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Summary

The in vivo or in vitro formation of IgG4 hybrid molecules, wherein the

immunoglobulins have exchanged half molecules, has previously been

reported under experimental conditions. Here we estimate the incidence

of polyclonal IgG4 hybrids in normal human serum and comment on the

existence of IgG4 molecules with different immunoglobulin light chains.

Polyclonal IgG4 was purified from pooled or individual donor human sera

and sequentially fractionated using light-chain affinity and size exclusion

chromatography. Fractions were analysed by SDS–PAGE, immunoblotting,

ELISA, immunodiffusion and matrix-assisted laser-desorption mass spec-

trometry. Polyclonal IgG4 purified from normal serum contained IgG4j,

IgG4k and IgG4j/k molecules. Size exclusion chromatography showed

that IgG4 was principally present in monomeric form (150 000 MW).

SDS–PAGE, immunoblotting and ELISA showed the purity of the three

IgG4 samples. Immunodiffusion, light-chain sandwich ELISA and mass

spectrometry demonstrated that both j and k light chains were present

on only the IgG4j/k molecules. The amounts of IgG4j/k hybrid mole-

cules ranged from 21 to 33% from the five sera analysed. Based on the

molecular weight these molecules were formed of two IgG4 heavy chains

plus one j and one k light chain. Polyclonal IgG (IgG4-depleted) was sim-

ilarly fractionated according to light-chain specificity. No evidence of

hybrid IgG j/k antibodies was observed. These results indicate that hybrid

IgG4j/k antibodies compose a substantial portion of IgG4 from normal

human serum.
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Introduction

Immunoglobulin G4 is the least abundant IgG subclass in

human plasma (approximately 5%) but has a 100-fold nor-

mal concentration range (0�01–2�1 g/l).1 IgG4 constant

regions show 95% amino acid sequence similarity to the

other IgG subclasses. However, they have very weak affinity

to bind to Fcc receptors, activate complement or cross-link

antigens in vitro.2–4 IgG4 has been implicated in a range of

pathological conditions4 including pemphigus and autoim-

mune pancreatitis,3 where raised serum levels are helpful

for diagnosis.5

The classic antibody paradigm is that a single mature

plasma cell produces one type of immunoglobulin heavy

chain (G, A, M, D and E in humans) and one type of

immunoglobulin light chain (j or k). These are com-

bined within the cell to produce a tetrameric molecule

composed of two identical heavy chains and two identical

light chains. Within the last 10 years it has been shown

that human IgG4 molecules are dynamic and can

exchange half molecules in vitro to become bi-specific

(monovalent) antibodies.2,6–11 This process involves the

swapping of a heavy–light chain pair (half antibody)

between different IgG4 molecules, possibly reforming new

disulphides in the hinge region but without disruption of

the heavy–light chain disulphide bond.12 Hence, an asym-

metrical or hybrid immunoglobulin with two different

antigen-binding domains can be produced.13 A serine res-

idue at position 228 in the core hinge of IgG4 that allows

the formation of intra-chain rather than inter-chain

Abbreviations: DTT, dithiothreitol; HRP, horse radish peroxidase; MALDI-TOF-MS, matrix-assisted laser-desorption time of
flight mass spectrometry
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disulphides,12,14 and an arginine at position 409 within

the CH3 domain,15–17 have been implicated in the control

of this mechanism. Alternative amino acids at both of

these positions, as found in other IgG subclasses and in

low abundance in IgG4 isoallotype molecules,18 abolish

or reduce the exchange process.9,16 Glutathione reduc-

tion in vitro can catalyse this process,7,10,12 which has

perhaps controversially been termed Fab-arm rather

than half-molecule exchange.19,20 It has been proposed

that half-molecule exchange may have a physiological

role as naturally produced bi-specific molecules can-

not cross-link antigen or elicit lymphoid responses, and

this may dampen inflammatory responses.7,21 The in

vivo location of the half-molecule exchange process

has not been determined, but it is likely to be related

to local redox conditions in the blood or cell

surfaces.7,12

The majority of the previous work on IgG4-exchange

has been obtained with purified monoclonal or antigen-

specific IgG4 molecules spiked into human or animal

plasma. The aim of this work was to discover the extent

of polyclonal IgG4 which undergoes half-molecule

exchange and whether this process is immunoglobulin

light-chain independent.

Materials and methods

Analytical purification and fractionation of polyclonal
IgG4

Human serum from pooled or single healthy donors con-

taining 30 mg IgG4 was loaded onto a 10 ml Capture

Select IgG4 (Hu) Affinity Matrix (Life Technologies, Pais-

ley, UK) column with a linear flow rate of 15 cm/hr in

fully preserved PBS (25 mM NaH2PO4, 150 mM NaCl,

5 mM EDTA, 0�1% NaN3, 0�1% eACA, 0.02% benzami-

dine; pH 7). The column was eluted with 0�1 M glycine

pH 3 at 30 cm/hr, and the fractions were immediately

neutralized with 1/10 volume 2 M Tris–HCl, 1�5 M NaCl,

pH 9�0. Eluted material (pure IgG4) was buffer exchanged

into fully preserved PBS. The pure IgG4 was loaded onto

a 5 ml Capture Select LC-k (Hu) Affinity Matrix (Life

Technologies) column under the same conditions. The

unbound material was collected. The eluted material was

neutralized and buffer exchanged into fully preserved PBS

by dialysis, before loading onto a 5-ml Capture Select

LC-j (Hu) Affinity Matrix (Life Technologies) column

under the same conditions as described above. The eluted

material containing both IgG4j and IgG4k was buffer

exchanged into fully preserved PBS by dialysis. Chroma-

tography was performed using automated AKTA Purifier

or AKTA Prime Plus systems and XK series columns (GE

Healthcare, Chalfont St Giles, UK). All buffers were

filtered off-line using 0�45-lm filters (Millipore, Watford,

UK).

High-performance liquid chromatography size-exclusion
chromatography

IgG4j/k was fractionated on a TSK Gel G3000SW col-

umn (7�5 9 600 mm, 10 lM; Tosoh Bioscience, Redditch,

UK) equilibrated: with 50 mM NaH2PO4, 300 mM NaCl,

0�1% NaN3; pH 7 at 0�5 ml/min. Fractions were collected

and analysed by SDS–PAGE and Coomassie Brilliant Blue

staining. Fractions containing monomeric IgG4 were

pooled. Chromatography was performed using a GILSON

HPLC system with UV detection, controlled by CLARITY

software.

Sandwich ELISA analysis

Ninety-six-well microplates (Greiner Bio-One, Stone-

house, UK) were coated with 100 ll per well of either

anti-total j light-chain polyclonal antibody or anti-total k
light-chain polyclonal antibody (The Binding Site,

Birmingham, UK), both at 5 lg/ml in PBS-azide (25 mM

NaH2PO4, 150 mM NaCl, 0�1% NaN3; pH 7). Plates were

incubated overnight at 4° in a moist box. After washing

three times with TBS-Tween (20 mM Trizma Base,

500 mM NaCl, 0�05% v/v Tween-20, pH 7�5), the plates

were blocked with 300 ll per well BSA-TBS-Tween (1%

w/v BSA in TBS-Tween) for 1�5 hr at 37°. The plates

were washed with TBS-Tween and probed with 100 ll
per well of a tripling serial dilution of the appropriate

immunoglobulin sample for 1 hr at 37°. Top concentra-

tion of the sample was 1000 ng/ml. Dilutions were made

in 1% BSA-TBS-Tween. After washing, the plates were re-

probed with 100 ll per well of either sheep anti-j or

anti-k light-chain horseradish peroxidase (HRP) -conju-

gated antibodies (1 : 2500; The Binding Site) for 1 hr at

37°. The plates were washed once more and developed

with 100 ll per well TMB substrate (BioFX; SurModics,

Eden Prairie, MN). After 10 min of development, the

reaction was stopped with 50 ll per well H3PO4. Absor-

bance was read at 450 nm using a Thermo Multiskan EX

plate reader.

Direct ELISA. ELISA 96-well microplates (Greiner

Bio-One) were coated with 100 ll per well of the protein

of interest at 1 lg/ml in PBS-azide. Plates were incubated

overnight at 4°. After washing three times with TBS-

Tween, the plates were blocked with 300 ll per well BSA-
TBS-Tween for 1 hr at 37°. The plates were washed and

probed with 100 ll per well of a tripling serial dilution

(0–1000 ng/ml) of the appropriate HRP-conjugated anti-

body. Dilutions were made in BSA-TBS-Tween. After

washing with TBS-Tween, the plates were developed with

100 ll per well TMB substrate, as described above. The

IgG capture ELISA was performed to essentially the same

protocol, except serially diluted IgG4 proteins were incu-

bated in microplates pre-coated with anti-total IgG
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antisera (1 lg/ml; The Binding Site), followed by detec-

tion with HRP-labelled antibodies against human IgG4,

j or k light chains.

Analytical procedures

Protein concentration. Protein concentration determina-

tion was measured by absorbance at 280 nm (using

E0�1% = 1�45; Jenway 7305 UV/Vis spectrophotometer;

Bibby-Scientific, Stone, UK) or by the Bicinchoninic acid

assay procedure (Gamma globulin std.; Thermo-Pierce,

Cranlington, UK). Total IgG, IgG4, Hevylite IgGj and

IgGk concentrations were determined using commercially

available turbimetric immunoassays (Binding Site Group

Limited) on an SPA+ analyser. These assays were cali-

brated against the plasma protein reference standard

CRM470 or Da470k.

Electrophoresis and blotting. SDS–PAGE was performed

using NuPAGE Novex 10% Bis-Tris Gels and MOPS run-

ning buffers as per the manufacturer’s instructions (Life

Technologies). Samples were prepared in NuPAGE LDS

Sample Buffer (Life Technologies). For Western blotting,

500 ng total protein was loaded per lane. For Coomassie

Brilliant Blue staining, 1 lg total protein was loaded per

lane. Gel staining was performed by fixing gels for 1 hr at

room temperature (40% v/v ethanol, 10% v/v acetic acid,

50% distilled H2O) followed by staining for 1 hr at room

temperature (0�1% w/v Coomassie Brilliant Blue, 20% v/v

ethanol, 10% v/v acetic acid, 70% distilled H2O). Excess

stain was removed by incubating for 1 hr at room tem-

perature in de-stain solution (15%v/v industrial methylat-

ed spirit, 7�5% v/v acetic acid, 77�5% v/v distilled H2O).

Polypeptides were Western blotted onto nitrocellulose

membranes (Whatman Protran BA85; GE Healthcare), air

dried, and subsequently blocked with 5% milk powder or

2% BSA in TBS-Tween. Western blots were probed with

sheep anti-j or anti-k light-chain HRP-conjugated anti-

bodies or HRP-conjugated mouse anti-IgG4 monoclonal

antibody (clone HP6025;The Binding Site). All antibodies

were diluted 1 : 5000 in 2% BSA in TBS-Tween. Western

blots were probed for 90 min at room temperature before

being developed using a standard AEC (3-amino-9-ethylc-

arbazole; Sigma, Poole, UK) method.22

Ouchterlony double diffusion was performed as described

by Bailey.23 Equal amounts of IgG4 samples were diffused

against titre-matched monospecific light-chain antisera

(Dako, Ely, UK). Mass-spectrometric analysis was performed

using 1 ll of sample (0�5–1 mg/ml concentration) by

matrix-assisted laser-desorption time of flight mass spec-

trometry (MALDI-TOF MS) using a Bruker Ultraflextreme

instrument in linear mode using sinapinic acid as the matrix.

Samples were either analysed native or reduced with 10 mM

dithiothreitol (DTT) for 5 min at room temperature.

Results

Immunoglobulin IgG4 was purified from a pooled nor-

mal human serum by affinity chromatography and

sequentially fractionated into IgG4j or IgG4k (Fig. 1).

Some of this IgG4 bound to both light-chain affinity col-

umns. Repeated chromatography using the light-chain

affinity columns did not correct this, indicating that col-

umn capacity was not responsible for this observation.

Subsequent fractionation by HPLC size-exclusion chro-

matography identified principally immunoglobulin mono-

mers (70–80%) and a lower level of aggregates of higher

molecular weight (> 150 000) in this IgG4j/k fraction.

The purity of the three different IgG4 samples (IgG4j,
IgG4k, IgG4j/k) was assessed by ELISA and SDS–PAGE
immunoblotting. Monospecific antibodies different to

those used during the purification process were employed

to rule out idiotypic false positives. Direct antigen-bind-

ing (Fig. 2a) and IgG-capture ELISAs (Fig. 2b) both

showed that only the IgG4j/k hybrid reacts with anti-j,
anti-k and anti-IgG4 antisera. Whereas no contamination

of opposing light-chain molecules were detectable in

either the IgG4j or IgG4k preparations. Coomassie blue-

stained SDS–PAGE gels showed that each sample from

the IgG4j/k fraction was composed of only monomeric

immunoglobulin of 150 000 that could be separated into

only heavy and light chains upon reduction (Fig. 2c). The

different mobility of reduced j and k light chains from

Capture Select LC - λ affinity

Unbound
(pure IgG4κ)

Elution (IgG4 κ/λ)

Unbound 
(pure IgG4λ)

Elution (IgG4 κ/λ)

HPLC SEC

IgG4 Capture Select affinity

Elution (IgG4)

Capture Select LC - κ affinity

Hybrid IgG4 κ/λ

Serum

Figure 1. Fractionation of serum polyclonal IgG4 into IgG4j, IgG4k
and hybrid IgG4j/k monomers. Polyclonal IgG4 was purified from a

pooled human plasma source by affinity chromatography and

sequentially fractionated into either IgG4j or IgG4k. A substantial

portion of purified IgG4 possessed both j and k light chains and

was further fractionated by HPLC-size-exclusion chromatography.
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Figure 2. Purity and light-chain specificity of purified polyclonal IgG4j, IgG4k and IgG4j/k hybrids. (a) Direct ELISA; purified IgG4 protein

were bound to ELISA plates and probed with serially diluted antisera against IgG4 (▲), total light chain j (●) or k (■).(b) IgG-capture ELISA;

serially diluted purified IgG4j (●), IgG4k (■) and IgG4j/k (▲) were captured by anti-IgG-coated microplates and probed with antisera against

IgG4, total light-chain j or k, as indicated. These graphs are representative figures for all the different IgG4 pools. (c) IgG4 purity analysed by

Western blotting and Coomassie stain. 0�5 lg protein/lane was analysed non-reduced by SDS–PAGE and immunoblotted with antisera against

IgG4, total light-chain j or k as indicated. One microgram was loaded either reduced or non-reduced and stained with Coomassie blue.
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the IgG4j/k sample indicated that both j and k were

present. Interestingly only minor amounts of 75 000 IgG4

half-molecules were observed on non-reduced gels

(Fig. 2c). This indicates that the inter-heavy-chain disulp-

hides were probably intact and only minor amounts of

non-disulphide-linked IgG4 molecules were present.

The light-chain capture sandwich ELISA showed that

only the IgG4j/k hybrid molecules could be both cap-

tured and detected by antisera against both light chains.

In contrast, polyclonal IgGj and IgGk (IgG4-depleted)

could only be captured and detected by antisera against

the same light chain (Fig. 3a). A similar result was

observed with IgG4j and IgG4k (data not shown). When

both the capture and detection antibodies had the same

light-chain specificity a lower signal strength was observed

with the IgG4j/k hybrid molecules. When the capture

antibody was different to the detecting antibody the

signal strength was higher.

Ouchterlony double immunodiffusion can be used to

compare different antigen preparations. If several different

antigens are present in a solution then multiple precipita-

tion lines will result. A single line of precipitation or

identity was observed when IgG4j or IgG4k was precipi-

tated by anti-j or anti-k antisera, respectively (Fig. 3b).

In contrast, a square pattern of identity was seen when

the IgG4 hybrid sample was similarly analysed (Fig. 3b).

This indicated that the hybrid IgG4 molecule is immuno-

logically identical to both light-chain antisera.

The turbimetric HevyliteTM immunoassay (Binding Site,

Birmingham, UK) is designed to recognize the junctional

epitopes between an immunoglobulin heavy and light

chain, so can accurately distinguish between human im-

munoglobulins with different light-chain usage.24 The He-

vylite assay gives a positive value with both Gj and Gk
assays for only the IgG4 hybrid molecules (see Supporting

information, Table S1).

Mass spectrometric analysis of the native proteins

showed a slight difference in the average molecular mass

between the three IgG4 preparations (Fig. 4a). These were

148 093 and 150 029 MW for IgG4k and IgG4j, respec-
tively. The IgG4j/k hybrid possessed an average m/z of

148 995 MW, which was approximately equidistant from

the other two. Intact IgG is a large molecule to analyse by

mass spectrometry and because polyclonal and glycosylat-

ed forms of IgG4 were used the mass ranges obtained are

quite broad. Reduction with DTT split the molecule into

its constituent heavy and light chains. MALDI-TOF MS

of the resultant light chains distinguished clearly between

IgG4j and IgG4k (Fig. 4b). Both j and k light chains

were present in the IgG4j/k hybrid sample, but only j or

k were found in IgG4j and IgG4k.
The analytical extraction procedure (Fig. 1) was

repeated with serum from another donor pool and a fur-

ther three individual healthy donors. In all these sera the

polyclonal IgG4 could be split into three fractions based

on light-chain composition (Table 1). These samples

were essentially pure (Fig. 2c), so a total protein assay

was employed to determine their relative composition.

The percentage composition of IgG4j/k chain hybrids

ranged from 21�6 to 32�7% (median 30�12%), with

approximately 5–15% IgG4k and 55–75% IgG4j
(Table 1). To show that these results were not due to the

particular immuno-affinity (light chain) columns

employed, another sample of serum Pool 1 (Pool 1-L)

was analytically fractionated using an alternative j-bind-
ing matrix (Hi-Trap-Protein L). A very similar IgG4 frac-

tionation composition was obtained (Table 1). Polyclonal

IgG depleted of IgG4 was also purified and fractionated

according to light-chain specific chromatography. No evi-

dence of light-chain hybrid immunoglobulins was

observed either during the process (data not shown) or

when these were analysed by the light-chain capture

ELISA (Fig. 3a).
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Figure 3. (a) Sandwich-ELISA of IgGj (●, ○), IgGk (■, □) and

IgG4j/k hybrids (▲, △). Serially diluted and purified IgG immuno-

globulins were captured by ELISA plates coated with either anti-total

j or anti-k antisera. The bound proteins were then detected with

horseradish peroxidase-labelled antisera against the same or opposite

light chain (anti-j, ●■▲; anti-k ○□△). (b) Ouchtolony double-

immunodiffusion. Equal amounts of IgG4 antigens (centre well)

were diffused against titre-matched monospecific antisera against j
(upper and lower wells) and k (left and right wells) for 24 hr. Pre-

cipitation arcs were visualized with Coomassie blue. These figures

are representative of those obtained for all the different IgG4 pools.

ª 2014 John Wiley & Sons Ltd, Immunology, 142, 406–413410

E. Young et al.



The analytical results indicated that IgG4 proteins

containing different light chains on the same molecule

were present. Based on molecular weight, these molecules

were formed of two IgG4 heavy chains (presumably non-

identical) plus one j and one k light chain (Fig. 5).

Discussion

We have shown that hybrid IgG4j/k antibodies are present

in normal serum alongside IgG4 molecules with only a sin-

gle light-chain type. There is currently no serological assay

to differentiate between mixed and single light-chain IgG4

molecules in serum. We developed an analytical–extraction
procedure to overcome this discrepancy. The extraction

process reported here produced very pure samples of IgG4

without any other plasma proteins present. The sequential

binding of IgG4 molecules to both anti-j and anti-k affin-

ity columns could be due to aggregation of IgG4j and

IgG4k, or because half-molecule exchange has resulted in

hybrid IgG4j/k molecules. Immunoglobulin aggregation

can be induced during an affinity-protein purification

process by the elution conditions employed.25 We observed

such aggregates but they comprised only a minor compo-

nent of the hybrid IgG4j/k preparations and were removed

by size-exclusion chromatography. Only monomeric im-

munoglobulins were indicated by the SDS–PAGE analysis

(Fig. 2c). This suggested that the monomeric IgG4 immu-

noglobulins probably possessed both j and k light chains

on the same molecule. A combination of ELISA, immuno-

precipitation and Hevylite immunoassay (Figs 2 and 3,

Table S1) supported this conclusion. These immunoassays

used two different sources of polyclonal antisera (from

Dako and Binding Site), to ensure that the results were

not limited to the peculiarity of one antisera batch or

host species. In contrast the IgG4 proteins were purified

using affinity chromatography columns possessing sin-

gle heavy-chain variable fragment llama monoclonal

antibodies.

The light-chain capture ELISA resulted in a different

signal strength dependent on whether the same or oppo-

site light-chain antisera was employed (Fig. 3a). This was

presumably due to a different orientation of the hybrid

IgG4j/k arms for binding the specific conjugates. For

example if the IgG4j/k molecule was captured by an
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Figure 4. Matrix-assisted laser-desorption time

of flight mass spectrometry (MALDI-TOF MS)

analysis of serum polyclonal IgG4j, IgG4k and

IgG4j/k. Immunoglobulins were analysed

native and intact (a) or following reduction

with 10 mM dithiothreitol (DTT), (b). The

proteins were analysed by MALDI-TOF-MS

using a Bruker Ultraflextreme instrument in

linear mode and using sinapinic acid as the

matrix. These figures are representative for all

the different IgG4 pools.
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anti-j antibody then its other light chain is orientated

away from the plate surface and is more accessible to an

anti-k detection antibody. Alternatively the binding of the

sample to the capture antibody could reduce the number

of epitopes available for binding of the conjugate anti-

body, because both antibodies would be competing for

the same sites on the light chain.

The Hevylite immunoassay is calibrated by using im-

munoglobulins containing only single light chains and the

effect of hybrid light-chain molecules on the calibration is

unknown. This could explain the discrepancy between

Hevylite Gj and Gk values observed for the hybrid

IgG4j/k molecules (Table S1). Nevertheless, the Hevylite

assay has clearly shown that only the IgG4 hybrid samples

are positive for both assays.

The MALDI-TOF MS produced mean molecular

masses of 148 000–150 000. This was exactly the correct

size for monomeric immunoglobulins composed of two

heavy chain and two light chains. An m/z difference of

2000 MW was observed between polyclonal IgG4j and

IgG4k and the hybrid IgG4j/k was roughly in the middle

(Fig. 4a). Since the released polyclonal j and k light

chains also had a 1000 mass difference between them

(Fig. 4b), it is very likely that the 149 000 hybrid mole-

cule has one j and one k light chain. The difference in

MALDI signal intensity (peak heights) for reduced j and

k light chains (Fig. 4b) could possibly be due to different

ionization efficiencies as a result of sequence and struc-

tural variations.

Serum polyclonal IgG4 molecules that are composed of

two different light chains (j and k) are likely to have

been produced by the process of half-molecule exchange

(Fig. 5). Assuming that these have not been created dur-

ing the analytical extraction procedure, the amounts of

these hybrid IgG4j/k antibodies can indicate the mini-

mum extent of half-molecules exchanged in normal

healthy serum. As the IgG4 preparations were essentially

pure, a generic total protein assay was used to unambigu-

ously determine their relative composition. The percent-

age of hybrid IgG4j/k antibodies within the total serum

purified polyclonal IgG4 fraction ranged from 21 to 33%

(Table 1). With the exception of donor 4 the percentage

compositions of IgG4j, IgG4k and IgG4j/k are remark-

ably similar. Although this is a substantial proportion, it

is likely to represent only a minimum estimation of the

amounts of polyclonal IgG4 that have undergone the

exchange process. Presumably some or all of the remain-

ing polyclonal IgG4 with the same light chain on both

Fab-arms (67–79%) may also have undergone half-mole-

cule exchange at some point, but swapped half IgG4 mol-

ecules of the same light-chain type. Curiously we noticed

an average j to k light-chain ratio in the non-hybrid

light-chain IgG4 of 6�5 : 1, and a ratio of 3�1 : 1 when

the hybrids were included. This may indicate a bias to j
light-chain usage in IgG4 greater than the observed 2 : 1

ratio for total polyclonal IgG.26

Previously published work obtained by the introduction

of monoclonal or monospecific IgG4 into humans or

monkeys and following the extent of IgG4 exchange pro-

duced comparable values to ours.7–9,27 Shapiro et al.28

showed that when the humanized IgG4 monoclonal ther-

apeutic antibody Natalizumab was introduced into rats,

66% had undergone exchange in 6 hr and 87% after

24 hr. This suggests that bi-specific (monovalent) IgG4

molecules are widespread in normal serum and possibly

represents the typical configuration.

It should be considered that the high levels of IgG4

hybrid molecules identified in vivo in our study could

have been enhanced by hybrid formation during the ana-

lytical extraction process. However, this is unlikely for

several reasons. First, a variety of studies have shown that

a reducing agent such as DTT or glutathione is required

to induce half-molecule exchange in vitro7,8,21 but reduc-

ing agents were absent during our extraction process. Sec-

ond, acidic pH conditions similar to those employed here

to elute proteins from the affinity column have been

shown to induce G4 exchange but only in the presence of

disulphide-reduced proteins or reducing agents.28 When

polyclonal IgG depleted for IgG4 was fractionated follow-

ing the same affinity chromatography process no evidence

of IgGj/k hybrid molecules were observed, demonstrating

that this phenomenon is restricted to the IgG4 subclass

only. Finally, submitting an artificial mix of purified poly-

clonal IgG4j and k to the affinity chromatography pro-

Table 1. Composition of polyclonal IgG4j, IgG4k and hybrid light-

chain IgG4 in normal human sera

Sample

IgG4 concentration

(mg/l)

Percentage composition

(%)

IgG4j IgG4k
IgG4 j/k
hybrid

Pool 1 1494 58�6 12�9 28�6
Pool 1 (L) 1494 58�54 14�25 27�12
Pool 2 284 57�40 10�97 31�63
Single donor 3 729 56�25 11�74 32�01
Single donor 4 527 73�65 4�7 21�65
Single donor 5 534 55�54 11�78 32�68
Median N/A 57�97 11�76 30�12

IgG4k IgG4λ IgG4κ/λ 

Figure 5. Schematic cartoon of IgG4 half-molecule exchange.
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cess resulted in only a tiny amount of hybrid molecule

formation that could not be quantified accurately.

The protein structural features that allow half-molecule

exchange to occur specifically in human IgG4 but not in

the other IgG subclasses have been previously

described.13,15–17 Furthermore, methods to limit undesir-

able half-molecule exchange in therapeutic IgG4 monocl-

onals have been developed.8,9,27 However, the site and

mechanism of half-molecule exchange in vivo have yet to

be established. Van der Neut Kolfschoten et al.7 showed

that the exchange in human serum required the presence

of erythrocytes or a small molecule such as glutathione.

Glutathione concentrations of between 1 and 5 mM have

proved sufficient to instigate half-molecule exchange in

vitro.7,8,21 The intracellular level of glutathione in mam-

malian cells is between 0�5–10 mM and, approximately

1 mM in whole blood.29 This would appear to be suffi-

cient to promote IgG4 exchange in vivo.

Data presented here strongly support the existence of

IgG4 molecules with different j and k light chains on the

same molecule. When this is taken in context with the

supporting literature on dynamic Fab-Arm exchange IgG4

in vivo,8,9 it is very likely that polyclonal IgG4j/k hybrid

molecules are present in normal human serum. However,

further studies are required to understand the clinical

relevance of such molecules.
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