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SUMMARY

Whereas functional heavy (H)-chain antibodies devoid of light (L)- chains account for about half of
the circulating immunoglobulins in Camelidae, H-chain only antibodies (HCAbs) are not produced
in other healthy mammals including rodents and humans. To test the feasibility of expressing single
chain antibodies in the mouse, which on account of their small size and antigen-recognition
properties would have a major impact on antibody engineering strategies, we constructed a
rearranged dromedary H-chain gene encoding the immunoglobulin G2a (IgG2a) isotype with
specificity for hen-egg lysozyme (HEL). This IgG2a H-chain gene was introduced into mouse
myeloma cells not expressing endogenous immunoglobulin H- or L-chains. Unexpectedly the
mouse cells processed and expressed the introduced H-chain as naturally occurring dromedary
antibody. For this the first constant (C) region exon was proficiently removed from the recombinant
H-chain transcript. This resulted in specific H-chain antibodies of the correct molecular weight
(2 x 50 000 MW) secreted as disulfide-linked homodimers and displayed on the mouse cell
surface as glycosyl-phosphatidyl-inositol-linked B-cell receptor. The results indicate that antibody
expression and maturation without immunoglobulin L-chain is feasible and paves the way for the

generation of transgenic single chain antibody repertoires.

INTRODUCTION

Heteromeric antibodies consisting of multiple units of paired H-
and L-chains' emerged early in vertebrate evolution and their
presence is demonstrated in all jawed vertebrates studied to
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date.? In addition to these conventional antibodies, sera of
camelids (sub-order Tylopoda which includes camels, dromed-
aries and llamas) contain a major type of antibodies composed
solely of paired H-chains (heavy-chain antibodies or HCAbs).?
H-chains of homodimeric HCADbs in camelids lack the first C
domain (Cy1) but harbour an intact variable (V) domain (VyH)
encoded by different, clearly distinguishable, V genes.* HCAbs
are absent in other mammals except in pathological cases,
known as heavy chain disease, where parts of the V domain
and/or Cyl exon have been removed.’ Interestingly, H-chain
antibodies are present in some primitive fish, e.g. the new
antigen receptor (NAR) in nurse shark and the Cos5-antibodies
in ratfish.®” However, evolutionary analysis showed that their
genes emerged and evolved independently, whereas H-chain
genes in the camelids evolved from pre-existing genes used for
conventional heteromeric antibodies.® The absence of Cyl in
H-chain antibodies is a common feature, most likely essential
for their cellular release, and although H-chain C region genes
encode the first exon it is spliced out during mRNA maturation
probably due to a point mutation at the canonical splicing donor
site.”'% It is possible that H-chain-only antibodies have been
selected and maintained in the camelid species for their com-
plementary function in recognizing unusual epitopes, such as
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clefts on the antigen surface that are normally less antigenic for
conventional antibodies.'" So it could be argued that HCAbs in
the camelids are maintained because they fulfil a complemen-
tary function in their humoral immune response. In the periph-
eral blood of all Camelus and Lama subgroups HCAbs
contribute to the immune response. They undergo antigen-
mediated selection and affinity maturation, and their V domains
are subjected to extensive somatic hypermutation.'>'?

In the conventional murine and human antibody system, the
B cells displaying immunoglobulin M (IgM) on their surface are
considered to initiate the process of antibody maturation. After
class switching, B cells bearing other antibody isotypes (IgG,
IgA and IgE) undergo further selection and affinity maturation.
The H-chain gene of the HCAbs in camelids is also obtained
after DNA rearrangements and specific VgH germline genes
(located within the Vi gene cluster) are assembled with com-
monly used D and Jy minigenes to code for the VyH-domain.
Genomic and cDNA analyses revealed five functional dromed-
ary y genes, three of which (y2a, y2c and y3) are always used to
form the HCADb isotypes and their Cyl exon is spliced out
during mRNA maturation,”'® whereas two separate genes, yla
and y1b are employed for the heterotetrameric IgG isotypes.]2
In the camel, serum IgM devoid of L-chains has not been found
and staining of camelid B-cells for IgG H-chain-only antibodies
is not yet possible because of a lack of specific antibodies. In
addition, only a very low yield of H-chain-only antibody
transcripts (identified by their particular V genes) spliced to
Cp (VyHDIJ-Cp) could be identified from dromedary spleen (1.
Legssyer and V.K. Nguyen, manuscript in preparation and 14).
Indeed using structural analysis it was concluded that it is
impossible for a VyH to pair with a normal Vi because the
V| -interacting side of the domain is reshaped by the hydrophilic
VyH hallmark amino acids and the long complementarity-
determining region (CDR)3, which folds over this region."”
These observations indicate that the IgM-stage of H-chain
antibodies may be transient and that the conventional IgM
pathway might be circumvented.

In the investigation we focused on two essential questions:
(1) can mouse B-cells produce heterologous H-chain antibodies
derived from camelids; and (2) can functional H-chain-only
antibodies be displayed on the cell surface to allow selection?
The in vitro analysis of single chain antibody production

provides crucial information for the extensive task to produce
single-chain antibody repertoires in other, perhaps highly
recombinogenic, cells'® and transgenic mice.

MATERIALS AND METHODS

Construction of a rearranged dromedary VyH-y2a gene

The DNA manipulations were carried out using standard poly-
merase chain reaction (PCR) and DNA subcloning techni-
ques.'® In intermediate cloning steps, recombinant plasmids
(pBluescript) were propagated in E. coli DH5a. cells, and DNA
was prepared using a Qiagen-mini® prep kit (Qiagen, West-
burg, Leusden, the Netherlands). The cloning strategy was as
follows: the immunoglobulin promoter region derived from the
germline VyH clone cvhhpl1'? was spliced by overlap PCR
with the FR1 region of the VgHDJ gene encoding the lysozyme-
specific antibody cAb-Lys3." The region from the J5 to the
Cyl exon of the Cy2a gene (clone rg122 obtained by PCR, V.K.
Nguyen, unpublished) was added as a BstEII-EcoRI fragment,
and the remaining exons of the Cy2a gene in germline config-
uration (clone ch51666),” including both transmembrane (TM)
exons, were added on an EcoRI-Sall fragment (Fig. 1). The
11-7 kb H-chain construct, including the TM segments on a
Notl-Sall fragment, and the 7-4 kb H-chain construct, without
the TM region on a Notl-Kpnl fragment, were subcloned into
pSV2-Neo (#459 a kind gift from M. Neuberger, LMB, Cam-
bridge, UK) at preintroduced NotI-Sall and NotI-Kpnl cloning
sites, respectively. The constructs were named VyH-y2aTM and
VyH-72a.

Mpyeloma transfection

The VyH-y2aTM and VyH-y2a constructs, and the pSV2-Neo
cloning vector used as a control, were linearized by Notl
digestion and introduced separately into NSO myeloma cells>
by two pulses using a BIORAD Gene Pulser set at 230 V
and 500 pF. The transfected NSO cells were maintained at
37° and 5% CO, in RPMI-1640 medium containing 10% fetal
calf serum (FCS). After 24 hr of growth, G418 (Invitrogen,
Paisley, UK) was added to a final concentration of 400 pg/ml.
Several antibiotic resistant clones were chosen for each con-
struct and grown to a density of 2-3 x 10’ cells/ml for further
studies.

Vi H11,eAb-
Lys3

hen BsfEll

|
WVector

ot 12a, ch51666 —————»

VyH-Cy2aTM 11.7 kb

¢ £
l"—@-@—&ﬁ

V H-Cy2a 7.4 kb

Figure 1. Rearranged dromedary H-chain constructs, VyH-y2a(TM), with and without TM exons. For the assembly germline
fragments ViyH11, rg122 and ch51666%'* were used as indicated. The V gene was replaced by a VyH, cAb-Lys3, with specificity for
HEL.?? Genes and regulatory sequences are boxed. The arrow on the left denotes the immunoglobulin promoter starting with the
octamer sequence. Restriction sites, Notl, BstEIl, EcoRI, Kpnl and Sall, are indicated and the position of the poly A sites (A) and the
non-canonical splicing site of the dromedary y2a gene at the 3’ end Cy1 (%) are marked. MAR, matrix attachment region.
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Detection of hen-egg lysozyme (HEL)-specific antibodies

by enzyme-linked immunosorbent assay (ELISA)

HEL (10 pg/ml in phosphate-buffered saline; PBS) was coated
overnight at 4° onto 96-well-plates (Nunc-Maxisorb™, Life
Technologies, Invitrogen, Merelbeke, Belgium). Residual pro-
tein-binding sites were blocked with PBS—1% casein for 2 hr at
room temperature. Serial five-fold dilutions (100 pl) of cell-free
supernatants from different clones of the transfected NSO cells
were added to the wells and incubated at room temperature for
1 hr. The retention of recombinant HEL binding antibodies
(anti-HEL-IgG2a) was detected with rabbit anti-camel IgG (1/
1000 anti-dromedary rabbit serum R17, provided by T. Serrao,
VUB, Brussels) and alkaline phosphatase-conjugated goat IgG
directed against rabbit IgG (Sigma-Aldrich, Gillingham, UK)
and p-nitrophenyl phosphate (pNPP) as substrate. Substrate
hydrolysis was blocked after 15 min reaction with 20 pl
0-5 M ethylenediaminetetra-acetic acid and the plates were read
at OD 405 nm in a microtitre plate reader (EIx808, Bio-Tek
Instruments, Winooski, VT).

Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot analysis

HEL was coupled to CNBr-activated Sepharose (Amersham
Pharmacia, Little Chalfont, UK; 3 mg HEL per ml resin)
according to the instructions provided by the manufacturer.
HEL-coupled Sepharose (50 pul wet gel) was incubated with
0-5 ml culture supernatant of the different NSO transfectants for
1 hr at room temperature to enrich the recombinant HCAbs.
After repeated washes with PBS, the beads were resuspended in
100 pl SDS—sample buffer (with or without 0-5% dithiothrei-
tol), boiled and 4 pl applied to a 10% polyacrylamide gel.
Fractionated IgG1 antibodies and IgG2 HCAbs isolated from
dromedary serum were applied in adjacent lanes as references.
After electrophoresis, gels were stained with Coomassie Bril-
liant Blue to visualize the proteins. For Western blot analysis,
proteins separated on SDS-PAGE were transferred onto nitro-
cellulose membranes (Amersham Pharmacia), using a Mini
Trans-Blot Cell (Bio-Rad, Nazareth EKE, Belgium) and fol-
lowing standard protocols.?' The material applied on Coomas-
sie-stained gels was in 10-fold excess compared to the material
on gels analysed by Western blot. The recombinant IgG2a
enriched by adsorption was detected with rabbit anti-dromedary
serum as first antibody, alkaline phosphatase-conjugated goat
anti-rabbit IgG as second antibody (the same reagents as in
ELISA), and 5-bromo-4-chloro-3-indolyl-phosphate and nitro-
blue tetrazolium (BCIP/NBT, Sigma-Aldrich) as substrate. The
molecular weight marker was the BenchMark™ prestained
protein ladder (Gibco-BRL, Life Technologies, Invitrogen).

Preparation of mRNA and reverse transcriptase—(RT)-PCR

The QuickPrep micro mRNA purification kit (Amersham
Pharmacia) was used for the preparation of mRNA from 107
transfected NSO cells and first strand cDNA was synthesized
using the ‘Ready-to-Go’ kit (Amersham Pharmacia). PCR con-
ditions using 0-5 pl cDNA were; 30 cycles of 45 s at 94°, 30 s at
52° and 45 s at 72°. Three combinations of specific oligonu-
cleotides allowed the analysis of the Cyl splicing junctions
(Fig. 4a): (1) V3FRIB (5-GAGGTGCAGCTGGTGGCGTC-
TGGAGGAGG-3'), derived from the sequence of the VyH/Vy-
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Figure 2. In vitro production of HEL-specific dromedary immunoglo-
bulin. Antibodies produced by NSO cells transfected with ViyH-y2a-TM
(clones 1,2 and 3), VgH-y2 (clones 11, 12 and 13) or the parental vector
(Ctrl™) were tested in ELISA using a 1/50 dilution of the culture
supernatant from cultures from randomly selected individual colonies.
For the assay plates were coated with HEL and bound antibody was
detected with rabbit anticamel immunoglobulin. Dromedary anti-HEL
immunoglobulin (diluted 1/5000) served as a positive control (Ctrl™).

FR1 region and G2AHIF (5-GGGACACGTGCATTCTGGT-
TCA-3'), a sequence annealing at the long hinge region of
dromedary Cy2a; (2) V3FRIB and CH1290F (5'-CTCTTGT-
CG- ACCTTGGTGCTGCTG-3'), representing a conserved
sequence of the first constant exon of all camelid Cy genes;
and (3) CHI1242B (5-GCATCTAGACCGGMAAGACCTT-
CAYCT-3'), a consensus sequence of the first constant exon
of all camelid Cys, and the long hinge-specific G2ZAHIF primer.
A lack of the Cy1 exon sequence from the mRNA will result in a
~0-5 kb PCR fragment employing oligonucleotides (1) whilst
no amplification products are expected in PCR reactions using
oligonucleotide combinations (2) and (3).

Flow cytometry analysis

HEL and affinity-purified rabbit anti-camel IgG were biotiny-
lated using biotin-X-sulpho-NHS (Calbiochem, Nottingham,
UK) as described.!! Clones from the NSO transfectants (10°
cells) were resuspended in 200 pul RPMI medium and incubated
with 5 pg biotinylated HEL at 4° for 45 min. Unbound antigen
was removed by two washings with PBS containing 0-002%
Triton-X-100 and 0-01% sodium azide, and FITC-labelled
streptavidin (PharMingen, San Diego, CA) was added to detect
cells that captured HEL. After 30 min incubation the cells were
washed and resuspended in 2 ml PBS. The cells were analysed
with a FACSvantage flow cytometer (Becton Dickinson, Moun-
tain View, CA). To analyse the H-chain anchorage in the
membrane, the cells were incubated with 10 U/ml phosphati-
dyl-inositol-specific phospholipase C (PI-PLC; ICN, Cedar-
wood, Basingstoke, UK) prior to staining with biotinylated
rabbit anti-camel IgG and fluorescein isothiocyanate (FITC)-
labelled streptavidin. Untreated cells were used as control.

RESULTS
The dromedary VyH-y2a(TM) H-chain gene construct

A rearranged H-chain gene was constructed from VyH and
Cy2a gene segments used in a dromedary to express HCAbs.
The promoter region including the octamer was obtained from a
VyH gene in germline configuration (ViH11)."* The V-exon
was replaced by a rearranged VyHDJy, an RT-PCR fragment
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(cAb-Lys3) obtained from a HEL-specific dromedary HCAb?**
(Fig. 1). This intermediate construct was extended 3’ of Ji; by a
BstEII-EcoRI fragment from Jy5 to the naturally occurring
EcoRI site in the Cy1 exon of dromedary Cy2a. The fragment
contained the Jy6 segment and sequences homologous to the
human Ep intron enhancer and matrix attachment region
(denoted E and MAR (matrix attachment region) in Fig. 1).
The Cy2a gene was completed by addition of a genomic
fragment from the EcoRI site in Cyl downstream to, and
including, the putative TM exons and the poly A sites.” The
VyH-y2aTM gene construct on a 11-7 kb NotI-Sall fragment
was subcloned into the pSV2-Neo vector and the VyH-y2a gene
without the TM exons was inserted on a 7-4 kb Notl-Kpnl
fragment. The assembled VyH-y2a(TM) H-chain constructs
represent a rearranged dromedary H-chain gene in genomic
configuration with appropriate 5'-and 3’ regions to allow expres-
sion.

Transfected NSO cells secrete HEL-specific polypeptides

To investigate whether mouse B cells can process rearranged
dromedary HCAb genes, NSO myeloma cells were transfected
with the VyH-y2aTM and the VyH-y2a constructs and, as a
control, the pSV2-Neo vector. To examine antibody production
several different cell clones for each transfection were grown in
Petri dishes to a density of 2-3 x 10° cells/ml. The culture
supernatant was then analysed by ELISA on HEL-coated plates
and antibody binding was identified using anti-antibody serum
from rabbits immunized with camel H-chain-only IgG. A
1/5000 dilution of dromedary antiserum (D54) raised against
HEL was used as positive control.!! Tllustrated in Fig. 2 are the
results for several supernatants from transfections with the
VyH-y2aTM and the VyH-y2a construct, which show that
clones 1 and 13 exhibited binding similar to that of the positive
control serum. These clones were used for further characteriza-
tion and it could be shown that in ELISA the binding of the
antibodies produced by the mouse cells could be inhibited when
free HEL at >0-5 pg/ml was added (data not shown). This
showed that murine NSO cells transfected with the VyH-
v2aTM and VyH-y2a constructs are capable of recognizing
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and utilizing the dromedary H-chain gene to secrete HEL-
specific antibody products.

Dromedary HCAbs are produced in mouse B-cells

HEL-binding polypeptides secreted by the NSO cells were
further characterized by SDS-PAGE and Western blot. For this
culture supernatant from the transfectants was incubated with
HEL-coupled to Sepharose which allowed the capture of spe-
cific proteins and the removal of interfering serum components
before separation by SDS—PAGE (Fig. 3). In Coomassie stain-
ings, despite extensive background, additional bands of
~120 000 MW could be identified under non-reducing condi-
tions (Fig. 3a, lanes 1 and 2) and of ~50 000 MW under
reducing conditions (Fig. 3b, lanes 1 and 2) which were not
present in control lanes using supernatant from cells transfected
with the parental pSV2-neo vector (Figs 3a, b, lane 3). This was
confirmed in Western blots where unequivocal results showed
only one band of ~120 000 MW under non-reducing conditions
(Fig. 3c, lanes 1 and 2) and one band of ~50 000 MW under
reducing conditions (Fig. 3d, lanes 1 and 2), with the controls in
lane 3 showing no bands or background at all. From the apparent
MW it was concluded that the 120 000 MW band corresponds
to disulphide-linked H, homodimers and the 50 000 MW band
corresponds to single H-chain. However, HCAbs in H, form
secreted by the NSO cells appear to migrate slightly slower than
the 114 000 MW protein marker and thus two H-chains do not
fully reconstitute the MW of a homodimer. At present we have
no explanation for the discrepancy in MW, which could indicate
secondary, non-covalent, attachments. However, this seems to
be a common feature also found in camel HCAbs as shown in
lane 6.7

The appearance of a single band in Western blots (Fig. 3c, d,
lanes 1 and 2) indicates that the secreted antigen-binding H-
chains are homogeneous and that putative, differentially pro-
cessed, H-chains are not released from the mouse cells. Further-
more, the apparent MW of the recombinant H-chain polypeptide
should be indicative of the presence of the various domains. It is
evident for the reduced samples (Fig. 3b, d) that the H-chains
from the NSO-derived HCAbs (lanes 1 and 2) have a distinctly
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Figure 3. MW analysis of recombinant dromedary immunoglobulin produced by NSO cells. SDS-PAGE of dromedary antibodies
from culture supernatant adsorbed with HEL coupled to sepharose and either stained with Coomassie Brilliant Blue (a and b) or
revealed by Western blot (c and d). Culture supernatant was applied from NSO cells transfected with VyH-y2aTM (lane 1), VyH-y2a
(lane 2) and vector only (lane 3). As controls, isotypes representing conventional antibodies, IgG1 in H,L, configuration (lane 5), and
HCADbs, I1gG2 in H, form (lane 6), fractionated from dromedary serum were loaded in adjacent lanes. Proteins were separated under
non-reducing (a and c¢) and under reducing conditions (b and d). The sizes of the marker bands (M) are indicated.
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smaller MW than the H-chain of conventional antibodies iso-
lated from dromedary serum (lane 5). From cDNA sequences it
is known that the dromedary H-chain of conventional antibodies
contains a Vy, Cyxl, CH2 and Cyx3 domain (~15 000 MW per
domain). The difference in MW between the H-chain of the
conventional antibodies and the H-chain of the recombinant
HCAD suggests that one domain is missing as in the H-chain of
naturally occurring HCAbs in camelids where the Cy1 is absent.
However at first sight, the apparent MW of the recombinant
antibody secreted by the NSO transfectants is slightly larger
than that of IgG2 HCAbs, fractionated from dromedary serum
(in Fig. 3b, d compare lanes 1 and 2 with lane 6). A reason for
this is that a VyH gene from a HEL-specific HCAb was used for
the construct,*? which encodes a long CDR3 loop of 24 amino
acids and is 7-8 amino acids longer than the average CDR3.
This compares well with the IgG2 fraction isolated from
dromedary serum which is heterogeneous with two discernible
H-chain bands (Fig. 3b, d, lane 6). It is likely that the lower and
most intense band corresponds to an abundant HCAb isotype
with a hinge region of ~15 amino acids (IgG2c) and the less
intense band of lower electrophoretic mobility corresponds to

the dromedary IgG2a isotype with a 35 amino acid long hinge,'
which is equivalent to the recombinant H-chain gene construct.

The signal in Western blots obtained for the HCADb trans-
fectants is located in a single band which allows an estimation of
the expression levels. The captured HCAbs obtained from 20 pl
culture supernatant yield a signal about twice as strong as what
has been obtained from 0-1 pg purified control HCAbs applied
in lane 6 (Fig. 3d). This suggests that 1 ml supernatant from
NSO cells transfected with the VyH-y2aTM or the VyH-y2a
construct can produce ~10 pg/ml HEL-specific HCAbs. Such
secretion levels are similar to the levels obtained from endo-
genous antibodies expressed in myeloma and hybridoma cells.

Dromedary H-chain transcripts are correctly spliced in
NSO cells

From PAGE and Western analysis it can be concluded that HEL-
captured antibodies secreted by the NSO cells are in homo-
geneous form with a MW corresponding to that of naturally
occurring IgG2a dromedary HCAbs. To investigate heterolo-
gous splice products of the VyH-y2a H-chain in the mouse cells

mAMNA without CyH1
ViHDJ | H | CH2 | CyH3
> 05K o
V3FR1B G2AHIF
hypothetical mRNA with C,H1
VyHDJ C,H1 |H| cHz | c.H3
. 0.8 kb <
V3FA1B G2AHIF
- 0,65 kb =
V3FR1B CH1290F
0.3 kb
(a) CH1242B G2AHIF

Figure 4. Identification of H-chain transcription products. (a) Hypothetically, two mRNA products, with and without Cy1, could be
obtained from the introduced H-chain gene construct. Possible RT-PCR amplification products are indicated with the expected sizes in
kb. RT-PCR products using (b) Vi (V3FR1B) and hinge (G2AHIF) (¢) Vi (V3FR1B) and CyH1 (CH1290F) and (d) CyH1 (CH1242B)
and hinge (G2AHIF) oligonucleotides. RNA was derived from NSO cells transfected with the following constructs: ViyH-y2a-TM (lane
1), VgH-y2a (lane 2) and the parental pSV2 vector (lane 3). The 123 bp size ladder (the position of the 123 bp monomer is indicated in
b) is shown in lane 4. Lane 5 displays the RT-PCR products of the cloned dromedary immunoglobulin-y1 cDNA possessing the Cy1
exon. This results in the expected Cyl containing fragments of 695 bp (0-7 kb), 646 bp (0-65 kb) and 334 bp (0-3 kb) using the
oligonucleotides to perform the experiments shown in b, ¢ and d, respectively.
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Figure 5. Flow cytometry analysis of NSO transfectants. Cells transfected with VyH-y2aTM (a), VyzH-v2a (b) and vector only (c)
were incubated with biotinylated HEL and stained with FITC-labelled streptavidin (open profiles). The background signal obtained
when biotinylated HEL was omitted is superimposed (shaded histograms). (d) Cells transfected with the VgH-y2aTM construct were
incubated with (open profile) or without (shaded histogram) PI-PLC prior to staining with biotinylated rabbit anti-dromedary
immunoglobulin followed by FITC-labelled streptavidin. Each histogram represents ~10* cells.

RT-PCR was employed using forward oligonucleotides for the
V-gene or Cyl exon in combination with reverse oligos for Cy1
or the hinge exon (Fig. 4). The results using mRNA from the
transfectants showed a single 0-5 kb fragment, identifying the
transgenic mRNA product without Cyl exon (Fig. 4b, lanes 1
and 2). No band of a predicted 0-8 kb was obtained which would
have identified mRNA with retained Cyl exon sequence. The
absence of the Cyl exon in the VyH-y2a spliced products was
further confirmed by RT-PCR using Cy1-specific oligonucleo-
tides, which failed to amplify any products (Fig. 4c, d, lanes 1
and 2). However, control amplification using mRNA from a
rearranged conventional dromedary H-chain gene resulted in
the expected bands (Fig. 4, lane 5). The results confirm that the
removal of the Cyl exon from the primary VyH-y2a(TM)
transcript is proficiently carried out in the mouse cells.

HEL-specific HCAbs are displayed on mouse cells

To investigate whether HCADbs can be presented on the surface
of NSO cells transfected with the VgH-y2aTM or the VyH-vy2a
construct, cells were incubated with biotinylated HEL and,
separately, biotinylated rabbit anti-camel IgG followed by
incubation with FITC-labelled streptavidin (Fig. 5). Analysis
of the staining by flow cytometry identified HEL-specific
HCADbs on the surface of cells expressing the VyH-y2aTM
construct (Fig. 5a) but not on cells with introduced VyH-y2a
construct or control cells (Fig. 5b, c, respectively). The signal
intensity implies that heterologous HCAbs are efficiently trans-
ported and anchored in the mouse cell membrane with adequate
use of the transmembrane exons.

To identify the cell surface anchoring type of the HCAbs —
which could be accomplished by association with the Igo/Igf
coreceptor or, alternatively, by glycosyl-phosphatidyl-inositol
(GPI) anchoring23 or in the ‘naked’ form>* — we incubated the
surface immunoglobulin™ transfectants with phosphatidyl-ino-
sitol-specific phospholipase C (PI-PLC) which specifically
releases GPI-linked proteins from the cell surface but has no
effect on naked or Iga/Igf-associated surface immunoglobu-
1in.?® The results (Fig. 5d) show a net reduction in fluorescence
intensity upon PI-PLC treatment of the cells, reflecting the
removal of GPI-linked surface immunoglobulin. This demon-
strates that dromedary HCAbs devoid of L-chain can be trans-
ported to and expressed on the cell surface of NSO mouse B
cells as a GPI-linked receptor.

DISCUSSION

The formation of HCAbs in camelids is decided by rearrange-
ment of a VyH gene to commonly used D and Jy segments25 and
(switch?) recombination to a Cy gene that permits the removal
of Cz1.!2 The VyH genes are distinct from conventional Vi
genes; they accommodate changes in key residues normally in
contact with the Vi domain in the antigen-binding site of
conventional antibodies.'” Nevertheless, the genomic organiza-
tion of the VyH genes (i.e. promoter, leader signal, intron, V-
exon, recombination signal sequence) is otherwise remarkably
similar to that of the conventional Vi counterparts.? It has been
reasoned that VyH genes have recently evolved from conven-
tional Vy genes after the emergence of the Tylopoda (>50
million years ago) which makes it likely that both types are
accommodated in the V gene cluster of the H-chain locus.”
This is supported by the observation that both the Vi and VyH
gene segments appear to rearrange to the same D and Jy gene
segments to form either a conventional antibody or a HCAb."
Furthermore, the emergence of HCAbs in camelids appears to
depend on yet another gene adaptation, not found in other jawed
vertebrates, occurring in a subset of their Cy genes.”' It was
proposed that in these genes a point mutation at the canonical
splice signal sequence might cause the excision of the first C-
region domain;’ a removal which may permit assembly and
secretion of homodimeric H-chains.? However, the exact pro-
cessing and the extent of the Cyl removal from the camelids
VyHDJy-y primary transcript remains presently obscure.
Nevertheless, the precise removal of the Cyl-containing
sequences from the RNA transcript of HCAb genes appears
to be performed with equal efficiency in dromedary and mouse
cells. Although this has not yet been tested directly in dromed-
ary B cells, we have never identified any dromedary cDNA
clone derived from the genomic HCAb-specific y genes, which
retained the Cyl exon. The removal of the Cyl exon may be
essential to allow HCADb secretion. Previously, it was observed
that hybridoma or myeloma cell lines harbouring immunoglo-
bulin genes with deleted Cy1 exon retain the ability to secrete
homodimeric H-chains without associated L-chains.?**” It has
been established that the Cy1 domain participates actively in the
regulation of the assembly and secretion of conventional H,L,
antibodies. The nascent translated H-chain polypeptide associ-
ates non-covalently with the H-chain binding protein (BiP or
grp78) via BiP association sites in Cyy1.%® The BiP/H-chain
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complex is retained in the endoplasmic reticulum by virtue of
the KDEL sequence at the carboxy terminus of BiP?® and the H-
chain is not secreted unless BiP is displaced by the L-
chain.?®3%3! BiP is expressed constitutively in many cell lines>®
and is also present in the NSO plasmacytoma line used in this
study.”® Thus, the lack of Cyl is likely to permit unhindered
transit of the H-chain polypeptide through the endoplasmic
reticulum to allow secretion and appropriate surface deposition.
Furthermore, the loss of BiP association may also prevent
degradation of the H-chain. H-chains with the long hydrophobic
transmembrane region anchor in the lipid bilayer, whilst the
short hydrophilic C-terminal region of the secretory form H-
chains ensures their release from the cell in the absence of
associated BiP. However, exclusive H-chain-only antibody pro-
duction in camelids may also involve interaction with species-
specific cellular factors important for expression of HCADb
genes, processing of transcripts, and the assembly of the
translation products into functional antigen-binding entities.
For these reasons, the utilization of a heterologous system to
produce bona fidle HCAbs from the rearranged dromedary
immunoglobulin H-chain genes is far from obvious.

The rearranged H-chain expressed in NSO cells, which
produced HEL-specific HCAbs in the dromedary, was con-
structed with no alteration that would favourably bias expres-
sion in mouse B-cells. Thus, secretion and surface expression of
HEL-specific HCADbs in a heterologous system established that
RNA processing, H-chain assembly and cellular transport uti-
lize commonly recognized signals provided by the dromedary
VyH-y2a(TM) construct. Apparently, neither the VyH hallmark
amino acids, nor the presence of a long CDR3 loop of 24 amino
acids, caused folding problems. Furthermore, the non-canonical
antigen binding loop structures tethered by an interloop dis-
ulphide bond were truly formed as in cAb-Lys3 HCAbs."
Indeed the quite respectable protein expression levels suggest
that the intrinsic alterations of the dromedary HCAbs are well
recognized and dealt with by the mouse cells, and that dro-
medary-specific factors are either not essential or can be by-
passed by the mouse transcription, translation and secretion
machinery.

The expression of surface immunoglobulin on NSO cells
came as a surprise because plasmacytomas are at a B-cell
differentiation stage when intracellular immunoglobulin H-
chain polypeptides with attached transmembrane regions are
retained and degraded, and hence they normally express little or
no membrane-anchored immunoglobulin.>*** Nevertheless,
membrane and secretory polypeptides can be produced* and
one introduced H-chain construct provides both, the secretory
and transmembrane form, whilst the other, shorter construct,
provides only the secretory form. As no membrane association
is found in transfections with the construct encoding the secre-
tory form only this implies that surface expression relies on
using the transmembrane exons. The display of dromedary
HCADbs on the surface of NSO cells suggests that heterologous
H-chain polypeptides with TM regions can persist. Reasons for
this could be that the modification of the H-chain, in particular
the removal of Cyl, provides an altered signal for H-chain
recognition, transport through the cytoplasm and association
with accessory molecules. For cells producing conventional
antibodies, membrane-bound immunoglobulin (associated H-
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and L-chain) is cotransported onto the cell surface in a complex
with the Iga/IgB dimer*>=7 or alternatively with a GPI linker
independent of the presence or absence of Iga/IgB***® or in a
‘naked’ form.>**° The extensive reduction in fluorescence
intensity of transgenic NSO cells stained with anti-camel
immunoglobulin after PI-PLC treatment (Fig. 5d) demonstrates
that antibodies lacking Cy1 can be displayed on the cell surface
via conventional GPI linkage.***' Thus, the dromedary HCAbs
are functionally displayed on the NSO cell surface like a GPI-
linked IgG receptor. The Iga chain, as indeed many late stage B-
cell markers, is generally not expressed in immunoglobulin-
secreting plasma cells®® and this also holds true for NSO cells
which nevertheless express Igp (M. Neuberger, personal com-
munication). However, it is unclear if the lack of Iga initiates
surface expression via GPI or if the dromedary VyH-y2aTM
polypeptide can associate with the coreceptor heterodimer as a
membrane bound BCR. This has major implications on B-cell
developmental processes as it raises the question whether
conventional BCR expression of a dromedary HCAb without
L-chain is possible. In this context it is interesting to note that
staining of camel lymphocytes for immunoglobulin H- and L-
chain on the cell surface has been attempted but did not
unambiguously demonstrate surface IgG H-chain-only expres-
sion. A reason for this may be that the staining reagents raised
against ruminant immunoglobulin fail if there is broad epitope
diversity.*? Unfortunately there is no information about pre B-
cell development in camelids or whether a p H-chain without
Cpul can associate with a surrogate L-chain to form the pre-BCR
necessary to progress B-cell development. However, from gene
targeting studies in the mouse it is clear that B-cell development
without surrogate L-chain can progress,*® whilst B-cell devel-
opment without L-chain is blocked after H-chain expression and
maturation up to the immature B-cell stage.**

Presence of the BCR is essential to govern B-cell survival
and differentiation.>* Thus, HCADb deposition on the cell surface
is of key importance for the formation of the HCAb reper-
toire.*>*® Expression of the membrane form strongly suggests
the presence of memory B cells for HCAbs in camelids. Such
cells would undergo an antibody-maturation process leading to
HCAbs with improved affinities for the antigen.'® The finding
of extensive diversification of HCAbs'? but the failure to detect
an IgM isotype without L-chains in camelids (12 and I
Legssyer, personal communication), has unexpected implica-
tions for HCAb ontogeny as it questions the involvement of p™
B cells bearing conventional IgM as precursors of HCAb
producing cells. For this reason it becomes important to re-
assess the development of B cells expressing HCAbs. The
successful expression of HCAbs by mouse cells, transfected
with a dromedary VyH-y2a construct, offers the possibility in
future research to investigate the developmental regulation of
camelid HCADs in a transgenic mouse model and to perform in
vivo and in vitro HCAb maturation experiments.
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