature [34]. The full length sequences of the Rituximab heavy chains (Isotypes
IgG1 a1; IgG1 a2; IgG2; IgG4P & IgG4DM) and light chain can be found in the supplement, S1
Fig and S2 Fig respectively.

Protein production
Antibodies were expressed using the transient episomal CHO-3E7 expression system [31].
Briefly, plasmid DNA (1μg/ml total transfection volume) was complexed with polyethyleneim-
mine (PEIPro, Polyplus). DNA-PEI complexes were added to CHO-3E7 in serum-free CHO
Freestyle medium (Invitrogen) supplemented with 2mM L-Gln. Typical reaction volumes ran-
ged from 100 – 250ml and transfections were incubated for 7–8 days. The supernatant was har-
vested by centrifugation and filtration and antibody titers were measured using a Fortebio
OctetQKe system in conjunction with protein A biosensors (Pall).

Protein purification
Antibodies were purified using protein A spin columns (GE Healthcare) according to the man-
ufacturer’s instruction. Protein purity was verified by SDS PAGE and Caliper Labchip GXII
protein assay (PerkinElmer). Concentrations were determined by measuring absorbance at
280nm with a Nanodrop photometer (ThermoFisher) utilizing the calculated antibody specific
extinction coefficient [35]. High performance size exclusion chromatography (HP-SEC) was
used to measure the monomer content of antibody preparations. Briefly, HP-SEC was per-
formed using a Waters 2690 alliance HPLC instrument equipped with a Waters 2487 Dual
Absorbance detector employing TSKgel300SWXL gel filtration columns (Tosoh Biosciences).
Samples (100–125μg) were run in SEC buffer (200mM L-Arginine, 100mMNa2HPO4

�2H2O,
pH 6.8), with a flow rate of 1 ml/min. A molecular weight standard (Bio-Rad) and an internal
antibody (IgG1) standard were run in parallel to assign peaks. Data analysis and peak quantita-
tion were performed using the internal software package BIChrom Empower (version FR5).
Exemplary data can be found in S3 Fig.

Cell culture
CD20 expressing Ramos cells (ATCC CRL 1596) were cultured in serum-free Ultraculture
medium (Lonza) supplemented with 2mM L-Gln. Ramos cells were seeded at 5E5/ml 24h
prior to performing apoptosis or ADCC assays. NKL cells [36] were maintained in serum-free
Ultraculture medium and supplemented with 2mM L-Gln and 600U/ml Proleukin (Novartis)
and were seeded at 1E6/ml 24h prior to performing ADCC assays.

F(ab)2 and Fc preparation
Antibody fragments were prepared using the FragIT cleavage and purification kit (Genovis)
according to the manufacturer’s instruction. The kit utilizes the cysteine protease IdeS that
cleaves antibodies in the lower hinge region [37].
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Apoptosis assay
2000ng of each full length RTX variant, with or without an additional 2000ng (ratio 1:1) of
cross-linking antibody (goat-anti-human Fcγ specific, Jackson Immunoresearch) were incu-
bated with 100.000 Ramos cells for 24h in 200μl of Ultraculture medium (Lonza) supple-
mented with 2mM L-Gln in round-bottom 96w plates at 37°C and 5% CO2. The amount of
antibody to use in the apoptosis assay has been empirically determined (see S4 Fig for dose
response assessments) to yield a robust readout after 24h. F(ab)2 and Fc fragments were used
in equimolar amounts equating to 1360ng and 320ng respectively. Following incubation, cells
were spun down and 100μl of medium was replaced with 2x AnnexinV binding buffer (BD
Pharmigen) containing AnnexinV-FITC and Propidium Iodide (PI; both ebiosciences). Mea-
surement occurred in a FACS Calibur flow cytometer (BD Biosciences) by acquiring 15.000
events per sample and data analysis was performed using the Flowjo software package (Trees-
tar). First, a gate was applied to the forward/side scatter (FSC/SSC) plot. Gated cells were ana-
lyzed for AnnexinV-FITC and PI staining patterns. Unstained controls were used to set the
gates. Cells negative for both dyes have not undergone apoptosis. Cells showing a PI staining
only are considered to be necrotic. In this work the total percentage of apoptosis induction is
defined as the sum of AnnexinV-FITC single positive (early apoptotic) and AnnexinV-FITC/
PI double positive (late apoptotic) cells. An illustration of the gating strategy can be found in
S5 Fig. Spontaneous apoptosis induction in the absence of antibody was subtracted. Reported
are absolute (Fig 1) and normalized (Figs 2, 3 & 4) apoptosis induction. For normalization, the
value obtained for the IgG1 control of Rituximab in the absence of crosslinking antibody was
set to 100% in every experiment. Each antibody variant was measured in at least three indepen-
dent assays. Further, an IgG1 antibody (Sibrotuzumab) whose target is not present on Ramos
cells was used as a negative control [38,39]. Numeric values (mean, standard deviation, N, p-
values) are reported in S1 and S2 Tables.

Cellular Binding Assay
In order to determine a saturation binding curve for RTX IgG1 (S6 Fig), 1E6 Ramos cells per
sample were suspended in FACS buffer (PBS, 1% BSA, 0.01% NaN3) and incubated for 30
mins at 4°C with serial dilutions of RTX IgG1. Following two washes in FACS buffer, bound
antibody was detected using 1μg of a polyclonal FITC (fluorescein isothiocyanate) labelled goat
anti human IgG (Jackson Immunoresearch). Samples were measured in a FACS Calibur flow
cytometer (BD Biosciences). Data was analyzed by calculating the MFI (median fluorescence
intensity) of the vital population using the Flowjo software (Treestar). The EC50 value was
obtained by plotting the MFI versus the concentration and applying a 4 parametric logistic
dose response model.

For direct RTX antibody variant binding (Fig 5A), 1E6 Ramos cells were incubated with
0.5μg (16.7nM) or 1μg (33.3nM) of the respective RTX variant. The amounts were chosen
based on the EC50 of RTX binding to Ramos cells (S6 Fig). Bound antibody was detected using
1μg FITC conjugated murine monoclonal anti human kappa light chain antibody
(ebioscience).

For competition binding assays (S7 Fig), 1E6 Ramos cells per sample were incubated with
1μg FITC conjugated anti-CD20 antibody clone LT-20 (Santa Cruz Biotechnology) and serial
dilutions of the RTX variants. The measured MFI was normalized to the signal obtained in the
absence of competing antibody (= 100%) or isotype control stained cells (= 0%). Data points
were plotted and fitted using a 4 parametric logistic dose response model to obtain IC50 values.
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ADCC Assay
ADCC assays were performed by employing the CARE-LASS (Calcein-AM Release) assay princi-
ple [40]. Briefly, target cells (Ramos) were labelled with 25μMCalcein-AM (Sigma) for 30mins at
37°C in the dark. After washing the labelled cells twice with assay medium (Ultraculture + 2mM
L-Gln + 600U/ml Proleukin), Ramos cells were seeded at 10000 cells per well of a 96 well plate
and mixed with pre-diluted antibody. NKL cells [36], modified at Boehringer Ingelheim to
overexpress CD16-V158, were utilized as effector cells. An effector to target ratio of 30:1 was
employed, hence 300000 NKL cells were added to each well. The cells were incubated at 37°C for
3h. Negative (targets and effectors in the absence of antibody to obtain background lysis values)
and positive controls (targets and effectors in the presence of 1% Triton X100 (Sigma) to obtain
maximum lysis values) were included in each assay. Following incubation, the plates were centri-
fuged and 100μl of supernatant were transferred to a new black microtiter plate and measured in
an Infinite M200Pro (Tecan) microplate reader using standard fluorescein settings (excitation
480nm, emission 520nm, gain 100, 10 flashes). The specific lysis was calculated as follows: 100%
� (observed lysis–background lysis)/(maximum lysis–background lysis).

Fig 1. Apoptosis induction potential of different Rituximab isotypes and antibody fragments. The
absolute apoptotic induction of different Rituximab isotypes and antibody fragments is shown; full length
sequences, numerical values and p-values can be found in the supplemental information. Bars represent the
mean of at least three independent assays ± standard deviation. The negative control represents an antibody
whose target is not expressed on Ramos cells. P- values were calculated by one-way ANOVA using IgG1 a1
as the control group. ** p�p0.01.

doi:10.1371/journal.pone.0145633.g001
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Figures and Statistics
All figures were created with Prism v6 (Graphpad, USA), which was also used for statistical
evaluation of the data set. All p-values in this work were computed by one-way ANOVA fol-
lowed by the Dunnett’s test. The respective RTX IgG1 reference served as a control group.

Fig 2. Sequence alignments for the hinge region and normalized apoptosis induction potential of
Rituximab hinge variants. (A) The hinge region of the Rituximab heavy chain, from residue 216 to 238 (EU
numbering) is shown. Sequences differences between the control IgG1, IgG2, IgG4P and all engineered
hinge mutants are bolded and shaded. (B) The bars illustrate the normalized apoptosis values observed for
all constructed Rituximab hinge variants in relation to the IgG1 control (100%, dashed line) in the absence
(black bars) and presence (white bars) of crosslinking antibody. Values for full length IgG2 and IgG4P are
shown as a reference. Reported are the means of at least three independent assays ± standard deviation. P-
values were calculated by one-way ANOVA using IgG1 a1 as the control group. ** p� 0.01.

doi:10.1371/journal.pone.0145633.g002
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Results

IgG2 or IgG4 versions of Rituximab are more effective at inducing
apoptosis in vitro than IgG1
Rituximab comprises murine variable heavy and light chain sequences in combination with
human constant domains of the kappa light chain and IgG1 heavy chain isotypes. We have
observed that reformatting the RTX heavy chain into IgG2 or IgG4 isotypes drastically impacts
the antibody’s ability to induce direct apoptotic cell death in a CD20 specific in vitro assay
using the human Burkitt’s lymphoma cell line Ramos (Fig 1; S1 Table). Whereas the two IgG1
allotypic variants IgG1 a1 and IgG1 a2 (a1 (G1m1): D356, L358; a2 (nG1m1): E356; M358)
induced apoptosis in only 11% or 10% of all cells after 24h in culture respectively, an IgG2 ver-
sion of RTX boosted this value to 49%. Two stabilized IgG4 variants of the same antibody,
IgG4P and IgG4DM (carrying S228P and S228P-L235E exchanges) [41,42] caused apoptosis in
41% and 36% of the Ramos cell population.

Fig 3. Sequence alignments for the CH1 region of normalized apoptosis induction potential of
Rituximab CH1 variants. (A) Two parts of the CH1 region, from residues 131 to 138 and 192 to 214, are
illustrated. Sequences differences between the control IgG1, IgG2, IgG4P and all engineered CH1 mutants
are shaded. (B) The bars illustrate the normalized apoptosis values observed for all Rituximab CH1 variants
in relation to the IgG1 control (100%, dashed line) in the absence (black bars) and presence (white bars) of
crosslinking antibody. Values for full length IgG2 and IgG4P are shown as a reference. Shown are the means
of at least three independent assays ± standard deviation. ** p� 0.01. The p values that are shown were
calculated by one way ANOVA using IgG1 in absence of the crosslinker as the control group.

doi:10.1371/journal.pone.0145633.g003
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Next, we cleaved IgG1 a1, IgG2 and IgG4P into F(ab)2 and Fc fragments using the IdeS pro-
tease [37]. As observed for the full length IgGs, the F(ab)2 fragment derived from IgG2 induced
the highest level of apoptosis (56%), followed by the IgG4P F(ab)2 (45%). The IgG1 a1 F(ab)2
fragment caused apoptosis in 35% of all Ramos cells, a level three times higher than seen for
the full length IgG1 a1 antibody. The Fc fraction from IgG1 a1 was tested as a control. As
expected, the Fc fragment, not containing the antigen binding region, did not induce apoptosis.

Modifying Rituximab’s IgG1 hinge region to mimic IgG2 or IgG4 impacts
apoptosis induction
Some of the most striking structural differences between IgG1, IgG2 and IgG4 are located in
the hinge region (Fig 2A). The hinge itself is split in three regions, the upper; core and lower

Fig 4. Normalized apoptosis induction potential of Rituximab variants combining hinge and CH1
mutations andmutants covering all possible amino acid exchanges of hinge position 219. (A) The
bars illustrate the normalized apoptosis values observed for Rituximab variants that combine hinge and CH1
mutations. Values for full length IgG2 and IgG4P are shown as a reference. (B) shows the impact of all
possible amino acid exchanges at hinge position S219. All values are shown in relation to the IgG1 control
(100%, dashed line) in the absence (black bars) and presence (white bars) of crosslinking antibody. Data
represents the means of at least three independent assays ± standard deviation. * p� 0.05; ** p� 0.01. The
shown p values were calculated by one way ANOVA using IgG1 in absence of the crosslinker as the control
group.

doi:10.1371/journal.pone.0145633.g004
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hinge [43]. The upper hinge, residues 216 to 225 according to the Eu nomenclature [34], com-
prises the sequence motif EPKSCDKTHT in IgG1. Notably, both IgG2 and IgG4 upper hinges
are shorter than seen for IgG1. IgG2’s upper hinge contains 3 amino acid residues (ERK),
whereas the upper hinge region of IgG4 is built by 7 amino acids (ESKYGPP). In case of the

Fig 5. Binding of RTX variants to the surface of Ramos cells andmediation of ADCC via RTX and NKL
cells in vitro. In (A) the binding of RTX variants to the surface of Ramos cells measured by flow cytometry is
shown. Two RTX amounts (1μg, white bars) and 0.5μg (black bars) per 1E6 Ramos cells were used. The
IgG1 signal ratio represents the MFI of the RTX variant divided by the MFI of the IgG1 control. (B) shows the
result of a RTX specific ADCC assay in which three different concentrations (125nM, 31.3nM, 7.8nM) of the
antibodies were incubated with Ramos target and NKL effector cells to evaluate ADCC activity of the RTX
variants. * p� 0.05; ** p� 0.01. The p values were calculated by one way ANOVA using IgG1 as a control in
each concentration group. Shown are the means of three independent samples ± standard deviation. MFI:
median fluorescence intensity; a.u.: arbitrary units.

doi:10.1371/journal.pone.0145633.g005
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core hinge (residues 226–230), IgG1 and IgG4 both comprise 5 amino acids; CPPCP for IgG1
and CPSCP for wild type IgG4. A common IgG4 engineering strategy to avoid the formation of
half molecules [41] is substituting the serine residue at position 228 with a proline and has also
been employed for the IgG4P variant used herein. In contrast, the IgG2 core hinge is longer
and contains an additional 4 amino acids (CCVECPPCP). Finally the lower hinge region (resi-
dues 231–238) is similar between IgG1 (APELLGGP) and IgG4 (APEFLGGP) apart from a
L234F exchange. IgG2 exhibits additional changes in the region (APPVAGP), with two amino
acid replacements (L234V and L235A) and a deletion of the glycine at position 236.

In order to evaluate which residues where responsible for IgG2 and IgG4’s enhanced apo-
ptosis potential; we constructed a selection of hybrid IgG1 based antibodies (Fig 2A) containing
substitutions in the hinge region mimicking the respective IgG2 and IgG4 residues and evalu-
ated them for apoptosis induction (Fig 2B).

One notable hallmark of the IgG2 and IgG4 upper hinges is the lack of the motif DKT.
Therefore we deleted one, two or all three amino acids in the RTX IgG1 heavy chain. The
exclusive deletion of D, K or T has only a small, not statistically significant, impact on the apo-
ptosis potential. Deleting two residues simultaneously, however, results in a 3 fold increase of
observed cell death (302% for DT; 300% for DK and 300% for KT). Lastly, when removing the
entire motif (mutant DKT) apoptosis levels of 347% were achieved.

Transplanting the entire lower hinges of IgG2 and IgG4 onto the RTX IgG1 heavy chain
(variants lh2 and lh4) had no effect on observed apoptosis levels, suggesting the lower hinge is
not involved in eliciting direct cell death.

Next, we assessed the transplantation of the complete upper and core hinges of IgG2 and
IgG4 onto the IgG1 heavy chain backbone. The mutants uch2 (571%) and uch4 (419%) showed
greatly enhanced apoptosis potential that was comparable to the values observed for antibodies
possessing full length IgG2 (546%) and IgG4P (441%) heavy chains.

As uch2 and uch4 contain 7 or 8 amino acid changes respectively (Fig 2A), we wanted to
assess what impact individual mutations–beyond the DKT motif described before–would have
on RTX’s apoptotic potential. A variety of the single or double exchanges had no or only a
moderate effect that proved statistically insignificant. P217R, P217S, C220G, H224V, H224P,
T225P, T225E, H224P-T225P and H224V-T225E did not have an impact. One residue, how-
ever, the serine at position 219 of an IgG1 that is changed to a cysteine in IgG2 and a tyrosine
in IgG4, had a large influence. The RTX mutant S219C showed an apoptosis induction poten-
tial of 530%, whereas S219Y boosted observed cell death levels to 205%. A S219C-C220G com-
bination yielded 366%. Therefore the amino acid at position 219 appears to be a key modulator
of RTX mediated direct cell death.

Further, we combined the S219C substitution with the double (DT, DK, KT) or triple
(DKT) deletions. Variants DT-S219C and DK-S219C showed the strongest apoptosis induc-
tion potential with 603% and 660% respectively. KT-S219C achieved 418% and DKT-S219C
resulted in 463% apoptosis induction. Adding the S219C exchange enhanced apoptosis poten-
tial of all double and triple deletions (p<0.05). The combinations, however, did not differ sig-
nificantly from using the S219C substitution alone, reinforcing the importance of the residue at
position 219 for effective apoptosis induction.

It has been described that crosslinking antibodies directed against the Fc domain can
enhance apoptosis induction by RTX in vitro [8]. We have tested all antibodies in the absence
and presence of such a crosslinking secondary antibody. The antibody to crosslinker ratio
employed was 1:1. For the IgG1 control, the crosslinker boosted the observed apoptosis levels
around three-fold (Fig 2B, white bars). Notably, no such crosslinking effect could be observed
for full length IgG2 and IgG4P. In case of IgG4P, the induced levels of apoptosis were reduced
when the crosslinker was present. Interestingly, the Rituximab IgG1 mutants encompassing
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key structural features of the IgG2 or IgG4 hinges, that, on their own, boost apoptosis, cannot
be further enhanced by crosslinking (e.g. variants DKT, uch2, uch4, S219C, KT-S219C,
DKT-S219C). All other variants retained the apoptosis enhancing crosslinking effect, though
the level of cell death increase observed was lower in some cases (e.g. DT, DK, KT, lh4, S219Y,
DT-S219C, DK-S219C).

Modulating Rituximab apoptosis potential by engineering IgG2 and IgG4
specific CH1 residues
IgG1, IgG2 and IgG4 heavy chain sequences are further set apart by differences in their CH1
domain (Fig 3A). As direct apoptosis induction by anti CD20 antibodies is considered to be an
effect primarily mediated by the F(ab)2 fragment [7], we hypothesized that sequence variations
in the CH1 domain may also be of key importance in order to explain the observed enhanced
apoptosis potential of IgG2 and IgG4.

IgG2 and IgG4 are characterized by identical sequences in an upper part of the CH1 region,
between residues 131 and 138. Compared to IgG1, 4 amino acids differ. The serine at position
131, the lysine at 133 and two glycines at 137 and 138 are replaced with cysteine, arginine, glu-
tamic acid and serine respectively. In the lower part of the CH1 domain (residues 192–214),
both IgG2 and IgG4 have a threonine in position 199 instead of IgG1’s isoleucine and an aspar-
tic acid in position 203 replacing asparagine. Further hallmarks of an IgG2 CH1 are asparagine
and phenylalanine in positions 192 and 193 (as opposed to IgG1’s serine and leucine) and thre-
onine in position 214 (instead of arginine). The IgG4 CH1 region is also identified by a lysine
in position 196 replacing the IgG1 glutamine.

As before, we expressed hybrid IgG1 based RTX antibodies containing several of the IgG2
and/or IgG4 CH1 hallmark residues and assessed them in vitro concerning their apoptosis
induction potential (Fig 3B). A combination of two lower CH1 exchanges (variant lCH1, I199T
and N203D) boosted apoptosis induction to 205% compared to the IgG1 control. The variants
S192N, L193F, Q196K, the combination S192N-L193F and R214T had no significant impact.

The antibody termed uCH1, containing upper CH1 exchanges S131C, G137E and G137S,
achieved 383%. S131C on its own boosts apoptosis levels to 334% and in conjunction with
K133R (S131C-K133R) to 406% compared to the IgG1 control while K133R alone had no sig-
nificant influence. Thus, the residue at position 131 was identified as the key driver of RTX
apoptosis ability.

Crosslinking did not further enhance observed cell death for uCH1 or S131C containing
mutants, but did for all other tested variants.

Combining amino acid exchanges in the hinge and CH1 domains can
maximize RTX’s apoptosis induction potential
Finally, having identified key residues involved in RTX mediated apoptosis induction in both
the hinge and CH1 region, we wanted to assess the impact of combinatorial mutations (Fig
4A).

Combining the hinge variants uch2 and uch4 with S131C resulted in observed mean apo-
ptosis levels of 593% (uch2-S131C) and 556% (uch4-S131C). Both combinations’ effectiveness
is comparable to either uch2 and uch4 alone as well as full length IgG2 and IgG4P (p>0.05),
indicating that the presence of the upper and core hinges is sufficient for obtaining IgG2 and
IgG4P like apoptotic behavior and that there is no further benefit of adding S131C. Neither
uch2-S131C nor uch4-S131C could be enhanced by crosslinking.

Combining the double or triple deletions of the hinge DKT motif with the CH1 S131C
exchange had a beneficial impact on apoptosis induction. The combinatorial mutants
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DT-S131C (633%), DK-S131C (524%), KT-S131C (550%) and DKT-S131C (473%) were all
able to elicit higher apoptosis levels than the amino acid changes did in isolation (all p-values
<0.05).

Adding the critical hinge variation S219C to the mix however, did not further increase the
observed levels of cell death. DT-S131C-S219C (411%), DK-S131C-S219C (393%),
KT-S131C-S219C (219%) and DKT-S131C-S219C (427%) had a significant improved apopto-
sis induction potential in comparison the IgG1 wild-type, but did not reach the same levels as
seen without the addition of S219C. None of these variants benefited from cross-linking.

In addition, the combination of S131C-S219C, the two hinge and CH1 variations which
each strongly enhance apoptotic potential when used exclusively do not have a beneficial
impact when used together.

Two further variants, R214T-P217R and R214T-P217S, were investigated. However, neither
combination impacted apoptosis induction in relation to the IgG1 control, but were boosted in
presence of the crosslinker.

A cysteine at hinge position 219 increases RTX apoptosis induction
potential more than any other possible single exchange
After having previously identified the S219C hinge exchange, a hallmark of IgG2 heavy chain
structure, as a key driver in RTX apoptosis potential, we created RTX variants carrying all pos-
sible amino acids in the same position (Fig 4B). While none of the variants exhibit the same
apoptotic strength as S219C, S219D (147%) and S219K (149%) result in small increases that
are statistically significant. Placing the aromatic amino acids phenylalanine (S219F: 318%) or
tryptophan (S219W: 218%) in position 219 enhances RTX apoptotic ability–which is in the
line with the results obtained for S219Y (205%), the structural feature of IgG4 hinges. Deleting
the serine at position S219 (variant S219Δ: 325%) also enhanced observed apoptosis levels. All
other exchanges had no noticeable impact.

Cellular binding levels of RTX on Ramos cells correlate to the antibody
isotype
When assessing the binding levels of a selection of RTX variants on the surface of Ramos cells
by flow cytometry using non-saturating antibody amounts (Fig 5A, S6 Fig), it became apparent
that the antibody isotype correlates to the signal strength. We employed a kappa light chain
specific secondary antibody in order to avoid any interference of detecting the CD20 bound
antibodies through the structurally variable IgG heavy chain. When looking at the IgG1 signal
ratio (MFI of RTX variant divided by MFI of IgG1 control), all antibodies with the exception of
IgG4P resulted in lower signals equating a lower number of antibody molecules bound to the
cell. Notably, this happens despite the RTX variant’s comparable affinities evidenced by their
similar ability to compete with a directly labelled CD20 antibody (S7 Fig). The effect is most
drastic for full length IgG2 (ratio = 0.37 for 0.5μg and 0.42 for 1μg) and the variant uch2 carry-
ing the entire upper and core hinges derived from IgG2 (ratio = 0.32 for 0.5μg and 0.39 for
1μg). Similarly, the single point mutation S219C, encompassing a major hallmark of the IgG2
hinge resulted in ratios of 0.32 (0.5μg) and 0.45 (1μg). The CH1 mutant S131C (ratios 0.57 and
0.79) and the DKT hinge deletion (ratios 0.61 and 0.82) also caused a, albeit less drastic, reduc-
tion of the number of RTX molecules bound to the cell surface. Curiously, IgG4P showed no
such reduction, but the mutant uch4, which encompasses the IgG4P derived upper and core
hinge sequence did (ratios = 0.43 for 0.5μg and 0.59 for 1μg).
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RTX variants with enhanced apoptosis potential exhibited reduced
ADCC induction
Lastly, we assessed the ADCC potential of a number of RTX variants with enhanced apoptosis
potential (Fig 5B). A CARE-LASS assay [40] measuring the amount of released fluorescing cal-
cein from lysed CD20 expressing Ramos cells in the presence of antibody and the effector cell
line NKL [36] was employed. As expected, neither IgG2 nor IgG4P induced ADCC at any of
the utilized concentrations (125nM, 31.3nM and 7.8nM). All of the RTX variants assessed,
S131C, DKT, uch2, uch4 and S219C were able to elicit ADCC, however their ability to do so is
reduced in comparison to the IgG1 control. The strongest impact is seen for variants uch2 and
S219C, with reduced ADCC induction already apparent at the highest concentration of
125nM. uch4 and DKT show a smaller reduction in ADCC potential, with effects becoming
apparent at 31.3nM and 7.8nM respectively. Overall, the hybrid IgG1 antibodies that encom-
pass structural features of IgG2 and IgG4P were less able to elicit ADCC than a full length
IgG1, but still had some ADCC potential left unlike the parental antibodies IgG2 and IgG4P
that were not able to mediate cell lysis via ADCC at all.

Discussion
The induction of apoptosis in target cells by therapeutic antibodies is a key mode of action for
eliminating tumor cells in cancer [6]. Rituximab has been shown to elicit programmed cell
death both in vitro [8,9,15] and in vivo [14] and is established as a valuable treatment option in
B cell driven malignancies [44,45]. However, many patients treated with Rituximab become
refractory or relapse eventually which has triggered a large body of work focusing on the gener-
ation of CD20 antibodies with improved efficacy. To date, this work has largely aimed at
enhancing ADCC or CDC and the creation of antibodies against different CD20 epitopes
[5,46,47]. Our results, showing that RTX IgG2 and IgG4 isotypes are more effective at eliciting
direct apoptotic cell death than IgG1, open up an additional engineering route. To our knowl-
edge, this is the first study systematically investigating the apoptotic ability of human IgG2 and
IgG4 isotypes in relation to the more commonly used IgG1.

We found that RTX formatted as IgG2 or IgG4 induced about 5- and 4-fold more apoptosis
in CD20 expressing Ramos cells than RTX IgG1. The exact mechanisms behind this behavior
are currently being investigated, but recent advances in the understanding of CD20 antibodies
may offer relevant clues. CD20 antibodies have been classified as either type I or type II based
on their functional abilities [48]. Type I antibodies, such as Rituximab, are able to translocate
CD20 into detergent-insoluble lipid rafts and cause strong CDC but weaker apoptosis. Type II
CD20 antibodies display an inverse behavior with a reduced ability to form lipid rafts, weak
CDC and strong apoptosis [9,11,49]. Further, CD20 binding modes and geometries appear to
be different, with B cells only binding half as many type II molecules as type I [11,49,50].

So far, the type I/II behavior has been largely attributed to the recognition of distinct but
overlapping CD20 epitopes and not the antibody isotype [51,52]. It has, however, been
reported that changing an antibody’s IgG isotype while keeping the variable regions constant
can impact the antigen binding characteristics [53]. Our data suggests that by changing the iso-
type to IgG2 or IgG4, Rituximab’s potential to induce direct apoptotic cell death can be pushed
from type I towards type II behavior.

Accordingly, the same effect can be obtained by transplanting hallmark IgG2/4 residues
from the upper and core hinge region or CH1 domain, and presumably the contained struc-
tural features, onto an otherwise IgG1 like heavy chain. Hence, the hinge and CH1 domains are
clearly of key importance in mediating RTX’s apoptotic ability.
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As with the stoichiometric binding data obtained from model type I/II antibodies
[11,49,50], we also observed that fewer RTX IgG2 molecules and hybrid IgG1 RTX constructs
carrying IgG2/4 structural features bind to the CD20 bearing Ramos surface than seen for the
standard RTX IgG1. This supports the theory that the hybrid antibodies shift towards type II
binding and presumably functional behavior. RTX IgG4P binding however, proved the excep-
tion as there were no differences in comparison to IgG1. It appears additional mechanisms are
involved that require further investigation.

One further hypothesis helping to explain our data may be the current knowledge of overall
IgG structure and flexibility, in which the hinge region plays an important role. The upper
hinge is particularly relevant, with shorter upper hinges resulting in increased rigidity of the
antibody [54]. Consequently, the IgG1 hinge is the most flexible and the IgG2 hinge the most
rigid. IgG4 exhibits intermediate flexibility. In addition, IgG2 (127°) and IgG4 (128°) exhibit
wider F(ab)-F(ab) angles than IgG1 (117°) [54]. These differences and the resulting conforma-
tional states are held responsible for the IgG isotypes’ differential abilities to bind and activate
complement proteins and Fcγ receptors [55–57].

In light of this work, it appears that Rituximab versions with more rigid hinges and wider F
(ab)-F(ab) angles are more potent at inducing direct cell death. Also, the F(ab)2 fragment
derived from RTX IgG1, induces higher levels of apoptosis than the full length antibody, possi-
bly due to being able to adopt a wider F(ab)-F(ab) angle when not constrained by the Fc
domain. Results from the structural investigation of CD20 antibodies and their respective bind-
ing modes support this hypothesis. Crystallography studies and epitope mapping have revealed
that type I and type II antibodies bind CD20 in different orientations and essentially stabilize
different CD20 subpopulations in the cell membrane, which, in turn, results in differential
intracellular signaling processes [51,58]. A proposed binding model suggests that each type I
antibody binds between two CD20 membrane tetramers, whereas each type II antibody binds
within one tetramer [51]. In the type II CD20 antibody GA101, which binds a RTX overlapping
epitope, type II behavior could be linked to a leucine to valine exchange in the elbow-hinge
region causing an angle that is 30° wider than seen for classic type I antibodies [49]. Reverting
to leucine and presumably a narrower elbow hinge angle caused GA101 to adopt a type I phe-
notype of reduced apoptotic potential [49,58].

In general, our hybrid antibodies exhibited stronger apoptosis modulation when more than
one amino acid was exchanged for the corresponding IgG2 or IgG4 sequence (e.g. transplanta-
tion of the entire upper and core hinges had a higher impact than replacing individual resi-
dues). Notable exceptions are positions 131 and 219, where the replacement of the IgG1 serine
with the cysteine found in IgG2 or IgG4 on its own has a drastic benefit. In IgG2 and IgG4
these cysteines are involved in disulfide bond formation [59,60]. It is therefore conceivable that
the IgG1 variants carrying these cysteines are able for form additional stabilizing inter- or
intra-chain disulfide bonds enabling the antibody to adopt a conformation conducive to apo-
ptosis induction upon CD20 binding. However, the combination of S131C and S219C
exchanges in a RTX variant failed to enhance apoptosis further. The S131C-S219C mutant did
not differ from the IgG1 control and, when combining S131C-S219C with deletion variants of
the DKT hinge motif, the presence of both cysteines was not beneficial. Thus it is possible that
when there are two additional cysteines in the CH1 and hinge region (compared to IgG1), the
antibody adopts a structure that is less favorable as far as apoptosis induction is concerned.

The disulfide bond structure of human IgG2 has been a particular focus of scrutiny in the
literature. IgG2 is known to form multiple disulfide bond isoforms: IgG2A, IgG2B and IgG2A/
B whose presence and equilibrium can be influenced by diverse parameters such as cell culture
conditions, thermal stress or the presence of reducing agents [61]. Interestingly, White et al
[62] have recently been able to show that hybrid IgG1 molecules carrying the IgG2 hinge and
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CH1 domains directed against co-stimulatory molecules such as CD40 possessed superagonis-
tic properties independent of Fcγ receptor engagement in comparison to normal IgG1. The
authors were able to attribute this behavior to the alternative IgG2B disulfide bond isomer frac-
tion and hypothesize that the compact IgG2B conformation allows close crosslinking of the tar-
get receptor and subsequent enhanced signaling. Future experiments will reveal whether our
hybrid antibodies are also able to adopt an IgG2B like disulfide bonding status and cause
increased clustering of CD20 followed by efficient signaling that is responsible for observed
apoptosis levels.

Taken together, the existing knowledge about the binding mode of anti-CD20 antibodies
and IgG2/4 structure in general allows us to propose a binding model for our apoptosis
enhanced RTX variants, which is similar to the hypothesis described by Cragg [63]. RTX IgG1
and hybrid variants showing unaltered apoptosis induction potential, as classic type I CD20
antibodies, exhibit CD20 inter-tetramer binding that remains amenable to additional cross-
linking by the secondary antibody. Full length RTX IgG2/IgG4P and hybrid IgG1 variants car-
rying the key CH1/hinge residues from those scaffolds–due to adopting wider Fab-Fab angles
—acquire the ability for CD20 intra-tetramer binding which results in reduced overall binding
capacity but enhanced apoptosis induction. According to our data, this proposed binding
mode is no longer amenable to crosslinking via the secondary antibody, possibly due to confor-
mational changes and steric hindrance. It is further conceivable that the polyclonal secondary
goat anti-human Fcγ antibody has reduced ability to bind to antibodies containing IgG2/IgG4
like hinges or, if it does bind, prevents crosslinked complexes from optimal interaction with
the target. The validation of this proposed binding model using structural biology will be the
focus of a follow-up study.

Our data also shows that the increase in apoptosis potential comes at the price of lower in
vitro ADCC activity. The hybrid IgG1 antibodies encompassing key structural features from
IgG2/4 exhibited a reduced ability to induce ADCC in Ramos cells using the NK derived effec-
tor cell line NKL. As IgG2 and IgG4 are known to not be able to induce NK mediated ADCC,
this finding is not surprising and further implies that the hybrid antibodies adopt parts of the
IgG2/4 structure. Nevertheless, as the hybrid antibodies maintained some degree of the IgG1’s
ADCC ability, it is possible that a combination of the apoptosis increasing mutants with an
ADCC enhancement technology, such as removal of the core fucose [64,65] or CH2 engineer-
ing [66], may result in novel antibodies with both optimal ADCC and apoptosis function.

Notably, all hybrid antibodies constructed in this work could be expressed in CHO cells
with normal yields, purified via standard Protein A chromatography and presented with
expected heavy and light chain patterns during SDS PAGE and comparable levels of monomer
when analyzed by HP-SEC (S3 Fig). Hence the engineering of the CH1 and hinge domains,
particularly the cysteine exchanges that potentially influence the disulfide bond formation pro-
cess, did not unduly impact overall protein stability. Further investigations into the detailed
CMC properties and disulfide structures of the hybrid IgG1 antibodies are presently underway.

In conclusion, we have presented evidence that formatting Rituximab as IgG2 or IgG4 iso-
types has a beneficial effect on the direct induction of apoptotic cell death in vitro. The respon-
sible structural features for this behavior are located in the CH1 and hinge domains of the
heavy chain. Individual IgG2 or IgG4 hallmark residues can be introduced into an otherwise
IgG1 antibody which leads to an improved apoptotic performance. Our data indicates that an
altered binding geometry to CD20 is at least partially responsible for the observed behavior,
possibly due to the hybrid antibodies presenting different conformations. Whether this coin-
cides with changes of CD20 mediated signaling needs further exploration. The transferability
of the engineering principle to antibodies directed against other targets requires more investi-
gation, as does the question whether the increased apoptotic cytotoxicity established in vitro
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using the Ramos cell translates to improved efficacy in vivo, where antibody mediated target
cell killing is a multifaceted process involving additional Fc receptor bearing cell lineages. Fur-
ther, it would be interesting to assess whether the hybrid antibodies possess an altered immu-
nogenicity potential. While the hybrid hinges and CH1 domains should not create neo-
antigens as all motifs are taken from naturally occurring IgG2 and IgG4 antibodies, it remains
to be seen whether the introduction of such motifs into an IgG1 causes the antibody to be more
immunogenic.

Overall, the presented work adds an interesting protein engineering design option for thera-
peutic antibodies whose ability to kill target cells is directly linked to their efficacy, such as in
oncology.

Supporting Information
S1 Fig. Full length alignment of Rituximab heavy chains in IgG1 a1; IgG1 a2; IgG2; IgG4P
and IgG4DM format.
(DOCX)

S2 Fig. Full length sequence of Rituximab light chain.
(DOCX)

S3 Fig. Representative purity analysis of antibody preparations by HP-SEC.
(PDF)

S4 Fig. Dose Response analysis of apoptosis induction.
(PDF)

S5 Fig. Flow cytometry gating strategy employed to identify apoptotic Ramos cells.
(PDF)

S6 Fig. RTX IgG1 saturation binding curve.
(PDF)

S7 Fig. Competition binding assay for RTX variants.
(PDF)

S1 Table. Absolute apoptotic activity values for different IgG isotypes and fragments.
(DOCX)

S2 Table. Normalized apoptotic activity values.
(DOCX)

Acknowledgments
The authors wish to thank Lydia Würbach for helping with the construction of RTX IgG2 and
IgG4 expression constructs. We further are grateful to Vera Grathwohl for supporting the pro-
duction of antibody variants and performing apoptosis assays. The authors also thank Tobias
Unkauf for preparing F(ab)2 and Fc fragments. In addition, we would like to thank Svetlana
Hofsetz for supporting protein analytics.

Author Contributions
Conceived and designed the experiments: JK BE. Performed the experiments: JK AS AW. Ana-
lyzed the data: JK AS AW. Contributed reagents/materials/analysis tools: JK BE. Wrote the
paper: JK BE AW.

IgG2 and IgG4 Rituximab Versions Exhibit Enhanced Apoptosis Induction

PLOS ONE | DOI:10.1371/journal.pone.0145633 December 29, 2015 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145633.s009


References
1. Boross P, Leusen JH. Mechanisms of action of CD20 antibodies. Am J Cancer Res. 2012; 2(6):676–

90. PMID: 23226614

2. Weiner GJ. Rituximab: mechanism of action. Semin Hematol. 2010 Apr; 47(2):115–23. doi: 10.1053/j.
seminhematol.2010.01.011 PMID: 20350658

3. Johnson P, Glennie M. The mechanisms of action of rituximab in the elimination of tumor cells. Semin
Oncol. 2003 Feb; 30(1 Suppl 2):3–8. PMID: 12652458

4. Maloney DG. Mechanism of action of rituximab. Anticancer Drugs. 2001 Jun; 12 Suppl 2:S1–S4. PMID:
11508930

5. Cartron G, Watier H, Golay J, Solal-Celigny P. From the bench to the bedside: ways to improve rituxi-
mab efficacy. Blood. 2004 Nov 1; 104(9):2635–42. PMID: 15226177

6. Ludwig DL, Pereira DS, Zhu Z, Hicklin DJ, Bohlen P. Monoclonal antibody therapeutics and apoptosis.
Oncogene. 2003 Dec 8; 22(56):9097–106. PMID: 14663488

7. Cardarelli PM, Quinn M, Buckman D, Fang Y, Colcher D, King DJ, et al. Binding to CD20 by anti-B1
antibody or F(ab')(2) is sufficient for induction of apoptosis in B-cell lines. Cancer Immunol Immunother.
2002 Mar; 51(1):15–24. PMID: 11845256

8. Shan D, Ledbetter JA, Press OW. Apoptosis of malignant human B cells by ligation of CD20 with mono-
clonal antibodies. Blood. 1998 Mar 1; 91(5):1644–52. PMID: 9473230

9. Deans JP, Li H, Polyak MJ. CD20-mediated apoptosis: signalling through lipid rafts. Immunology. 2002
Oct; 107(2):176–82. PMID: 12383196

10. Deans JP, Schieven GL, Shu GL, Valentine MA, Gilliland LA, Aruffo A, et al. Association of tyrosine and
serine kinases with the B cell surface antigen CD20. Induction via CD20 of tyrosine phosphorylation
and activation of phospholipase C-gamma 1 and PLC phospholipase C-gamma 2. J Immunol. 1993
Nov 1; 151(9):4494–504. PMID: 7691952

11. Chan HT, Hughes D, French RR, Tutt AL, Walshe CA, Teeling JL, et al. CD20-induced lymphoma cell
death is independent of both caspases and its redistribution into triton X-100 insoluble membrane rafts.
Cancer Res. 2003 Sep 1; 63(17):5480–9. PMID: 14500384

12. Semac I, Palomba C, Kulangara K, Klages N, van Echten-Deckert G, Borisch B, et al. Anti-CD20 thera-
peutic antibody rituximab modifies the functional organization of rafts/microdomains of B lymphoma
cells. Cancer Res. 2003 Jan 15; 63(2):534–40. PMID: 12543813

13. Hofmeister JK, Cooney D, Coggeshall KM. Clustered CD20 induced apoptosis: src-family kinase, the
proximal regulator of tyrosine phosphorylation, calcium influx, and caspase 3-dependent apoptosis.
Blood Cells Mol Dis. 2000 Apr; 26(2):133–43. PMID: 10753604

14. Byrd JC, Kitada S, Flinn IW, Aron JL, Pearson M, Lucas D, et al. The mechanism of tumor cell clear-
ance by rituximab in vivo in patients with B-cell chronic lymphocytic leukemia: evidence of caspase acti-
vation and apoptosis induction. Blood. 2002 Feb 1; 99(3):1038–43. PMID: 11807010

15. van der Kolk LE, Evers LM, Omene C, Lens SM, Lederman S, van Lier RA, et al. CD20-induced B cell
death can bypass mitochondria and caspase activation. Leukemia. 2002 Sep; 16(9):1735–44. PMID:
12200688

16. Alduaij W, Ivanov A, Honeychurch J, Cheadle EJ, Potluri S, Lim SH, et al. Novel type II anti-CD20
monoclonal antibody (GA101) evokes homotypic adhesion and actin-dependent, lysosome-mediated
cell death in B-cell malignancies. Blood. 2011 Apr 28; 117(17):4519–29. doi: 10.1182/blood-2010-07-
296913 PMID: 21378274

17. Ivanov A, Beers SA, Walshe CA, Honeychurch J, Alduaij W, Cox KL, et al. Monoclonal antibodies
directed to CD20 and HLA-DR can elicit homotypic adhesion followed by lysosome-mediated cell death
in human lymphoma and leukemia cells. J Clin Invest. 2009 Aug; 119(8):2143–59. doi: 10.1172/
JCI37884 PMID: 19620786

18. Honeychurch J, Alduaij W, Azizyan M, Cheadle EJ, Pelicano H, Ivanov A, et al. Antibody-induced nona-
poptotic cell death in human lymphoma and leukemia cells is mediated through a novel reactive oxygen
species-dependent pathway. Blood. 2012 Apr 12; 119(15):3523–33. doi: 10.1182/blood-2011-12-
395541 PMID: 22354003

19. Carter PJ. Potent antibody therapeutics by design. Nat Rev Immunol. 2006 May; 6(5):343–57. PMID:
16622479

20. Jefferis R. Antibody therapeutics: isotype and glycoform selection. Expert Opin Biol Ther. 2007 Sep; 7
(9):1401–13. PMID: 17727329

21. Salfeld JG. Isotype selection in antibody engineering. Nat Biotechnol. 2007 Dec; 25(12):1369–72.
PMID: 18066027

IgG2 and IgG4 Rituximab Versions Exhibit Enhanced Apoptosis Induction

PLOS ONE | DOI:10.1371/journal.pone.0145633 December 29, 2015 17 / 20

http://www.ncbi.nlm.nih.gov/pubmed/23226614
http://dx.doi.org/10.1053/j.seminhematol.2010.01.011
http://dx.doi.org/10.1053/j.seminhematol.2010.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20350658
http://www.ncbi.nlm.nih.gov/pubmed/12652458
http://www.ncbi.nlm.nih.gov/pubmed/11508930
http://www.ncbi.nlm.nih.gov/pubmed/15226177
http://www.ncbi.nlm.nih.gov/pubmed/14663488
http://www.ncbi.nlm.nih.gov/pubmed/11845256
http://www.ncbi.nlm.nih.gov/pubmed/9473230
http://www.ncbi.nlm.nih.gov/pubmed/12383196
http://www.ncbi.nlm.nih.gov/pubmed/7691952
http://www.ncbi.nlm.nih.gov/pubmed/14500384
http://www.ncbi.nlm.nih.gov/pubmed/12543813
http://www.ncbi.nlm.nih.gov/pubmed/10753604
http://www.ncbi.nlm.nih.gov/pubmed/11807010
http://www.ncbi.nlm.nih.gov/pubmed/12200688
http://dx.doi.org/10.1182/blood-2010-07-296913
http://dx.doi.org/10.1182/blood-2010-07-296913
http://www.ncbi.nlm.nih.gov/pubmed/21378274
http://dx.doi.org/10.1172/JCI37884
http://dx.doi.org/10.1172/JCI37884
http://www.ncbi.nlm.nih.gov/pubmed/19620786
http://dx.doi.org/10.1182/blood-2011-12-395541
http://dx.doi.org/10.1182/blood-2011-12-395541
http://www.ncbi.nlm.nih.gov/pubmed/22354003
http://www.ncbi.nlm.nih.gov/pubmed/16622479
http://www.ncbi.nlm.nih.gov/pubmed/17727329
http://www.ncbi.nlm.nih.gov/pubmed/18066027


22. Jefferis R. Isotype and glycoform selection for antibody therapeutics. Arch Biochem Biophys. 2012 Oct
15; 526(2):159–66. doi: 10.1016/j.abb.2012.03.021 PMID: 22465822

23. Holland M, Hewins P, Goodall M, Adu D, Jefferis R, Savage CO. Anti-neutrophil cytoplasm antibody
IgG subclasses in Wegener's granulomatosis: a possible pathogenic role for the IgG4 subclass. Clin
Exp Immunol. 2004 Oct; 138(1):183–92. PMID: 15373923

24. Niwa R, Natsume A, Uehara A, Wakitani M, Iida S, Uchida K, et al. IgG subclass-independent improve-
ment of antibody-dependent cellular cytotoxicity by fucose removal from Asn297-linked oligosaccha-
rides. J Immunol Methods. 2005 Nov 30; 306(1–2):151–60. PMID: 16219319

25. Kubota T, Niwa R, Satoh M, Akinaga S, Shitara K, Hanai N. Engineered therapeutic antibodies with
improved effector functions. Cancer Sci. 2009 Sep; 100(9):1566–72. doi: 10.1111/j.1349-7006.2009.
01222.x PMID: 19538497

26. Moore GL, Chen H, Karki S, Lazar GA. Engineered Fc variant antibodies with enhanced ability to recruit
complement and mediate effector functions. MAbs. 2010 Mar; 2(2):181–9. PMID: 20150767

27. Kellner C, Derer S, Valerius T, Peipp M. Boosting ADCC and CDC activity by Fc engineering and evalu-
ation of antibody effector functions. Methods. 2014 Jan 1; 65(1):105–13. doi: 10.1016/j.ymeth.2013.06.
036 PMID: 23851282

28. Kaneko E, Niwa R. Optimizing therapeutic antibody function: progress with Fc domain engineering. Bio-
Drugs. 2011 Feb 1; 25(1):1–11. doi: 10.2165/11537830-000000000-00000 PMID: 21033767

29. Lazar GA, DangW, Karki S, Vafa O, Peng JS, Hyun L, et al. Engineered antibody Fc variants with
enhanced effector function. Proc Natl Acad Sci U S A. 2006 Mar 14; 103(11):4005–10. PMID:
16537476

30. Martin SJ, Reutelingsperger CP, McGahon AJ, Rader JA, van Schie RC, LaFace DM, et al. Early redis-
tribution of plasmamembrane phosphatidylserine is a general feature of apoptosis regardless of the ini-
tiating stimulus: inhibition by overexpression of Bcl-2 and Abl. J Exp Med. 1995 Nov 1; 182(5):1545–56.
PMID: 7595224

31. Durocher Y, Loignon M, inventors; Process, Vectors and Engineered Cell Lines for Enhanced Large-
Scale Transfection.US 2011/0039339 A1. 2009.

32. Sambrook J, Russell DW. Molecular Cloning. Cold Spring Harbour Laboratory Press; 2001.

33. Braman J, Papworth C, Greener A. Site-directed mutagenesis using double-stranded plasmid DNA
templates. Methods Mol Biol. 1996; 57:31–44. PMID: 8849992

34. Edelman GM, Cunningham BA, Gall WE, Gottlieb PD, Rutishauser U, Waxdal MJ. The covalent struc-
ture of an entire gammaG immunoglobulin molecule. Proc Natl Acad Sci U S A. 1969 May; 63(1):78–
85. PMID: 5257969

35. Pace CN, Vajdos F, Fee L, Grimsley G, Gray T. How to measure and predict the molar absorption coef-
ficient of a protein. Protein Sci. 1995 Nov; 4(11):2411–23. PMID: 8563639

36. Robertson MJ, Cochran KJ, Cameron C, Le JM, Tantravahi R, Ritz J. Characterization of a cell line,
NKL, derived from an aggressive human natural killer cell leukemia. Exp Hematol. 1996 Feb; 24
(3):406–15. PMID: 8599969

37. von Pawel-Rammingen U, Johansson BP, Bjorck L. IdeS, a novel streptococcal cysteine proteinase
with unique specificity for immunoglobulin G. EMBO J. 2002 Apr 2; 21(7):1607–15. PMID: 11927545

38. Rettig WJ, Garin-Chesa P, Healey JH, Su SL, Ozer HL, Schwab M, et al. Regulation and heteromeric
structure of the fibroblast activation protein in normal and transformed cells of mesenchymal and neu-
roectodermal origin. Cancer Res. 1993 Jul 15; 53(14):3327–35. PMID: 8391923

39. Scott AM, Wiseman G, Welt S, Adjei A, Lee FT, Hopkins W, et al. A Phase I dose-escalation study of
sibrotuzumab in patients with advanced or metastatic fibroblast activation protein-positive cancer. Clin
Cancer Res. 2003 May; 9(5):1639–47. PMID: 12738716

40. Lichtenfels R, BiddisonWE, Schulz H, Vogt AB, Martin R. CARE-LASS (calcein-release-assay), an
improved fluorescence-based test system to measure cytotoxic T lymphocyte activity. J Immunol Meth-
ods. 1994 Jun 24; 172(2):227–39. PMID: 7518485

41. Angal S, King DJ, Bodmer MW, Turner A, Lawson AD, Roberts G, et al. A single amino acid substitution
abolishes the heterogeneity of chimeric mouse/human (IgG4) antibody. Mol Immunol. 1993 Jan; 30
(1):105–8. PMID: 8417368

42. Reddy MP, Kinney CA, Chaikin MA, Payne A, Fishman-Lobell J, Tsui P, et al. Elimination of Fc recep-
tor-dependent effector functions of a modified IgG4 monoclonal antibody to human CD4. J Immunol.
2000 Feb 15; 164(4):1925–33. PMID: 10657642

43. Brekke OH, Michaelsen TE, Sandlie I. The structural requirements for complement activation by IgG:
does it hinge on the hinge? Immunol Today. 1995 Feb; 16(2):85–90. PMID: 7888072

IgG2 and IgG4 Rituximab Versions Exhibit Enhanced Apoptosis Induction

PLOS ONE | DOI:10.1371/journal.pone.0145633 December 29, 2015 18 / 20

http://dx.doi.org/10.1016/j.abb.2012.03.021
http://www.ncbi.nlm.nih.gov/pubmed/22465822
http://www.ncbi.nlm.nih.gov/pubmed/15373923
http://www.ncbi.nlm.nih.gov/pubmed/16219319
http://dx.doi.org/10.1111/j.1349-7006.2009.01222.x
http://dx.doi.org/10.1111/j.1349-7006.2009.01222.x
http://www.ncbi.nlm.nih.gov/pubmed/19538497
http://www.ncbi.nlm.nih.gov/pubmed/20150767
http://dx.doi.org/10.1016/j.ymeth.2013.06.036
http://dx.doi.org/10.1016/j.ymeth.2013.06.036
http://www.ncbi.nlm.nih.gov/pubmed/23851282
http://dx.doi.org/10.2165/11537830-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21033767
http://www.ncbi.nlm.nih.gov/pubmed/16537476
http://www.ncbi.nlm.nih.gov/pubmed/7595224
http://www.ncbi.nlm.nih.gov/pubmed/8849992
http://www.ncbi.nlm.nih.gov/pubmed/5257969
http://www.ncbi.nlm.nih.gov/pubmed/8563639
http://www.ncbi.nlm.nih.gov/pubmed/8599969
http://www.ncbi.nlm.nih.gov/pubmed/11927545
http://www.ncbi.nlm.nih.gov/pubmed/8391923
http://www.ncbi.nlm.nih.gov/pubmed/12738716
http://www.ncbi.nlm.nih.gov/pubmed/7518485
http://www.ncbi.nlm.nih.gov/pubmed/8417368
http://www.ncbi.nlm.nih.gov/pubmed/10657642
http://www.ncbi.nlm.nih.gov/pubmed/7888072


44. Cai Q, Westin J, Fu K, Desai M, Zhang L, Huang H, et al. Accelerated therapeutic progress in diffuse
large B cell lymphoma. Ann Hematol. 2014 Apr; 93(4):541–56. doi: 10.1007/s00277-013-1979-7 PMID:
24375125

45. Wildes TM, Farrington L, Yeung C, Harrington AM, Foyil KV, Liu J, et al. Rituximab is associated with
improved survival in Burkitt lymphoma: a retrospective analysis from two US academic medical centers.
Ther Adv Hematol. 2014 Feb; 5(1):3–12. doi: 10.1177/2040620713514682 PMID: 24490019

46. Peipp M, van deWinkel JG, Valerius T. Molecular engineering to improve antibodies' anti-lymphoma
activity. Best Pract Res Clin Haematol. 2011 Jun; 24(2):217–29. doi: 10.1016/j.beha.2011.03.004
PMID: 21658620

47. van MT, Hagenbeek A. CD20-targeted therapy: the next generation of antibodies. Semin Hematol.
2010 Apr; 47(2):199–210. doi: 10.1053/j.seminhematol.2010.01.007 PMID: 20350667

48. Glennie MJ, French RR, Cragg MS, Taylor RP. Mechanisms of killing by anti-CD20 monoclonal anti-
bodies. Mol Immunol. 2007 Sep; 44(16):3823–37. PMID: 17768100

49. Mossner E, Brunker P, Moser S, Puntener U, Schmidt C, Herter S, et al. Increasing the efficacy of
CD20 antibody therapy through the engineering of a new type II anti-CD20 antibody with enhanced
direct and immune effector cell-mediated B-cell cytotoxicity. Blood. 2010 Jun 3; 115(22):4393–402. doi:
10.1182/blood-2009-06-225979 PMID: 20194898

50. Teeling JL, French RR, Cragg MS, van den Brakel J, Pluyter M, Huang H, et al. Characterization of new
human CD20monoclonal antibodies with potent cytolytic activity against non-Hodgkin lymphomas.
Blood. 2004 Sep 15; 104(6):1793–800. PMID: 15172969

51. Klein C, Lammens A, Schafer W, Georges G, Schwaiger M, Mossner E, et al. Epitope interactions of
monoclonal antibodies targeting CD20 and their relationship to functional properties. MAbs. 2013 Jan;
5(1):22–33. doi: 10.4161/mabs.22771 PMID: 23211638

52. Teeling JL, Mackus WJ, Wiegman LJ, van den Brakel JH, Beers SA, French RR, et al. The biological
activity of human CD20monoclonal antibodies is linked to unique epitopes on CD20. J Immunol. 2006
Jul 1; 177(1):362–71. PMID: 16785532

53. McCloskey N, Turner MW, Steffner P, Owens R, Goldblatt D. Human constant regions influence the
antibody binding characteristics of mouse-human chimeric IgG subclasses. Immunology. 1996 Jun; 88
(2):169–73. PMID: 8690447

54. Roux KH, Strelets L, Michaelsen TE. Flexibility of human IgG subclasses. J Immunol. 1997 Oct 1; 159
(7):3372–82. PMID: 9317136

55. Dangl JL, Wensel TG, Morrison SL, Stryer L, Herzenberg LA, Oi VT. Segmental flexibility and comple-
ment fixation of genetically engineered chimeric human, rabbit and mouse antibodies. EMBO J. 1988
Jul; 7(7):1989–94. PMID: 3138110

56. Oi VT, Vuong TM, Hardy R, Reidler J, Dangle J, Herzenberg LA, et al. Correlation between segmental
flexibility and effector function of antibodies. Nature. 1984 Jan 12; 307(5947):136–40. PMID: 6690993

57. Rayner LE, Hui GK, Gor J, Heenan RK, Dalby PA, Perkins SJ. The Fab conformations in the solution
structure of human IgG4 restricts access to its Fc region: implications for functional activity. J Biol
Chem. 2014 May 29; 289(30):20740–56. doi: 10.1074/jbc.M114.572404 PMID: 24876381

58. Niederfellner G, Lammens A, Mundigl O, Georges GJ, Schaefer W, Schwaiger M, et al. Epitope charac-
terization and crystal structure of GA101 provide insights into the molecular basis for type I/II distinction
of CD20 antibodies. Blood. 2011 Jul 14; 118(2):358–67. doi: 10.1182/blood-2010-09-305847 PMID:
21444918

59. Hagihara Y, Saerens D. Engineering disulfide bonds within an antibody. Biochim Biophys Acta. 2014
Jul 17; 1844(11):2016–23. doi: 10.1016/j.bbapap.2014.07.005 PMID: 25038323

60. Lightle S, Aykent S, Lacher N, Mitaksov V, Wells K, Zobel J, et al. Mutations within a human IgG2 anti-
body form distinct and homogeneous disulfide isomers but do not affect Fc gamma receptor or C1q
binding. Protein Sci. 2010 Apr; 19(4):753–62. doi: 10.1002/pro.352 PMID: 20120022

61. Liu H, May K. Disulfide bond structures of IgG molecules: structural variations, chemical modifications
and possible impacts to stability and biological function. MAbs. 2012 Jan; 4(1):17–23. doi: 10.4161/
mabs.4.1.18347 PMID: 22327427

62. White AL, Chan HT, French RR, Willoughby J, Mockridge CI, Roghanian A, et al. Conformation of the
human immunoglobulin G2 hinge imparts superagonistic properties to immunostimulatory anticancer
antibodies. Cancer Cell. 2015 Jan 12; 27(1):138–48. doi: 10.1016/j.ccell.2014.11.001 PMID: 25500122

63. Cragg MS. CD20 antibodies: doing the time warp. Blood. 2011 Jul 14; 118(2):219–20. doi: 10.1182/
blood-2011-04-346700 PMID: 21757627

64. Niwa R, Sakurada M, Kobayashi Y, Uehara A, Matsushima K, Ueda R, et al. Enhanced natural killer
cell binding and activation by low-fucose IgG1 antibody results in potent antibody-dependent cellular

IgG2 and IgG4 Rituximab Versions Exhibit Enhanced Apoptosis Induction

PLOS ONE | DOI:10.1371/journal.pone.0145633 December 29, 2015 19 / 20

http://dx.doi.org/10.1007/s00277-013-1979-7
http://www.ncbi.nlm.nih.gov/pubmed/24375125
http://dx.doi.org/10.1177/2040620713514682
http://www.ncbi.nlm.nih.gov/pubmed/24490019
http://dx.doi.org/10.1016/j.beha.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21658620
http://dx.doi.org/10.1053/j.seminhematol.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20350667
http://www.ncbi.nlm.nih.gov/pubmed/17768100
http://dx.doi.org/10.1182/blood-2009-06-225979
http://www.ncbi.nlm.nih.gov/pubmed/20194898
http://www.ncbi.nlm.nih.gov/pubmed/15172969
http://dx.doi.org/10.4161/mabs.22771
http://www.ncbi.nlm.nih.gov/pubmed/23211638
http://www.ncbi.nlm.nih.gov/pubmed/16785532
http://www.ncbi.nlm.nih.gov/pubmed/8690447
http://www.ncbi.nlm.nih.gov/pubmed/9317136
http://www.ncbi.nlm.nih.gov/pubmed/3138110
http://www.ncbi.nlm.nih.gov/pubmed/6690993
http://dx.doi.org/10.1074/jbc.M114.572404
http://www.ncbi.nlm.nih.gov/pubmed/24876381
http://dx.doi.org/10.1182/blood-2010-09-305847
http://www.ncbi.nlm.nih.gov/pubmed/21444918
http://dx.doi.org/10.1016/j.bbapap.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25038323
http://dx.doi.org/10.1002/pro.352
http://www.ncbi.nlm.nih.gov/pubmed/20120022
http://dx.doi.org/10.4161/mabs.4.1.18347
http://dx.doi.org/10.4161/mabs.4.1.18347
http://www.ncbi.nlm.nih.gov/pubmed/22327427
http://dx.doi.org/10.1016/j.ccell.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25500122
http://dx.doi.org/10.1182/blood-2011-04-346700
http://dx.doi.org/10.1182/blood-2011-04-346700
http://www.ncbi.nlm.nih.gov/pubmed/21757627


cytotoxicity induction at lower antigen density. Clin Cancer Res. 2005 Mar 15; 11(6):2327–36. PMID:
15788684

65. Iida S, Kuni-Kamochi R, Mori K, Misaka H, Inoue M, Okazaki A, et al. Two mechanisms of the enhanced
antibody-dependent cellular cytotoxicity (ADCC) efficacy of non-fucosylated therapeutic antibodies in
human blood. BMC Cancer. 2009; 9:58. doi: 10.1186/1471-2407-9-58 PMID: 19226457

66. Lazar GA, DangW, Karki S, Vafa O, Peng JS, Hyun L, et al. Engineered antibody Fc variants with
enhanced effector function. Proc Natl Acad Sci U S A. 2006 Mar 14; 103(11):4005–10. PMID:
16537476

IgG2 and IgG4 Rituximab Versions Exhibit Enhanced Apoptosis Induction

PLOS ONE | DOI:10.1371/journal.pone.0145633 December 29, 2015 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/15788684
http://dx.doi.org/10.1186/1471-2407-9-58
http://www.ncbi.nlm.nih.gov/pubmed/19226457
http://www.ncbi.nlm.nih.gov/pubmed/16537476

