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Immunization of mice or rats with a "non-self" protein is a commonly used method to obtain monoclonal antibodies,
and relies on the immune system’s ability to recognize the immunogen as foreign. Immunization of an antigen with
100% identity to the endogenous protein, however, will not elicit a robust immune response. To develop antibodies to
mouse proteins, we focused on the potential for breaking such immune tolerance by genetically fusing two
independent T-cell epitope-containing sequences (from tetanus toxin (TT) and diphtheria toxin fragment A (DTA)) to a
mouse protein, mouse ST2 (mST2). Wild-type CD1 mice were immunized with three mST2 tagged proteins (Fc, TT and
DTA) and the specific serum response was determined. Only in mice immunized with the T-cell epitope-containing
antigens were specific mST2 serum responses detected; hybridomas generated from these mice secreted highly
sequence-diverse IgGs that were capable of binding mST2 and inhibiting the interaction of mST2 with its ligand, mouse
interleukin (IL)-33 (mIL-33). Of the hundreds of antibodies profiled, we identified five potent antibodies that were able
to inhibit IL-33 induced IL-6 release in a mast cell assay; notably one such antibody was sufficiently potent to suppress
IL-5 release and eosinophilia infiltration in an Alternaria alternata challenge mouse model of asthma. This study
demonstrated, for the first time, that T-cell epitope-containing tags have the ability to break tolerance in wild-type mice
to 100% conserved proteins, and it provides a compelling argument for the broader use of this approach to generate
antibodies against any mouse protein or conserved ortholog.

Introduction

The isolation of a monoclonal antibody to a protein of inter-
est can be achieved through a number of different approaches;
for example, by screening libraries of antibody fragments in vitro,
or through the immunization of rodents and screening of subse-
quent hybridoma-derived antibodies. The immunization
approach is attractive as it has the potential to provide high-

affinity antibodies that have been matured in vivo, and can be
both cost- and time-effective. This approach, however, is depen-
dent on a divergence in sequence between the endogenous pro-
tein and the protein being immunized, to enable the immune
system to recognize the immunogen as non-self. Thus, it is par-
ticularly challenging to generate antibodies in rodents to rodent
proteins, which precludes the routine use of the immunization
method. In this study, we sought to investigate whether
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introducing T-cell epitopes into a mouse immunogen would
break tolerance in mice and enable generation and identification
of large panels of potent functional antibodies.

We chose to use mouse ST2 (mST2) as our test protein
because, despite the importance of this molecule to atopic
responses, there were no functional (blocking) tool reagents avail-
able commercially. ST2 is the receptor for interleukin (IL)-33, and
it is expressed at high levels on mast cells and type 2 innate lym-
phoid cells (ILC2s).1,2 IL-33, a member of the IL-1 family of cyto-
kines expressed by some mucosal epithelial cells,3-6 is believed to
act as an alarmin.3,4,7 Once released, IL-33 rapidly acts via ST2 to
activate an inflammatory response by stimulating mast cells and
ILC2s to release Th2 cytokines and chemokines.8-10 For example,
the eosinophilia and IL-5 release caused by intranasal administra-
tion of the fungal allergen Alternaria alternate is abrogated in ST2-
deficient mice.2 A function-blocking anti-mST2 antibody, suffi-
ciently potent to work in vivo would provide an extremely valuable
tool to investigate the importance of the ST2-IL-33 pathway in
disease models of asthma, and provide significant advantages over
other small molecule and genetic deletion approaches.

Overcoming the immune tolerance of mice to mouse proteins
or those with high homology in order to generate such antibod-
ies, however, is a challenge. To surmount this, a number of dif-
ferent approaches have been adopted. SLE-like mouse models
(e.g., the NZB/W mouse strain) that display defective B cell tol-
erance have been successfully employed to generate antibodies to
a number of self-antigens and closely-related proteins, but have
not been universally successful.11,12 Alternatively, mice with a
genetic knockout for a particular protein can be immunized with
that protein exogenously to elicit an immune response. This
approach has been used to develop antibodies to mouse and
human butyrylcholinesterase13 and to mouse cellular prion pro-
tein.14 The lack of knock-out animals for many targets of interest
prohibits the routine application of this strategy.

Another approach to improving the immunogenicity of an
antigen is to incorporate T-cell epitopes either in the form of an
immunogenic carrier protein15 or smaller T-cell epitope pepti-
des.16 T cells are activated by specific foreign antigens via T-cell
receptors (TCR) expressed on the cell surface. TCRs bind linear
peptide fragments known as T-cell epitopes, which, when proc-
essed and displayed on MHC class II molecules by antigen-
presenting cells (APCs), leads to the activation of T-helper cells.
In secondary lymphoid organs, T and B cells interact and prolif-
erate.17 T cells, via secreted cytokines, such as IL-4, induce B cell
switch transcripts, resulting in switch recombination of the IgG
heavy chain genes.18 B cells then differentiate to become fully
mature antibody-secreting plasma cells or migrate to primary fol-
licles and proliferate to form a germinal center. Here, the B cells
undergo somatic hyper-mutation and a selection process that
results in increased affinity of their antigen receptors and secreted
antibodies for their antigen. The incorporation of T-cell epitopes
into an immunogen is, therefore, predicted to enhance the
immune response by boosting T cell help to B cells, to aid their
subsequent maturation.

Chemical conjugation to an immunogenic carrier protein pro-
vides one means of introducing T-cell epitopes into an

immunogen.19,20 Indeed, many marketed vaccines have
employed chemical conjugation to various immunogenic carriers,
including the subunits of bacteria, inactive bacterial toxoids or
other proteins/peptides containing T-cell epitopes.21 While
chemical conjugation is effective, there are a number of draw-
backs. In the case of bacterial toxoids, the uncontrolled nature of
the chemical (formaldehyde) treatment results in a heterogeneous
preparation, and can alter the conformation of the protein, gen-
erating neo-epitopes and removing T-cell epitopes. In addition,
the conjugation process itself requires optimization for each anti-
gen molecule and is not a robust and reproducible process. More-
over, through conjugation to the carrier, key residues on the
antigen may become occupied or obscured, which could affect
the recognition of genuine B-cell epitopes on the antigen,
compromising the production of diverse antibodies.

The recombinant expression and purification of a single anti-
gen-carrier T-cell epitope fusion protein provides a simple and
robust alternative means of generating potent immunogens. This
approach has been adopted in a number of studies and has been
shown to enhance the immune response to proteins with high
homology to their mouse orthologues, or in the context of SLE-
like mouse model strains.11 The use of such T-cell epitope tags
for immunization of mouse proteins in wild-type mice, however,
has not yet been explored. We sought to investigate the potential
for this approach to provide antibodies to the mouse ST2 protein
and chose two different T-cell epitope-containing sequences. In
selecting carrier molecules or fusion partners, the ideal candidate
would provide optimal T cell help, and contain minimal B-cell
epitopes itself, so that the B cell response is not diverted in help-
ing the generation of anti-carrier antibodies. The T-cell epitopes
should be retained in the molecule in such a way that they are
optimally processed within the APCs. Here, we employed two
different T-cell epitope-containing carriers; either a non-toxic
fragment of diphtheria toxin (DTA) or two tandem peptide epit-
opes of the tetanus toxin (TT). These carriers, based on bacterial
toxin molecules, were chosen based on their widespread use in
evoking immune stimulation in both humans and in mice,20,21

and because they differed in size and T-cell/B-cell epitope
content.

Diphtheria toxin is secreted from the bacterium Corynebacte-
rium diphtheria and consists of a single polypeptide chain that
forms two subunits (A and B) linked by disulfide bridges, each
subunit carrying a distinct function.22 Fragment B binds to the
cell surface receptor, heparin-binding epidermal growth factor-
like growth factor receptor, present on mammalian cells, enabling
entry of the toxin into the cell, and fragment A provides the cata-
lytic activity of the molecule through binding to elongation factor
2 and ablating protein synthesis.23 In this study, a non-toxic
DTA fragment incorporating the K51E/E148K mutations24 was
used as a fusion partner for mST2 to limit the toxicity to the cells
secreting the antigen fusion protein.

Another vaccine carrier, tetanus toxin Fragment C is capable
of eliciting the production of antibodies when used as a fusion
partner for foreign antigens.25,26 It has been shown that the adju-
vant potency of the tetanus toxin relies on the presence of pro-
miscuous T-cell epitopes within the protein.27 The tetanus toxin
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molecule contains a number of T-cell epitopes that are repre-
sented by peptides including p2, p21, p23, p30 and p32. The
p30 peptide (FNNFTVSFWLRVPKVSASHLEQY) is a strong
immunogenic peptide that has been shown to consist of at least
three distinct overlapping helper epitopes, where each epitope is
recognized in association with multiple HLA class II alleles,
including those found in mice.27 In addition to p30, other T-cell
epitopes with the same ability to bind to the most common HLA
molecules have been identified, including p2 (QYIKANSKFI-
GITE), which contains a single T-cell epitope. These two T-cell epit-
opes have been used previously in DNA vaccines to enhance the
antigenicity of a number of antigens28 and were combined in tandem
to provide an alternative, smaller, fusion partner for mST2.

In this study, we incorporated two distinct T-cell epitopes
into a mouse immunogen, ST2, and used them to break immu-
nological tolerance in wild-type mice to enable the generation of
a panel of potent functional antibodies.

Results

Generation of active recombinant mST2 fusion proteins
The extracellular domain of mST2 containing either C-termi-

nal Fc, DTA or TT tags was expressed in suspension-adapted
CHO cells, and purified by virtue of a distal C-terminal hexahis-
tidine tag. The recombinant proteins were analyzed by SDS-
PAGE (Fig. S1) and migrate slightly slower than anticipated,
likely due to glycosylation by the host cells. In addition, an unre-
lated recombinant protein was generated with the equivalent tag
for each of the three fusions partners. The activity of the three
mST2 fusion proteins was confirmed by assessing their ability to
compete with biotinylated mST2-Fc fusion protein for binding
to mIL-33 in a homogenous time-resolved fluorescence (HTRF)
binding assay. Both the TT and DTA tagged mST2 proteins
inhibit the binding of labeled mST2-Fc fusion to mIL-33, and
this was comparable to that of the unlabelled mST2-Fc fusion
protein (Fig. S2), suggesting that the three recombinant proteins
had a similar conformation.

Mouse immunization and hybridoma generation
Mice were immunized with either Fc-, TT- or DTA-tagged

mST2, dosed at 10 mg following a 28 day immunization sched-
ule. The serum titers (pre-bleed and day 20) were measured using
an ELISA that detected binding to the immunized mST2 fusion
protein, and also to the unrelated protein with the equivalent tag.
Although good serum titers for the mST2-Fc fusion protein were
obtained at day 20, the levels were no higher than those that
bound the equivalent unrelated Fc- fusion protein (Fig. 1, panel
A). This suggests that the response was directed to the Fc region
rather than the mST2 domain of the immunogen, so no further
studies were conducted with these mice. In mice immunized
with the mST2-DTA fusion protein, there appeared to be a mod-
est increase in serum titers between the unrelated protein and
mST2-DTA (Fig. 1, panel C), whereas for the mST2-TT pro-
tein, a significant increase in serum titer to the mST2 fusion pro-
tein was obtained, when compared to the unrelated protein

(Fig. 1, panel B). This increase is conceivably due to the smaller
size of the TT tag compared to that of the DTA and Fc fusion
proteins. With a smaller tag, the number of B cell epitopes is
likely to be negligible, enabling the immune system to more
effectively generate antibodies to the antigen itself.

For antibody production, hybridomas were generated from
lymphocytes extracted from four of the immunized mice (TT 2,
TT 4, DTA 1 and DTA 3). Mice TT 2 and TT 4 were selected
as they had the highest serum titer to mST2-TT (Fig. 1). Three
of the mice from the DTA immunized group (DTA 1, DTA 2
and DTA 3) showed higher serum titers on the mST2-DTA
compared with the irrelevant DTA tagged protein. Of these 3
mice DTA 1 and DTA 3 were selected to represent the mST2-
DTA immunized group. Fusion material was plated into semi-
solid media containing an anti-IgG fluorophore-labeled antibody
to identify IgG-secreting colonies using the ClonePix FL. The
percentage of hybridoma colonies secreting IgG was calculated
and found to be greater in the mice immunized with mST2-
DTA compared with mST2-TT; 8–11% of hybridoma colonies
were IgG-secreting within the TT group and 38–39% for the
DTA group (Table 1).

Identification of functional anti-mouse ST2 antibodies
A total of 1,422 IgG-secreting hybridoma colonies were

grown in liquid culture for up to seven days and the IgG-contain-
ing conditioned media (supernatant) was collected. All superna-
tants were individually tested for binding to mST2-Fc in a
HTRF direct binding assay, and screened for their ability to
inhibit the binding of mST2-Fc to mIL-33. Two hundred and
sixty of the 1422 IgG-containing supernatants bound mST2 and
of these, 111 inhibited the interaction of mST2 with its ligand
mIL-33 using single point analysis (Table 1). mST2 binding
antibodies were identified from all four mice; however, it should
be noted here that the percentage of mST2-binding IgGs from
the TT 4 mouse was much lower compared with the other three
mice, and subsequently no mST2:mIL-33 inhibitor antibodies
were identified from mouse TT 4. Nevertheless, considering that
mice were immunized with a mouse protein, the percentage of
IgGs that bound mST2 (30, 2, 14 and 20%) was sufficient for
further analysis.

Table 1. Proportion of IgG secreting colonies, mST2 binding and mST2-mIL-
33 inhibiting IgGs from mST2-TT and mST2-DTA immunized mice. Lympho-
cytes were fused from mice TT 2, TT 4, DTA 1 and DTA 3. Following 10-
14 days of Azaserine-Hypoxanthine selection hybridoma colony number
and IgG secreting colonies were evaluated using data generated from the
ClonePix. All IgG-secreting hybridomas were picked and IgGs screened in
the mST2 binding and the mST2: mIL-33 competition HTRF assays

Mouse

TT 2 TT 4 DTA 1 DTA 3

Hybridoma colonies 1261 1282 906 2147
IgG secreting colonies 143 107 357 815
% of colonies IgG 11 8 39 38
mST2 binding IgGs 43 2 49 166
mST2:mIL-33 inhibitor IgGs 15 0 16 80
% of IgGs mST2 binding 30 2 14 20
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To assess the sequence diversity of the blocking antibodies
obtained, the variable regions of all 111 IgGs were sequenced,
and 81 unique sequences were identified. The 111 hybridoma
supernatants that inhibited the mST2/mIL-33 interaction were
then taken forward for IgG purification using a small-scale auto-
mated plate based method and confirmation of their inhibitory
activity (mST2-mIL-33 interaction) was performed at a single
sample dilution. From the 111 IgG preparations, 92 demon-
strated � 15% inhibition and 22 were identified that demon-
strated � 50% inhibition (Fig. 2A).

From this panel of 22 IgGs, a subset of 10 that represented
the output from 3 different immunizations (DTA 1, DTA 3
and TT 2) and were sequence-unique were chosen for further
in vitro testing (Table S1). The purified IgGs were titrated into
the mST2:mIL-33 HTRF competition assay (Fig. 2B) and dem-
onstrated IC50 values between 70 and 240pM (Table S2). Sub-
sequently, they were profiled in a cell-based functional assay
measuring IL-6 release from a mouse mast cell line, (MC/9).
Five of the 10 IgGs demonstrated dose-dependent inhibition

(Fig. 2C) with IC50 values of 290–780 pM. Interestingly, all
five inhibitory IgGs were isolated from mouse DTA 3, and
exhibited high sequence identity compared to the remaining
five IgGs which did not inhibit or demonstrated enhanced IL-6
release in the mouse mast cell assay (Table S3). This could sug-
gest that the inhibitory antibodies bind a distinct epitope essen-
tial for inhibiting ST2 activity in a biological system. The bias
observed for IgGs from the DTA 3 mouse in the final panel of
10 antibodies reflects the large number of IgG-secreting
colonies obtained from this immunization arm (Fig. S3).
Indeed, it is clear that, by starting with a larger proportion of
IgG-secreting hybridomas, as was the case for the DTA 3
mouse, the ability to obtain functionally potent IgGs is
increased. In selecting the final panel of 10 IgGs, however, we
adopted highly stringent criteria to reduce the number of IgGs
for further testing. This stringent choice led to the exclusion of
other potentially potent and diverse IgGs from the 3 other
responding mice that could also have provided a source of IgGs
for prospective studies.

Figure 1. The mST2-specific immune response from mice immunized with T-cell epitope containing antigens. Sera from immunized mice taken at day
20, after 3 injections with antigen, were analyzed for anti-mST2 antibody response by ELISA. In panel A serum from mST2-Fc immunized mice was ana-
lyzed for binding to mST2-Fc (white bars) and a Fc-tagged unrelated protein (gray bars). In panel B serum from mST2-TT immunized mice was analyzed
for binding to mST2-TT (white bars) and a TT tagged unrelated protein (gray bars). Likewise in panel C serum from mST2-DTA immunized mice was ana-
lyzed for binding to mST2-DTA (white bars) and a DTA tagged unrelated protein (gray bars). Serum titer is defined as the mean area under the curve for
the 5 point titration normalized to the anti-his control antibody for each protein. Error bars correspond to§ 1 standard deviation. Significance was deter-
mined by an unpaired t test *<0.05.

Figure 2. Selection of the most potent antibodies and characterization in biochemical and mouse mast cell assays. One hundred and eleven antibodies,
identified from the primary high throughput assay to inhibit mST2 binding to mIL-33 were purified and tested single point at one dilution (0.006% sam-
ple) in the receptor ligand competition HTRF assay (A). The dotted lines represent 15% and 50% inhibition. Ten IgGs denoted as red triangles were taken
forward for full characterization in the receptor ligand competition assay (B) and are shown to have IC50 values in this assay below 240 pM. These ten
antibodies were then tested for their ability to block IL-6 release from MC/9 cells. Supernatants from MC/9 cells stimulated with mIL-33 overnight were
assayed by ELISA for mIL-6 release. Data showing the percentage IL-6 response from cells treated with five inhibiting IgGs is presented, IC50 values in this
assay are all sub-nanomolar (C). Isotype control data shown is mIgG1. Error bars correspond to § 1 standard deviation (B, C).
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In vivo efficacy
The five inhibitory IgGs demonstrated equivalent in vitro

activity, and one of the five clones (ZY0NP0-E06) was empiri-
cally chosen to ascertain whether such an antibody was suffi-
ciently potent to elicit an effect in a disease-relevant mouse
model. Knock out studies have shown that the eosinophilia infil-
tration29 and induction of IL-530 following intranasal Alternaria
alternate challenge is ST2-dependent. To confirm this finding
and test the potency of the antibodies generated, BalB/c mice
were prophylactically dosed with 30 mg/kg ZY0NP0-E06 or iso-
type control 1 day and 1 hour prior to challenge. The anti-
mST2 antibody significantly reduced both the eosinophil infiltra-
tion and the induction of IL-5 in the bronchoalveolar lavage fluid
(BALf) measured 24 hours post-challenge (Fig. 3). This clearly
demonstrates that ZY0NP0-E06 is sufficiently potent to inhibit
the ST2 axis in vivo even when dosed systemically, demonstrat-
ing that immunization with T-cell epitope-containing immuno-
gens is sufficient to generate highly potent antibodies without the
need for further in vitro optimization.

Discussion

In this study, we sought to investigate the feasibility of gener-
ating functional antibodies via immunization of wild-type mice
to a self-protein, mST2, by genetically fusing it to a bacterial
toxin-derived protein (DTA) or peptides (TT) known to potenti-
ate immune responses. The serum response to these proteins was
compared to that obtained through the immunization of a con-
trol mST2 protein fused to the Fc domain of human IgG1.

The fusion of a non-native protein/peptide sequence to the N-
or C-terminus of a recombinant protein has the potential to

affect the expression level of that protein. Evidence suggests that
the fusion of proteins to maltose-binding protein or an IgG-
derived Fc fragment for example, serves to improve the level of
protein obtained in mammalian expression systems, whereas the
addition of other proteins or peptides to different termini can
have a detrimental impact on expression level.31 Although the
two toxin-based fusion partners used in this study had the poten-
tial to negatively influence the expression level of the mST2 pro-
tein, the levels of antigen obtained were well within the
acceptable range to enable sufficient material to be purified for
immunization. In choosing a non-toxic domain of diphtheria
toxin as a fusion partner for mST2, the likelihood of observing
toxicity in the expression host cell was minimised. Indeed, no
adverse effects on cell number or cell health were identified dur-
ing expression of this fusion protein, suggesting that it could be
used for other antigen fusion proteins. Another consideration for
the addition of protein or peptide tags to antigens for immuniza-
tion is the disruption of the antigen’s tertiary structure, which
could affect the presentation of appropriate B cell epitopes to the
mouse immune system. This was evaluated prior to immuniza-
tion by assessing the ability of the mST2 fusion proteins to com-
pete for the binding to its ligand mIL-33, with no measurable
impact of the two tags compared to the Fc-tagged protein
(Fig. S2).

There is contradictory evidence in the literature regarding the
relative merits of using a whole protein or domain vs defined T-
cell epitope-containing peptides as immunogenic fusion partners,
which is one consideration in choosing to investigate both DTA
and TT options in this study. Despite eliciting a lower specific
serum response than the TT-mST2 immunogen, the DTA-
mST2 protein was able to induce a very high percentage of IgG-
expressing hybridomas. This level of IgG secreting hybridomas

Figure 3. In vivo efficacy of antibody ZY0NP0-E06 in Alternaria alternata challenge model of asthma. ZY0NP0-E06 or isotype control (mIgG1) were dosed
at 30 mg/kg intra-peritoneal 1 day and 1 hour prior to intranasal challenge with 25 mg Alternaria alternata extract. Eosinophil numbers (A) and IL-5 levels
(B) were measured in the bronchoalveolar fluid 24 hr post-challenge. Error bars correspond to § standard error of the mean, and represent the compos-
ite of 2 independent experiments with 7–12 mice per group. Significance was determined by 1 way ANOVA with a Tukey’s multiple comparison test.
* 0.05 > p > 0.01, ** 0.001 > p > 0.01, *** 0.0001> p >0.001 and ****0.0001 > p.
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obtained with the mouse ST2 DTA fusion protein suggests a role
for the fusion protein in enhancing the immune response, and
could be explained by a number of factors. The addition of a
large protein domain to an antigen will increase the size of the
immunogen, which could influence in vivo half-life via avoidance
of hepatic clearance mechanisms.32 This, however, is probably
not the most convincing argument considering that the Fc fusion
protein (another large protein) demonstrated no specific serum
titer levels. Another important consideration is that the context
of the fusion partner may be important; in other words, the
fusion of the 2 protein moieties may provide further T-cell epito-
pes that would depend both on the sequence of the antigen itself,
the immunogenic carrier protein and any linker sequences.
Moreover, the role of intracellular processing may be a critical
one, in ensuring that the T-cell epitopes are processed appropri-
ately to enable binding to the MHC class II molecule and recog-
nition by the T-cell receptor.33 In presenting the intact DTA
molecule to the antigen-presenting cell, the processing and pre-
sentation of the T-cell epitopes contained within the DTA mole-
cule is likely optimal, increasing T cell help and thus IgG class-
switching. An alternative explanation is that there is a larger
number of, or more potent, T-cell epitopes within the intact
DTA protein compared to the two tandem TT epitopes that are
available to provide T cell help. It is likely the combination of all
the factors described above explain why immunizations with the
DTA fusion partner generated a higher number of IgG secreting
hybridomas. The advantage of generating such highly enriched
IgG-secreting hybridomas is self-evident; the larger the panel of
IgGs screened, the higher the chance of successfully obtaining
IgGs with the desired properties, as exemplified by the results
obtained in this study (Fig. S3).

The data described herein also suggests that, despite the lower
percentage of IgGs obtained from the mST2-TT hybridomas,
the proportion of these that bound mST2 from mouse TT 2 was
higher than both the mST2-DTA-treated mice. As the TT tag is
significantly smaller than the DTA tag, there will be fewer
“unproductive” B-cell epitopes to divert the immune system
from generating mST2-specific IgGs, and this is reflected in the
number of mST2-binding IgGs obtained from mouse TT 2. It
could be argued that the ideal fusion partner would combine the
benefits of both approaches used in this study, that is, the induc-
tion of class switching by powerful T-cell epitopes (as obtained
via the DTA tag) and the reduction of non-specific IgGs via a
smaller tag (as obtained with the TT tag; TT 2 mouse), enabling
the generation of large panels of specific IgG-secreting hybrido-
mas. To achieve this, the use of alternative peptide T-cell epito-
pes could be considered, for example, the PADRE epitope. This
is a synthetic universal pan HLA-DR-binding T-cell epitope
(PADRE), which binds with high affinity to most of the common
HLA-DR alleles in humans and is more potent than the tetanus
toxin p30 peptide.34 The sequence of PADRE is based on the
core sequence of the ovalbumin master T-helper peptide (aa
323–339), and it has been adapted to enable binding to the most
common human and mouse MHC class II molecules.35 In addi-
tion to the use of well-validated T-cell epitopes, there have been
significant efforts both in vitro36 and in silico37 to identify the

specific location of T-cell epitopes within proteins to enable the
replacement of large carrier molecules with their minimally
“active” peptide counterparts. These novel T-cell epitopes could
prove to be even more potent than those already described and
could provide the basis for alternative carrier molecules.

Nevertheless, by adopting the two alternative T-cell epitope-
containing antigens in this study, we were successful in generat-
ing a large number of mST2 binding antibodies, and several
highly potent antibodies that were active in biochemical and rele-
vant cell-based assays, without the need for further in vitro affin-
ity maturation. One of these antibodies also demonstrated
sufficient potency to inhibit eosinophilia infiltration and the
release of IL-5 in an in vivo disease model, enabling confirmation
of the ST2/IL-33 pathway in atopic responses. In conducting
this study, we have shown for the first time that, by incorporating
a T-cell epitope-containing moiety into a mouse immunogen, the
specific serum response that can be obtained via immunization in
wild-type mice can be significantly increased, presumably
through the engagement of optimal T cell help and subsequent
class switching. We have not compared this approach to the use
of other tags or alternative methods that are currently adopted
for increasing the immune response during vaccinations or for
the production of antibodies in mice. However, this is a straight-
forward method, which circumvents the need for laborious and
resource-intensive steps such as the generation of specific KO
mouse models, and provides an alternative strategy that can be
adopted widely for the generation of antibodies where breaking
tolerance in the mouse is of critical importance. Moreover, it
offers a potential way to increase the antibody response in mice
to antigens such as integral membrane proteins that have limited
extracellular epitopes. These proteins are often immunized in the
context of a transfected cell and, due to the low relative expres-
sion level, the specific responses observed are very low. By using
this approach to elicit a stronger immune response, the targeting
of important classes of molecules such as these with functional
and potent antibodies could be realized.

Materials and Methods

Generation of recombinant proteins
The cDNAs encoding the extracellular domain of mST2

(amino acid residues 1–332; Swiss-Prot Accession number
P14719) or unrelated tagged proteins were optimized for mam-
malian expression and synthesized by Life Technologies. The
cDNA fragment was cloned into a mammalian expression desti-
nation vector pDEST12.2 (Invitrogen) that had been modified
to encode a tripeptide linker (Ala-Ser-Gly) followed by either the
Fc domain of human IgG1, DTA (amino acid residues 26–218
of DT from corynebacteriophage; Swiss-Prot Accession number
P00589) plus K51E/E148K mutations, or two tandem tetanus
toxin epitopes (p2 and p30) separated by two amino acids as C-
terminal fusions. In addition, the plasmids encoded a hexahistine
tag at the very C-terminus, separated from the fusion partner by
a Gly-Ser dipeptide linker, to enable facile purification. The
fusion proteins were expressed in suspension-adapted CHO cells
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(mST2) or adherent HEK-EBNA cells (unrelated tagged pro-
teins) using polyethylenamine (Polysciences) as a transfection
reagent. Recombinant proteins were purified from cell culture
supernatant using Ni-NTA (Histrap HP column (GE Health-
care)) affinity chromatography followed by size exclusion chro-
matography (Superdex 75 column (GE Healthcare)).

Synthetic DNA constructs encoding amino acids 97–266 of
mIL-33 (Swiss Prot accession number Q8BVZ5) fused at the
C-terminus to a FLAG 10His tag (DYKDDDD-
KAAHHHHHHHHHH) were made by DNA2.0 and cloned
into the pJexpress404 expression vector. BL21(DE3) cells were
transformed with the plasmid and protein expression induced
with IPTG. Soluble protein was extracted using Bugbuster
Reagent with Benzonase (Novagen) and purified using Ni-NTA
(Histrap HP column (GE Healthcare)) affinity chromatography
followed by size exclusion chromatography (Superdex 75 column
(GE Healthcare)).

Immunization
Female CD1 mice (6–8 weeks) were injected subcutaneously

with 10 mg recombinant mST2 in Freund’s complete adjuvant
(Sigma). Three subsequent boosts of 10 mg recombinant mST2
in Freund’s incomplete adjuvant (Sigma) were administered
through subcutaneous injection 7, 14 and 22 days after the initial
prime. Two days after the fourth boost a final injection of 10 mg
recombinant mST2 in PBS was administered intraperitoneally.
Four days after the last injection mice were sacrificed and lymph
nodes harvested. All work was carried out to UK Home Office
ethical and husbandry standards under the authority of an appro-
priate project license.

Serum titer determination
Blood was collected via peripheral blood vessel on day 20 and

serum was recovered by centrifugation using serum separator
tubes (Microvette). Immune response to the antigen and immu-
nogenic tags were assessed by enzyme-linked immuno-sorbent
assay (ELISA). 96-well microtiter plates (Nunc) were coated with
5 mg/ml of antigen or the unrelated protein containing equiva-
lent tags (Fc, DTA, TT) and incubated overnight at 4�C. The
plates were blocked using 3% Marvel/PBS for 1 hr at room tem-
perature (rt). Anti-His control mAb (Genscript) was prepared at
2 mg/ml and serum samples diluted 1/200 in 3% Marvel/PBS.
After washing samples were serially diluted into the assay plates
in duplicate over 5 points and incubated for 1 hr at rt. After
washing, a 1:5000 dilution of horseradish peroxidase (HRP) con-
jugated goat anti-mouse IgG (g chain specific) (Sigma) was
added to each well and incubated at rt for 1 hr. Plates were
washed before adding 50 ml of TMB substrate (Sigma) to each
well and incubating for 10 min. The reaction was stopped by the
addition of 50 ml 0.5 M sulphuric acid and absorbance read at
450 nm using the EnVision plate reader (PerkinElmer). Data
was analyzed using Graph Pad Prism Software version 6.01 for
Windows (GraphPad Software, La Jolla California USA, www.
graphpad.com). Serum titer was determined, firstly by subtract-
ing the average buffer only control for each protein from the sam-
ple. Area under the curve was then determined for each titration

and the mean calculated. Finally values were normalized accord-
ingly by dividing by the anti-his control for each plate.

Hybridoma generation
Cells were isolated from lymph nodes by mechanical disrup-

tion using the gentleMACS dissociator (Miltenyi) and fused with
SP2/0 myeloma cells (ATCC) using a BTX electrofuser
(ECM2001). Following electrofusion cells were resuspended in
semi-solid selection media containing FITC conjugated anti-
mouse IgG monoclonal antibody (CloneMatrix concentrate
(Genetix), DMEM powder (Gibco), 20% FCS (SAFC), 2% glu-
taMAX (Gibco), 1% sodium pyruvate (Sigma), 1% penicillin/
streptomycin (Gibco), 10% hybridoma cloning factor (Roche),
2% oxaloacetate/pyruvate/insulin (Sigma), 2% hypoxanthine/
azaserine (Sigma), 11 mg/ml goat anti-mouse IgG-FITC (Jack-
son ImmunoResearch)). Media containing cells was divided into
omni trays (Nunc) and cells were allowed to grow at 37�C under
a 7.5% CO2-enriched atmosphere. 13–16 days following fusion
IgG secreting hybridomas were detected and picked into 96 well
plates (Costar) containing media (DMEM, 20% FCS, 2% gluta-
MAX, 1% penicillin/streptomycin, 10% hybridoma cloning fac-
tor, 2% oxaloacetate/pyruvate/insulin, 2% hypoxanthine and
thymidine (Sigma)) using the ClonePix robot (Molecular Devi-
ces). Hybridomas were allowed to grow for 3–7 d before superna-
tant was harvest from each well using the MiniTrak robot (Perkin
Elmer).

cDNA preparation and variable chain sequencing
Hybridoma mRNA for heavy and light chain variable regions

were isolated using Oligo (dT)25 magnetic beads (Novagen) in
combination with the kingfisher 96 automated magnetic separa-
tor (Thermo Scientific). Contaminating SP2/0 MOPC abVk
mRNA was removed by targeted digestion with RNaseH (NEB)
at 378C for 1 hr. Purified mRNA was transcribed to cDNA using
superscript III reverse transcriptase (Invitrogen) at 44�C for 1 hr
and then tailed with poly(G) by incubation with excess
dGTP and terminal transferase (NEB) at 37�C for 1 hr. Variable
light and heavy chain genes were amplified using Taq
polymerase (Thermo) in separate reactions using oligo(dC)25
and specific primers to either the CH1 or kappa constant
domain. Chain termination method was used to sequence the
PCR product.

IgG purification
Selected hybridomas were cultured in serum free media (HL-1

(Lonza), 2% HybER-Zero (Statins Serum Institute), 2% gluta-
MAX) for 10 d at 37�C under a 7.5% CO2-enriched atmo-
sphere. IgG was purified from the culture supernatants using
ProPlus resin bed Phytips (Phynexus) on the MiniTrak robot.
Absorbance of purified material was read using the EnVision
plate reader at 450 nm and IgG concentration determined using
mouse IgG isotype calibration curves. For column based purifica-
tions hybridomas were grown as above in 50 ml volumes, super-
natant was harvested and filtered prior to purification using
Protein G chromatography. Supernatants were loaded onto a
1 ml HiTrap Protein G column (GE Healthcare) and IgG eluted
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from the column using 0.1 M glycine-HCl pH 2.7. Eluted IgGs
were then buffer exchanged into 1x DPBS using a Nap10 col-
umns (GE Healthcare) and the concentration of IgG was deter-
mined spectrophotometrically.

mST2:mIL-33 receptor ligand competition HTRF assay
A biochemical assay using homogeneous time resolved fluores-

cence resonance energy transfer (HTRF) technology was estab-
lished to measure the binding of mIL-33 with a FLAG tag to
mST2 with a human Fc tag and labeled with biotin. Europium
cryptate conjugated anti FLAG IgG (Cisbio) is used as the donor
and streptavidin-XLent! (Cisbio) is used as the acceptor. Test
samples were incubated with 1 nM biotinylated mST2-Fc pre-
mixed with 5 nM streptavidin-XLent! and 0.3 nM FLAG tagged
mIL-33 pre-mixed with 0.5 nM europium cryptate conjugated
anti FLAG IgG for 4 hr at rt followed by 15 hr at 4�C. All
reagents were prepared in PBS, 0.8 M potassium fluoride and
0.1% bovine serum albumin (BSA). The fluorescence was mea-
sured on an EnVision plate reader using an excitation 320 nm fil-
ter with the emission filters 665 nm and 590 nm. The raw data
was initially analyzed using the equation 665 nm / 590 nm *
10,000 and was then expressed as %DELTA F using the equation
(sample ratio - negative control ratio / negative control ratio *
100). The % inhibition is calculated from the %DELTA F values
using the following equation % inhibition D 100¡((Sample ¡
negative control / Total ¡ negative control) * 100). In the
hybridoma supernatant assay, any IgG positive in the mST2
binding HTRF showing greater than 30% inhibition was taken
forward for purification. For IC50 determination purified IgG
samples were serially diluted into the assay using 3-fold dilutions
(in duplicate) over 11 points. The data was then analyzed using
GraphPad Prism with the following 4 parameter equation; Y D
Bottom C (Top ¡ Bottom) / (1 C 10^ ((LogIC50 ¡ X) * Hill-
Slope)). Where X is the logarithm of the sample concentration
and Y is the % inhibition.

mST2 binding HTRF assay
A biochemical assay using HTRF technology was established

to measure the binding of IgG test samples to mST2 expressed
with a human Fc tag using europium cryptate conjugated anti
human Fc IgG (Cisbio) as the donor and DyLight650 conjugated
anti mouse Fc IgG (Jackson ImmunoResearch) as the acceptor.
Test samples were incubated with 5 nM mST2-Fc pre-mixed
with 5 nM DyLight650 conjugated anti mouse Fc IgG and
0.9 nM europium cryptate conjugated anti human Fc IgG for
4 hr at rt followed by 15 hr at 4�C. All reagents were prepared in
PBS containing, 0.53 M potassium fluoride and 0.13% BSA.
The fluorescence was measured on an EnVision plate reader
using an excitation 320 nm filter with the emission filters
665 nm and 590 nm. The raw data was initially analyzed using
the equation 665 nm / 590 nm * 10,000 and was then expressed
as % DELTA F using the equation (sample ratio - negative con-
trol ratio / negative control ratio * 100). Samples with a binding
signal greater than 100% DELTA F were taken forward for fur-
ther analysis.

Inhibition of mST2 in a mouse mast cell line
IL-6 release from the mouse mast cell line MC/9 can be

achieved via IL-33 binding to mST2.38-40 The inhibition of IL-6
release by anti-ST2 antibodies was considered an appropriate
assay to assess functional activity in a cell line expressing native
mST2. MC/9 cells were cultured as per the manufacturer’s
instruction (ATCC). Media was changed on the MC/9 the day
prior to use. MC/9 cells were pre-incubated for 30 min with
anti-mST2 IgGs then stimulated overnight with 0.1 nM mIL-33
(Peprotech). Conditions were applied to duplicate wells. Super-
natants were collected and assayed by ELISA for mIL-6 (R&D
Systems). This was performed to manufacturer’s instructions but
used a Perkin Elmer Europium based detection. Briefly, Eu-N1
streptavidin (Perkin Elmer) was diluted in DELFIA Assay Buffer
(Perkin Elmer) and incubated for 40 min at rt protected from
the light. Following washing plates were incubated for 10 min in
DELFIA Enhancement Solution (Perkin Elmer). The fluores-
cence was then measured on an EnVision plate reader using exci-
tation and emission filters 340 and 615 nm, respectively. Data
was transformed to percentage mIL-6 response using Microsoft
Excel and IC50 values were generated from 4-PL curves plotted
using GraphPad Prism, where X is log IgG concentration and Y
is percentage mIL-6 release.

Alternaria alternata challenge mouse model
Female BALB/c mice (6–8 weeks) received either 25 mg of

Alternaria alternata (Greer, Lenoir, NC) or 50 ml vehicle, intra-
nasally. Mice were treated intraperitoneally, with anti mST2 anti-
body (ZY0NP0-E06, 30 mg/kg), isotype control (NIP228,
30 mg/kg) or vehicle (PBS, 10 ml/kg), at 24 hr and 1 hr prior to
intranasal challenge. Mice were culled 24 hr after challenge.
Bronchoalveolar lavage fluid (BALf) was collected by lavage (3 £
0.3 ml) via tracheal cannula. BALf was centrifuged, cells counted
and supernatant was analyzed for cytokines by ELISA (Meso
Scale Discovery, Rockville, MD). Differential cell counts (200
cells/slide) were performed on cytospin preparations stained with
Diff-Quik (Fisher Scientific, UK). All work was carried out to
UK Home Office ethical and husbandry standards under the
authority of an appropriate project license.
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