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Insight into the potential for DNA idiotypic fusion vaccines designed for
patients by analysing xenogeneic anti-idiotypic antibody responses

FRANCESCO FORCONI,* CATHERINE A. KING,} SURINDER S. SAHOTA, CHRISTOPHER K.
KENNAWAY,T NIGEL H. RUSSELL}{ & FREDA K. STEVENSONY *Cattedra e U.O. di Ematologia,
Ospedale ‘A. Sclavo’, Universita di Siena, Italy, T Molecular Immunology Group, Tenovus Laboratory, Cancer Sciences
Division, Southampton University Hospitals Trust, Southampton, UK and {Department of Haematology, Nottingham

City Hospital, Nottingham, UK

SUMMARY

DNA vaccines induce immune responses against encoded proteins, and have clear potential
for cancer vaccines. For B-cell tumours, idiotypic (Id) immunoglobulin encoded by the
variable region genes provides a target antigen. When assembled as single chain Fv (scFv),
and fused to an immunoenhancing sequence from tetanus toxin (TT), DNA fusion vaccines
induce anti-Id antibodies. In lymphoma models, these antibodies have a critical role in
mediating protection. For application to patients with lymphoma, two questions arise: first,
whether pre-existing antibody against TT affects induction of anti-scFv antibodies; second,
whether individual human scFv fusion sequences are able to fold consistently to generate
antibodies able to recognize private conformational Id determinants expressed by tumour
cells. Using xenogeneic vaccination with scFv sequences from four patients, we have shown
that pre-existing anti-TT immunity slows, but does not prevent, anti-Id antibody responses.
To determine folding, we have monitored the ability of nine DNAscFv-FrC patients’
vaccines to induce xenogeneic anti-Id antibodies. Antibodies were induced in all cases, and
were strikingly specific for each patient’s immunoglobulin with little cross-reactivity between
patients, even when similar Vi or Vi genes were involved. Blocking experiments with human
serum confirmed reactivity against private determinants in 26-97% of total antibody. Both
immunoglobulin G1 (IgG1) and IgG2a subclasses were present at 1-3:1-15: 1 consistent with
a T helper 2-dominated response. Xenogeneic vaccination provides a simple route for testing
individual patients’ DNAscFv-FrC fusion vaccines, and offers a strategy for production of
anti-Id antibodies. The findings underpin the approach of DNA idiotypic fusion vaccination
for patients with B-cell tumours.

INTRODUCTION

Low grade follicular lymphoma (FL) is susceptible to
chemotherapy, but tends to relapse, leading to the poor
impact of treatment on overall survival.' The attraction
of intervening with immunotherapeutic strategies during
remission in order to attack residual tumour cells is
obvious. Initial attempts focused on antibody therapy,
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using the idiotype (Id) determinants of the surface immuno-
globulin of the tumour cell as a target.? Both polyclonal
and monoclonal anti-Id showed significant effects,>*
and these were confirmed in a small clinical trial.” However,
the logistical difficulties of preparing customized anti-Id
antibodies have hampered the wide application of this
promising approach.

An alternative approach is to use active vaccination with
Id antigen. While this relies on the patient’s ability to
respond, it should lead to a continuing polyclonal attack on
all the available target epitopes. Anti-Id antibody appears to
directly induce apoptosis via the B-cell receptor (BCR),°
and cellular responses may mediate additional effector
pathways.” Vaccination with Id protein showed remarkable
protective effects in preclinical models,® and is being used
with some success to vaccinate patients in remission from
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FL.>!'° However, individual Id proteins are still difficult to
prepare, and logistical arguments remain.

DNA vaccines appear to offer a solution, since the
variable region genes, Vi and Vi, which encode the tumour
Id determinants, can be readily isolated.!" The operation of
DNA vaccines depends on expression of the encoded
protein in the injected cells, and presentation of the protein
to the immune system.'? This is assisted by the presence of
CpG dinucleotide repeats in the backbone of bacterial
DNA, which are recognized by the innate immune system.'*
Currently it is unclear as to whether antigen transfer from
the transfected muscle or skin cells, or antigen expressed by
directly transfected antigen-presenting cells is critical for
induction of immunity, and possibly both are involved.'
However, the outcome is activation of all arms of the
immune response,'> and DNA vaccines have clear potential
both for protection against infectious diseases and for
cancer vaccines.'”

For Id determinants, genes encoding a whole immuno-
globulin molecule, or the variable regions alone, can be
used.'®!7 Assembly as single chain Fv avoids the complexity
of inserting two chains into the vector, but folding of
the molecule to display the Id determinants present in the
natural tumour immunoglobulin is less predictable. A
further complexity is that Id determinants alone are weakly
immunogenic, and that promotion of immunogenicity
requires expression of scFv as a fusion protein with an
immunoenhancing molecule.'®'®!® We chose to attach a
gene encoding fragment C of TT for this purpose.'® This
design induces protective anti-Id antibodies against mouse
lymphomas, indicating that folding of scFv is not hampered
in the fusion protein.!”

However, two questions relevant to application to a
large cohort of patients remained: first the effect of pre-
existing immunity against TT on anti-Id responses against a
range of human scFv fusion vaccines; second, whether the
conformational integrity of different human scFv fusion
proteins was maintained. We have investigated both these
points in the present report.

MATERIALS AND METHODS

Patients’ tumour and serum samples

To analyse the quality of folding of scFv, it was necessary to
have available the natural immunoglobulin protein. We
therefore chose nine cases of myeloma where tumour-
derived immunoglobulin protein was present in serum.
Anti-coagulated bone marrow aspirates and serum were
obtained, after consent, from nine patients with diagnosis of
multiple myeloma referred to the Division of Haematology,
Nottingham, UK. In eight cases, serum monoclonal
immunoglobulin G (IgG) was obtained by affinity chroma-
tography using HiTrap Protein G HP 1 ml columns
(Amersham Pharmacia Biotech, Uppsala, Sweden), follow-
ing the manufacturers’ instructions. Serum monoclonal
IgA was obtained from one case by ammonium sulphate
precipitation followed by ion exchange chromatography.

Identification of tumour Vi and V; genes

Preparation of cDNA from bone marrow mononuclear
cells and identification of tumour Vy transcripts was as
described.? Similarly to Vi, tumour V, and V, light chain
transcripts were identified by polymerase chain reaction
(PCR) using a mixture of 5" primers specific for each of the
V. or V; leader sequences (V- or V;-leader mix) together
with a 3’ primer specific for either C. or C, region,
according to the tumour isotype. PCR conditions, separa-
tion of PCR products for cloning, and identification
and analysis of tumour V genes were as previously
reported.zo’21 The tumour Vi .,q VL sequences were
confirmed from at least a second independent PCR with
identical conditions.

Assembly and characterization of DNA scFv—FrC vaccines
Tumour-derived V genes were assembled as scFv by a two-
step PCR procedure as described,'' using specific primers
incorporating Sfil and Notl sites, and Pfu DNA poly-
merase for amplification (Promega, Madison, WI). The
DNA vaccine was prepared by cloning scFv into pVAC2
plasmid. pVAC2 is a mammalian expression vector derived
from pcDNA3 (Invitrogen, Paisley, UK), designed to allow
direct cloning of scFv into the 5’-Sfil and 3'-NotI sites. The
Sfil site is located in the V1 family leader sequence 3’ to the
pCMV promoter. The 3-Nol site is located in a seven
amino acid linker sequence (Ala-Ala-Ala-Gly-Pro-Gly-Pro)
fused directly to the downstream sequence for fragment C
(FrC) of TT. This design enables expression of an in-frame
Vul leader—scFv-FrC fusion protein. Cloned scFv ligated
in pVAC2 was used to transform XL1-blue bacterial
competent cells (Stratagene, Amsterdam, The Netherlands).
Clones positive for inserts were sequenced to verify the scFv.
For large scale purification of vaccine plasmids the
QIAGEN plasmid Giga kit (Qiagen, Crawley, UK) was
used. Prior to use, vaccines were precipitated, washed
and diluted in sterile saline solution at 0-5 mg/ml. DNA
scFv-FrC vaccines were checked for expression and size by
the in vitro TNT Quick Coupled Transcription/Translation
System kit (Promega). The secretion of human scFv—-FrC
fusion protein was assessed by transfection of COS-7 cells
with DNA using FuGENE 6 Transfection reagent (Roche,
Lewes, UK), following the manufacturer’s instructions. A
vaccine containing the gene encoding the full length
sequence of FrC with a leader sequence (p.FrC) was used
as a positive control.'” Supernatants were collected 72 hr
after transfection and the concentration of scFv—FrC fusion
protein in the supernatant was estimated by enzyme-linked
immunosorbent assay (ELISA), as described.!’

Vaccination protocol and measurement of antibody
responses

Groups of six to nine C57BL/6 mice, bred in house, were
vaccinated at 6-10 weeks of age with 50 ug DNA vaccine
in normal saline injected into two sites in the quadriceps
muscles. Injections were at days 0, 21 and 42 and tail bleeds
were taken at day 21 prior to the second immunization, with
a final bleed at day 63 to measure antibody responses. IgG
antibody levels against fragment C were measured by
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ELISA, as described.’ Anti-Id IgG antibodies against
patients’ autologous or heterologous tumour-derived Igs
were measured by ELISA, as reported,'” using patients’
idiotypic IgG or IgA (1 pg/ml) for coating and a sheep anti-
mouse IgG for detection (The Binding Site, Birmingham,
UK). In all cases, antibody levels in individual mice
were measured and the mean values+SEM calculated.
Prevaccination of mice with TT was performed by
intramuscular injection of 8 IU of TT adsorbed onto
aluminium hydroxide (BP Pasteur Merieux, Lyon, France)
in 100 pl saline, at day —42. Aluminium hydroxide (Sigma,
Poole, UK) only was administered in the control groups of
mice. At day 0, mice were bled to measure anti-FrC
antibody titres and the DNA vaccination procedure was
started.

Assessment of specificity of anti-Id antibodies
Cross-reactivity of anti-Id antibodies with unrelated Id
immunoglobulins was measured using serum pooled at
day 63, assigned in each case to an arbitrary value of
10000 units/ml to act as a comparative standard. To assess
the proportion of antibodies directed against private Id
determinants, pooled antisera from mice immunized with
DNAscFv-FrC vaccines, collected at day 63, were incu-
bated in 50% normal human serum for 1 hr. This procedure
blocks reactivity with public Id determinants.?* Blocked or
control antisera were then tested for reactivity with patients’
Id immunoglobulin by ELISA. The percentage of anti-Id
antibodies against the private determinants was calculated
as the ratio (reactivity of blocked antiserum/reactivity of
unblocked antiserum) x 100. Reproducibility of the assays
was tested on four selected sera, and values for inhibition
varied by <5%.

RESULTS
Identification and assembly of tumour-derived V genes

The Vy and Vi genes used by the tumour cells were
identified in each case as repeated identical Vi—D-J; and
V-] sequences obtained after cloning of PCR products

(Table 1). All sequences showed extensive somatic muta-
tion, typical of follicular and post-follicular malignancies.
To ensure relevance for follicular lymphoma, we included
four cases (GH, JC, PC and FA) which contained potential
glycosylation motifs in Vy. These sites are a feature of FL
but are found in only 8% of cases of myeloma.** Following
assembly of the scFv—FrC fusion vaccines, an in vitro
transcription/translation system was used to show that
all constructs expressed protein of the expected size
(~80000 MW) (data not shown). Transfection of COS-7
cells and assay of FrC in the supernatants confirmed
secretion of the fusion protein for each construct.!”

Effect of pre-existing immunity against TT on anti-Id
antibody responses

Vaccination of mice with TT induced 2000—-4000 IU/ml of
anti-FrC antibody as measured 6 weeks later. At this point
(day 0), vaccination with the DNAscFv-FrC constructs
from four patients was begun, and levels of antibody
reacting with the patients’ Id immunoglobulin were
measured at days 21, 42 and 63. Anti-Id antibodies were
detectable against four of four individual vaccines. How-
ever, in all cases, anti-Id titres were reduced at day 21 in
mice prevaccinated with TT, as compared to those
vaccinated with the alum control (Fig. 1). Following a
further injection of DNA vaccine on day 21, there was a
rapid rise in anti-Id levels in the TT-immune mice, so that
by day 42 differences between the two groups were
diminishing. This trend continued after the second boost
(Fig. 1), and indicates that pre-existing anti-TT antibodies
consistently slow the response to the Id antigen in the fusion
gene, but that this can be largely overcome with further
injections.

Analysis of the anti-Id responses induced by DNA
scFv-FrC fusion vaccines

Induction of xenogeneic anti-Id antibodies able to recognize
the tumour immunoglobulin derived from the corresponding

Table 1. Analysis of tumour derived V genes*

Vi Vi
Patient Immunoglobulin V-gene % homology* Ju V-gene % homology* I
I GH IgGh Vi so 909 JH4b VI (IGLV3S6) 89:6 2
mJc IgAx Vi 93-8 JH4b VI (A27) 95-1 Jk2
I GS IgGk Vi, 88-8 JH4b VI (012/02) 889 Jx5
IV JW IgGk Va 70 96-6 JH4b VxIII (38 k/L6) 97 Ji2
vV MW IgGk Vs s 95-5 JH4b VI (018/08) 95-8 Jx2
VI PR IgGL V,(S12-4) 933 JH3b VI (1¢/DPL2) 94-7 7
VII WD IgGx V,(S12-4) 925 JHSb VI (02/DPK9) 90-9 Tkl
VIII FA 1gGx V,(S12-7) 86-6 JH4b V«III (38 k/L6) 95-4 Jx4
IX PC IgGk Vis 884 JH6b VI (02/DPK9) 95-8 Jx3

*Nucleotide sequences have been deposited in the GenBank/EMBL database: accession numbers are AF442750-67.
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Figure 1. Effect of prevaccination with TT on induction of anti-Id antibodies by patients’ DNAscFv-FrC vaccines. Groups
of six mice were prevaccinated with TT/alum (black columns) or alum (grey columns) at day —42. Mice were injected
patient’s DNAscFv—FrC vaccine at day 0, 21 and 42 and bled at days 21, 42 and 63 to measure anti-Id antibody levels. Bars

indicate SEM.

Anti-Id antibodies (U/mIx107)

p.DNAscFv-Frc GH JC GS JW MW PR WD F PC

Figure 2. Anti-Id antibodies induced by DNA scFv-FrC vaccines.
Each pair of columns represents mean antibody levels induced by
individual DNA human scFv-FrC vaccines. For each pair, the grey
column indicates levels at day 21, black column at day 63. Anti-Id
levels were measured in individual mice. Mean values are
represented in arbitrary units to compare antibody levels at day
21 and 63. Bars indicate SEM.

patient’s serum was achieved for 9/9 DNA scFv—FrC fusion
vaccines (Fig. 2). Reactivity was clearly detectable after a
single injection (day 21), but generally increased following
further injections. Specificity of the antibodies was assessed
by testing reactivity with Id immunoglobulin from other
patients. Cross-reactivity between the patients’ immuno-
globulins was remarkably low (Table 2), even when the
patient’s tumour immunoglobulin was encoded by the same
Vy gene (PR/WD), or the same Vi gene (WD/PC and JW/
FA). A more stringent test of cross-reactivity was provided
by adding an equal volume of normal human serum to the
pre-plateau serum dilution used in the assay. This will block
antibodies against determinants present in the repertoire

of normal immunoglobulin, especially those commonly
expressed such as V3,3 (JC), Vs.5; (MW), V4 59 (GH)
and V5 7 (GS).?* The results (Fig. 3) show that all cases had
a residual activity considered to be directed against private
Id determinants expressed on the Id immunoglobulin. It
appears therefore that the anti-Id antibodies recognize
determinants arising from Vy—Vp combination, CDR3
sequences or somatic mutations, with little tendency to
focus on the framework regions of the V genes. The
finding that the anti-Id response induced by DNA
scFv—FrC is generally focused on private Id determinants
expressed by the tumour-derived immunoglobulin indi-
cates that folding of the scFv mimics that of the natural
Id immunoglobulin.

IgG subclasses of antibodies induced by DNA scFv—FrC
vaccines

In order to assess the nature of the antibody response
induced by the DNAscFv—FrC vaccines, the IgGl and
IgG2a components were compared. The ratios of
IgG1 :1gG2a for anti-1d varied from 1-3:1 to 15: 1 (median
5:6:1). In all cases, both IgG subclasses were detected,
with a consistent dominance of IgG1. These findings point
to a mixed T helper 1 (Th1)/Th2 response with a possible
excess of Th2. In mice prevaccinated with TT, the
suppression of anti-Id antibody was particularly evident
in the IgG2a subclass, with three out of four of the patients’
vaccines (GH, FA and JW) failing to induce detectable
IgG2a antibody at day 21. However, recovery of IgG2a
production was evident after further injections (data not
shown).

© 2002 Blackwell Science Ltd, Immunology, 107, 39-45
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Table 2. Evaluation of specificity of anti-Id antibodies for patients’ Id immunoglobulins

Immune
serum Paraprotein GH JC GS W MW PR WD FA PC
V4 50 JHab

GH 10000 0 0 0 0 0 0 0 0
V,5 (IGLV3S6) i
V3—23 JH4b

\[@ 0 10000 0 0 0 0 310 310 250
Vi3 (A27) Jko
Vg Jhap

GS 0 0 10000 0 0 0 0 0 0
V 1 (012/2) Tks
V2—70 JH4b

W 0 0 0 10000 0 0 0 0 0
Vs (38k/L6) Jka
V5—51 JHAb

MW 0 0 0 0 10000 0 0 0 0
Vi (018/08) Jx2
V, (S12-4) Jusn

PR NT NT NT NT NT 10000 0 467 0
V.1 (1c/DPL2) o
V, (S12-4) Jusb

WD NT NT NT NT NT 0 10000 113 0
Vi (02/DPK9) Jki
V3 (S12-7) Thab

FA NT NT NT NT NT 0 0 10000 0
Vs (38k/L6) Jxa
Vi Jeb

PC NT NT NT NT NT 0 272 108 10000
Vi (02/DPKY9) Jxs

NT, serum not tested against tumour immunoglobulin.

100 -
80 -
60 -

40 -

Binding (%)

20

L il 4 i
JwW MW PR WD FA PC
Anti-Id

GH JC @GS

Figure 3. Assessment of the specificity of anti-Id responses for
private Id determinants. Binding to each patient’s Id immunoglo-
bulin (left column) represents reactivity with determinants on the
whole variable region (arbitrarily 100%). The presence of 50%
normal human serum blocks reactivity with public determinants,
leaving only antibodies against private Id determinants (right
column). In each case, there was evidence for reactivity against
private Id expressed by natural Id immunoglobulin, demonstrating
optimal folding of the scFv expressed in vivo.

DISCUSSION

The Id determinants of B-cell tumours present ideal targets
for immune attack. Private determinants are unique to the

© 2002 Blackwell Science Ltd, Immunology, 107, 39-45

neoplastic B cell, and induction of specific immunity against
them carries no autoimmune potential. Because surface
immunoglobulin-negative lymphoma is rare, the BCR may
also be associated with survival of tumour cells, as it is for
normal B cells.?> Our recent finding that the majority of the
variable regions of tumour cells of FL have acquired
potential glycosylation sites suggests that there may be an
interaction with stromal cells of the germinal centre.?* If this
is required for maintenance of the tumour cell, attacking the
surface immunoglobulin would target an essential molecule.
Vaccination has the advantage over passive monoclonal
anti-Id antibody therapy in that a polyclonal response
against all available Id determinants should be induced,?® so
that the only escape route of the target cell is to delete
surface immunoglobulin.?’

Preclinical models of Id vaccines have revealed the
importance of anti-Id antibodies in attacking tumour cells,
and it is clear that they can signal via the BCR and
induce apoptosis.® Induction of anti-Id antibodies will
require delivery of Id protein with conformational integrity.
The role of T cells in anti-Id immunity against lymphoma
is less defined, but folded protein may also be an advantage
in induction of T cell responses via DNA delivery.”®* For
clinical application, our goal therefore is to use DNA
vaccines to activate anti-Id immunity by delivery of folded
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individual patients’ scFv proteins. The requirement to
include an immunoenhancing sequence has been met by
fusing a gene from FrC to the scFv."

The phenomenon of epitope suppression, where mice
primed with a carrier protein showed reduced anti-hapten
antibody responses to a subsequent injection of hapten—
carrier conjugate, is well known.>® It also appears to occur
when the carrier protein is TT.*! There is therefore the
potential problem for DNAscFv-FrC fusion vaccination of
encountering pre-existing antibody against FrC in patients
immune to TT. We initially investigated this in a mouse
myeloma model.'” In preimmune mice, only a minor
diminution in anti-Id antibody level was noted at day 63,
but the effect on the kinetics of response was not assessed.
The current analysis of responses to four different DNA
human scFv vaccines reveals a consistent suppression of
anti-Id antibody following the primary injection. However,
in all cases, a second injection led to an accelerated
response, so that by day 63 the prevaccinated group and
the controls were approaching equivalence, confirming the
findings in the mouse myeloma model.

The next question concerned the conformational
integrity of the scFv-FrC fusion protein. It is clearly
possible for scFv to fold to recreate the specificity of the
parental antibody,?? although optimization of folding and
stability in different expression systems has often been
necessary.>> We were concerned that the variety of scFv
sequences derived from B-cell malignancies would introduce
uncertainty about the quality of the individual vaccines. The
leader sequence would allow secretion of the scFv fusion
protein, but the relative contribution of secreted protein or
protein transferred directly from muscle cell to antigen-
presenting cells is unknown.”” Remarkably, this design
appears capable of inducing anti-Id antibodies focused
largely on the private Id determinants of the corresponding
natural human tumour-derived immunoglobulin. This
mirrors observations in a syngeneic model using synthetic
mouse scFvs with different Viy and Vi combinations.’*

The profile of IgG subclasses differs from that induced
by vaccination with exogenous Id immunoglobulin/
complete Freund’s adjuvant where the response is almost
entirely IgG1.!” Involvement of Th1 CD4* T cells following
DNA delivery is expected, and is at least partly a result
of the presence of CpG dinucleotide repeats in the
backbone, which lead to production of interleukin-2 and
interferon-y.*’

Clearly, DNAscFv—FrC vaccines are capable of activat-
ing antibody responses influenced by both Thl and Th2
cells, with a predominance of Th2. In mice prevaccin-
ated against TT, the apparent selective suppression of IgG2a
at day 21 mirrors previous findings in a hapten—carrier
system.>® It supports the suggestion that interferon-y-
producing Thl cells are particularly affected in this setting.

In summary, DNAscFv-FrC vaccines can operate in the
context of pre-existing immunity against TT, and the fusion
format apparently allows folding of the scFv component
to display Id determinants comparable with those in the
natural immunoglobulin. For lymphoma, this opens the
way to routine preparation and testing of DNA fusion

vaccines for clinical trial. It provides the confidence that
this design can induce anti-Id antibodies known to be
powerful mediators of attack on surface immunoglobulin of
neoplastic B cells.
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