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Several antibody-targeting cancer immunotherapies have
been developed based on T cell activation at the target cells.
One of the most potent activators of T cells are bacterial supe-
rantigens, which bind to major histocompatibility complex
class II on antigen-presenting cells and activate T cells
through T cell receptor. Strong T cell activation is also one of
the main weaknesses of this strategy as it may lead to systemic
T cell activation. To overcome the limitation of conventional
antibody–superantigen fusion proteins, we have split a supe-
rantigen into two fragments, individually inactive, until both
fragments came into close proximity and reassembled into a
biologically active form capable of activating T cell response.
A screening method based on fusion between SEA and coiled-
coil heterodimers was developed that enabled detection of
functional split SEA designs. The split SEA design that dem-
onstrated efficacy in fusion with coiled-coil dimer forming
polypeptides was fused to a single chain antibody specific for
tumor antigen CD20. This design selectively activated T cells
by split SEA–scFv fusion binding to target cells.

Cancer therapy is experiencing great progress, especially
based on application of biological drugs and cell immunother-
apy. Nevertheless, cancer remains one of the leading causes of
death in developed countries. In the last decade, immunother-
apy became an important approach for fighting cancer, where
the main goal is to activate the patient’s own immune system to
specifically recognize and kill tumor cells. Antibody-based
therapeutics that target surface antigens expressed on tumor
cells are successfully used for treatment of different types of
cancer. Although unconjugated monoclonal antibodies are effi-
cient, clinical studies showed that conjugating cytotoxic agents
to monoclonal antibodies enhances their clinical utility (1).
Antibody– drug conjugates are a class of highly potent biologi-
cal drugs, composed of an antibody and an effector molecule.
One of the immunotherapy approaches to potentiate the effects
of monoclonal antibodies includes superantigens as effector
molecules.

Superantigens (SAg)2 are potent activators of T lymphocytes
and can activate up to 20% of T cells compared with conven-
tional peptide antigens that activate only a small fraction of T
cells (0.001% or less) (2, 3). The best characterized superanti-
gens are a family of staphylococcal enterotoxins and strepto-
coccal pyrogenic exotoxins secreted by the Gram-positive bac-
teria Staphylococcus aureus or Streptococcus pyogenes (3, 4).
Superantigens do not need to be processed through antigen-
presenting cells but can directly bind to class II major histo-
compatibility complex (MHC class II) expressed on antigen-
presenting cells. Once bound to MHC class II, superantigen
binds the T cell receptor (TCR) via the variable region of the
TCR � chain (4). This results in activation of both cytotoxic T
cells (CD8�) and helper T cells (CD4�), including massive
release of cytokines, such as interleukin 2 (IL-2), interferon �
(IFN-�), tumor necrosis factor � (TNF�), and perforins, which
generate strong T cell cytotoxic capacity. The precondition for
activating T cells is binding of superantigen to the MHC class II
expressed on B cells, dendritic cells, and monocytes (5). SAg-
directed T cells can lyse a variety of MHC class II–positive
tumor cells. Because all tumor cells do not express MHC class
II, to make superantigens selective for tumor antigens, Dohl-
sten et al. (6 –8) exploited the conjugates between WT superan-
tigen staphylococcal enterotoxin A (SEA) from S. aureus and
antibody specific for tumor antigens. Because of the high affin-
ity of SEA for MHC class II, a limitation of this approach was a
retention of Ab-SEA fusion proteins in normal tissues express-
ing MHC class II, which caused systemic immune activation
and dose-limiting toxicity (9). Therefore to lower the systemic
effect of Ab-SAg fusion proteins, the Asp-227 to Ala (D227A)
substitution was introduced into the SEA, reducing binding
activity to MHC class II without affecting the TCR binding (10,
11). This point mutation lies in the SEA high-affinity MHC
class II– binding site, which interacts with � chain of MHC class
II complex in zinc-dependent manner. However SEA also con-
tains a low-affinity MHC class II– binding site that interacts
with � chain of MHC class II complex (12). Although D227A
substitution in SEA reduced the binding affinity to MHC class
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II, the systemic cytotoxic effect on MHC class II expressing cells
was only decreased, but not eliminated (13).

It has been shown that Ab-SEA fusion proteins are cytotoxic
for target tumor cells irrespective of their MHC class II expres-
sion, in contrast to the induction of cytokine release from T
cells which requires the presence of MHC class II–positive
cells, such as monocytes. This might be explained by the low-
affinity interaction of Ab-SEA fusion proteins and TCR � chain
in the absence of MHC class II being sufficient to induce cyto-
toxic T cells to release granules, whereas induction of cytokine
release requires a stronger TCR signal, as seen with the high-
affinity interaction of the TCR with the SEA–MHC class II (14).

Here we present a novel approach to overcome the limitation
of previous antibody–superantigen fusion proteins. A new gen-
eration of superantigens was designed with intact binding site
for MHC class II that is able to activate T cell response only
upon dimerization triggered by binding to cells expressing tar-
get antigen and does not affect MHC class II–positive healthy
cells. To achieve this, SEA was split into two fragments, each
individually inactive, until the fragments come into close prox-
imity upon binding to target cells, where they reconstitute a
biologically active form capable of activating T cell response. To
detect functional split superantigen designs, a screening
method was developed, where split SEA fragments were fused
with interacting protein domains. The functional SEA regained
its biologic activity only when split SEA fragments were fused
with coiled-coil dimer forming polypeptides; meanwhile, split
SEA fragments fused with noninteracting polypeptides did not
regain their activity. The effective split SEA design was imple-
mented for targeting B cells by fusion with single chain variable
fragment against B cell antigen CD20 (scFv–CD20) for use in
cancer immunotherapy.

Results

Design of split SEA

Design of split proteins is a challenging task, because it is
difficult to predict which sites would ensure that the reassem-
bled protein has the activity of a parent protein, while each split
fragment individually remains inactive, and that the split frag-
ments do not reassemble spontaneously. Split proteins often
completely lose their biological activity (15). As superantigen
we decided to use SEA, which is highly potent and among the
most extensively characterized superantigens.

The split sites within the SEA have been selected based on the
following requirements: a) at least one domain should comprise
a sufficiently large independent folding domain containing sev-
eral secondary structure elements, to form the nucleus of fold-
ing; b) split sites should preferentially be located in the loop
regions, exposed to the solvent, which are less sensitive for the
reconstitution of split proteins; and c) split site should inacti-
vate the TCR-binding epitope, which prevents the constitutive
T cell activation in the absence of complementation by the sec-
ond split segment. Overlap of split segment amino acids has
been on several occasions demonstrated as an effective strategy
enabling the optimal positioning of the split segments (15, 16).

Therefore, to design an efficient split SEA we selected three
different split sites based on the above-stated requirements,
where each of the split constructs overlapped in nine amino
acid residues (Fig. 1). A 3D crystal structure of SEA (17) was
used as a guide for the design.

Screening method for the detection of effective split SEA
designs

For the detection of functional split protein designs it is
desirable to have an easily measurable readout, similar to the

Figure 1. Design of split SEA variants. A, amino acid sequence of SEA. B, crystal structure of SEA (PDB 1ESF (17)). C, ribbon representation of split SEA variants.
Selected three different split sites with overlaps are colored red (split SEA variant 1), green (split SEA variant 2), and magenta (split SEA variant 3). All split designs
comprise an overlap of regions of nine amino acid residues.
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split GFP (18), where the readout is reconstituted fluorescence.
Depending on the fluorescence intensity it can be determined
which split protein construct exhibits the highest biological
activity, whereas in the case of split superantigens, the readout
is more complex. To solve this issue we developed a method for
screening candidate superantigen split sites, based on split SEA
fusion with heterodimerizing polypeptides (Fig. 2B) to select
split SEA design which meets three criteria important for fur-
ther application as cancer therapeutics. First, each split frag-
ment individually should not trigger activation of T cells; sec-
ond, the reassembled split SEA should be biologically active;
and third, split fragments should not spontaneously reassemble
into a biologically active form. To monitor the biological activ-
ity of split SEA, human peripheral blood mononuclear cells
(PBMC) were stimulated with fusion proteins and the release of
human cytokine IL-2, as the readout of T cell activation, was
detected with an ELISA assay.

Split SEA fragments were fused with coiled-coil dimer-form-
ing P3 and P4 polypeptides (Fig. 2A) designed and tested previ-
ously in our lab (19, 20), that form a tight and specific het-
erodimer. Both polypeptide domains were genetically fused
with SEA fragments by a 10 amino acid glycine-serine peptide
linker. Coiled-coil dimers were selected because interactions
that govern their dimerization specificity are well-understood
and orthogonality of used coiled-coil forming polypeptides in
mammalian cells ensures that each polypeptide binds prefera-
bly to its designated partner polypeptide and does not interfere
with other cellular processes.

Our goal was not only to determine the effective split SEA
design but also to establish a fast and simple screening method
for the detection. Human embryonic kidney 293T (HEK293T)
cells were transiently transfected with plasmids coding for
fusion proteins that were cloned into a pFLAG–CMV3 vector
containing signal sequence for secretion. To confirm that tran-

Figure 2. Screening method for the detection of effective split SEA designs. A, a schematic diagram of split SEA– coiled-coil fusion constructs used in this
study. Three different split SEA variant designs were fused with either P3 or P4 polypeptide through glycine–serine linker (10 amino acids). All constructs were
cloned into pFLAG–CMV3 vector containing signal peptide for secretion and FLAG tag for detection of expression. B, schematic representation of newly
developed screening method for detection of effective split SEA variant designs. Split SEA fragments are fused with P4 and/or P3 polypeptide and split SEA
reassemble into an active form only when split SEA fragments are fused with coiled-coil forming P3 and P4 polypeptides, meanwhile split fragments fused with
non– coiled-coil forming P3 polypeptides do not regain its biologic activity. For detection of effective split SEA designs, capable of activating T cells, IL-2 is
measured by ELISA. C–E, stimulation assays. Briefly, PBMCs were stimulated with 10 ng/ml of recombinant SEA or with supernatant collected from HEK293T
cells containing split SEA– coiled-coil fusion proteins. After 24 h incubation at 37 °C, supernatant was collected and the production of human IL-2, as an
indicator of T-cell activation, was measured by commercially available ELISA. PBMCs were stimulated with each split SEA– coiled-coil fusion protein separately
(50 �l of each) (C), with combination of split SEA fragments fused with P4 and P3 polypeptide (25 �l of each) (D), and with combination of split SEA fragments
fused only with P3 polypeptide (25 �l of each) (E). F, cytotoxicity assay. In brief, the target cell line BCWM was incubated with 25 �l of HEK293T supernatant
containing split SEA2– coiled-coil fusion proteins. SEA-reactive T cell line was used as effector cell line in ratio 1:10. After overnight incubation the percentage
of cell lysis of the BCWM cell line was determined by IVIS Lumina. Data are presented as the mean � S.D. (n � 3), statistical analysis with a two-tailed t test (**,
p � 0.01; n.s., not significant).
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siently transfected HEK293T cells secrete biologically active
recombinant SEA into the media in the amount sufficient to acti-
vate T cell response, we first generated a construct with a WT SEA
(Fig. S1A) and compared the biological activity of mammalian
cell–produced protein with pure SEA (Fig. S1, B and C).

To select functional split SEA designs where each split frag-
ment individually does not activate the T lymphocytes, follow-
ing the example of recombinant WT SEA, PBMCs were stimu-
lated with a HEK293T supernatant containing secreted split
SEA fragments fused with P3 or P4 polypeptide. The presence
of fusion proteins in the supernatant was confirmed by the
Western blot analysis (Fig. S1D). None of the split SEA frag-
ment fused to the P3 or P4 polypeptide from all three split
variant designs caused T cell activation (Fig. 2C). PBMCs were
therefore further stimulated with a combination of split SEA
fragments fused to P3 or P4 polypeptide to determine whether
any of the selected split variant pairs could reassemble into the
biologically active form after coiled-coil dimer formation. Only
split variant 2 efficiently reassembled, whereas split SEA vari-
ants 1 and 3 did not reassemble into a biologically active form
(Fig. 2D). To rule out that activation of T cells is a result of the
spontaneously reassembled split SEA, PBMCs were stimulated
with HEK293T supernatant containing both split SEA frag-
ments fused with a P3 polypeptide, so that the coiled-coil dimer
should not form (Fig. 2E). We confirmed that in case of split
SEA variant 2 (SEA2), the split fragments indeed have to be in
the close proximity to reassemble into a biologically active form
that activates T cell response. This is important for further
application, because the spontaneously reassembled split SEA
could cause T cell activation against nontarget cells expressing
MHC class II. To investigate the cytotoxic activity induced by
the split SEA2 reassembly, its ability to mediate killing of MHCII�
cells by human reactive T cells was measured. Efficient cell killing
of target BCWM cells expressing MHC class II (21) was observed
only when split SEA2 fragments were fused with P3 and P4 poly-
peptides (Fig. 2F), whereas no cytotoxicity was observed by each
fusion protein alone. The expression of MHC class II on BCWM
cells was confirmed by flow cytometry (Fig. S2).

As seen from the immunoblot analysis (Fig. S1D) fusion pro-
teins P4_cSEA and P3_cSEA of the split SEA variant 3 were not
observed in the HEK293T supernatant. To increase the yield of
those variants both fusion proteins were fused with the maltose
binding protein, which resulted in an improved production (Fig.
S3A). Again, the stimulation assay revealed that split SEA variant 3
fragments fused with polypeptides P3 or P4 alone are not able to
activate T cells. Activation of T cells did not occur even in case of
stimulation with a combination of split SEA3 fragments fused to P3
and P4 polypeptide that form a heterodimer (Fig. S3B).

Because of the favorable results obtained with split SEA2, for
which a 3D model of fusion proteins was prepared (Fig. S4),
further work was focused on split SEA2.

The impact of linker length and orientation on the
reconstitution of split SEA

We first decided to investigate the influence of a linker length
on the functionality of reconstituted split SEA. It is known that
linker length may strongly affect split protein reassembly (22).
DNA constructs were prepared coding for split SEA2 linked to

P3 and P4 polypeptides through glycine–serine containing
linker of different lengths (Fig. S5). Fusion proteins were
expressed in HEK293T cells and secreted into the media. West-
ern blot analysis confirmed the presence of fusion proteins of
the expected size in cell suspension (Fig. S5). Few additional
bands most likely occur because of the proteolysis or glycosyl-
ation. Glycosylation is a frequent posttranslation modification
of proteins, and the vast majority of secreted eukaryotic pro-
teins are glycosylated. Because of the glycosylation, proteins
migrate differently on SDS-PAGE (23). Therefore for the bands
on Western blots with slower mobility than the expected size,
we proposed that this is because of the glycosylation. Analysis
of the N- and O-linked glycosylation sites revealed positive
scores for the potential N-glycosylation sites within split SEA2–
coiled-coil fusion proteins. All three potential N-glycosylation
sites are present in split SEA fragments and are surface exposed
according to the 3D molecular model (Fig. S6).

Stimulation assay revealed that PBMCs stimulated with
HEK293T cell suspension containing both split fragments of
SEA2 fused with P3 and P4 coiled-coil dimer forming polypep-
tides, activated T cells to the similar extent regardless of the
peptide linker length (Fig. 3A), and were also cytotoxic for tar-
get cells expressing MHC class II (Fig. 3B). Cell stimulation and
cytotoxicity assays with different amounts of HEK293T super-
natant containing split SEA2 linked to P3 and P4 polypeptides
alongside integral SEA, revealed a dose-dependent response
(Fig. S7).

The importance of interacting domain orientation has also
been reported (24, 25); therefore, we investigated how the ori-
entation of split SEA2 fragments and polypeptides (P3 or P4)
might influence the split SEA2 reassembly. DNA constructs
were prepared (Fig. 3C) where the interacting domains were at
the N terminus of the fusion proteins. Again stimulation assay
showed that split SEA2 reassembled when the orientation was
reversed, which is likely because of the sufficient length of the
linker to enable reconstitution in case of pairing in both orien-
tations (Fig. 3D).

Engineered human scFv–CD20 specifically targets the CD20
tumor antigen

Targeting of split SEA can be provided by fusion with anti-
bodies or specificity determining single chain variable fragment
(scFv) against target cell surface markers such as CD20, specific
for B lymphocytes. To prepare split SEA2/scFv–CD20 fusion
proteins that came into close proximity only upon binding of
scFv–CD20 to target cells expressing CD20 at their surface and
trigger T cell response, we generated humanized scFv–CD20,
comprising humanized variable light (VL) and variable heavy
(VH) chain (26), connected by a Whitlow peptide linker (27).
Subsequently, a fluorescent protein Venus was fused to scFv–
CD20 through a glycine–serine linker (Fig. S8A) to track the
binding of scFv–CD20 to target cells. We selected the scFv–
CD20 that targets a well-known B cell lymphoma CD20 tumor
antigen as a targeting moiety, because it is expressed at high
surface density on B cells from the pro-B phase through mem-
ory cells, is not rapidly internalized upon binding of antibody,
and is not shed from cells (28). For fast characterization, fusion
protein was expressed in HEK293T cells and secreted into the
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media (Fig. S8B), and cell supernatant was incubated with B cell
lymphoma line Raji expressing target CD20 antigen. The effi-
cient binding of scFv–CD20 to target CD20 antigen expressed
on Raji cells was confirmed by flow cytometry and confocal
imaging (Fig. S8C). The same design of scFv–CD20 was further
used for fusion with split SEA2.

Design and production of split SEA2/scFv–CD20 fusion
proteins

Proof-of-concept fusion proteins were designed where split
SEA2 fragments were genetically fused to a scFv–CD20. Bind-
ing of two antibodies specific for the tumor antigens at the
target cell membrane, fused with split superantigen fragments,
were expected to bring the inactive split SEA fragments into
close proximity so they could reassemble into the biologically
active form that triggers the T cell response (Fig. 4). The main
advantage of this approach is the specificity for tumor cells
without affecting other cells expressing MHC class II, which
should, unlike the standard approach with WT superantigen
fused with antibody, decrease the toxic systemic effect of supe-
rantigen. A pair of fusion proteins for targeting CD20� lym-
phomas was designed. Each fusion protein contained a human-
ized scFv–CD20, 10 amino acid linker and split SEA2 fragment,
nSEA2 or cSEA2, respectively (Fig. 5A).

Both recombinant fusion proteins containing a histidine tag
were produced in Escherichia coli and purified on a Ni-NTA
column. We aimed to produce recombinant fusion proteins in
the bacterial expression system in a soluble form, but although
the WT SEA (Fig. S9A) was produced in the soluble form, both
split SEA2 fragments (nSEA2 in cSEA2) were insoluble and were
restricted to the insoluble fraction (Fig. S9, C and E). The

inspection of a crystal structure of SEA with highlighted hydro-
phobic amino acid residues confirmed that both split SEA2

fragments expose additional hydrophobic surfaces compared
with the WT SEA (Fig. S9, D and F). According to the model,
splitting of the SEA produced additional solvent-accessible
hydrophobic patches, as the total area of hydrophobic surface
increased from 924 Å2 to 1988 Å2 corresponding to SEA and split
SEA2 fragments combined, respectively (Table S2). Moreover, the
portion of solvent-accessible hydrophobic surfaces also increased
from 10.4% for WT SEA to 19.5% and 15.5% nSEA2 and cSEA2,
respectively (Table S2). Increase in surface hydrophobic patches
can be accounted to the emergence of new regions (shown in red in
Fig. S9, D and F), which may account for the low solubility of split
fusion proteins in aqueous buffers.

Also scFv–CD20 alone was insoluble and produced in the
insoluble fraction (Fig. 5B) and similarly scFv–CD20/nSEA2

and scFv–CD20/cSEA2 (Fig. 5C). Several strategies, including
strain selection, temperature, and level of induction were tested
(data not shown) to produce both fusion proteins in the soluble
fraction, however without success. Purification of the GdnHCl
solubilized fusion proteins scFv–CD20/nSEA2 and scFv–
CD20/cSEA2 was performed on a Ni-NTA column and refold-
ing at low concentrations to hinder aggregation (Fig. 5D).
Refolding buffer screening identified 0.5 M arginine as the best
solubility enhancer, however that buffer was toxic for cell
assays. Hence, although not optimal, 20 mM Tris-HCl, 200 mM

NaCl was used to refold fusion proteins, which were then used
for cell stimulation experiments without further concentration.
Size-exclusion chromatography was performed for both fusion
proteins and revealed elution of scFv–CD20/nSEA2 and scFv–

Figure 3. Characterization of split SEA variant 2 coiled-coil fusion proteins. A, PBMCs were stimulated with 10 ng/ml of recombinant SEA (rSEA) or with 20
�l of supernatant collected from HEK293T cells containing split SEA– coiled-coil fusion proteins with different linker lengths. After 24 h incubation at 37 °C,
supernatant was collected and the production of human IL-2, as an indicator of T-cell activation, was measured by commercially available ELISA. B, cytotoxicity
assay. In brief, the target cell line BCWM was incubated with 25 �l of HEK293T supernatant containing split SEA2– coiled-coil fusion proteins. SEA-reactive T cell
line was used as effector cell line in ratio 1:10. After overnight incubation the percentage of cell lysis of the BCWM cell line was determined by IVIS Lumina. C,
a schematic diagram of DNA constructs with changed orientation, where split SEA variant 2 fragments are located on the N-terminal site and fused with either
P3 or P4 polypeptide through glycine–serine linker (10 amino acids). D, PBMCs were stimulated with 50 �l of HEK293T supernatant containing split SEA– coiled-
coil fusion proteins with changed orientation. After 24 h incubation at 37 °C, supernatant was collected and the production of human IL-2 was measured by
commercially available ELISA assay. Data are presented as the mean � S.D. (n � 3).
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CD20/cSEA2 at volumes corresponding to the size of mono-
mers with some aggregates (Fig. 5, E and F).

Binding of split SEA2/scFv–CD20 fusion proteins to CD20
antigen

To examine the specificity of split SEA2/scFv–CD20 fusion
proteins for tumor antigen CD20, Raji cells were incubated with

both fusion proteins separately and binding was detected by
anti-HisTag/FITC. As seen in Fig. 6A, both fusion proteins
scFv–CD20/nSEA2 and scFv–CD20/cSEA2 efficiently bound to
cells expressing CD20 antigen. In addition, we show that in the
case of addition of anti-CD20/VioBlue antibody, binding of
fusion proteins to the cell surface was strongly decreased because
of the competition for the binding site (Fig. 6B). In contrast, both

Figure 4. Schematic representation of split SEA/scFv fusion proteins for potential use in cancer immunotherapy. Split superantigen can be fused with
target seeking moiety, such as antibody, specific for tumor antigen which targets superantigen directly to tumor cells expressing the target antigen. The
binding of two antibodies specific for tumor antigens fused with split superantigen fragments brings the inactive split fragments into close proximity so they
can be reassembled into biologically active form that activates T cell response. The main advantage of the approach is the specificity only for tumor cells
without affecting healthy cells expressing MHC class II, which completely eliminates the toxic systemic effect of superantigen. Moreover superantigen induces
infiltration of tumor specific T cells to the tumor site, which is one of the main goals of cancer immunotherapy.

Figure 5. Design and production of split SEA2/scFv-CD20 fusion proteins. A, schematic representation of fusion proteins scFv–CD20/nSEA2 (20N) and scFv–CD20/
cSEA2 (20C) in pET-19b vector. VH, variable region of heavy chain; VL, variable region of light chain; (G4S)2, glycine-serine linker; split SEA variant 2 fragments nSEA1–120
and cSEA112–233; His, histidine tag. B, SDS-PAGE analysis of scFv–CD20 produced in E. coli after induction with 1 mM IPTG. Representative soluble (SN) and insoluble (IB)
fractions after production at different temperatures and times are shown. C, Western blot analysis of fusion proteins scFv-CD20/nSEA2 and scFv-CD20/cSEA2 produced
in E. coli after induction with 0.2 mM IPTG. Soluble (SN) and insoluble (IB) fractions after 4 h production at 37 °C are shown. D, Western blot analysis of purified and
refolded fusion proteins scFv–CD20/nSEA2 and scFv–CD20/cSEA2. E and F, analysis of fusion proteins scFv–CD20/nSEA2 (E) and scFv–CD20/cSEA2 (F) by size-exclusion
chromatography. Arrows indicate the monomeric form of fusion proteins at the expected molecular mass of 42 kDa.
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fusion proteins failed to bind to MHCII�CD20� Mono-Mac-6
cells (Fig. 6C), thereby confirming that the fusion proteins bound
to target cells via scFv–CD20 and not via split SEA2 fragments
interacting with MHC class II complex. The expression of antigen
CD20 and/or MHC class II on Raji and Mono-Mac-6 cells was also
confirmed by flow cytometry (Fig. S2).

T cell activation induced by split SEA2/scFv–CD20 fusion
proteins

When split SEA2/scFv–CD20 fusion proteins bind to tumor
antigens through the scFv domains, the split SEA2 fragments
should reassemble into a biologically active form and trigger
activation of T cells. To evaluate this, a stimulation assay was
performed where B lymphoma Raji cell line (CD20�MHCII�)
was used as a target tumor cell line and PBMCs as the source of
effector cells. Fig. 7A shows that each fusion protein, scFv–
CD20/nSEA2 or scFv–CD20/cSEA2, alone could not induce T
cell response; meanwhile, when tumor cells expressing CD20
were incubated with both fusion proteins scFv–CD20/nSEA2
and scFv-CD20/cSEA2, a significant increase in IL-2 produc-
tion occurred, which demonstrates selective activation of T
cells. The main advantage of this approach is that none of the

fusion proteins direct T cell activation against antigen-present-
ing cells expressing MHC class II. To confirm the specificity
for tumor cells expressing CD20�, Mono-Mac-6 cell line
(CD20�MHCII�) was used in the stimulation assay. As seen in
Fig. 7B, when Mono-Mac-6 cells were incubated with both
scFv–CD20/nSEA2 and scFv–CD20/cSEA2 fusion proteins, the
activation of T cell response was significantly lower compared
with activation when Raji cells were used as target cells, con-
firming increased selectivity of the split SEA2 design strategy.
To additionally confirm that the presence of CD20 antigen is
required for split SEA2 reconstitution into a bioactive form
capable of activating T cell response, the target cells were incu-
bated with anti-CD20 (MabThera) that shares the same epitope
with scFv–CD20. When anti-CD20 antibody blocked the target
tumor antigen CD20 split SEA2 could not reconstitute into the
biological active form; therefore, no T cell activation occurred
whereas in the absence of anti-CD20 antibody, split SEA2 frag-
ments reconstituted and activated T cells (Fig. 7C).

Discussion

Previous research of superantigen targeting was based on
antibody–superantigen fusion proteins composed of target-

Figure 6. Target cell binding of split SEA2/scFv-CD20 fusion proteins. A and C, binding assays. Histograms demonstrate surface binding of the indicated
fusion proteins at concentration of 200 nM, either scFv–CD20/nSEA2 (20N) and scFv–CD20/cSEA2 (20C), respectively, on target cells Raji (A) or Mono-Mac-6 (C).
B, the binding of both fusion proteins, 20N and 20C, respectively, at 200 nM concentration was analyzed on Raji cells in the presence (purple curves) or absence
(magenta and blue curves) of anti-CD20/VioBlue for competition. The shaded curves show the target cells stained only with anti-HisTag/FITC.
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seeking moieties, typically antibodies, fused to WT (6 –8) or
mutated SEA with reduced binding affinity to MHC class II (11,
13). Indeed, mutated SEA decreased binding affinity to MHC
class II, nevertheless the systemic cytotoxic effect on healthy
MHC class II–positive cells has not been eliminated (13). In this
report we aimed to design a SEA that would not affect MHC
class II expressing cells and would activate T cell response only
when bound to a tumor antigen via a targeting moiety. The
underlying idea was to design a split SEA where superantigen is
split into two fragments, each by itself inactive. The fragments
are brought into close proximity by binding to cell surface anti-
gens, dimerize, and reconstitute into a biologically active form
capable of activating T cell response.

To identify the effective split SEA designs as quickly and sim-
ply as possible, a screening method was developed (Fig. 2B),
based on a split SEA fused to dimerizing domains, that enabled
us to select and characterize a functional split SEA design using
IL-2 release as a marker of T cell activation. The goal was to
determine a split SEA site, which met criteria important for
further application in a cancer immunotherapy. To additionally
simplify the method, all SEA– coiled-coil fusion proteins were
produced in HEK293T cells and without any further purifica-
tion, using cell supernatants in a stimulation assay. This ap-
proach demonstrated sufficient production to activate T cell
response. Among the three tested split SEA designs only split
SEA2 was able to reconstitute and activate T cells when linked
with dimerizing pair P3 and P4. It is likely that the reason for the
successful reconstitution of SEA2 was because in this case both
split domains formed several elements of a secondary structure
forming a folding unit.

The controls based on nondimerizing domains demon-
strated that activation of T cells is not a result of spontane-

ously reassembled split SEA2 and that a close proximity of
split fragments through interacting domains is required.
This screening method based on a split protein fused to het-
erodimerizing polypeptides can be easily adapted to other
effector molecules potentially interesting for cancer immu-
notherapy. Somewhat surprisingly, the linker length and
orientation had no effect on the reconstitution, probably
because the smallest length was already sufficiently long to
enable pairing in both orientations.

To trigger split SEA2 reconstitution at the target tumor
cells, scFv–CD20 was used which targets a well-known CD20
tumor marker, abundantly expressed across the B cell lym-
phoma cells. Although the concentration of soluble isolated
scFv–CD20/nSEA2 and scFv-CD20/cSEA2 fusion proteins
was not sufficient for any extended biochemical character-
ization, because of the high hydrophobicity of split SEA, we
were able to perform the biological assay of T cell activation
which confirmed binding of both fusion proteins to target
antigen CD20. The lack of T cell activation by MHC class
II–positive cells confirms the split SEA concept. Target
specificity was further confirmed by inhibition of T cell acti-
vation by anti-CD20 antibody.

Antibody–superantigen fusion proteins have been designed
and used for cancer immunotherapy (29 –31). Although
mutated and chimeric SEA have lower affinity to MHC class
II compared with WT SEA because of the D227A substitu-
tion, at higher dosages systemic immune activation and toxic
side effects can occur, which may be critical for clinical
applications as this limits the maximal tolerated dose.
Therefore, split superantigen design is likely to cause a lower
systemic cytokine release.

Figure 7. Stimulation assays. A–C, production of human cytokine IL-2 by stimulated PBMCs. Raji cells (A–C) or Mono-Mac-6 (B) were used as a target cell line
and PBMCs as effector cells in ratio 1:10. Cells were stimulated with anti-CD20 antibody (C) and/or with 100 nM fusion proteins scFv–CD20/nSEA2 (20N) and/or
scFv-CD20/cSEA2 (20C) (A–C). After 24 h incubation at 37 °C, supernatant was collected and the production of human IL-2, as an indicator of T-cell activation,
was measured by commercially available ELISA assay. Data are presented as the mean � S.D. (n � 3), statistical analysis with a two-tailed t test (*, p � 0.05; **,
p � 0.01; n.s., not significant).
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It has been reported that the presence of MHC class
II–positive cells, such as monocytes, is required for full T cell
activation (14); therefore, for the maximum therapeutic effi-
ciency it would be desirable to have an intact MHC class
II– binding site on SEA. Our approach in contrast meets two
criteria at the same time: disrupted MHC class II binding, so it
does not affect MHC class II–positive cells, whereas the reas-
sembled SEA2 regains all features of the WT SEA.

CD20 antigen selected in this report is an established tumor
antigen already used in cancer therapy (target for therapeutic
mAb rituximab), and it is expressed at high density on cell
membrane. Moreover, it forms a tetramer in the membrane
(32), which is favorable for our design as the tetrameric
arrangement should bring the split fusion proteins into the
close proximity. Tetrameric nature of the target therefore elim-
inates the requirement for high surface density. For other mono-
meric surface antigens this could be an issue, limiting the
approach to highly expressed surface markers and the need to
extend the linker segment length.

One of the drawbacks of SEA in cancer immunotherapy is the
preexisting antibodies against SEA, which might however be
bypassed by engineering the immunogenic surface exposed res-
idues that do not affect T cell activation (33). SEA–antibody
fusion functionally resembles bispecific antibodies called BiTE
(bispecific T-cell engager), where anti-CD3 is used to recruit T
cells to the tumor site (34). In this case antibody may bind to T
cells in the absence of target cells, whereas the split superanti-
gen concentrates all therapeutic protein at target cells limiting
T cell activation only to those sites. In addition antibody-tar-
geted superantigen induces infiltration of effector T cells to the
tumor site, which is one of the main goals of cancer immuno-
therapy (35).

In conclusion, we demonstrated that SEA can be split into
two fragments, each of them biologically inactive, until they
reassemble into a biologically active form upon dimerization.
This strategy however opens an additional option by the possi-
bility of linking split SEA fragments with two different antibod-
ies, each specific for different tumor antigen, essentially per-
forming an AND logical function, which could increase the
selectivity for tumor cells.

Experimental procedures

Materials

Materials used were as follows: SEA (Sigma), human IL-2
(Roche), mitomycin C (Sigma), IPTG (Gold Bio), lysozyme
(Sigma), Benzonase® Nuclease (Merck), CPI protease inhibitors
(Sigma), luciferin (PerkinElmer), 5� ELISA/ELISPOT Diluent
(eBioscience), 1� TMB solution (eBioscience), and anti-CD20
antibody (MabThera; Roche).

Antibodies used for immunodetection and ELISA were as
follows: anti-FLAG antibody produced in rabbit (diluted 1:2000
for immunodetection; Sigma), goat anti-rabbit IgG H�L (HRP)
(diluted 1:5000 for immunodetection; Abcam), tetra His anti-
body (diluted 1:1000 for immunodetection and ELISA; Qiagen),
Peroxidase AffiniPure Goat Anti-Mouse IgG (H�L) (diluted
1:3000 for immunodetection; diluted 1:4000 for ELISA; Jackson
ImmunoResearch).

Antibodies used in flow cytometry analysis and confocal
microscopy were as follows: anti-CD20/VioBlue (clone LT20;
Miltenyi Biotec), anti-HisTag/FITC (clone GG11-8F3.5.1;
Miltenyi Biotec), and anti-HLA-DR, DP, DQ/APC (clone
REA332; Miltenyi Biotec).

Design and cloning

The DNA fragments coding for SEA or split SEA (UniProt,
A5A2I3), scFv–CD20 (26), Venus (GenBank, AAZ65844.1),
maltose binding protein (UniProt, P0AEX9), and P3 and P4
polypeptides (19) were synthesized by Integrated DNA Tech-
nologies (gBlocks) and subcloned into mammalian (pFLAG–
CMV3) or bacterial expression (pET-19b) vector using stan-
dard DNA technology. Amino acid sequences of all used
constructs are listed in Table S1.

All cloning of the fusion proteins was performed using Gib-
son assembly (36) and the various linkers and tag sequences
were inserted as part of PCR amplification primers and over-
lapping sequences for the Gibson assembly. Split SEA– coiled-
coil fusion proteins, scFv–CD20/Venus fusion protein, and WT
SEA were expressed in mammalian expression system from the
CMV promoter of the pFLAG–CMV3 vector. Split SEA2/scFv–
CD20 fusion proteins were cloned in pET-19b vector for induc-
ible expression in bacterial expression system. All constructs
were verified with DNA sequencing.

Cells

The cell lines used in these studies were the HEK293T cells
(ATCC), human B cell lymphoma line Raji (a gift from N. Kopi-
tar-Jerala), BCWM.1 cell line established from the bone mar-
row aspirate of a patient with Waldenström’s macroglobuline-
mia (21), and human cell line Mono-Mac-6 (a gift from K.
Triantafilou).

PBMCs were isolated from heparinized blood of healthy
blood donors at the Blood Transfusion Centre of Slovenia, fol-
lowing their informed consent and based on the approval of the
Slovenian National Medical Ethics Committee at the Ministry
of Health (0120-413/2016-2 KME 38/08/16). Authors state that
the study abides by the ethical principles for medical research in
humans (Declaration of Helsinki, 2008). All participants signed
agreement forms. The cells were isolated by density centrifuga-
tion over Ficoll-Paque cushion and incubated in RPMI (Invit-
rogen Life Technologies), supplemented with 10% (v/v) heat-
inactivated FBS (Invitrogen Life Technologies). PBMCs were
used for experiments or stored in a secure liquid nitrogen
freezer until use.

SEA reactive human T cell line (SEA-T) was established as
described (37). Briefly, PBMCs (3 � 106 cells/ml) were activated
with mitomycin C–treated Raji cells preincubated with 100
ng/ml SEA (Sigma-Aldrich) in RPMI medium with 10% FBS.
The T cell lines were restimulated biweekly with 20 units/ml
IL-2, weekly with mitomycin C–treated SEA-coated Raji cells
and cultivated for 4 –12 weeks before being used in the assay.
The viability of the effector cells, as determined by trypan blue
exclusion, exceeded 50%. Cells were frozen in 90% FBS and 10%
DMSO (Sigma). All cell lines were cultivated at 37 °C in 5%
CO2.
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Transient production of recombinant proteins in mammalian
expression system

In preparation for transient production the HEK293T cells
were grown to 50 –75% confluence. HEK293T cells were tran-
siently transfected with plasmid pFLAG–CMV containing
DNA insert coding for the WT SEA, scFv–CD20/Venus, or the
selected split SEA fragments fused with the P3 or P4 polypep-
tides. For transfection, commercially available transfection re-
agent polyethylenimine was used according to the manufactur-
ers’ protocol. 3–5 days after, transfection media was removed
and saved at �20 °C for further analysis.

Immunoblotting

HEK293T supernatant containing fusion proteins was mixed
with 4� Laemmli buffer (to the final concentration of 1�
Laemmli buffer) and then heat denatured at 95 °C for 5 min.
Proteins were separated by SDS-PAGE and transferred to a
Hybond ECL nitrocellulose membrane (GE Healthcare). Blots
were incubated with appropriate antibodies by the use of iBind
Western Systems (Thermo Fisher Scientific) according to the
manufacturer’s protocol. The immunoblots were visualized on
G-box (Syngene) after they were developed using Pico or Femto
Sensitivity Substrate (Thermo Fisher Scientific).

Prediction of glycosylation sites

N- and O-linked glycosylation sites were predicted using the
NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/)3,4 and
NetOGlyc (38) prediction programs.

Production of recombinant proteins in prokaryotic expression
system

Recombinant fusion proteins were produced using an E. coli
BL21 (DE3) or E. coli Nico21 (DE3) expression system. Cells
were transformed with pET-19b plasmid coding for SEA,
nSEA2, cSEA2, or scFv–CD20 and grown at 37 °C and 160 rpm
in LB medium containing ampicillin (0.1 mg/ml). After induc-
tion of protein expression with 0.2 mM or 1 mM IPTG, different
incubation times and temperatures were tested as indicated.
Cell pellets were resuspended in the lysis buffer (20 mM Tris-
HCl, 200 mM NaCl, 1 mg/ml lysozyme, 1 mM MgCl2, CPI pro-
tease inhibitors, 10 mM imidazole, 10% glycerol, 15 units/ml
Benzonase® Nuclease, pH 7.0) and incubated at RT for 1 h with
occasional mixing. After centrifugation at 4 °C at 8000 � g,
bacterial inclusion bodies and soluble fraction were assessed by
SDS-PAGE or Western blot analysis.

Recombinant fusion proteins were produced using an E. coli
Nico21 (DE3) expression system. Cells were transformed with
pET-19b plasmid coding for scFv–CD20/nSEA2 or scFv–
CD20/cSEA2 and grown at 37 °C and 160 rpm in LB medium
containing ampicillin (0.1 mg/ml). After induction of protein
expression with 0.2 mM IPTG, incubation proceeded for addi-
tional 4 h at 37 °C. Cell pellets were resuspended in the lysis
buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mg/ml lysozyme, 1 mM

MgCl2, CPI protease inhibitors, 10 mM imidazole, 10% glycerol,

15 units/ml Benzonase® Nuclease, pH 7.0) and incubated at RT
for 1 h with occasional mixing. After centrifugation at 4 °C at
8000 � g, bacterial inclusion bodies were solubilized in 100 mM

sodium phosphate buffer, pH 7.0, containing 6 M guanidine
hydrochloride (6 M GdnHCl buffer) and purified by chelating
chromatography (Ni-NTA agarose column; Qiagen, GE). The
fusion proteins were eluted with 6 M GdnHCl buffer containing
500 mM imidazole and then refolded by dialysis as followed. The
concentration of the affinity-purified denatured fusion proteins
was adjusted to 10 –100 �g/ml in 6 M GdnHCl buffer. The
diluted and denatured fusion proteins were then dialyzed three
times against 2 liters of 20 mM Tris-HCl, pH 7.0, 150 mM NaCl
buffer and assessed for homogeneity by SDS-PAGE and West-
ern blot analysis.

Size-exclusion chromatography coupled with ELISA

0.5 ml of sample was injected to a size-exclusion column
(Superdex 200 Increase 10/300 GL) and separated at 0.5 ml/min
(running buffer: 20 mM Tris buffer, pH 7.0, 150 mM NaCl).
Fractions of 0.25 ml were collected and further analyzed with
ELISA. Sample from each collected fraction was coated to the
96-well high-binding plates (overnight, 4 °C). After washing
(with wash buffer: 1� PBS, 0.05% Tween 20) samples were
incubated for 1 h at RT with 1� ELISA/ELISPOT Diluent.
Then followed the steps of washing, detection with primary
antibodies (anti-His antibody; 1 h at RT), washing, secondary
antibodies (Peroxidase AffiniPure Goat Anti-Mouse IgG (H�L);
1 h at RT), and washing. After the addition of substrate (TMB
solution) the reaction was stopped with 0.16 M sulfuric acid. The
plates were read on a microplate reader at 450 nm, and again at 630
nm for correction by subtraction of the reading at 630 nm from
that at 450 nm.

Calculation of hydrophobic patches

Total surface area of all hydrophobic patches and the por-
tions in WT SEA and split SEA2 fragments were calculated
based on the predictions from SWISS-PDB viewer tool.

Surface molecule detection

Cell lines Raji, Mono-Mac-6, and BCWM were stained with
anti-CD20/VioBlue and anti-HLA-DR, DP, DQ/APC accord-
ing to manufacturers’ protocol.

Stimulation assay

PBMCs were seeded in 96-well microplate (5 � 104 cells per
well) and co-cultured with different concentrations of recom-
binant SEA and with HEK293T cell suspension containing WT
SEA or split SEA– coiled-coil fusion proteins. The supernatant
was harvested 24 h after incubation at 37 °C. Then the human
IL-2 was measured using a standard ELISA according to man-
ufacturer’s protocol (Ready-Set-Go! ELISA; eBioscience).

Raji or Mono-Mac-6 cell lines were used as a target tumor
cell line. 2 � 104 cells were seeded in 96-well microplate and
human PBMCs as effector cells were added in ratio 1:10. The
cells were co-cultured with recombinant SEA or anti-CD20
antibody (MabThera) and/or with split scFv-CD20/nSEA2
and/or scFv-CD20/cSEA2 fusion proteins, respectively. The
supernatant was harvested 24 h after incubation at 37 °C. Then

3 R. Gupta, E. Jung, and S. Brunak, unpublished work.
4 Please note that the JBC is not responsible for the long-term archiving and

maintenance of this site or any other third party hosted site.
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the human IL-2 was measured using a standard ELISA assay
according to manufacturers’ protocol (ELISA Ready-SET-Go!;
eBioscience).

Binding assays

5 � 105 Raji were resuspended in 200 �l scFv–CD20/Venus.
After 2 h at 37 °C in the dark, cells were washed and analyzed by
flow cytometry or confocal microscopy using the Leica TCS
SP5 inverted laser-scanning microscope.

5 � 105 Raji or Mono-Mac-6 cells were resuspended in 90 �l
PBS and 10 �l of anti-CD20/VioBlue was added. After 10 min
incubation at 2– 8 °C in the dark, the cells were washed with
PBS and 200 nM scFv–CD20/nSEA2 and scFv–CD20/cSEA2
fusion proteins were added, respectively. Mixture of cells and
fusion proteins was incubated for 1–2 h at 37 °C, then washed
with PBS, and incubated for 10 min at 2– 8 °C in the dark with
antibodies anti-HisTag/FITC. Binding of fusion proteins con-
taining histidine tag on tumor antigen CD20 or MHC class II
was analyzed by flow cytometry. Flow cytometry analysis was
performed using a CyFlow space flow cytometer (Partec). The
data were analyzed using FlowJo software (TreeStar).

Cytotoxicity assays

The cytotoxicity was determined by standard luciferase-
based assay. In brief, BCWM (expressing firefly luciferase–
GFP) cells served as target tumor cells and were co-cultured
with effector SEA-T cells in triplicates at the indicated ratio
using black-walled 96-well plates with 5 � 104 target cells per
well. Recombinant SEA or fusion proteins were added at indi-
cated concentrations. Target cells alone were plated at the same
cell density to determine maximal luciferase expression (RLU
max). After overnight incubation, D-luciferin at a final concen-
tration 150 �g/ml was added directly to each well. Emitted light
was detected with IVIS® Lumina Series III (PerkinElmer) and
quantified using Living Image® 4.5.2 (PerkinElmer). Lysis was
determined as (1� (RLUsample)/(RLUmax)) � 100.

Statistical analysis

Data are presented as mean � S.D. Representative graphs
and images are shown. The Student’s unpaired two-tailed t test
was used for the statistical comparison of the data.
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