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Antigen/antibody complexes can efficiently target antigen 
presenting cells to allow stimulation of the cellular immune 
response. Due to the difficulty of manufacture and their inherent 
instability complexes have proved inefficient cancer vaccines. 
However, anti-idiotypic antibodies mimicking antigens have been 
shown to stimulate both antibody and T cell responses. The latter 
are due to T cell mimotopes expressed within the complementa-
rity-determining regions (CDRs) of antibodies that are efficiently 
presented to dendritic cells in vivo. Based on this observation we 
have designed a DNA vaccine platform called ImmunoBodyTM, 
where cytotoxic T lymphocyte (CTL) and helper T cell epitopes 
replace CDR regions within the framework of a human IgG1 
antibody. The ImmunoBodyTM expression system has a number of 
design features which allow for rapid production of a wide range 
of vaccines. The CDR regions of the heavy and light chain have 
been engineered to contain unique restriction endonuclease sites, 
which can be easily opened, and oligonucleotides encoding the 
T cell epitopes inserted. The variable and constant regions of the 
ImmunoBodyTM are also flanked by restriction sites, which permit 
easy exchange of other IgG subtypes. Here we show a range of T 
cell epitopes can be inserted into the ImmunoBodyTM vector and 
upon immunization these T cell epitopes are efficiently processed 
and presented to stimulate high frequency helper and CTL 
responses capable of anti-tumor activity.

Introduction

The aim of a cancer vaccine is to stimulate anti-tumor cellular 
immunity by inducing T cell responses. In order for this to be 
achieved, antigen presenting cells such as dendritic cells (DCs) 
process the vaccine and present epitopes on either MHC class I 
or MHC class II molecules, which react with the T cell receptor 
(TCR) of CD8 or CD4 T cells, respectively. T cells recognizing these 
complexes can then be activated as amplifiers of the response (CD4 
helper T cells) or as direct effectors (CD8 cytotoxic T lymphocytes) 
to attack the tumor cells. Stimulation of T cell responses also has 

implications for traditional monoclonal antibody (mAb) therapy 
as presentation of antibody/antigen immune complexes including 
tumor cells opsonized with mAb, could lead to cellular immune 
responses.1 Indeed, it is such effects that are sometimes evoked to 
explain the long term responses observed in lymphoma patients after 
therapy with the anti-CD20 antibody Rituximab (Rituxan).2

Immune complexes destined for immunization are notoriously 
difficult to manufacture and have low stability in vivo. However, 
anti-idiotypic antibodies can act like antigen/antibody complexes 
where the antigenic epitope is encoded within the variable region 
of the antibody whilst retaining the in vivo stability of monomeric 
antibody. Anti-idiotypic antibodies mimicking antigens have been 
shown to stimulate both antibody and T cell responses.3 The latter 
are due to T cell mimotopes expressed within their complementarity-
determining regions (CDRs) which are processed and presented on 
MHC antigens and stimulate a T cell response which can recognize 
the wild type epitope processed from the mimicked antigen.4 We 
have previously shown that a human monoclonal IgG1 anti-idiotypic 
antibody, 105AD7, isolated from a colorectal cancer patient who 
survived seven years with extensive liver metastases, can stimulate 
helper and cytotoxic T cell responses in over 300 cancer patients with 
no associated toxicity.5-22

Isolating anti-idiotypic antibodies expressing T cell mimotopes 
is difficult. However, it is possible to genetically modify antibodies 
to express B cell and T cell epitopes within their CDR regions.23,24 
The three CDR loops of the heavy and light chain variable regions 
interconnect β strands of conserved framework regions. All CDRs 
show a high level of sequence diversity and form a binding surface 
for antigen interaction.25,26 However, within their sequence there are 
a number of key residues present that make contact with portions of 
the framework or have side chains buried within the hydrophobic 
core.27-31 It is anticipated that removal of the CDR and its replace-
ment with epitopes would have a significant impact on folding and 
stability of the antibody. With the exception of H3, all CDRs are 
canonical in structures that are generally conserved in length and 
are involved in variable heavy and light chain scaffolding.27,32-34 
However, CDR3 is much more diverse both in sequence variability 
and in length.32,33 Replacement of CDR3 tends to have less impact 
on folding and secretion.35 We therefore made a series of DNA 
vaccines by substituting a number of CTL and helper epitopes within 
different CDRs and measured their ability to secrete antibody and 
stimulate T cell responses. This report shows that a DNA vaccine 
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demonstrated very little intact antibody or light chain but secretion 
of large amounts of the heavy chain.

To investigate whether multiple epitopes could be inserted into 
the CDRH3 site and still retain folding, HepB helper or TRP2 
CTL epitope repeats linked by triple alanines of varying lengths and 
hydropathicity were incorporated into this CDR. Hydropathicity 
plots show that the hydropathic profile of the wild type sequence 
in CDRH3 was maintained with replacement of the HepB epitope 
repeat in contrast to that of the TRP2 epitope repeat (Fig. 2C). In 
line with the hydropathicity prediction, secretion of intact antibody 
was maintained on insertion of the HepB epitope repeat of 29 amino 
acids, but not with insertion of the TRP2 epitope repeat of 21 amino 
acids (Table 4). All constructs whether they produced large amounts 
of intact antibody or not were then assessed as DNA vaccines for 
their ability to stimulate CTL and helper responses.

Large amounts of intact antibody is not required to stimu-
late T cell responses. As DNA can stimulate immune response 
by direct presentation (transfection of antigen presenting cells) or 
by cross presentation (secretion of protein which is then taken up 
by antigen presenting cells), it was of interest to assess if secretion 
of intact antibody was required to stimulate T cell responses. A 
construct containing the TRP-2 H-2Kb epitope in the CDRH3, 
which was secreted as intact antibody, was compared to a construct 
containing the same epitope in CDRH2, and which mainly secreted 
heavy chain. Both DNA vaccines were also compared to an intact 
protein version of the ImmunoBodyTM vaccine containing the 
epitope in CDRH3. C57Bl/6 mice were immunized three times at 
weekly intervals and splenocytes analyzed for the presence of epitope 
specific immune responses ex vivo by IFNγ elispot assay. The DNA 
construct that only secreted low amounts of intact antibody and 
high levels of free heavy chain had a significantly higher frequency 
T cell response compared to the DNA construct encoding intact 
antibody (p = 0.0011; Fig. 3A). However, both the DNA vaccines 
elicit higher frequency responses compared to mice immunized with 
the ImmunoBodyTM protein vaccine (p < 0.0001 and p = 0.0028). 
This may be due to the DNA vaccine stimulating immune responses 
by direct presentation, which does not rely on protein secretion. The 
leader sequence was therefore removed from the ImmunoBodyTM 
expressing the TRP-2 epitope within its CDRH2. Unexpectedly this 
resulted in a significant reduction in the CTL response (p = 0.0085), 
suggesting that direct presentation was not solely responsible for 
stimulating CTL responses and secretion of at least heavy chain is an 
advantage (Fig. 3B). The DNA could also be superior to the protein 
vaccine as it contains immunostimulatory CpG sites, which would 
also be true for a DNA vaccine encoding antigen.

ImmunoBodyTM DNA immunization elicits higher frequency 
responses than immunization with whole antigen DNA. 
Immunization with antigen may provide more efficient processing 
and presentation compared to epitope encoded within an antibody 
molecule. The ImmunoBodyTM construct containing the H-2Kb 
restricted TRP2 epitope in CDRH2 was therefore compared to 
DNA expressing whole murine TRP2 antigen. Immunization of 
C57Bl6 mice revealed significantly higher frequency responses 
elicited from the ImmunoBodyTM DNA compared to the whole 
antigen DNA in pcDNA3 vector (p = 0.0034) (Fig. 3C). To prove 
that the lack of response to whole antigen TRP2 was not due to the 
vector backbone, the complete murine TRP2 antigen sequence was 

encoding T cell epitopes within an antibody framework is an efficient 
method for stimulating T cell responses and generating a significant 
delay in tumor growth.

Results

To allow rapid development of antibodies expressing known T cell 
epitopes a vector expressing a human IgG1 antibody with its CDRs 
replaced by restriction sites was generated (Fig. 1).

Replacement of CDRs with unique restriction recognition 
sequences. With exception of the heavy CDR2 region that retains six 
amino acids, the CDRs of the deimmunized VH and VL chains were 
completely removed and exchanged for unique restriction enzyme 
sites. Selection of these sites was crucial as each site had to be unique 
for each CDR and not be present in the rest of the vector. Table 2 
lists chosen enzyme sites for all CDRs. These unique restriction 
sites were used to open up the DNA such that an oligonucleotide 
encoding an antigenic epitope could be inserted. Most framework 
sequence that was lost on generation of the restriction site was 
subsequently replaced by including these residues with the inserted 
epitope. Either one or more CDR regions were removed and replaced 
allowing generation of vectors that would allow single or multiple 
epitopes (from the same or different antigens) to be inserted.

Insertion of antigenic epitopes into CDR sites of single chain 
vectors. Epitopes can easily be inserted into any of the sites within 
the single chain vectors. A number of CD8 CTL and CD4 helper 
epitopes were inserted into the ImmunoBodyTM vectors (Table 3). 
Complementary oligonucleotides were designed to encode nucle-
otide sequence that on translation express the epitope (Table 2). 
Epitope insertions were confirmed by sequencing within the single 
vectors using the universal primer CMV forward. Once all epitopes 
have been incorporated into the VH and VL sites within the single 
vectors, they were transferred into the double expression vector 
pDCOrig (Fig. 1C) using HindIII/Afe1 and BamHI/BsiWI in frame 
with their respective human constant regions. pDCOrig contains 
both the heavy and light chain gene coding sequences combined 
within the same construct. Careful design of this vector has retained 
the unique restriction enzyme sites at the junctions of the variable 
and constant regions and provided a quick and easy method to create 
different combinations of the variable regions. These constructs were 
initially screened for protein secretion.

Protein secretion from CDR substituted antibodies. A range of 
helper and cytotoxic T cell epitopes were cloned into the different 
CDR regions of the ImmunoBodyTM vector. To determine if the 
ImmunoBodyTM constructs secreted intact, heavy or light chains 
CHO-S cells were transfected and tested for Ig secretion by ELISA 
(Table 4). Supernatants and corresponding purified protein were 
analyzed by western blotting (Fig. 2A and B). Purified intact antibody 
was apparent in purified and supernatant from all three constructs 
(Fig. 2A and B; lanes 1, 2, 3, 4, 5 and 6 respectively). However 
larger amounts of free heavy chain were detected when TRP2 was 
grafted into CDRH2 alongside gp100 210M in CDRH1 and the 
CD4 HepB helper epitope in CDRL1 (Fig. 2A lane 3; B lanes 3  
and 4). Secretion of intact antibody was also detected by ELISA 
(Table 4) from the wild type ImmunoBodyTM containing native 
CDRs as well as those substituted with CTL or helper epitopes in 
CDRH3 or CTL epitopes within CDRL3. In contrast substitu-
tion of helper or CTL epitopes in CDRL1, CDRH1 or CDRH2  
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Figure 1. For figure legend, see page 74.

engineered into the same expression vector as the ImmunoBodyTM 
construct. The change in vector backbone still failed to induce a 
response from whole TRP2 antigen comparable to that observed 
with ImmunoBodyTM DNA (p = 0.0055). These results suggest that 
an ImmunoBodyTM expressing TRP-2 epitope is more efficient at 
stimulating CTL responses than a DNA vaccine encoding antigen, 
possibly due to less competing epitopes within the inert antibody 
carrier. To ensure that the optimal response was being stimulated 

by the ImmunoBodyTM vaccine single and multiple immunizations 
were compared.

ImmunoBodyTM DNA immunization requires a prime boost 
regime for generation of optimal responses. The majority of 
immunization regimes to date involve the use of prime and boost 
schedules which are believed to induce better immune responses. To 
address this in the context of the ImmunoBodyTM DNA vaccine, 
C57Bl/6 mice were given a single immunization and responses 
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was significantly increased after three immunizations compared to 
control (p = 0.0043), and this was significantly better than a single 
immunization (p = 0.006). As three immunizations led to generation 
of the strongest immune response, the persistence of this response 
was assessed using this regime. C57Bl/6 mice were immunized three 
times with ImmunoBodyTM DNA and immune responses analyzed 
at day 20 and day 48 post primary immunization. A parallel group 
was given a booster at day 42 post primary immunization. High 
frequency responses observed at day 20 post primary immunization 
(p = 0.0043) were dramatically reduced in frequency at day 48, but 
were still significant compared to control (p = 0.0024). However, 
administration of a booster immunization at day 42 induced rapid 
expansion and recovery of the response (Fig. 3E). Although strong 
CTL responses were stimulated by ImmunoBodyTM vaccination,  
it was unclear if CD4 help would enhance these responses.

Does human Fc provide xenogenic help? Although Immuno-
BodyTM was very efficient at stimulating CTL responses, it was 
unclear if these responses required linked CD4 help. Mice were 
therefore immunized with a DNA vector encoding only heavy 
chain containing either H-2Kb restricted TRP2 epitope or HLA-A2 
restricted gp100 210M epitope. High frequency CTL responses were 

were analyzed at 7, 14 or 20 days post immunization. No epitope 
specific responses were observed (data not shown); therefore it was 
deduced that a prime and boost would be necessary. C57Bl6 mice 
were subsequently immunized at days 0 and 7 or 0, 7 and 14 with 
ImmunoBodyTM DNA, and epitope specific responses were analyzed 
at day 20 post primary immunization by IFNγ elispot assay. Figure 
3D demonstrates that responses were detectable after two immuni-
zations although these were not significant over control. Frequency 

Figure 1. Construction of the ImmunoBodyTM double expression vector pDCOrig. (A) Heavy chain vector pOrigHIB. The wild type DeImmunised VH region 
of antibody SC100 was cloned using HindIII/AfeI in frame with the human IgG1 Fc constant region. The Fc region comprises the CH1, CH2, CH3 domains 
and the hinge region. High-level expression in mammalian cells is driven from the CMV immediate early promoter. BGH polyadenylation signals downstream 
of the OrigHIB human IgG1 chain to ensure mRNA stability and effective termination. EM7 is a bacterial promoter that controls expression of the zeocin 
resistance gene allowing antibiotic selection in E. coli while the SV40 early promoter upstream of the resistance gene allows selection in mammalian cells. 
SV40 polyadenylation signals downstream of the resistance gene in order to direct proper processing of the 3'end of the zeor mRNA. The vector also con-
tains within its backbone the ColE1 origin of replication for propagation in bacteria. (B) Light chain vector pOrigLIB. The wild type deimmunized VL region 
of antibody SC100 was cloned using BamHI/BsiWI in frame with the human kappa constant region. High-level expression in mammalian cells is driven 
from the CMV immediate early promoter. BGH polyadenylation signals downstream of the OrigLIB chain to ensure mRNA stability and effective termination. 
The vector also includes the ColE1 origin of replication and the antibiotic resistance gene for ampicillin allowing propagation and selection in bacteria.  
(C) Double expression vector pDCOrig. Once all epitopes have been incorporated into the VH and VL sites within the single vectors they are transferred into 
the double expression vector utilizing as highlighted HindIII/AfeI and BamHI/BsiWI in frame with their respective human constant regions. The Fc region of 
the heavy chain comprises of the CH1, CH2, CH3 domains and the hinge region. High-level expression of both the heavy and light chains in mammalian 
cells is driven from the CMV immediate early promoter. (D) Complimentary determining DNA sequences were removed by overlapping PCR and exchanged 
for the unique restriction sites RE1, RE2 and RE3 (EcoRV, SspI and HpaI) within the single light chain and heavy chain constructs RE4, RE5 and RE6 (FspI, 
MscI and SrfI respectively) singly and in combination.

Table 1 Primers used in this study

Oligonucleotide Sequence
H1 FspI
 5'-CCT GAG AAT GTC CTG CTG CGC AGG CTC 
 CGG GGA AG-3'
H2 MscI
 5'-CAT TGG TAG TGG TGG CCA TTT CCA GAG 
 AC-3'
H3 SrfI
 5'-CCG TGT ATT ACT GTG CCC GGG CCA AGG 
 AAC CAC GGT C-3'
L1 EcoRV
 5'-GGA GCC AGC CTC GAT ATC TGC AGA AAC 
 CAG GC-3'
L2 SspI
 5'-CCA CAG CTC CTA ATA TTC AGT GGC AGT 
 GGA TC-3'
L3 HpaI
 5'-GCT GAG GAT ACC GGA GTT AAC CAA 
 GGT GGA AAT C-3'
huHeClonR 5'-CGC CTG AGT TCC ACG ACA CC-3'
huLiClonR 5'-CAG GCA CAC AAC AGA GGC-3'
CMV Forward 5'-GGC GTG GAT AGC GGT TTG AC-3'
moIgG2aC1AfeFor 5'-TTT ACA GCG CTA AAA CAA CAG CCCCAT 
 CGG TC-3'
moigG2aXbaRev 5'-TCT AGA TCA TTT ACC CGG AGT CCG GGA 
 GAA GCT C-3'
moLC1BsiFor 5'-TTT CGT ACG GAT GCT GCA CCA ACT GTA 
 TCC-3'
moLCXhoRev 5'-TTT CTC GAG TCA ACA CTC ATT CCT GTT 
 GAA GC-3'

Table 2  List of CDR replacement enzymes and epitope 
oligonucleotides sequences

CDR RE site Epitope oligo
H1 Fsp I 5'NNNNNNTGGGTTCG3'
  3'NNNNNNACCCAAGC5'
H2 Msc I 5'TNNNNNNCGATTCA3'
  3'ANNNNNNGCTAAGT5'
H3 Srf I 5'GANNNNNNTG3'
  3'CTNNNNNNAC5'
L1 Eco RV 5'CTCTTGCNNNNNNTGGT3'
  3'GAGAACGNNNNNNACCA5'
L2 Ssp I 5'CTACNNNNNNAG3'
  3'GATGNNNNNNTC5'
L3 Hpa I 5'TATTACTGCNNNNNNTTCGGTGGAGG3'
  3'ATAATGACGNNNNNNAAGCCACCTCC5'

N represents epitope DNA sequence. The remaining letters represent framework nucleotides that need to 
be incorporated.
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Table 3 CTL and helper epitopes

Protein Co-ordinates Sequence HLA restriction
TRP2 180–188 SVYDFFVWL A2, Kb
  agtgtttatgatttttttgtgtggctc
gp100 209–217 ITDQVPFSV A2
  accattactgaccaggtgcctttctccgtg
gp100 (210M-heteroclitic) 209–217 (M) IMDQVPFSV A2
  accattatggaccaggtgcctttctccgtg
gp100 44–59 WNRQLYPEWTEAQRLD DR4
  tggaacaggcagctgtatccagagtggacagaagcccagagacttgac
HepB S Ag 28–39 IPQSLDSWWTSL Kd (CTL)
  ataccgcagagtctagactcgtggtggacttctctc
HepB nucleoprotein 128–140 TPPAYRPPNAPIL
  actcctccagcttatagaccaccaaatgcccctatccta I-Ab (helper)
Mage3 271–279 FLWGPRALV A2
  ttcctgtggggtccaagggccctcgtt
Tie2 (Z84) 124–132 FLPATLTMV A2
  ttcctaccagctactttaactatggtt
Flu HA 111–120 FERFEIFPKE I-Ad (helper)
  tttgaaaggtttgagatattccccaaggaa
ovalbumin 258–265 SIINFEKL Kb
  agtataatcaactttgaaaaactg
Triosephosphate Isomerase (mI) 23–37 GELIGILNAAKVPAD DR1
  ggggagctcatcggcactctgaacgcggccaaggtgccggccgac
Telomerase 572–580 YLFFYRKSV A2
  tacctcttcttctaccgtaagagtgtg
Telomerase 988–997 YLQVNSLQTV A2
  tacttgcaggtgaacagcctccagacagtc
VEGFR2 (wildtype) 773–781 VIAMFFWLL A2
  gtgattgccatgttcttctggctactt
VEGFR2 (heteroclitic) 773–781 VLAMFFWLL A2
  gtgcttgccatggttcttctggctactt

Table 4 ImmunoBodyTM protein secretion

DCIB          DNA construct     IB expression 
no. H1 site H2 site H3 site L1 site L2 site L3 site H chain* L chain¥ Intact IB§

IB14 wt wt wt wt wt wt +++ +++ +++
IB78 wt TRP2 wt wt wt wt +++ +++ -
IB31 wt wt TRP2 wt wt wt +++ ++ ++
IB75 wt wt TRP2AAATRP2 wt wt wt ++ +++ -
IB36 wt wt wt wt wt TRP2 +++ + +
IB80 wt wt wt wt wt TRP2AAATRP2 +++ - -
IB49 wt wt HepB wt wt wt +++ +++ +++
IB79 wt wt wt wt wt HepB +++ - -
IB18 wt TRP2 wt HepB wt wt +++ - -
IB32 wt wt TRP2 wt wt HepB +++ - -
IB82 wt wt HepBAAAHepB wt wt wt +++ +++ +++
IB76 wt wt HepB wt wt TRP2 +++ + +
IB15 gp100 210M TRP2 wt HepB wt wt +++ - -

+++ High expression; ++ Medium expression; + Low expression. *Heavy chain secretion was detected using a sandwich Elisa specific for heavy chain only. ¥Light chain secretion was detected using a sandwich Elisa 
specific for light chain only. §Intact ImmunoBodyTM secretion was measured using a heavy chain specific capture anti-serum and a light chain specific detection antibody.
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restricted TRP-2 epitope in its 
CDRH2 and the I-Ab restricted 
HepB epitope in its CDR1L1 
was replaced with the equiva-
lent murine IgG2a regions. This 
construct was assessed for secre-
tion of heavy and light chains, 
and demonstrated identical secr-
etion patterns to the human 
IgG1 equivalent (DCIB18;  
Table 4). The murine IgG2a 
construct was screened for gen-
eration of immune responses. 
Although this construct still gave 
high frequency CTL and helper 
responses, these were not as strong 
as responses from the equivalent 
human construct (p = 0.0003), 
suggesting that the xenogenic 
Fc was providing help (Fig. 4B). 
An HLA-DR4 restricted gp100 
epitope was then incorporated 
into the mouse IgG2a construct 
to provide linked help for CTL 

generation. This construct elicited high frequency CD8 and CD4 
epitope specific responses (Fig. 4C) in HLA-DR4 transgenic mice 
that were comparable to those elicited by the human IgG1 construct. 
These results demonstrate that CTL responses can be stimulated in 
the absence of linked CD4 help, but that its presence is required 
for optimal responses. However, strong helper responses can also 
be generated from epitopes incorporated within the light chain.  
As antigen specific help is required to set up chemokine gradients 

still generated from both constructs compared to control (p = 0.0031 
and p = 0.0004 respectively; Fig. 4A). This implied that either CD4 
help is not required or that the human Fc region which is xenogenic 
in mice is providing linked foreign help.

The ImmunoBodyTM vector design allows for the IgG constant 
region to be removed by a simple restriction digest and replacement 
with different IgG constant regions. The human IgG1 and kappa 
constant regions of the ImmunoBodyTM encoding the H-2Kb 

Figure 2. Antibody secretion. (A) 
A total of 2 μg of purified protein 
(lanes 1, 3 and 5) and superna-
tant from transfected CHO-S cells 
(lanes 2, 4 and 6) were loaded 
onto a 12% SDS-PAGE gel and 
subjected to electrophoresis under 
non-reducing conditions. Wild type 
ImmunoBodyTM antibody is shown 
in lanes 1 and 2, TRP2 grafted into 
the CDRH2 site alongside the gp100 
210M CTL in CDRH1 and HepB 
help CD4 epitope in CDRL1 in lanes 
3 and 4 and the TRP2 CTL epitope in 
CDRH3 in lanes 5 and 6. The nitro-
cellulose blot was incubated with a 
HRP goat anti human IgG Fc specific 
antibody. (B) Western blot analysis 
was carried out as above however 
the nitrocellulose blot was incubated 
with a HRP anti human kappa light 
chain antibody. (C) Hydropathicity 
plots of CDRH3 within the wild type 
ImmunoBodyTM heavy chain and 
those incorporating CTL (TRP2) and 
CD4 (HepB help) epitopes. The Kyte 
and Doolitle70 hydropathicity index 
was utilized to calculate the hydro-
pathicity distribution.
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construct when delivered as a DNA vaccine. The CDRL1 site was 
replaced with the I-Ab restricted helper epitope from the Hep B 
surface antigen, the I-Ad restricted helper epitope from the influ-
enza haemagglutinin or the human HLA-DR4 epitope from the 
melanoma associated antigen gp100 (Table 3). C57Bl/6, Balb/c 
or HLA-DR4 transgenic mice were immunized three times at 
weekly intervals with ImmunoBodyTM DNA via the gene gun. 

within tumors to allow extravasation of CTL responses, it may be 
preferable to engineer helper epitopes within both the heavy and 
light chains. Multiple helper epitopes where therefore cloned into 
different CDR sites within ImmunoBodyTM and screened for their 
ability to stimulate helper responses.

Helper responses can be generated from different epitopes 
cloned within the CDRL1 or CDRL3 region of an immunoBodyTM 

Figure 3. For figure legend, see page 78.
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responses in C57Bl/6 mice (p < 0.0001) (Fig. 5B); however, the 
telomerase epitope again failed to stimulate any response.

The CDRH3 site was also replaced with the H-2Kb/HLA-A2 
restricted epitope from TRP-2 or wild type and heteroclitic HLA-A2 
restricted epitopes from VEGFR2 (Table 3). The TRP-2 epitope 
was processed and presented from the ImmunoBodyTM construct to 
generate epitope specific T cell responses in C57Bl/6 mice compared 
to control (p < 0.0001), but ImmunoBodyTM constructs containing 
the VEGF epitopes failed to stimulate any response in HLA-A2 
transgenic mice (Fig. 5C).

In order to confirm that responses were mediated by CD8 cells, 
CD8 positive cells were depleted prior to analysis in IFNγ elispot 
assay from mice immunized with a construct containing H-2Kb 
restricted TRP2 epitope in CDRH2 and HepB helper epitope 
in CDRL1. Depletion of CD8 T cells lead to abolition of the 
TRP2 specific responses (p < 0.05), but did not affect the HepB 
helper peptide specific responses, suggesting that the TRP2 specific 
responses is mediated by CD8 T cells (Fig. 5D). These results 
suggested that ImmunoBodyTM could stimulate CTL response 
to some, but not all, inserted epitopes. To assess the possibility of 
stimulating multiple CTL responses, several CTL epitopes were 
engineered into the same construct.

Multiple CTL responses can be generated from different 
epitopes within the same immunoBodyTM construct. To avoid 
potential outgrowth of antigen loss variants following vaccination 
against a single antigen, multiple epitopes from different anti-
gens were cloned within different CDRs. The HLA-A2 restricted 
heteroclitic gp100 210M epitope was engineered into the CDR 
H1 site alongside the HLA-A2 restricted TRP2 epitope in the 
CDR H2 site of the same construct. The HepB CD4 epitope was 
present in the CDR L1 site. HLA-A2 transgenic mice were immu-
nized three times at weekly intervals by intradermal immunization 
with ImmunoBodyTM DNA via the gene gun. Splenocytes were 
subsequently analyzed by IFNγ elispot for the presence of epitope 
specific CD8 and CD4 responses. Figure 5E shows that signifi-
cant responses are generated to the gp100 210M and TRP2 CD8 
epitopes as well as the HepB CD4 epitope (p < 0.0001). To assess 
if the cellular immune responses generated by ImmunoBodyTM 
were strong enough to inhibit tumor growth, an ImmunoBodyTM 
expressing the TRP-2 CTL epitope and the HLA-DR4 gp100 
helper epitope were used to immunize C57BL mice who were 
subsequently challenged with B16 tumor.

ImmunoBodyTM immunization prevents tumor growth. 
ImmunoBodyTM DNA immunization is capable of generating 
high frequency CD8 and CD4 epitope specific T cell responses.  

Splenocytes were subsequently analyzed for the presence of epitope 
specific responses ex vivo in IFNγ elispot assay. All three epitopes 
were processed and stimulated significantly higher frequency T 
cell responses in C57Bl/6, Balb/c or HLA-DR4 transgenic mice 
compared to control (p < 0.0001, p < 0.0001 and p = 0.0004 
respectively; Fig. 4D).

The CDRL3 site was also substituted with the I-Ab restricted 
helper epitope from the HepB surface antigen, the human HLA-DR4 
epitopes from the melanoma associated antigens gp100, tryrosinase 
or the HLA-DR1 restricted epitope from the melanoma antigen 
Triosephosphate isomerize (TPI) (Table 3). C57Bl/6, HLA-DR4 
transgenic or HLA-DR1 transgenic mice were immunized with 
ImmunoBodyTM DNA via gene gun. All three epitopes from mela-
noma associated antigens stimulated high frequency T cell responses 
in HLA-DR4 and HLA-DR1 transgenic mice compared to control 
(p = 0.0005, p = 0.05 and p = 0.05 respectively; Fig. 4E).

ImmunoBodyTM vaccines can therefore stimulate helper responses 
to a wide range of epitopes encoded within a range of heavy and light 
chain CDRs. To see if a similar wide diversity of CTL responses 
could be generated a range of CTL epitopes were encoded within a 
range of CDRs and the constructs screened for their ability to stimu-
late CTL responses.

CTL responses can be generated from a wide range of different 
epitopes. Although secretion of intact antibody was not required for 
stimulation of CTL responses to the TRP-2 epitope, it was unclear 
if this could be repeated with other CTL epitopes. The CDRH1 
site was therefore replaced with HLA-A2 restricted epitopes from 
the tumor associated antigen gp100, telomerase, Tie-2 or MAGE-3 
(Table 3). ImmunoBodyTM constructs containing the heteroclitic 
gp100 210M epitope and the heteroclitic Tie-2 epitope (Z84) 
stimulated high frequency T cell responses in HLA-A2 transgenic 
mice compared to control (p < 0.0001 and p = 0.02 respectively) 
(Fig. 5A). However specific responses were unable to be generated  
for the telomerase, wild type gp100 and MAGE-3 epitopes.

The CDRH2 site was also substituted with the H-2Kb restricted 
epitope from ovalbumin, the H-2Kb/HLA-A2 restricted epitope from 
the melanoma-associated antigen TRP-2, two telomerase HLA-A2 
restricted epitopes or the H-2Kd restricted epitope from the Hep B 
surface antigen (Table 3). Mice immunized with ImmunoBodyTM 
constructs containing the TRP-2 epitope stimulated high frequency 
T cell responses in both C57Bl/6 and HLA-A2 transgenic mice 
compared to control (p < 0.0001) (Fig. 5B). ImmunoBodyTM 
construct containing the Hep B epitope stimulated significant 
epitope specific T cell responses in Balb/c mice (p < 0.0001), and 
the ovalbumin epitope stimulated high frequency epitope specific 

Figure 3. ImmunoBodyTM DNA immunization. (A) C57Bl/6 mice were immunized at days 0, 7 and 14 with an ImmunoBodyTM protein containing the H-2Kb 
epitope in the CDRH3 site (n = 6) or the equivalent DNA (intact) (n = 12) or ImmunoBodyTM DNA containing the H-2Kb restricted TRP2 epitope in CDRH2 
(non associated; n = 9). On day 19 splenocytes from immunized mice were analyzed ex vivo for the presence of epitope specific responses. Responses 
are measured as spots/million splenocytes. (B) C57Bl/6 mice were immunized on days 0, 7 and 14 with an ImmunoBodyTM DNA construct containing 
TRP2 epitope in CDRH2 with or without leader sequence. On day 19 splenocytes were analyzed by IFNγ elispot assay against TRP2 peptide in triplicate. 
Responses are measured as spots/million splenocytes and normalised against an irrelevant peptide control (n = 4). (C) C57Bl/6 mice were immunized at 
days 0, 7 and 14 with an ImmunoBodyTM DNA containing the H-2Kb epitope in the CDRH2 site (n = 6) or whole murine TRP2 antigen in pcDNA3 (n = 6) 
or pOrig vectors (n = 6). On day 19 splenocytes from immunized mice were analyzed ex vivo for the presence of epitope specific responses. Responses 
are measured as spots/million splenocytes. (D) C57Bl/6 mice were immunized with human IgG1 DNA containing TRP2 epitope in CDRH2 at days 0 and 7 
(n = 6), or 0, 7 and 14 (n = 6). Splenocytes were analyzed on day 19 for the presence of TRP2 epitope specific responses by IFNγ elispot. Responses are 
measured as spots/million splenocytes. (E) C57Bl/6 mice were immunized with ImmunoBodyTM DNA at days 0, 7 and 14 via gene gun (n = 6). Responses 
were analyzed at day 20, day 48 post primary immunization. A parallel group of mice was boosted at day 42 (n = 6). Responses were tested in ex vivo 
elispot assay against TRP2 peptide and an irrelevant control in triplicate. Responses are measured as spots/million splenocytes. All results are an average 
of two independent experiments.
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Figure 4. Linked help is required for optimal CTL 
responses. (A) C57Bl/6 or HLA-A*0201 transgenic 
mice were immunized at day 0, 7 and 14 with 
ImmunoBodyTM heavy chain only DNA constructs con-
taining the H-2Kb restricted TRP2 epitope in CDRH2 
or the HLA-A*0201 restricted gp100 210M epitope 
in CDRH1. On day 19, splenocytes were analyzed 
by IFNγ elispot assay against gp100 210M peptide, 
TRP2 peptide and control. Responses are measured 
as spots/million splenocytes (n = 6). (B) C57Bl/6 
mice were immunized at days 0, 7 and 14 with an 
ImmunoBodyTM DNA containing the H-2Kb restricted 
TRP2 epitope in CDRH2, the HLA-A*0201 restricted 
epitope gp100 210M in CDRH1 and the I-Ab 
restricted HepB helper epitope in CDRL1 with either 
human IgG1 or murine IgG2a constant domains. On 
day 19, splenocytes were analyzed by IFNγ elispot 
assay against TRP2 peptide, HepB helper peptide 
and control. Responses are measured as spots/million 
splenocytes (n = 6). (C) HLA-DR*0401 transgenic 
mice were immunized at days 0, 7 and 14 with an 
ImmunoBodyTM DNA containing the gp100 DR4 
epitope in CDR H1, TRP2 epitope in CDR H2 and 
gp100 DR7 epitope in CDR H3 with either human 
IgG1 or murine IgG2a constant domains. On day 
19, splenocytes were analyzed by IFNγ elispot assay 
against TRP2 peptide, gp100 DR4 helper peptide and 
control. Responses are measured as spots/million sple-
nocytes (n = 6). (D) C57Bl/6 (n = 48), Balb/c (n = 9) 
or HLA-DR*0401 (n = 6) transgenic mice were immu-
nized on days 0, 7 and 14 with an ImmunoBodyTM 
construct containing either I-Ab restricted HepB, I-Ad 
restricted Influenza or HLA-DR*0401 restricted gp100 
epitopes in CDR L1. On day 19 splenocytes were ana-
lyzed by IFNγ elispot assay against HepB, Influenza 
or gp100 helper peptides and an irrelevant control. 
Responses are measured as spots/million spleno-
cytes. (E) C57Bl/6 (n = 6), HLA-DR*0101 (n = 6) or 
HLA-DR*0401 (n = 6) transgenic mice were immu-
nized on days 0, 7 and 14 with an ImmunoBodyTM 
construct containing either I-Ab restricted HepB or 
HLA-DR*0401 restricted gp100 or tyrosinase or HLA-
DR*0101 restricted triosephosphate isomerase (TPI) 
epitopes in CDR L3. On day 19 splenocytes were 
analyzed by IFNγ elispot assay against HepB, gp100, 
TPI or tyrosinase helper peptides and an irrelevant 
control. Responses are measured as spots/million 
splenocytes. All results are an average of at least two 
independent experiments.

mice were immunized with ImmunoBodyTM 
DNA three times at weekly intervals, and then 
they were challenged with B16F1 tumor cells. 
The results (Fig. 6) demonstrated that mice 
immunized with ImmunoBodyTM DNA vaccine 
have significantly slower tumor growth at day 22 
post tumor implant (p = 0.0016) compared to 

animals immunized with control ImmunoBodyTM DNA containing 
no T cell epitopes.

Discussion

Several groups have used antibodies as vectors, replacing 
CDRH3 with helper and B cell epitopes which stimulated immune 
responses.23,24,37-39 Zaghouani et al. also attempted to replace  

Evidence suggests that the presence of antigen specific CD4 help 
alters the chemokine gradient and enhances extravasation of T cells 
into the tumor site. Therefore, the tumor specific H-2Kb restricted 
TRP2 CD8 epitope and HLA-DR4 restricted gp100 CD4 epitope 
were engineered into the CDRH2 and CDRH3 sites, respectively. 
This construct was analyzed for its ability to prevent the growth of 
the aggressive B16F1 melanoma line in vivo. HLA-DR4 transgenic 



© 20
09

 LA
NDES

 B
IO

SC
IE

NCE.
 D

O N
OT D

IS
TR

IB
UTE

.

Antibodies designed as effective cancer vaccines

80 mAbs 2009; Vol. 1 Issue 1

do not result in presentation of T cell epitopes via MHC class I due 
to the lack of intersection with the endogenous pathway of processing 
and presentation. More recent studies linking T cell epitopes to a Fab 
targeting the high affinity receptor FcγR1,42 our own studies with a 
human anti-idiotypic antibody expressing T cell mimotopes5,20,21 or 

CDRH3 with class I restricted CTL epitopes. Although they showed 
that transfectomas expressing recombinant Ig encompassing an MHC 
class I CTL epitope from the nucleoprotein of influenza virus (NP-Ig) 
were capable of inducing CTL responses, the purified Ig was unable to 
do so.40,41 It was concluded that FcyR initiated processing pathways 

Figure 5. For figure legend, see page 81.
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that killed tumor cells expressing CEA.19 Immature circulating DCs 
in the blood express only low levels of FcγRI to avoid binding serum 
Ig; its expression is transiently upregulated by IFNγ on extravasation 
into inflamed tissue.48,49 It can then bind, internalize and process 
any IgG whether free or forming small immune complexes within 
the inflamed tissue. FcγRI is then downregulated, and the activated 
DCs migrate to the local draining lymph node and present antigen. 
In contrast, larger immune complexes can be cross presented by 
FcγRIIa (FcγRIV in mice), but only if the inhibitory FcγRIIb 
receptor is blocked or downregulated.50 Recent studies with the 
mouse IgG2b expressing the NP CTL epitope (NP-Ig) have shown 
that it is possible to stimulate CTL responses to this antibody if it 
is co-administered with the TLR agonist dsRNA which upregulates 
FcγRIV and downregulates FcγRIIb.51 In contrast, we have shown 
that immunising with a DNA vaccine incorporating CTL and helper 
epitopes within a human IgG1 or mouse IgG2a framework without 
any additional adjuvants stimulates strong responses to a wide range 
of epitopes.

ImmunoBodyTM is an antibody vector system which allows 
rapid insertion of T cell epitopes into a variable region that can be 
exchanged between isotypes. This has been achieved by developing 
human IgG1/murine IgG2a double expression vectors with 1–6 
CDRs replaced with restriction endonuclease sites. This allows 
quick insertion of any oligonucleotides expressing single or multiple 
epitopes. In this report we have shown that it is possible to express 
CTL epitopes from a range of viral (Hep B surface antigen), foreign 
(ovalbumin), self (Tie-2) and tumor associated antigens (TRP-2, 
gp100) within the variable region of a human IgG1 or mouse IgG2a 
antibody and use the DNA that encodes these antibodies as a vaccine 
to stimulate high frequency T cell responses in C57BL, Balb/c, 
HLA-A*0201 transgenic and HLA-DR4 transgenic mice. Responses 
observed in elispot assays are not believed to be due to the effect of 
natural killer (NK) cells, as depletion of CD8 T cell subset abrogated 
epitope specific responses. In addition to this, IFNγ release was only 
observed with specific epitope peptides and not control peptides, 
which would not be the case if responses were a result of NK cell 
activity. It was also possible to stimulate helper T cell responses to 
epitopes from viral (Hep B, Influenza nucleoprotein) or melanoma 
associated antigens (gp100, TPI and tyrosinase). As expected, the 
highest frequency responses were generated to the foreign and viral 
epitopes. Three immunizations were required to stimulate optimal 
T cell responses that convert to memory cells and can be efficiently 
reactivated.

using antigen/antibody immune complexes suggest otherwise, and 
have pinpointed the roles of various FcγRs in the process.43,44

Typically, exogenous antigens are presented on class II MHC 
and internal antigens are processed on class I MHC. Thus antigen 
presenting cell phagocytosis of an exogenous antigen would normally 
lead to presentation of the antigen on class II MHC leading to 
activation of CD4 helper cells. However, it has recently been shown 
that it is possible to cross present exogenous antigen on MHC class 
I and that endogenous antigens are often cross presented on MHC 
class II by autophagy.45,46 One route to allow cross presentation of 
exogenous antigens on MHC class I is via FcγRs. We and others have 
shown that the high affinity FcγRI, allows efficient cross presentation 
of monomeric human IgG1 or mouse IgG2a.19,47 We have shown 
that a human monoclonal IgG1 anti-idiotypic antibody, 105AD7, 
can stimulate helper and cytotoxic T cell responses in over 300 
cancer patients with no associated toxicity.5-21 If the Fc region of 
this antibody is removed it is 1,000 fold less efficient at stimulating 
T cells.18 Similarly, an anti-idiotypic antibody mimicking CEA was 
very inefficient at stimulating human T cells as a mouse IgG2b, but, 
when chimerized to a human IgG1, the antibody stimulated CTLs 

Figure 5. CTL epitopes can be processed and presented to elicit high frequency responses. (A) HLA-A2 transgenic mice were immunized on days 0, 7 and 
14 with an ImmunoBodyTM construct containing either HLA-A*0201 restricted gp100 210M (n = 12), gp100 wild type (n = 6), Mage3 (n = 6), hTERT (n 
= 6) or Tie2 (n = 6) epitopes in CDRH1. On day 19 splenocytes were analyzed by IFNγ elispot assay against gp100 210M, gp100 wild type, Mage3, 
hTERT or Tie2 peptides and an irrelevant control. Responses are measured as spots/million splenocytes. (B) C57Bl/6, Balb/c or HLA-A*0201 transgenic 
mice were immunized on days 0, 7 and 14 with an ImmunoBodyTM construct containing the H-2Kb restricted TRP2 epitope (n = 50) which is also restricted 
through HLA-A*0201 (n = 12), the H-2Kd restricted HepB epitope (n = 6), the H-2Kb Ovalbumin epitope (n = 6) or the HLA-A*0201 restricted hTERT epitope  
(n = 6) in CDRH2. On day 19 splenocytes were assayed ex vivo in IFNγ elispot assay against relevant and control peptides. Responses are measured as 
spots/million splenocytes. (C) C57Bl/6 or HLA-A*0201 transgenic mice were immunized on days 0, 7 and 14 with an ImmunoBodyTM construct containing 
the H-2Kb restricted TRP2 epitope (n = 12) or HLA-A*0201 restricted VEGFR2 epitopes (n = 6) in CDRH3. On day 19 splenocytes were assayed for pres-
ence of specific responses by IFNγ elispot assay. Responses are measured as spots/million splenocytes. (D) Splenocytes from immunized mice were depleted 
of CD8 T cells and analyzed against TRP2 peptide, HepB helper peptide and a media control in triplicate for the presence epitope specific responses in 
IFNγ elispot assay in triplicate. Responses are measured as spots/million splenocytes (n = 4). (E) HLA-A*0201 transgenic mice were immunized on days 0, 
7 and 14 with an ImmunoBodyTM construct containing HLA-A*0201 restricted TRP2 epitope in CDRH2, the HLA-A*0201 restricted gp100 210M epitope 
in CDRH1 and the I-Ab restricted HepB helper epitope in CDRL1. On day 19 splenocytes were analyzed by IFNγ elispot assay against relevant peptides 
and an irrelevant control in triplicate. Responses are measured as spots/million splenocytes (n = 12). All results are an average of at least two independent 
experiments.

Figure 6. Immune responses generated by ImmunoBodyTM DNA vaccination 
can delay tumour growth. HLA-DR*0401 transgenic mice were immunised 
with ImmunoBodyTM DNA containing the H-2Kb restricted TRP2 epitope in 
CDRH2 and the HLA-DR*0401 restricted gp100 epitope in CDRH3 via gene 
gun at days 0, 7 and 14. On day 14, mice were injected s.c. with 2.5 x 
104 B16F1 tumour cells. Tumour growth was monitored at 3–4 day intervals 
using a calliper and displayed as tumour volume at day 22 post tumour 
implant (n = 10).
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also necessary for induction of high frequency responses. Our study 
therefore suggests that the high frequency CTL responses stimulated 
by ImmunoBodyTM DNA vaccines are a result of both direct and 
cross presentation. In combination with evidence from our studies 
with a human anti-idiotypic antibody, this would suggest that the 
route of cross presentation may be through FcγR targeting of antigen 
presenting cells.18,19 Further studies on Fc knockout mice will be 
required to confirm this hypothesis.

Although only low levels of intact antibody were detected from 
some of the most efficient ImmunoBodyTM constructs, these may 
be important in stimulating the immune response, as several studies 
have shown that immunization with low levels of peptides stimulate 
high avidity T cell responses.63 The lack of a requirement for large 
amounts of intact antibody by the DNA vaccine has a significant 
advantage as it allows greater flexibility in terms of the number and 
length of epitopes that can be incorporated. It may be necessary 
to incorporate epitopes from several tumor associated antigens to 
prevent selection of antigen loss variants, and it may also be neces-
sary to incorporate several epitopes binding to a range of MHC class 
I alleles to allow the vaccine to be used in a wide range of patients. 
In contrast, incorporation of epitopes within the CDRH3 to allow 
protein folding is restricted by the hydrophilicity of the inserted 
sequence. Our studies show that CDRH3 can be substituted with 
linked multiple epitopes of up to 29 amino acids in length, as long 
as the residue substitutions preserve the hydropathic profile of the 
wild type sequence. This is less of a problem for helper epitopes, and 
indeed we could successfully incorporate two helper epitopes (29 
amino acids) within the CDRH3 and still get intact protein. CTL 
epitopes are more hydrophobic as they bind tightly within the groove 
of a MHC molecule. Although it was possible to incorporate a single 
CTL epitope within CDRH3 or CDRL3, two linked CTL epitopes 
failed to allow secretion of substantial amounts of intact antibody.

It is believed that the presence of CD4 help is required for the 
generation of efficient CD8 memory responses.66,67 The IgG1 
human constant region may provide foreign linked help in the 
mice models as the mouse IgG2a constructs which would lack this 
help, gave lower frequency responses. This problem was overcome 
by incorporating linked help within the heavy chain of the mouse 
IgG2a construct. An ideal vaccine may include incorporation of 
helper epitope within the heavy chain to allow efficient priming of 
CTLs and an antigen specific helper epitope within the light chain, 
which would allow CD4 amplification of the immune response at 
the tumor site.68,69

In conclusion, we have designed a robust and efficient DNA 
vector that encodes a human IgG1 antibody with its CDRs replaced 
with restriction sites to enable rapid insertion of single or multiple 
T cell epitopes. These DNA vaccines efficiently present a wide range 
of CTL and helper epitopes and stimulate high frequency CTL 
and helper responses. DNA vaccines are quicker and cheaper to 
manufacture and stimulate strong T cell responses in animal models. 
Early studies to translate them into humans have shown limited 
responses; however, this has recently been significantly improved by 
the development of enhanced delivery devices.64,65 This technology 
is a novel approach to vaccination and demonstrates the potential for 
the system to be used as a multivalent vaccine for many cancer types 
and infectious disease.

Comparison of the ImmunoBodyTM DNA vaccine encoding 
TRP-2 epitope to whole murine TRP2 antigen DNA immunization 
revealed significantly enhanced responses from ImmunoBodyTM 
DNA. Previous studies have shown that xenogenic DNA immuniza-
tion can stimulate a response to TRP-2, but breaking tolerance to 
this epitope from syngeneic DNA has been largely unsuccessful.52 
The generation of anti-tumor immunity to a syngeneic self antigen 
has been demonstrated, but only when enhanced by adjuvants and 
in the absence of regulatory T cells.53-55 This would suggest that the 
presence of regulatory determinants within syngeneic whole tumor 
antigen sequences that are absent in xenogeneic sequence prevents 
the generation of efficient T cell responses. The removal of immu-
nogenic epitope sequences out of the regulatory environment of the 
whole antigen and into an inert carrier such as an ImmunoBodyTM 
therefore enhances the immune responses. Furthermore, responses 
to the melanoma associated antigen TRP2 from ImmunoBodyTM 
DNA vaccine were strong enough to show in vivo growth delay of 
the aggressive B16F1 melanoma tumor.

Also of interest was that all of the epitopes shown to be presented 
by the immunoproteasome were efficiently processed and presented, 
but epitopes that are destroyed by the immunoproteasome (gp100 
wild type) or peptide epitopes that have never been shown to be 
presented as immunogens within whole proteins (MAGE3, TERT 
and VEGFR2) all failed to elicit responses. The TERT epitopes were 
placed in several CDRs to determine whether adjacent residues within 
the antibody were altering processing, but there was still no response. 
The VEGFR2 and MAGE-3 epitopes were incorporated with adja-
cent residues from their antigens or with poly alanines to facilitate 
processing, but none of these interventions resulted in the efficient 
generation of responses (data not shown). Future studies will confirm 
if ImmunoBodyTM preferentially targets activated DCs expressing the 
immunoproteasome, and if only epitopes liberated by these prote-
osomes will be suitable candidates for ImmunoBodyTM targets.

As anticipated, replacement of CDR regions other than CDR3 
with any of the epitopes prevented heavy and light chain  association 
and resulted in predominantly heavy chain secretion. However, 
contrary to expectation, DNA constructs encoding antibody that 
showed no or very low levels of secretion of intact antibody gave as 
good or better responses than constructs expressing intact antibody. 
Initially it was believed that gene gun immunization functioned 
via the direct transfection of APCs that travel to lymph nodes 
where they activate T cells.56-58 However, more recent studies have 
suggested that cross presentation is the major route for CTL induc-
tion following this type of immunization.59 The apparent difference 
in the frequency of responses generated from ImmunoBodyTM DNA 
compared to the protein equivalent suggests that the direct transfec-
tion of skin APCs does play a role in the generation of these immune 
responses. There is evidence in the literature that peptide epitopes 
can commonly be generated from defective polypeptides that have 
errors in translation or post-translational modification, or are mis-
folded. Collectively, these are known as defective ribosomal products 
(DRiPs).60-62 It is therefore possible that insertion of epitopes into 
CDRs that disrupt antibody folding enhance the processing of anti-
genic peptides from ImmunoBodyTM DNA. However, this is not the 
only method by which ImmunoBodyTM DNA induces responses, as 
abrogation of protein secretion via removal of the leader sequence 
led to reduction in responses, suggesting that secreted protein is 
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pMoLIBBsi HepB help/L1. The BsiWI site was removed to retain 
wild type murine kappa sequence. This was achieved by overlapping 
PCR with reamplification of the murine full length chain. The full 
length murine kappa chain containing HepB help in the L1 site was 
excised and cloned into the BamHI/XhoI sites of the intermediate 
double expression vector described above in direct replacement of 
the DeImmunized human kappa chain to generate the murine IgG2a 
construct with gp100 210M epitope in CDRH1, TRP2 epitope 
in CDRH2 and HepB helper epitope in CDRL1. Sequence was 
confirmed.

The different versions of the VL regions containing L1, L2 and 
L3 sites singly and in combination were inserted into the interme-
diate single chain vector pMoLIBBsi HepB help/L1using BamHI/
BsiWI and the above method of overlapping extension PCR adopted 
utilizing the same primers to generate the murine full length single 
chain vectors pMoOrigLIB containing the L1, L2 and L3 sites. After 
insertion of epitopes into these sites within these vectors the murine 
VL region can be effectively exchanged into the double murine IgG2a 
expression vector using BamHI and ClaI.

Transfection. Ten microliters of Lipofectamine 2000 (Invitrogen) 
and 4 μg of plasmid DNA were diluted with Optimem I Reduced 
Serum medium (Gibco BRL, USA), gently mixed and incubated at 
room temperature for 20 minutes to form complexes. The complexes 
were added to CHO cells (Chinese hamster ovary cells, ECACC, 
UK) in 35 mm wells of a 6-well tissue culture plate. After 24 hours 
incubation at 37°C, in 5% CO2 cells were harvested and plated into 
96 well tissue culture plates in medium containing Zeocin at a final 
concentration of 300 μg/ml (Invivogen, USA). Resistant clones were 
cloned for Ig secretion by capture ELISA.

Sandwich ELISA. Falcon 96-well flexible plates were coated, 
overnight at 4°C, with 50 μl of anti-human IgG, Fc specific anti-
body (Sigma, UK) or anti-human kappa light chain antibody (Dako, 
Denmark) at 10 μg/ml in PBS. Plates were washed three times with 
200 μl/well PBS-Tween 20 (0.05%) and wells blocked with 1% fish 
skin gelatin (Sigma) in PBS (1% FSG/PBS). Plates were incubated 
1 hr at room temperature and washed with PBS-Tween 20 (0.05%). 
Tissue culture supernatant containing expressed ImmunoBodyTM 
or purified ImmunoBodyTM protein (50 μl) was added to the 
wells, in triplicate, and plates were incubated for 1 hr at room 
temperature. Plates were washed with PBS-Tween 20 (0.05%) 
and bound ImmunoBodyTM was detected by adding 50 μl/well of 
peroxidase-conjugated anti-human IgG, Fc specific antibody (Sigma) 
or anti-human kappa light chain antibody (Sigma), diluted 1/2000 
in 1% FSG/PBS, and incubated 1 hr at room temperature. Plates 
were washed with PBS-Tween 20 (0.05%) and developed by adding 
TMB substrate (R&D Systems, USA) at 50 μl/well. Absorbance was 
measured at 650 nm.

SDS-PAGE and western analysis. To check for formation of 
intact antibody, purified protein and supernatants containing protein 
secreted by transfected CHO-S cells with the ImmunoBodyTM 
constructs were ran on a 12% SDS-PAGE under non reducing condi-
tions. Western blot analysis was performed according to Towbin et 
al.36 Purified antibodies (2 μg/Lane) and supernatant from CHO-S 
cells transfected with the ImmunoBodyTM constructs were electro-
phoresed on a 12% SDS-PAGE gel and then blotted onto 0.45 μm  
nitrocellulose membrane (Hi-bond, GE Healthcare, USA). The 
membrane was blocked by soaking in 1% BSA in PBS-Tween 20 

Materials and Methods

Generation of the ImmunoBodyTM single heavy and light 
chain vectors. Multi step cloning was required in order to generate 
the ImmunoBodyTM heavy and light chain plasmids pOrigHIB 
and pOrigLIB (Fig. 1A and B). These contained the murine vari-
able heavy (VH) and kappa (VL) regions PCR cloned from a 
DeImmunized mouse human chimeric antibody (SC100) and 
inserted upstream and in frame with the human kappa and heavy 
IgG1 constant regions. Each chain was under the control of the 
CMV early promoter and BGH polyadenylation signal.

Replacement of CDRs with unique restriction recognition 
sequences. The CDR regions were removed and replaced with 
unique restriction sites by overlap extension PCR using the heavy 
chain variable region oligonucleotides H1, H2, H3 and huHeClonR 
IgG constant region reverse primer (Table 1) for first round PCR. 
Similarly, for the light variable region, the oligonucleotides L1, L2, 
L3 and reverse primer huLiClonR were designed to replace each of 
the three CDRs (Table 1). Resulting PCR product was then used 
in a subsequent PCR as a reverse primer in conjunction with the 
CMV forward primer. The amplified DNA fragment was cloned 
directly into the TA TOPO vector pCR2.1 (Invitrogen, USA) and 
clones sequenced to confirm amplification of the VH and VL region 
devoid of the CDRs and replacement of restriction site. The different 
versions were then cloned back into pOrigHIB and pOrigLIB 
using HindIII/AfeI and BamHI/BsiWI with direct replacement of 
the parental wild type DeImmunized SC100 VH and VL regions  
(Fig. 1D).

Construction of the ImmunoBodyTM double expression vector. 
To generate the ImmunoBodyTM double expression vector pDCOrig, 
pOrigHIB was linearized and the entire light chain expression 
cassette consisting of the CMV promoter, antibody light chain and 
the BGH polyA signal were inserted to form the construct pDCOrig 
(Fig. 1C). Orientation of the light chain cassette within pDCOrig 
was confirmed by restriction analysis.

Generation of mouse IgG2a pDCOrig IB15. For amplification 
of the murine IgG2a constant region cDNA was used as a template, 
synthesized from total RNA isolated from the hybridoma cell 
line 337, with the forward primer moIgG2aC1AfeFor containing 
the restriction site Afe1 and the reverse primer moIgG2aXbaRev 
harboring a XbaI site after the stop codon. The murine IgG2a 
constant region was cloned in frame with the murine VH region 
into the Afe1/XbaI sites of the vector pOrigHIB effectively replacing 
human IgG1 generating the single chain vector pMoOrigHIB.  
A section of pMoOrigHIB containing the murine IgG2a constant 
region was transferred from the single construct into the double 
expression vector containing, gp100 210M epitope in CDRH1, 
TRP2 epitope in CDRH2 and HepB helper epitope in CDRL1, in 
frame with the murine VH region using AfeI and the single cutter 
AvrII located in the SV40 promoter to generate a intermediate 
double expression vector still containing a human kappa region.

For amplification of the murine kappa region the cDNA was used 
as a template with the primers moLC1BsiFor containing a BsiWI 
site and moLCXhoIRev containing an XhoI site after the stop codon 
(Table 1). The murine kappa region was excised and ligated into the 
BsiWI/XhoI sites of the vector pOrigLIB HepB help/L1 replacing 
the human kappa constant generating the intermediate vector 
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(0.1%) overnight at room temperature. After washing in PBS-Tween 
20 (0.1%) the Horseradish peroxidize (HP)-conjugated goat 
α-human IgG specific (Sigma; 1:2000 dilution) and HP-conjugated 
α human kappa light chains (Sigma; 1:2000 dilution) antibodies in 
1% BSA/PBS-Tween 20 were added for 1 hour at room tempera-
ture. After washing, the blot was developed using ECL reagents (GE 
Healthcare) according to manufacturer’s instructions and exposed to 
photographic film.

Mice and immunizations. Animal work was carried out under 
a Home Office approved project licence. Female C57Bl/6 (Charles 
River, UK), Balb/c (Harlan, UK), HLA-DR4 transgenic (Taconic, 
USA) or HLA-A2 transgenic (HHDII; Pasteur Institute, Paris) were 
used between 6 and 12 weeks of age. DNA was coated onto 1.0 μm 
gold particles (BioRad, Hemel Hempstead, UK) using the manu-
facturer’s instructions and administered intradermally by the Helios 
Gene Gun (BioRad). Each mouse received 1 μg DNA/immunization. 
For protein immunizations 100 μg of protein in complete Freund’s 
adjuvant was administered s.c. for the prime and 100 μg of protein 
in incomplete Freund’s adjuvant for booster immunizations. Mice 
were immunized at 0, 7 and 14 days and spleens removed at day 20 
for analysis unless stated otherwise. For tumor challenge experiments 
mice were immunized as above and concurrent with the final immu-
nization injected with 2.5 x 104 B16F1 cells subcutaneously. Tumor 
growth was monitored at 3–4 day intervals and mice were humanely 
euthanized once tumor reached >10 mm in diameter.

Ex vivo elispot assay. Elispot assays were performed using murine 
IFNγ capture and detection reagents according to the manufacturer’s 
instructions (Mabtech, Sweden). In brief, anti-IFNγ antibodies were 
coated onto wells of 96-well Immobilin-P plate and triplicate wells 
were seeded with 5 x 105 splenocytes which were harvested by spleen 
perfusion, washed and resuspended in RPMI 1640 10% foetal calf 
serum. Synthetic peptides, at a variety of concentrations, were added 
to these wells in triplicate and incubated for 40 hrs at 37°C. After 
incubation, captured IFNγ was detected with by a biotinylated 
anti-IFNγ antibody and development with a streptavidin alkaline 
phosphatase and chromogenic substrate. Spots were analyzed and 
counted using an automated plate reader.

Statistical analysis. Comparative analysis of the Elispot results 
was performed by applying the t-test with values of p calculated 
accordingly.
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