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ABSTRACT
We describe a mammalian expression construct (SPLICELECT™) that allows the redirection of a proportion of
a secreted protein onto the cell surface using alternative splicing: whereas the majority of the RNA is spliced
into a transcript encoding a secreted protein, a weak splice donor site yields a secondary transcript encoding,
in addition, a C-terminal transmembrane domain. The different sequence elements can bemodified in order
to modulate the level of cell surface display and of secretion in an independent manner. In this work, we
demonstrated that the cell surface display of stable cell lines is correlated with the level of the secreted
protein of interest, but also with the level of heterodimerization in the case of a bispecific antibody. It was
also shown that this construct may be useful for rapid screening of multiple antibody candidates in binding
assays following transient transfection. Thus, the correlation of product quantity and quality of the secreted
and of membrane-displayed product in combination with the flexibility of the construct with regards to cell
surface display/secretion levels make SPLICELECT™ a valuable tool with many potential applications, not
limited to industrial cell line development or antibody engineering.
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Introduction

The manufacturing of recombinant proteins relies on the genera-
tion of stable cell lines transfected with genes coding for the
product of interest. The stable integration of the transgene in the
host cell genome is a rare event and screening is required in order
to select themost appropriate cell line candidates during a cell line
development campaign. Usually, this requires parallel overgrow
batches of several hundreds of candidates.1,2 Tools that can facil-
itate this screening of stable cell lines are of great interest to
simplify the cell line development process.

Flow cytometry allows the screening of several thousands of
single cells in very short time, and can be used for the selection of
high producer cell lines in the field of biotherapeutic production.
This requires a specific marker that can be converted in
a fluorescent signal and that is correlated with the amount of
secreted product of interest from the individual cell.3,4

In the simplest cases, the protein of interest can be directly
tagged, for example, with green fluorescent protein (GFP).5

However, protein function and structure may be altered by the
presence of the tag. Therefore, direct tagging is usually not applic-
able for therapeutic proteins. Other methods rely on the co-
expression of a fluorescent protein (e.g., GFP) with the gene of
interest, either through an internal ribosome entry site (IRES),
using polycistronic vectors or by co-transfection.6–14 However,
limitations in the secretory pathway, protein folding or different

efficiencies in translation may affect the correlation of expression
of the reporter protein and the gene of interest. These limitations
are partially overcome by using a transmembrane reporter protein
co-expressed with the protein of interest, such as using an IRES in
the expression cassette,14–18 or due to a non-optimal start codon,19

even if an expression bias, which could be caused by uncorrelated
expression of reporter and gene of interest due to different folding
kinetics, may still be possible. In general, the reporter protein
needs to be carefully selected in order to avoid toxic effects for
the host cell20 or co-purification with the gene of interest.

Alternatively, the secreted protein may be captured in the
vicinity of the producer cell (affinity matrixes,21–26 micro
droplets,27–29 or the cultivation in semi-solid media30,31).
However, these methods require a specific environment that
may not always be suitable for the host cell, as well as a lot of
optimization for each campaign. Even direct surface staining
of the producing cells has been proposed, but the nature of
the signal is not well understood and may not always be
directly linked to the level of secretion.32–35

Many of the limitations described above can be overcome by cell
surface display of a membrane version of the target protein, for
example, by linking the protein to the cell surface with
a glycosylphosphatidylinositol anchor36 or a transmembrane
domain with a cleavable peptide,8,37,38 so that the protein of interest
is released after proteolytic treatment. The co-expression of an
“anchor” protein at the cell surface in order to link the recombinant
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protein to the producing cell was recently described.39

Alternatively, the transmembrane domain can be added due to
regulated read-through of a non-sense codon40 or due to the use of
amber suppression.41 In these examples, an antibiotic or specific
non-natural amino acid was added to the cultivation medium to
promote the membrane binding of the otherwise secreted protein.
However, for many applications (e.g., biotherapeutic production)
these additional processing steps are not desired. Alternatively, the
usage of a leaky stop codon between the protein of interest and
a transmembrane domain allows the constitutive display of a small,
but fixed fraction on the cell surface.42,43

Interestingly, the human immune system provides an addi-
tional and elegant way to link cell surface display and secretion.
B cells are the antibody producers in the human immune system.
Each B cell expresses a single antibody specifically binding a single
antigen. In resting B cells (memory cells), the antibody is predo-
minantly membrane-bound. Upon recognition of its antigen, a B
cell will proliferate into plasma cells expressing a huge amount of
secreted antibody.44 The only difference between the two antibody
isoforms is a C-terminal extension of the membrane-bound ver-
sion with a transmembrane region.45 The controlled transition
between the two isoforms of antibody (membrane-bound and
secreted) is achieved by alternative splicing.45,46 Splicing describes
the precise excision of the introns of the mRNA, accomplished by
a protein complex called spliceosome that is able to recognize
consensus sequences: the 5ʹ splice donor (5ʹ SD) and 3ʹ splice
acceptor (3’SA) sites at the intron/exon borders and the branch
point and the poly pyrimidines (poly(Y)) tract in the intron. The
efficiency of the splicing depends largely on the different consen-
sus sequences, but also on so-called splicing enhancer and repres-
sor sequences present in both introns and exons. Alternative
splicing describes the mechanisms by which a single pre-mRNA
is matured into different mRNA, a process that is usually highly
regulated by interaction of many different factors.47–58

The use of the natural intron of the immunoglobulin gene
for antibody display using alternative splicing has been
described.59–62 However, the natural intron sequence substan-
tially increases the size of the gene of the heavy chain (to
around 5 kb), which may affect routine cloning steps. Current
improvements include the use of gene-editing tools, such as
TALE nucleases or CRIPR-Cas9, for the integration of anti-
body libraries in hybridoma cells, leading to surface display
and secretion of the correctly integrated genes.63,64

The major disadvantage of all the cell surface display technol-
ogies presented so far is the lack of adaptability of the fraction of
antibody that is directed to membrane display. Different applica-
tions may require very low levels of display, whereas others may
requiremuch higher levels. For example, the selection of stable cell
lines expressing a classic monoclonal antibody would require
relatively low levels of display, whereas some of the new antibody
formats that express at lower levels may require a higher fraction
of membrane display in order to generate a measurable and
quantifiable signal. A system that allows adjustment of the level
of display and of the amount of secreted product may, therefore,
be of great interest.

Here, we describe a method of cell surface display based on
alternative splicing using the chicken cardiac troponin intron 4,
which is located upstream of the alternative exon 5 in the chicken
genome.49,58 This intron is around 0.5 kbs long, and therefore

more convenient for use in plasmids. In order to modulate the
fractions of secreted and displayed antibody, the intron consensus
sequences can bemodified.We also show that the transmembrane
domain added at the C-term of the heavy chain has a huge impact
on the proportion of displayed antibody. This alternative splicing
construct can, for example, be used as a screening or sorting tool
in cell line development or in antibody discovery, allowing not
only screening for the highest producers, but also for the desired
product quality attributes, such as the heterodimerization level of
a bispecific antibody or binding affinity to a target molecule.

Results

Introduction of the AS construct and proof of concept

Alternative splicing can be used to redirect a small fraction of
a protein of interest from the secretory pathway to the membrane
by adding a transmembrane domain at its end. An antibody is
generally composed of four polypeptides: two heavy chains and two
light chains. In order to display a fraction of an antibody at the cell
surface, the expression construct encoding the heavy chain gene
was modified: a weak splice donor site was added close to the 3ʹ-
end of the heavy chain gene, prior to the stop codon. The chicken
cardiac troponin intron 4 flanked by a strong splice donor site (5ʹ
end) and a strong splice acceptor site (3ʹ end) was inserted after the
stop codon, followed by a sequence coding for a transmembrane
domain. Here, we refer to this construct as the alternative splicing
(AS) construct (Figure 1). The RNA transcripts of this sequence
will undergo two different splicing events. In one case, the splice
donor site 1 is not recognized, resulting in anmRNAwith an open
reading frame stopping at the first stop codon not including the
transmembrane domain, and thus coding for a secreted protein
(Figure 1b). In the other case, the splice donor site 1 is recognized,
resulting in an mRNA with an open reading frame including the
transmembrane domain, and thus cellular display of the protein
(Figure 1c). As the splice donor site 1 is weak, only a small fraction
of the antibody will be membrane bound.

Chinese hamster ovary (CHO)-S cells were transiently
transfected to produce an antibody of the IgG1 type. The
heavy chain was either encoded by a non-splicing control
construct (NoS) or by the AS construct in which the IgG1
heavy chain is linked by alternative splicing with the M1M2
transmembrane domain. The day after transfection, cells were
stained with an anti-Fc phycoerythrin (PE)-conjugated anti-
body and analyzed by flow cytometry. While the cells trans-
fected with the NoS construct showed only a slight staining on
their surface compared to the non-transfected cells, the use of
the AS construct resulted in a larger number of stained cells,
as well as in a brighter signal (Figure 1d). However, 4 days
after transfection the use of the AS construct resulted in
a decrease of approximatively 40% of the expression titer
compared to the standard construct (Figure 1e).

Modifications of the AS construct for modulation of splice
ratio and signal

Modifications of the transmembrane domain
In the following constructs, the M1M2 domain of the initial
construct was replaced by the transmembrane domain from
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the human T-cell receptor alpha gene (PTCRA) and from the
murine B7-1 gene. PTCRA was used because the T-cell recep-
tors are structurally similar to immunoglobulins and the
murine B7-1 transmembrane domain because it has been
described to allow efficient secretion of transmembrane chi-
meric proteins.65–67 Whereas the secretion level was not
improved compared to the initial M1M2 transmembrane
domain construct, a substantial impact was seen on the sur-
face staining, with B7-1 allowing the highest level of surface
display, with 5x more cells stained and an increase of the
mean fluorescent signal of 30x (Figure 2a and b).

The transmembrane helix contained in the transmembrane
domain is the actual stretch of amino acids that spans the cell
membrane. The length of the transmembrane helix is believed
to be important for its stabilization. It must correspond
roughly to the depth of the lipid bilayer: longer helixes will
be destabilized by the hydrophilic environment on both sides
of the membrane, whereas shorter helixes will be too short to
span the entire membrane and hydrophilic residues will be in
contact with the hydrophobic environment of the lipid
bilayer.68 The B7-1 transmembrane helix is composed of 20
hydrophobic and two polar amino acids. AS constructs were
cloned with length variants of B7-1 transmembrane helixes
(varying from 18 to 26 amino acids). Decreasing the size of
the transmembrane helix to 18 amino acids was beneficial for
secretion (24% increase). The mean fluorescence signal of the
surface staining was decreased by this modification, but the

signal was still sufficiently strong to allow discrimination
between low and high producers (Figure 2c and d).

In contrast to B7-1, the PTCRA transmembrane helix
comprised three charged amino acids for a total length of 21
amino acids. In order to assess the effect of these charged
residues on the cell surface display and on secretion, alter-
native splicing constructs containing the B7-1 extracellular
sequence and cytosolic tail, but with different variants of the
PTCRA transmembrane helix, were generated. The charged
residues of the PTCRA transmembrane helix were exchanged
for a hydrophobic valine. These modifications showed differ-
ent effects, depending on which amino acid was exchanged.
While modifying only arginine 8 had no impact on secretion
but increased the surface staining intensity, the modification
of lysine 13 was detrimental for the secretion level.
Interestingly, modifying both arginine 8 and lysine 13 gave
the same effect than modifying only arginine 8. Finally, repla-
cing all the charged amino acids for valines had a clear nega-
tive impact on the expression. This demonstrated that the
amino acid composition of the transmembrane helix has
a strong effect on both the cell surface display (up to 30% in
number of stained cells and up to 75% in mean fluorescence
signal) and secretion (up to 35%) (Figure 2e) and can be used
for modulation.

The cytosolic tail of the transmembrane domain was
described to contribute to transmembrane protein expression,
as it might contain a so-called endoplasmic reticulum (ER)

Figure 1. Architecture of the alternative splicing (AS) construct. (a) The sequence coding for the protein of interest has a weak splice donor site (5’SD1) upstream of
the stop codon. The intron following the stop codon has a strong splice donor site (5ʹ SD2), an optional polyadenylation signal (poly(A)), a branch point (depicted by
A in the figure), a polypyrimidine (poly(y)) tract and a splice acceptor sequence (3ʹ SA). It is followed by an exon coding for a transmembrane domain (TM domain),
which is composed of an extracellular linker sequence, a transmembrane helix (TM helix) and a cytosolic tail (Cyto. tail) and terminated by a stop codon. The
expression cassette is closed by a polyadenylation signal (poly(A)). (b and c) The two mRNA species obtained after splicing. (d) Antibody cell surface display 1 day
after transient transfection of CHO-S cells with AS construct for the expression of a mAb. As control, cells were transfected with a NoS expression vector coding for
the same antibody. (e) Expression level of the transiently transfected cells on day four (n ≥ 3, mean ± standard deviation).
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exportation signal. This signal might be linear, but can also be
structural. The B7-1 cytosolic tail was shown not to contain
any linear nor structural ER exportation signal.65 In order to
assess the impact of the ER exportation signal in the AS
constructs, different cytosolic tails with or without the ER
exportation signal were used. No significant effect on the
staining results, nor on secretion levels, was observed
(Figure 2f), indicating that the ER exportation signal was
not contributing in a significant manner.

Modulation of splice ratio and signal by modification of
intron-exon border
Modifications of the splicing consensus motifs of the AS
construct can have a substantial impact on the fraction of
displayed protein versus secreted protein.

The poly-pyrimidine tract (poly(Y)) is important for the
formation of the spliceosome, as it is the binding site for one
of its subunits.51–53,69–71 Reducing the pyrimidine number in the
poly(Y) tract from 27 (control AS construct) to 0 resulted in
a decrease of the surface staining and in a parallel decrease of the
titer from 5Y. The reason for the decrease in secretion is
unknown, but might be linked with the requirement of splicing
for effective RNA export and translation in mammalian cells.72

The presence of a polyA signal in the RNA may lead to the
termination of the transcription and to the cleavage of the RNA
before the insertion of the polyA tail, which might play a role in
alternative splicing regulation.73,74 In B cells an alternative poly-
adenylation signal seems to contribute to regulate the switch from
membrane-bound to secreted antibody.46,75,76 Introducing
a polyA signal after the first stop codonmay reduce the possibility

Figure 2. Modification of the transmembrane domain of AS construct. (a) Impact of the transmembrane domain on secretion level (n ≥ 3, mean ± standard deviation). (b)
Impact of the different transmembrane on the surface staining. (c) Impact of transmembrane helix length on secretion level (n ≥ 3, mean ± standard deviation, *: p < .001 in
Tukey–Kramer test). (d) Impact of transmembrane helix length on surface staining. In blue, modified, B7-1 transmembrane domain withmodified transmembrane helix. In black,
control B7-1 transmembrane helix (e) Impact of the charged amino acids in the transmembrane helix (n≥ 3, mean ± standard deviation). (f) Impact of the ER export signal in the
cytosolic tail. (n ≥ 3, mean ± standard deviation). “-“ = without ER export signal; “+” = with ER export signal.
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for the alternative splicing at SD1 to occur, and thus increase the
secretion level. However, AS constructs generated with or without
polyadenylation signal did not show significant changes in surface
staining and in secretion (data not shown).

The gastrin terminator was described to detach the tran-
scription machinery from the DNA.77 Added at the end of the
expression cassette after the polyadenylation signal, it may
affect splicing, but the addition of the gastrin terminator at
the end of the expression cassette had no significant impact
on either surface staining or titer (data not shown).

The splice donor consensus sequence is important for the
recognition of the splicing site by the splicing machinery. In
the germline sequence of the heavy chain, the splice donor site
was weak, but its strength can still be further reduced. The use
of the alternative codons to keep the same amino acids while
modifying the splice donor site allowed generation of two
modified splice donor sites. The modification “CCC” did

not have any impact on staining and had a minor negative
impact on secretion. On the other hand, the modification
“GGC” resulted in a high secretion, comparable to the one
of the controls. However, the staining was affected by this
modification and was reduced to very low levels (Figure 3).

In order to obtain the best possible ratio between cell
surface display and secretion, careful design of the AS con-
struct was required. The optimal ratio might even be molecule
dependent, as the sequence of the exon (the antibody coding
sequence) has an influence on the splicing regulation, as
shown in Figure 4.

Stable cell lines generation

A stable cell line expressing an IgG1 was generated using the
AS construct. Several clonally derived subpopulations were
analyzed for antibody surface display and expression in a fed-

Figure 3. Modifications of splicing recognition sequences. (a) Reduction of pyrimidine content of the poly(y) tract of the intron (n ≥ 3, mean ± standard deviation, *:
p < .001 in Tukey–Kramer test). (b) Titer determination after modification of the splice donor site (n ≥ 3, mean ± standard deviation). (c) Surface staining after
modification of the splice donor sequence 1 day after transfection. In blue, AS construct. In black, NoS control.
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batch of 12 days. The mean fluorescence intensity of surface
staining for each subpopulation was plotted against the fed-
batch titer, which showed a good correlation (R2 = 0.76,

p < .001) between both signals (Figure 5a). Thus, the surface
display of the antibody as detected by flow cytometry was
demonstrated to be predictive for the expression level of a cell

Figure 4. An IgG4 and a bispecific antibody (BEAT®) were expressed in CHO-S cells with and without AS construct. (a) IgG4 titer 4 days after transfection (n ≥ 3, mean
± standard deviation). (b) IgG4 cell surface staining the day after transfection. In blue, AS construct. In black, NoS control. (c) BEAT® titer 4 days after transfection (n ≥
3, mean ± standard deviation). (d) BEAT® cell surface staining the day after transfection. In blue, AS construct. In black, NoS control.

Figure 5. Cell line screening and sorting with AS construct. (a) Stable cell lines expressing an IgG1 with the AS construct were analyzed by cell surface staining and
fed-batch assessment for expression level correlation. (b) Example of a stable pool of cells transfected with the AS construct encoding a BEAT®. (c) Stable cell lines
expressing a BEAT® with the AS construct were analyzed by cell surface staining and fed-batch assessment for product quality attribute (percentage of BEAT®
expressed). (d) Sorting of a stable pool of cells transfected with the AS construct encoding an IgG1. The cells were sorted according to the level of cell surface display.
(e) Expression level of the stable clones obtained after cell sorting in (D).
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line. Moreover, the staining profile of the different cell line
candidates seems indicative of the homogeneity and the sta-
bility of the population,78 with a single tight peak characteriz-
ing a stable and homogeneous cell line.

Similarly, a stable cell line expressing a bispecific antibody
was generated with the AS construct. The bispecific antibody,
derived from the Bispecific Engagement by Antibodies based
on the T cell receptor (BEAT®) technology, was a heterodimer
of an IgG moiety recognizing one target and a scFv-Fc recog-
nizing a second target. One of the major challenges of cell line
development for bispecific antibodies is the selection of cell
populations that express a majority of the heterodimer, as
homodimerization can also occur. Dual staining based on
the two soluble targets tagged with different fluorophores
allowed us to screen efficiently for cells expressing correctly
assembled bispecific antibodies. After analysis of several cell
populations stably expressing a bispecific AS construct,
a statistically significant correlation between the cell surface
staining and the actual proportion of true bispecific antibody
expressed was shown (R2 = 0.81, p < .001) (Figure 5c).
Therefore, the AS construct can be used not only for the
screening of high producers but also for cells producing the
protein with the desired quality attributes.

The AS construct can be used either for population enrichment
prior to clone generation, e.g., with magnetic beads, or for direct
single-cell cloning using flow cytometry. After transfection with the
AS construct, pools of stable transfectants were generated. Cells
were then stained and dispensed in 96-well plates by single-cell
sorting using flow cytometry. Different clusters of clones were
generated: for IgG1 expressing cell lines, low, middle and high
producer clones were generated using the level of surface display
on the day of sorting. The obtained clones were amplified and their
productivity was determined in fed-batch. The distribution of the
titer mean for each subpopulation was in accordance with the
sorting strategy, showing that cell sorting using the AS construct
is able to select cell lines with secreted productivity similar to the
membrane-bound expression level and allows easier selection of
the desired clones than using traditional methods. Noteworthy,
some high producers were obtained in the low and middle sub-
population, possibly due to staining artifacts (Figure 5d and e). For
the BEAT®-expressing cell line, clones were generated from three
different subpopulations according to the dual-staining signal: the
Fab homodimer expressors, the scFv-Fc homodimer expressors
and the BEAT® expressors. The resulting clones were assessed in
fed-batch: the majority of the cell lines obtained this way expressed
the expected product based upon the selected subpopulation (data
not shown).

Molecular characterization of the splice event

In order to ensure that the AS construct is not leading to
undesired splicing events and undesired RNA species that
may produce different protein variants, a Northern Blot ana-
lysis was performed on the stable clone transfected with the
AS construct expressing an IgG1. As control, a stable cell line
generated with the NoS construct was used. In the two sam-
ples (NoS and AS constructs), only a single transcript could be
detected, with no presence of aberrant splice variants. This
was in accordance with our expectations, as the size difference

between the two transcripts generated by the AS construct (18
nt) is too small to be detected as two distinct bands on the gel
(Figure 6a). An RT-PCR followed by sequencing confirmed
the sequence of both splice variants.

In order to exclude the presence of unwanted species due
to the AS construct, a protein sample was analyzed by mass
spectrometry. No aberrant C-terminal sequence of the protein
resulting, for example, from a shedding of the transmembrane
version could be detected (data not shown).

In order to assess the stability of the splicing event, i.e., to be sure
that the proportion of both RNAs remained stable, a qPCR assay
was designed. Three different cell lines generated by cell sorting
were cultivated for more than 80 population doubling levels.
Samples were collected at different time-points during this cultiva-
tion and analyzed by qPCR for the presence of both RNA variants.
The ratio between both variants remained stable over time (Figure
6b). In order to determine whether the splice ratio is an inheritable
feature, a cell line was sub-cloned by limiting dilution, and 42
subpopulations were analyzed by qPCR (Figure 6c). Except for
three populations (22, 31 and 38) that completely lost the expres-
sion of the transgene, and one (42) in which the ratio was signifi-
cantly different, all the other populations showed the same ratio
between the two splice variants as the parental cell line.

Mammalian display as discovery tool

Until now, we demonstrated that mammalian display allows
selection of desired cell populations. An alternative use is to
determine desired product characteristics out of different can-
didate molecules using comparable cell populations. In this case,
the AS construct allows determination of the expression level
(linked to staining), as well as the binding to target. An AS
construct composed of the B7 transmembrane domain with the
CD28 transmembrane helix was used for high-throughput
screening of antibody candidate molecules. In an alanine-scan
experiment, different amino-acids forming the binding pocket
of an antibody were mutated to alanine in order to identify
residues required for target binding. Using the AS construct,
cells were transiently transfected with the different constructs,
in 96-well plates. The day after transfection, the cells were
double stained with an anti-Fc PE-conjugated antibody and
with the soluble target of the antibody (Figure 7a and b). The
intensity of the display was not affected by the different muta-
tions, indicating that all constructs were expressed at similar
levels (low-expressing antibody candidates would have shown
low surface staining). However, the binding intensity was clearly
decreased for some of them, allowing the identification of the
amino acids critical for the binding of the antibody to its target
(see Figure 7c). The use of SPLICELECT™ allowed direct pur-
ification of the candidates of interest after 4–5 more culture
days, in order to confirm these findings (data not shown).

Discussion

Production of therapeutic proteins requires the selection of
the best cell line in terms of titer and product quality. The
screening process leading to the selection of the best-suited
candidate is usually time- and resource-consuming. There is
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a need for the development of improved tools and technolo-
gies that can reduce the cell line development lead time.

Multiple cellular display technologies with different advan-
tages and limitations are described in the literature.3,4

SPLICELECT™, the display technology presented here, is
based on alternative splicing using the chicken cardiac tropo-
nin intron 4. The chicken cardiac troponin gene is expressed
under two different isoforms during the development, due to
alternative splicing.58 Introns 4 and 5 of the chicken troponin
genes were already used to generate reporter constructs for
the study of alternative splicing.49,79 The intron 4 of the
chicken cardiac troponin is only around 550 bps long, which
allows it to be included in any plasmid without constraints of
size.

Using the chicken troponin 4 intron and the natural trans-
membrane domain of IgG (M1M2) resulted in detectable cell
surface display, but also in a decrease of the transient expres-
sion compared to exclusively secreted expression constructs.

The reason for the observed decrease may be the shift of
expression from secreted to membrane bound, but other
factors may contribute (e.g., loss of stability or reduced tran-
scription due to the modifications of sequence of the pre-
mRNA or unfavorable codon usage80). In order to be most
efficient, the AS construct has to derive a sufficient fraction of
antibody to the cell surface in order to yield a quantifiable
signal with minimal reduction of the production level.

The different elements of the AS construct can be modified
in order to modulate the levels of secreted and membrane-
bound antibody. The replacement of the M1M2 domain by
B7-1, a murine transmembrane domain often used for the
construction of chimeric transmembrane proteins and known
to lead to high surface display of chimeric proteins,65–67 did
not affect the secretion level, but increased the surface stain-
ing. This increased staining may be due to favorable folding
characteristics of B7-1 compared to the M1M2 domain or to
enhanced stability of the chimeric construct.

Figure 6. (a) Northern blot analysis. Lanes 1–2: non-transfected cells. Lanes 3–4: clone transfected with the AS construct. Lanes 5–6: control clone transfected with the NoS
construct. Lane 7: empty. Lane 8–9: 1 ng and 10 ng, respectively, of the AS construct plasmid. (b) Stability study on three cell lines generated by cell sorting. Upper panel: fed-
batch titers over time, relative to P3 value. Lower panel: ratio between short and long transcripts over time. (c) Ratio between short and long transcripts in 42 sub-populations
obtained after sub-cloning of a parental cell line population.
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Transmembrane helices are usually 19–29 amino acids
long and are mainly composed of hydrophobic residues.68

While the B7-1 transmembrane helix is composed of 20
hydrophobic and two polar amino acids, the PTCRA trans-
membrane helix is composed of 18 hydrophobic and three
charged residues. Several modified transmembrane helices
were generated to assess the impact of length and amino
acids composition in the AS construct. Reducing the length
of B7-1 helix to 18 or 20 amino acids led to an increase of
~20% in secreted titer compared with the native helix, while
maintaining the cell surface display of antibody. The replace-
ment of charged amino acids in PCTRA by valine had no
positive effect on secreted titer but was positive in terms of
surface display signal intensity for most of the constructs
(except for the K13V mutation).

A transmembrane protein also has a cytosolic tail that
might contain a so-called ER-exportation signal, which is
thought to have an impact on the intracellular trafficking of
the protein.65,81 However, in our AS construct, no impact of
the ER-exportation signal could be detected.

Splicing is performed by a complex called spliceosome that is
composed of 50–100 core proteins and five small nuclear RNAs.
The recognition of the splicing consensus sequences (5ʹ splice
donor site, branch point, 3ʹ splice acceptor site including the poly-
pyrimidines tract) is essential for the correct excision of introns.
Therefore, modifications of these consensus sequences will affect
the efficacy of the splicing. The content of pyrimidines in the
poly(Y) tract is known to be an important factor for the recogni-
tion of the 3ʹ SA site, and replacement of pyrimidines by purines
was used for modulation of alternative splicing events.69 The

chicken troponin intron 4 contains 27 pyrimidines between the
branch point and the splice acceptor sequence. This content can
be reduced up to 9 without significant impact on titer or staining,
but reducing the pyrimidine content further leads to a reduction
of the cell surface staining signal and to a slight but significant
decrease of secreted titer. The reduction of titer was unexpected,
and it can be speculated that the weakening of the splice donor site
has an impact on mRNA stability or more generally on
transcription.72

The cleavage and polyadenylation of the RNA play an
important role in the RNA maturation, and the use of alter-
native polyadenylation signal was also described to play a role
in alternative splicing, especially in the gene of heavy chain in
B cells.46,73–76 In addition to polyadenylation signals, so-called
“terminators”, such as the human gastrin terminator, have
been described to play an important role in transcription
terminator.77 In our AS construct, neither addition of poly-
adenylation signals or gastrin terminator in the intron, nor
addition of the gastrin terminator at the end of the expression
cassette had an effect on secretion or cell surface display.

The weak splicing donor site located before the first stop
codon was derived from the germline sequence of human
IgG1 heavy chain. As part of the coding sequence for the
antibody, this sequence can be modified using synonymous
codons. We incorporated this approach in order to further
weaken the splice donor site and shift the splicing toward the
secreted form. One of the modifications had no impact, while
the second one restored the secretion level to the NoS control
level. However, with this modification, the cell surface signal
was still detectable, but very low. An impact of alternative

Figure 7. Alanine-scan using the AS construct. (a) Different amino acids of the light chain of an antibody were mutated to alanine. The signal from antibody display
(PE signal) was plotted against the binding (APC signal). Three categories of mutations could be detected: no effect (yellow population), moderate effect (orange
population) and significant loss of binding (red population). (b) Similar study on the heavy chain amino acids. (c) Structural modeling of the antibody binding pocket:
the mutated amino acids are represented with the color of the population they were attributed in the binding experiment (yellow: no effect, orange: moderate effect,
red: critical amino acids for binding).
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codon usage (“codon bias”80) on expression is unlikely in this
case, and the difference of behavior is probably due only to
the disruption of the consensus splicing sequences.

In addition to the consensus sequences that define exon/
intron borders, other sequence elements have effects on the
splicing efficacy, including the intron and exon length,46,71,82,83

but also the coding sequence of the gene of interest, which may
contain splicing enhancers and silencers.48 Therefore, the opti-
mal AS construct might be different for every molecule.

The cell surface display of a reporter antibody expressed
with the AS construct was shown to be directly correlated
with the secreted amount of antibody. This feature is of great
interest, for example, in cell line development campaigns, as it
allows pool enrichment (e.g., using magnetic beads), screening
of clone candidates by flow cytometry, or single-cell cloning
of cells with high surface staining. In addition to being pre-
dictive for expression titers, the cell surface display was shown
to be predictive for product quality attributes, as demon-
strated with bispecific antibodies: using a dual staining, it is
possible to rapidly eliminate the cells expressing undesired
homodimers. To our knowledge, the use of cellular display
for the selection of cell populations producing a protein with
desired quality attributes (e.g., a maximal level of heterodi-
merization) has not been reported previously.

One of the main advantages of alternative splicing for mem-
brane display is that no specific compound is required: the cells
constitutively express a small proportion of the antibody on their
cell surface while secreting the majority of it. However, splicing
is a complex system, and undesired mRNA variants could be
produced. This scenario was excluded with a Northern Blot
analysis and an RT-PCR followed by sequencing: both con-
firmed that only the two expected splice variants could be
detected in a stable cell line. Moreover, the stability of the
splicing event in a clonally derived cell population was con-
firmed with qPCR analysis at different population doubling
levels and in different sub-clones derived from the parental
clonally derived population.

Another concern linked to membrane display is the poten-
tial sheading of membrane-bound antibody in the cultivation
medium, which would result in impurities in the final pro-
duct. A protein sample obtained from a stable cell line was
analyzed by mass spectrometry and no aberrant C-terminal
sequence could be detected, showing that alternative splicing
is safe to be used even in production cell lines.

In addition to its use in cell line development, membrane
display can also be used early in antibody development, as
a tool for mammalian display for antibody engineering. In
this study, we used it for the characterization of the antigen-
binding pocket of an antibody, using an alanine scan in the VH
and in the VL of the test antibody. Cells were transfected in 96-
well plates with the different variants and then screened with
a dual staining in flow cytometry. Dual staining allows the
detection of expression (display level) and antigen binding.
This analysis was possible already the day after transfection.
In addition, 5 days after transfection, a significant amount of
protein could be purified and used for further testing. In
a similar way, the presented constructs may be useful for anti-
body humanization, allowing fast screening of the candidates
on both expression level and antigen-binding criteria.

In summary, the cell surface display of protein coded in the AS
construct described here was demonstrated to be correlated with
the secretion level and product quality. The construct offers the
unique feature to modulate the cell surface display and the secre-
tion level by modifying the different sequence elements summar-
ized in Table 1, allowing to generate ameasurable and quantifiable
signal for well-expressing proteins, but also for proteins with low
expression levels. This unique combination makes the described
AS construct a valuable tool in cell line development or antibody
engineering.

Material and methods

Cloning

Except otherwise stated, all kits and enzymes were used
according to manufacturer protocols. All PCRs were per-
formed using the Phusion® DNA Polymerase (New England
Biolabs), dNTPs mix (10 mM for each dNTP; Invitrogen,
Carlsbad, CA, USA) and primers synthesized at Microsynth
(Balgach, Switzerland) or Operon (Ebersberg, Germany). PCR
fragments were cleaned prior to digestion with NucleoSpin®
Gel and PCR Clean-up kit (Macherey-Nagel). Primers anneal-
ing was performed the same way as a PCR, but without
template in the reaction mix.

Restriction digests were performed with New England
Biolabs enzymes. After digestion, the backbone was treated
with calf intestinal alkaline phosphatase (New England Biolabs).

Gel electrophoresis was performed using 1–2% agarose
gels, prepared with UltraPureTM Agarose (Invitrogen) and
1X Tris Acetic Acid EDTA buffer (TAE, pH 8.3; Bio RAD)
and stained with Gel Red Dye (Biotum). The bands of inter-
ests were cut out from the agarose gel and purified using the
Gel and PCR clean-up kit (Macherey-Nagel). Ligations were
performed with the T4 DNA ligase (New England Biolabs).
Transformation were performed in One Shot® TOP 10
Competent E. coli (Life Technologies) and bacteria were
grown with ampicillin or kanamycin (Sigma-Aldrich).
Plasmid preparations were performed using the NucleoSpin
Plasmid or NucleoBond Xtra Midi kits (Macherey Nagel) for
minipreps and midipreps, respectively. Plasmid sequences
were confirmed by Sanger sequencing at Fasteris (Plan-les-
Ouates, Switzerland).

Complementarity-determining region (CDR) residues were
mutated to alanine by site-directed mutagenesis using methy-
lated plasmids (CpG Methyltransferase (M.SssI), New England
Biolabs) and primers specific for the desired mutations. PCRs
were performed using PfuUltra II Hotstart PCR Master Mix

Table 1. Impact of the different elements of the SPLICELECT™ construct on the
cell surface display and secretion.

Cell surface
display Secretion

Transmembrane domain (see Figure 2) Yes Yes
Transmembrane helix (see Figure 2) No Yes
Cytosolic tail (ER exportation signal; see Figure 2) No No
Splice donor site (see Figure 3) Yes Yes
Poly(A) in intron (data not shown) No No
Poly(Y) tract length (see Figure 3) Yes Yes
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(Agilent, Cat # 600850) in a 96-well plate. Competent E. coli
(XL1-blue) cells prepared with the Mix & Go E. coli
Transformation Kit & Buffer Set (Zymo Research) were trans-
formed with each PCR product and plated on LB Ampicillin
plates. DNA minipreps were prepared using the Plasmid
Miniprep96 Kit (Millipore).

Details regarding the cloning of the different constructs are
provided in the supplementary data section (supplementary
Tables 1, 2 and 3).

Northern blot

Northern blot was performed at Merck’s biosafety testing
services facility (Glasgow, UK). Total RNA was prepared
using a QIAGEN RNeasy Midi-Kit. After treatment with
DNase 1 (DNA-Free, Ambion), samples were diluted in
glyoxal loading buffer, heated at 50°C for 40 min, loaded
onto a 1.2% agarose Glyoxal/dimethyl sulfoxide (DMSO)
denaturing gel (NorthernMax-Gly Kit, Ambion) and run in
Glyoxal/DMSO gel running buffer. The RNA marker lanes
were excised and stained with ethidium bromide. The gel was
incubated in 0.05 N NaOH, rinsed with diethyl pyrocarbo-
nate-treated water and transferred by capillary blotting onto
nylon hybridization membrane. The membrane was hybri-
dized overnight in 50% formamide at 42°C with a molecular
probe specific for the heavy chain of IgG1 present in the AS
construct (radiolabelled 860 bp PCR DNA fragment amplified
from the reference plasmid and agarose gel purified, radiola-
belled to high specific activity with 32P by random priming).
Following hybridization, the membrane was washed under
conditions of high stringency (0.1 x SSC/0.1% sodium dodecyl
sulfate at 65°C) and exposed to X-ray film.

RT-PCR + sequencing

RT-PCR followed by Sanger sequencing was performed at
Microsynth (Balgach, Switzerland). RNA was isolated using
the RNeasy Mini Kit (Qiagen). RNA isolations were quanti-
fied using RiboGreen. cDNA was synthesized using the spe-
cific primer PCR_01_R01 using the QuantiTect Reverse
Transcription kit (Qiagen). PCR was performed using the
primers PCR_01_F01 and PCR_cDNA_01_R02 with the
HiFi HotStart polymerase (KAPA). PCR products were cloned
in the Zero Blunt® TOPO® PCR Cloning Kit (Life
Technologies). Ten single colonies were Sanger sequenced
using the primers M13 and M13r.

qPCR

qPCR was performed at Microsynth (Balgach, Switzerland).
RNA was isolated with the RNeasy Mini kit (Qiagen) and quan-
tified with Quant-iT RiboGreen RNA Quantitation Reagent
(ThermoFisher). cDNA was synthesized with QuantiTect kit
(Qiagen). The following probes and primers were used:
111_spl22.3_short_PROBE1, 111_spl22.3_short_FW3 and
111_spl22.3_short_REV2 for the short splice transcript
and 111_spl22.6_long_PROBE1, 111_spl22.3_short_FW3 and
111_spl22.3_short_REV2 for the long transcript. The qPCR
Probe 2x LyoCake Master mix (MyPols) was used for

amplification in a Corbet Rotorgene 6000 thermocycler, 2 min
at 50°C, 10 min at 95°C followed by 50 cycles of 15 sec at 95°C
and 1 min at 65°C.

Cell culture

Suspension CHO-S cells were routinely cultivated in
PowerCHO2 medium, supplemented with glutamine in
shake flasks, under agitation at 37°C, with humidity and 5%
CO2. For batch cultures, recombinant pools were seeded in
TubeSpins bioreactor 50 (tubespins, TPP) at a cell density of
0.5 × 106 cells/mL in supplemented growth medium
(PowerCHO2, 2 mM L-Glutamine, 8 mM Glutamax (Life
Technologies), 15% Efficient Feed A (Life Technologies),
15% Efficient Feed B (Life Technologies)). For fed-batch cul-
tures, clones were seeded in tubespins at a cell density of 0.5 ×
106 cells/mL in growth medium (PowerCHO2, 2 mM
L-glutamine) and industrial feed solutions were added on
a daily basis.HEK293 EBNA cells (ATCC-CRL-10852) were
maintained in suspension at 37°C under 5–8% CO2 condi-
tions in EX-CELL® 293 serum-free (Sigma-Aldrich,
cat#14571C) supplemented with 10 mM Glutamine and 1%
of Pluronic F-68 (Thermo Fischer, cat# 24040032).

Transfections

Transfections were performed using polyethyleneimine
(JetPEI®, Polyplus-transfection) in tubespin. Cells were seeded
at a density of 2 × 106 cells/mL in 5 mL of transfection
medium (e.g., OptiMEM (#31985-047, Invitrogen)).
A JetPEI®:DNA complex was added to the cells in a weight
ratio of 3 (µg/µg). Final DNA concentration in the cell sus-
pension was 2.5 µg/mL. After 5-h incubation at 37°C under
shaking (200 rpm), 5 mL of fresh culture medium were added
to the cell suspension. Then, the cells were incubated on
a shaken platform at 37°C, 5% CO2 and 80% humidity.

Stable transfected CHO cells were generated by co-
transfection (see above) of the alternative splicing constructs
together with two proprietary vectors for the expression of the
protein providing resistance against an antibiotic, respectively.
One day after transfection the cells were seeded in 96-well plates
in a selective medium containing the two antibiotics at
a concentration allowing the growth of stable pools. After 14
days of selection under static conditions, 15 producing stable
pools were picked from the wells and expanded into tubespins.

HEK 293EBNA cells were transiently transfected with lin-
ear polyethyleneimine in 96-well plate. Five days after trans-
fection, affinity purification was performed in batch mode in
96-well plate with Protein A. Expression yields were evaluated
by measuring optical density at 280 nm and correcting with
the construct’s extinction coefficient.

Surface staining

Surface staining of the cells was performed the day after the
transfection. A total of 1 × 105 cells were transferred to
a round bottom well of a 96-well plate. The cells were washed
twice with washing buffer (2% fetal bovine serum in phos-
phate-buffered saline) and then resuspended in 100 µL
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washing buffer containing the detection antibody. The spe-
cific detection of the kappa light chain was performed using
a mouse anti-human kappa light chain allophycocyanin
(APC)-labeled antibody (#561323, BD Pharmingen), excited
by a red laser (640 nm) and detected in the spectral range
661/19 nm. Both heavy chain and scFv-Fc were detected
using PE-conjugated goat anti-human Fc gamma specific
antibody (#12-4998-82, eBioscience) excited by a blue laser
(488 nm) and detected in the spectral range 583/26 nm and
the scFv-Fc was detected specifically using a fluorescein iso-
thiocyanate-labeled Protein A (#P5145, Sigma) excited at 488
nm by a blue laser and detected in the spectral range 525/30.
After 20 min incubation in the dark at room temperature,
the cells were washed once in washing buffer and resus-
pended in 200 µL of washing buffer for flow cytometric
analysis. Alternatively, soluble targets were used: the cells
were resuspended in 100 µL of a mix of biotinylated
Target1 and His-tagged Target2. After 20 min incubation
in the dark at room temperature, the cells were washed
twice with washing buffer and resuspended in 100 µL of
a mix containing streptavidin conjugated with APC
(#554067, BD Pharmingen) and an anti-His-Tag antibody
labeled with PE (#IC050P, RD Systems). After 20 min incu-
bation in the dark at room temperature, the cells were
washed once in washing buffer and resuspended in 200 µL
for flow cytometric analysis. The cells were analyzed with
a Guava flow cytometer (Merck Millipore) or with
a FACSCalibur (Becton Dickinson)

Titer determination and analysis of protein quality
attributes

The expression level of secreted molecules was measured on days
4–6 after transfection for transient expression or after a fed-batch
of 14 days for stable cell populations using the Octet QK instru-
ment (Fortebio) and protein A biosensors. For quality attribute
determination, batch or fed-batches culture supernatants were
harvested on day 14 by centrifugation and filtered using a 0.2
µm syringe filter (#99722. TPP). The crude supernatants were
either directly analyzed or purified using Streamline Protein
A beads (# 17-1281-02, GE). The proteins were analyzed using
the Caliper LabChip GXII protein assay. The different species
were identified according to their molecular weight and the frac-
tion of each product was determined.

Cell sorting

Transfection and selection of stable transfectants were performed
as described above. After 14 days of selection under static condi-
tions, all stable transfectants were collected, pooled and passaged
under dynamic conditions (orbital shaking) for a week. Single cell
sorting was performed using a FACSAria II by gating on living
cells excluding cell doublets by pulse processing.

Alanine scan

To map the paratope of test antibody onto its target, 1 day
after transfection, live cells were stained with an anti-Human
IgG (Fc)-PE (#12-4998-82, eBioscience) and co-incubated

with biotinylated recombinant soluble target and stained by
streptavidin-APC at room temperature. Live cells were gated
on the basis of forward and side scatter.

The test antibody was modeled using the “prediction” tool
of the Bioluminate software (Schrödinger, USA).
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