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a b s t r a c t

Therapeutic vaccination of lymphoma patients with tumor-specific immunoglobulin (idiotype, Id) coupled
to the carrier protein keyhole limpet hemocyanin (Id-KLH) is undergoing clinical investigation, and meth-
ods to improve the immunogenicity of these and other protein tumor antigen vaccines are being sought. Id
proteins can be produced via tumor-myeloma hybridomas or recombinant methods in mammalian, bac-
teria, or insect cells. We now demonstrate that terminal mannose residues, characteristic of recombinant
proteins produced in insect cells, yield Id proteins with significantly enhanced immunostimulatory prop-
erties compared to Id proteins derived from mammalian cells. Recombinant baculovirus-infected insect
cell-derived Id showed higher binding to and activation of human dendritic cells mediated by mannose
receptors. In vivo, insect cell-derived Id elicited higher levels of tumor-specific CD8+ cytotoxic T lympho-

cyte (CTL) and improved eradication of pre-established murine lymphoma. Insect cell and mammalian
Id generated similar levels of tumor-specific antibodies, showing no impairment in antibody responses
to native tumor antigen despite the glycoslylation differences in the immunogen. Combining insect cell
production and maleimide-based KLH conjugation offered the highest levels of anti-tumor immunity. Our
data comparing sources of recombinant Id protein tumor antigens used in therapeutic cancer vaccines
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. Introduction

The tumor-specific immunoglobulin (idiotype, or Id) clonally
xpressed by B cell lymphomas can serve as a target for thera-
eutic vaccination against B cell malignancies [1]. Immunization
ith this and other full-length protein tumor antigens has the
oal of eliciting tumor-specific T cell and/or antibody responses
apable of inhibiting tumor growth [2]. Tumor-specific Id proteins
re isolated from individual B cell lymphomas by either fusion
ith a myeloma cell line to generate a tumor-myeloma hybridoma
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erived antigens can offer several immunologic advantages over proteins
es.

© 2008 Elsevier Ltd. All rights reserved.

ecreting tumor-specific Ig, or by molecular cloning of the tumor’s
eavy- and light-chain variable region Ig genes for production of
ecombinant Id in a variety of expression systems. Each of these
ethods yields a patient-specific tumor antigen for immunization.
accination with tumor-derived Id may elicit a polyclonal antibody
esponse as well as CD8+ and CD4+ T cells recognizing Id-derived
eptides presented on class I and class II MHC proteins at the
umor cell surface [1]. To improve immunogenicity, Id is chemi-
ally conjugated to the highly immunogenic foreign carrier protein
eyhole limpet hemocyanin (KLH) [3]. Phase I/II trials of Id-KLH
accination in lymphoma patients demonstrated a correlation of
nduced anti-Id immune responses with improved progression-free
nd overall survival [4,5], clearance of circulating lymphoma cells
6], and durable tumor regressions [7–9], prompting the initiation
f several phase III clinical trials of Id-KLH vaccination [10].
To achieve optimal immunity, protein tumor antigens should
e delivered in a highly immunogenic form, preferably one allow-

ng efficient uptake and processing by antigen presenting cells,
ncluding dendritic cells (DCs) [11]. Such antigen processing is facil-
tated by targeting of antigen to “scavenger” receptors such as the

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:jtimmerman@mednet.ucla.edu
dx.doi.org/10.1016/j.vaccine.2008.10.055
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annose receptor (MR), which binds to pathogen-associated car-
ohydrate structures rich in terminal mannose residues [12,13].
R-mediated uptake of glycoprotein antigens by DCs has been

hown to enhance antigen presentation to CD8+ and CD4+ T cells
n both murine [14–16] and human [17–20] systems. Indeed, MRs
xpressed by DCs appears to be critical for the uptake and “cross-
resentation” of soluble glycoproteins to CD8+ T cells [14,15].

Baculovirus expression in insect cells represents a robust
ethod for producing recombinant glycoproteins [21,22]. Pro-

uction of recombinant protein in insect cells leads to altered
lycosylation patterns, including a relative abundance of termi-
al mannose residues [21,22], thereby offering improved binding
o MRs present on antigen presenting cells. Baculovirus-produced
roteins are currently under study as vaccines against a number of
iral pathogens, including human papilloma virus [23], influenza
24], HIV [25], hepatitis E [26], and the SARS/coronavirus [27]
mong others [28], as well as a variety of therapeutic human can-
er vaccines [29–33]. The efficiency by which large quantities of
ecombinant proteins can be generated using a baculovirus–insect
ell system led to the adoption of this approach for production of
ndividual lymphoma-specific Id proteins for human clinical tri-
ls [34]. However, whether recombinant tumor-specific Id proteins
ecreted by insect cells possessed more desirable immunologic
roperties than those from mammalian sources has remained
nknown.

We thus sought to directly compare the immunologic character-
stics of mammalian cell (hybridoma)-derived Id to recombinant
d produced in baculovirus-infected insect cells. We found that
he terminal mannose residue content in the insect cell-derived
rotein endowed it with markedly improved binding to human
Cs via MRs, and was accompanied by upregulation of several
C activation markers. In vivo, immunization with insect cell-
erived Id induced higher levels of cytotoxic T lymphocyte (CTL)
ctivity against the A20 murine B cell lymphoma compared to
ybridoma-derived Id, with an associated improvement in the fre-
uency of tumor eradication. Importantly, the altered glycosylation
attern on the insect cell-derived Id did not impair its ability to

nduce Id-specific antibodies reactive against the native protein.
n approach combining the use of recombinant insect cell-derived

d and conjugation to KLH using a recently described maleimide
ulfhydryl-based method [35] produced the highest level of tumor
radication and tumor-specific antibodies. These data support the
se of insect cell-derived tumor antigens and maleimide conju-
ation in clinical trials of tumor antigen-carrier protein conjugate
accines.

. Materials and methods

.1. Antibodies and cell lines

IgG purified from human serum was obtained from Sigma–
ldrich (St. Louis, MO). The BALB/c B cell lymphoma line A20 was
btained from the American Type Culture Collection (ATCC, Man-
ssas, VA) and cultured as previously described [35].

.2. Production of A20 and human IgG Id proteins

Murine A20 Id protein (IgG2a, �) was affinity-purified (pro-
ein A) from culture media of a tumor-myeloma cell hybridoma

Hyb Id, clone 3D6.3) derived by fusion of A20 lymphoma cells
ith SP2/0 myeloma cells, as previously described [35]. Recom-

inant baculovirus-derived A20 Id (BV Id, IgG2a, �) was produced
y cloning A20 lymphoma-derived variable heavy- and light-chain
g cDNA sequences into a dual expression baculovirus plasmid vec-
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or as follows. The approximately 8.4 kb pTRABacA20 insect cell
xpression plasmid was constructed to contain two cassettes for
xpression of immunoglobulin proteins containing murine kappa
ight chains and IgG2a heavy chains. Expression from the first cas-
ette is controlled by the baculovirus polyhedrin promoter and
olyadenylation site, and directs synthesis of a protein contain-

ng the A20 kappa variable region fused to the murine kappa light
hain constant region present in the pTRABac backbone vector.
he human alkaline phosphatase secretory sequence coding region
s incorporated into the backbone vector upstream of the A20
appa variable region cloning site to insure appropriate process-
ng of the mature full length kappa light chain. Expression from
he second cassette, transcribed from the opposite strand to that
or light chain expression, is controlled by the baculovirus p10 pro-

oter and the bovine growth hormone polyadenylation site, and
irects synthesis of an IgG2a protein containing the A20 heavy
hain variable region fused to the murine �-2a heavy chain con-
tant region also present in the pTRABac backbone vector. The
oneybee melittin secretory sequence coding region is incorpo-
ated into the backbone vector upstream of the A20 heavy chain
ariable region cloning site to insure appropriate processing of
he mature full length IgG2a heavy chain. Approximately 2 kb
o each side of the coding regions promote homologous recom-
ination with the baculovirus genome. This transfer vector was
o-transfected with baculovirus genomic DNA (BaculoGold, BD
iosciences, San Jose, CA) into Sf9 insect cells (Invitrogen) using
tandard lipid based transfection methods (Insect GeneJuice, EMD
hemicals Inc., Gibbstown, NJ) to obtain a high-titer baculovirus
tock. This stock was then used to infect High-FiveTM insect cells
Trichoplusia ni, BTI-Tn-5B1-4, Invitrogen, Carlsbad, CA) for recom-
inant Ig production [21,22]. Both insect cell lines were maintained

n animal free ESF-AF insect cell media (Expression Systems, Wood-
and, CA). Three days post-infection, full-length IgG2a A20 Ig was
urified from clarified culture supernatant by protein A affinity
hromatography followed by ion exchange and size exclusion chro-
atography. Nucleotide sequences of the 3D6.3 tumor hybridoma

nd the recombinant heavy- and light-chain variable region Igs
ere run on an ABI 3730xl (Applied Biosystems, Foster City, CA)

nstrument and analyzed using Sequencher software (GeneCodes
nc., Ann Arbor, MI). While the variable region (Id) sequences
ere identical, a modification was made in the light-chain con-

tant region (position 6 amino acid was changed from Thr to Ser)
o facilitate the cloning of the A20 kappa chain into the bac-
lovirus vector. A tumor-specific human recombinant IgG1 cloned
rom a follicular lymphoma was also produced in insect cells as
bove.

.3. Carbohydrate analysis of insect cell and hybridoma-derived
umor Id proteins

To analyze the carbohydrate composition of the purified A20 Id
roteins, 300 �g of purified Id was incubated for 16–24 h at 37 ◦C
ith 20 �l of 2500 units/ml of PNGase F (New England Biolabs,

pswich, MA) in PNGase F digestion buffer (20 mM sodium phos-
hate, pH 7.5, containing 50 mM EDTA and 0.02% sodium azide).
fter digestion, 2 �l of 100 �g/ml maltopentose (DP5) as inter-
al standard was added and the deglycosylated antibody samples
ere heated for 2 min at 100 ◦C to precipitate the protein. The sam-
les were centrifuged at 10,000 × g for 10 min and the supernatant
ontaining the oligosaccharides was dried in a centrifugal vacuum

vaporator. The oligosaccharide pellet was dissolved in 10 �l of the
uorescence dye APTS (Invitrogen) that had been reconstituted

n 15% acetic acid and 5 �l of 1 M sodium cyanoborohydride in
etrahydrofuran. The labeling solution was incubated at 55 ◦C for
h, and then diluted 20-fold with water. Samples were then ana-
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yzed by capillary electrophoresis on a Beckman Coulter Proteome
ab PA800 CE instrument (Beckman Coulter, Fullerton, CA). Data
ere collected and processed using the Gold software supplied

y the manufacturer. Commercially available oligosaccharide stan-
ards were analyzed in a similar fashion and the migration times
ompared to the oligosaccharide peaks observed from the A20 Ig
amples.

.4. Conjugation of Id proteins to KLH

KLH was obtained form Pierce (Pierce, Rockford, IL). Glutaralde-
yde conjugations were performed at room temperature using 1:1
w:w) mixtures of Id:KLH in 0.1% glutaraldehyde (Sigma–Aldrich)
s previously described [36]. Maleimide conjugations were per-
ormed as previously described [35]. Briefly, Id proteins were
artially reduced in 0.1 mM DTT (Sigma–Aldrich), dialyzed into PBS
ontaining 0.1 M EDTA to prevent re-oxidation of sulfhydryl groups,
hen conjugated to maleimide-activated KLH (Pierce) at a 1:1 ratio
f Id to KLH (w:w, 1 mg/ml each) for 2 h at room temperature, fol-
owed by dialysis against PBS at 4 ◦C.

.5. Preparation of immature human dendritic cells

Plastic-adherent peripheral blood mononuclear cells were cul-
ured in RPMI media (Invitrogen) with 2% human AB serum (Valley
iomedical Inc., Winchester, VA), 10 ng/ml recombinant human

L-4 (R&D Systems, Minneapolis, MN), and 50 ng/ml of GM-CSF
Berlex, Montville, New Jersey), with a 50% cytokine media change
very other day. After 6 days, non- and loosely-adherent cells were
arvested.

.6. Dendritic cell mannose receptor uptake and blocking

KLH, human IgG-KLH and BV-IgG-KLH conjugates were labeled
ith FITC using the FluoReporter® FITC protein labeling kit (Invit-

ogen). The FITC/protein ratio was approximately 5.5 for all
onjugates. Immature monocyte-derived human DCs were incu-
ated with 10 �g/ml of FITC-conjugated human IgG, KLH, or
V-derived human IgG antibody in the presence of 5% normal
uman AB serum for 20 min at 4 ◦C. Cells were then washed
wice in staining buffer and analyzed by flow cytometry. Cells cul-
ured without FITC-conjugated protein served as a negative control.

urine A20 Id proteins (BV- or Hyb-derived) were labeled with
he Alexa Fluor® 647 protein labeling kit (Invitrogen). BV-Alexa
abeled Id, Hyb-Alexa labeled Id, or FITC-Dextran (Sigma–Aldrich)

ere then incubated at 50 �g/ml with human DCs for 2 h at 37 ◦C
n RPMI with 10% FCS mixed 1:1 with 1X PBS [37]. The cells

ere then washed 3× in ice-cold FACS buffer and fixed in 4%
araformaldehyde for flow cytometric analysis using a BD FAC-
Calibur flow cytometer (BD Biosciences) and FCS Express analysis
oftware (De Novo Software, Los Angeles, CA). Aliquots of cells were
lso pretreated with various blocking agents for 20 min at 37 ◦C
efore the addition of Id antigen to evaluate the effects on bind-

ng to MRs on the cell surface. Blocking agents included 3 mg/ml
annan (Sigma–Aldrich), 10 �g/ml of anti-MR antibody (clone

9.2, BD Biosciences), control IgG (2B8, mouse IgG1, �, Biogen-
DEC, San Diego, CA), or 5 �g/ml cytochalasin D (Sigma–Aldrich)
37].

.7. Activation of dendritic cells with Id-KLH preparations
Immature human DCs were incubated for 48 h in RPMI media
lus 5% human AB serum with 0, 50, or 100 �g/ml of BV- or Hyb-
erived Id conjugated to KLH via glutaraldehyde. For some samples,
nti-MR antibody at 50 �g/ml was added at the start of culture.

t
s
s
e
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ells were harvested and stained with FITC-labeled anti-human
CR7, PE-labeled anti-human CD80, TC-labeled anti-human CD45,
nd APC-labeled anti-human CD14 monoclonal antibodies (BD Bio-
ciences), and analyzed by flow cytometry as above.

.8. In vivo immunization studies

BALB/c mice were bred and housed in the Radiation Oncology
arrier Facility, a defined pathogen colony at UCLA (Los Ange-

es, CA), and experiments conducted according to UCLA animal
are guidelines. Groups of BALB/c mice (6–10 weeks of age) were
noculated subcutaneously (s.c.) with 1 × 105 A20 cells on day 0.
eginning on day 4, mice were given either two or three weekly
accinations of 50 �g BV- or Hyb-derived Id-KLH, conjugated using
ither glutaraldehyde or maleimide chemistries [35]. Each vaccina-
ion included 4 consecutive days of 55 ng GM-CSF (BD Biosciences),
iven in the same location. Mice were killed when tumors reached
.4 cm in diameter, per institutional protocol. For T cell depletion
tudies, animals were injected intraperitoneally (i.p.) with anti-CD8
53.6.72) or anti-CD4 (GK1.5) antibodies (BioXCell, West Lebanon,
H), or control rat IgG (Sigma–Aldrich, St Louis, MO) on days −6,
5, −4, 0, and weekly thereafter, with depletions confirmed on day
1 by flow cytometry.

.9. Measurement of cytotoxic T lymphocyte activity

Mice were given two bi-weekly vaccinations of BV- or Hyb-
erived glutaraldehyde Id-KLH plus GM-CSF as above. Fourteen
ays later, post-vaccine spleen and lymph nodes were harvested
nd pooled from individual mice and processed into single cell
uspensions. Cells were cultured for 5 days with mitomycin C
25 �g/ml, Sigma–Aldrich) treated A20 tumor cells. At the end of
ulture, viable cells were purified via centrifugation in Histopaque
Sigma–Aldrich). Live cells were counted and phenotyped to enu-

erate total CD3+CD8+ T cells by flow cytometry. 1 × 105 recovered
cells were co-incubated with 1 × 104 D275-labeled (Invitrogen)
20 cells in 1 ml of 5% FCS in RPMI media for 3 h at 37 ◦C. Following

ncubation, 20 �l of PI (Sigma–Aldrich) was added to each sample
nd cells were assessed immediately by flow cytometry. Percent
ysis was calculated as the % of PI+D275+ A20 target cells/total D275+

20 targets.

.10. Quantitation of anti-idiotype antibodies by ELISA

To evaluate the antibody responses generated by BV- or Hyb-
erived Id-KLH vaccines, groups of four BALB/c mice received
hree weekly vaccinations as above. Mice were bled 10 days
fter the third vaccination, and anti-Id antibodies measured as
reviously described [35]. F(ab)2 A20 hybridoma Id was coated
nto Nunc Immunosorp (Nalge Nunc, Rochester, NY) plates at
�g/ml in carbonate buffer overnight at 4 ◦C. Plates were blocked
ith 5% non-fat dry milk, washed, then sera was serially diluted

long with an A20 anti-Id standard 1G6 (mouse IgG1, kind gift
rom Dr. Ronald Levy, Stanford, CA) for 1 h at room temperature.
lates were then washed, incubated with a goat anti-mouse IgG-
RP secondary detector antibody (� specific, Southern Biotech,
irmingham, AL), washed again, and then developed with ABTS
Sigma–Aldrich).

.11. Statistical analysis
Survival differences among groups of mice were assessed using
he Kaplan–Meier method with the log-rank test using Prism
oftware (Graph-Pad Software, San Diego, CA). p values were con-
idered statistically significant at p less than 0.05. CD80 and CCR7
xpression, CTL, and antibody titer data were compared using the
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aired, two-tailed Student’s t-test, and differences were considered
tatistically significant at p less than 0.05.

. Results

.1. A20 lymphoma-specific Id proteins from insect cell and
ybridoma sources have distinct glycosylation patterns

The cDNA sequences of the A20 lymphoma heavy- and light-
hain Ig variable (idiotype) regions were cloned into a baculovirus
ector expressing a murine IgG2a, � backbone matching that of the
ative Id, and produced in High-FiveTM insect cells. The variable
egion cDNAs from the BV- and Hyb-derived Ids were sequenced
nd confirmed to be identical (data not shown). Comparative
arbohydrate analysis of the BV- and Hyb-derived A20 Id pro-
eins by capillary electrophoresis demonstrated a typical N-linked
lycosylation pattern for the mammalian-derived Ig [38], and char-
cteristic oligomannosidic N-glycans with five to nine mannose
esidues [21] in the insect cell-derived protein (Fig. 1). This pattern
as representative of human lymphoma-derived BV Id proteins
roduced for Id-KLH vaccine clinical trials (data not shown).

.2. Mannose receptor mediates enhanced binding of BV-derived
d to human DCs

Given the high content of terminal mannose residues in BV-
erived Id, we hypothesized that the binding and uptake of BV Id by
Cs may differ from that of native, tumor-derived Id. FITC-labeled
uman IgG and BV-derived human IgG were conjugated to KLH
ia glutaraldehyde and incubated with immature human DCs. As
epicted in Fig. 2A, both KLH alone and human IgG-KLH showed
modest and roughly equivalent degree of binding to the DCs. In

ontrast, the BV-derived human IgG-KLH conjugate demonstrated
ubstantially higher (>10-fold increased mean fluorescence inten-

ity, MFI) staining of human DCs. Similarly, after a 2-h incubation
ith DCs to allow binding and uptake of proteins, fluorescent Alexa
47-labeled Hyb A20 Id and free Alexa 647 each showed moderate
ptake by human DCs, while BV-derived A20 Id displayed strik-

ngly higher uptake (>30-fold increased MFI) (Fig. 2B). Since the

b
a
t
m
M

ig. 1. Comparative carbohydrate analysis of hybridoma-derived (Hyb) and insect cell-d
sing PNGase F, stained with APTS, and analyzed by capillary electrophoresis alongside olig
RFU) over time. Hyb-derived Id contains oligosaccharides with terminal galactose (G) re

annose (Man) residues.
27 (2009) 250–259 253

mino acid sequences of these two A20 Id proteins are essentially
dentical, but differ substantially in their glycan content, we sought
o determine the role of MRs in the affinity of these proteins for
Cs. Human DCs were incubated with fluorescent-labeled BV Id,
yb Id, or dextran in the presence of various endocytosis inhibitors

Fig. 2C). The high-level binding and uptake of BV Id and dextran (a
ynthetic ligand for MR) by DCs was partially blocked in the pres-
nce of the mannose-containing polysaccharide mannan, and by
blocking antibody against MR, but not affected by control anti-

ody. In contrast, these inhibitors did not affect the binding and
ptake of Hyb Id. Cytochalasin D, an inhibitor of microfilament-
ependent endocytosis, reduced DC uptake of BV Id, Hyb Id, and
extran, as expected. These results demonstrate a role for DC MRs

n the increased uptake of the BV-derived antigen compared to
ts mammalian cell-derived counterpart. Interestingly, despite the
act that KLH contains mannose residues that can bind to mannose
eceptors [39], the glycan content of BV-derived Id permits even
igher binding to DC mannose receptors.

.3. Insect-derived Id upregulates activation markers on
uman DCs

Ligation of C-type lectin-like scavenger receptors such as the MR
n DCs can contribute to their activation [40]. The surface expres-
ion of two representative DC activation markers were evaluated
fter incubation with A20 BV or Hyb glutaraldehyde Id-KLH conju-
ates. Immature human DCs from five donors were evaluated for
urface expression of CD80 (Fig. 3A) or CCR7 (Fig. 3B) after 48 h
f co-culture. DCs incubated with BV Id-KLH conjugates showed
ignificantly higher levels of CD80 and CCR7 expression compared
o DCs incubated with Hyb Id-KLH. DCs exposed to unconjugated
LH showed surface marker levels roughly equivalent to those seen
ith media alone controls (data not shown). The increases in CD80

xpression by DCs cultured with Hyb Id-KLH (vs. media alone) may

e accounted for by in part by the mannose content of KLH [39]. The
ddition of blocking anti-MR antibody to the co-cultures reduced
he higher levels of surface marker expression seen with BV Id, in

any cases, near to the levels seen with Hyb Id proteins (Fig. 3C).
oreover, marker expression in the presence of Hyb Id proteins was

erived (BV) A20 Id proteins. Oligosaccharides were cleaved from purified proteins
osaccharide standards. The elution profile is depicted as relative fluorescence units

sidues typical of Igs. Only the insect cell-derived Id has a high content of terminal
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ig. 2. Human DC mannose receptors allow for increased binding of insect cell-deriv
ecombinant BV-derived human IgG-KLH. IgGs were conjugated to KLH via glutaral
ystems were labeled with Alexa 647 and incubated for 2 h at 37 ◦C with human DC
r FITC-dextran were incubated with human DCs in the presence of various inhibito
nd bound antigen quantitated by flow cytometry.

ot greatly affected by the anti-MR antibody. Thus, the enhanced
inding and uptake of BV Id by DCs is associated with the induction
f a more mature immunophenotype, and appears to be mediated
n part by interaction with MRs.

.4. In vivo comparison of baculovirus vs. hybridoma Id-KLH
onjugates
Our set of BV- and Hyb-derived A20 Id proteins permitted us to
ssess the impact of insect cell Id production on lymphoma-specific
mmunity in vivo. Mice bearing 4-day early established A20 s.c.
umors were vaccinated with BV or Hyb Id conjugated to KLH via

l
g
i
s
o

. (A) Human DCs were incubated at 4 C with FITC-labeled KLH, human IgG-KLH, or
e and evaluated for surface binding. (B) Murine A20 Id produced in both BV or Hyb
termine surface binding of the Igs. (C) BV A20 Id-Alexa 647, Hyb A20 Id-Alexa 647,
uding mannan, control IgG antibody, anti-MR blocking antibody, or cytochalasin D,

ither glutaraldehyde or maleimide chemistries. While the stan-
ard for most Id vaccine clinical trials has been Hyb Id conjugated
o KLH via glutaraldehyde [1,3], we have recently described an
lternative sulfhydryl-based conjugation method with improved
n vivo efficacy in multiple murine B cell lymphoma models [35].
he pooled results of three individual experiments are shown in
ig. 4. The standard Hyb glutaraldehyde Id-KLH elicited the lowest

evel of tumor eradication (33%, Fig. 4A). The addition of BV Id to
lutaraldehyde Id-KLH gave slightly higher survival (47%). Chang-
ng conjugation chemistries to maleimide resulted in still higher
urvival for both BV- and Hyb-derived Id proteins. Notably, the level
f tumor eradication achieved by BV maleimide Id-KLH (64%) was
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tandard deviation of n = 5 replicates for 0 and 50 �g samples and n = 4 for 100 �g sa

ignificantly higher than that reached with the standard Hyb glu-
araldehyde Id-KLH vaccine (33%, p value 0.0025). Considering only
he source of Id protein, in all three individual experiments, BV Id
rotein conjugates showed a modest survival trend in favor of BV Id
ver Hyb Id. In the pooled analysis, BV Id resulted in a greater pro-
ortion of survivors vs. Hyb Id (53% vs. 41%, p value 0.112; Fig. 4B).
onsidering only the method of conjugation, maleimide conjugates
esulted in significantly improved survival compared to glutaralde-
yde conjugates (58% vs. 40%, p value 0.0054; Fig. 4C). These results
emonstrate that the use of BV-derived Id proteins and maleimide
onjugation may both contribute to the significantly improved
urvival seen in comparison to a traditional Hyb Id-KLH vaccine.

.5. Improved CD8+ CTL responses in BV Id vaccinated mice

We have recently demonstrated that the eradication of estab-

ished A20 lymphoma by Id-KLH vaccination is dependent upon
D8+ T cells [35]. As MR-mediated uptake of soluble antigen to DCs
as been shown to provide efficient CTL induction [14–16,19], we
ompared the ability of BV and Hyb Id proteins to induce tumor-
pecific CTL activity after glutaraldehyde Id-KLH vaccination. As

3

a

with Hyb Id. Surface expression of (A) CD80 and (B) CCR7 in the presence of BV- or
er pre-treatment with an anti-MR blocking antibody. Error bars in A & B represent
s.

hown in Fig. 5A, CTL activity from mice vaccinated with the BV
d-KLH was significantly stronger than that obtained with the mam-

alian cell-derived Id-KLH. To confirm that CD8+ T cells were the in
ivo effectors in BV glutaraldehyde Id-KLH-vaccinated mice, mice
ere depleted of either CD4+ or CD8+ T cells prior to tumor inoc-
lation and subsequent immunization (Fig. 5B). Vaccination with
V glutaraldehyde Id-KLH induced significant tumor eradication
ompared to control-treated mice (HBSS vs. vaccinated and con-
rol antibody or CD4+ T cell-depleted, p values 0.0002 and 0.0066,
espectively). Mice receiving control or CD4+ T cell-depleting anti-
odies showed similar levels of survival (Fig. 5B; p value 0.79),

ndicating no apparent role for CD4+ T cell effectors in vaccine-
nduced tumor protection. In contrast, mice depleted of CD8+ T cells
ll succumbed to tumor, just as those treated with HBSS control.
hus, enhanced CD8+ CTL induction appears to be responsible for
he improved efficacy of BV Id-KLH vaccines (Fig. 4A and B).
.6. Humoral anti-Id responses in BV and Hyb Id vaccinated mice

Since anti-Id antibodies are potentially important effectors
gainst some B cell lymphomas after Id vaccination [7,35,36,41–43],
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Fig. 4. Both BV Id production and maleimide conjugation result in improvements
over traditional Hyb Id production and glutaraldehyde conjugation. (A) Four days
after s.c. inoculation with A20 tumor cells, groups of mice received either two or
three weekly s.c. vaccinations with BV-derived (n = 96) or Hyb-derived (n = 96) Id
conjugated to KLH via either maleimide (n = 72) or glutaraldehyde (n = 120), plus
locally administered GM-CSF as an adjuvant. Data from three individual exper-
iments having identical endpoint criteria were pooled. Tumor eradication was
greatest using BV Id and maleimide conjugation. (B) BV and Hyb Id-KLH groups
were pooled, showing a greater proportion of survivors with insect cell-derived
Id proteins. (C) Id-KLH maleimide and glutaraldehyde groups were pooled, show-
ing superiority of maleimide-conjugated Id proteins compared to glutaraldehyde
conjugates.

Fig. 5. CD8+ T cells in mice vaccinated with insect cell-derived Id are required for
tumor eradication and demonstrate enhanced effector function. (A) BV glutaralde-
hyde Id-KLH elicits greater CTL activity than Hyb glutaraldehyde Id-KLH. Mice were
given two bi-weekly vaccinations, after which CTLs from the spleen and lymph nodes
were tested for their ability to lyse A20 lymphoma cells at an E:T ratio of 10:1. (B)
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ependence of vaccine efficacy on CD8+ T cells. BALB/c mice were pre-depleted of
D4+ or CD8+ T cells, inoculated s.c. with A20 tumor and 4 days later given three
eekly vaccinations of BV glutaraldehyde Id-KLH plus GM-CSF, and followed for

urvival.

nd N-linked glycosylation is common in the variable regions of fol-
icular lymphoma Igs [44], we assessed whether the altered glycan
tructures of BV Id would impair the induction of antibodies recog-
izing the native Id structure. Mice were vaccinated with BV or Hyb

d conjugated to KLH via glutaraldehyde or maleimide, and serum
evels of antibodies binding to native (Hyb) Id were determined by
LISA. The use of BV Id neither enhanced nor inhibited the humoral
esponse to native tumor Id (Fig. 6). However, anti-Id titers after
mmunization with maleimide conjugates of both BV and Hyb Id
roteins were substantially higher than those seen with their corre-
ponding glutaraldehyde conjugates. Notably, the highest antibody
evels were seen in mice vaccinated with maleimide-conjugated BV
d-KLH.

. Discussion
Based on the established role of mannose receptors in pro-
oting T cell immunity to protein antigens [14–20], and the
annose-rich glycans of insect cell produced glycoproteins

21,28], baculovirus-produced antigens may offer advantages
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Fig. 6. Vaccination with BV Id-KLH maleimide conjugate results in higher tumor
antigen-specific antibody titers than glutaraldehyde conjugates. Groups of four mice
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ere vaccinated with BV or Hyb Id conjugated to KLH via either maleimide or glu-
araldehyde weekly for 3 weeks together with GM-CSF. Mice were bled 10 days
ater and anti-Id antibody titers determined by ELISA. Error bars represent standard
eviations among serum values from individual mice.

s immunogens in vaccines against both infectious agents and
umors. Indeed, several baculovirus-produced vaccines have
ecently demonstrated efficacy against viral infections in humans
23,26]. To meet the challenge of producing large numbers of Id
umor antigen vaccines from individual lymphoma patients, a
aculovirus production strategy was adopted [35]. While it was
heorized that production of lymphoma-specific Id proteins in
nsect cells might yield tumor antigens with increased immuno-
enicity, we wished to test this hypothesis in a controlled setting.
e thus performed a side-by-side comparison of Id protein antigen

accines produced in either insect or mammalian cells for their
nteractions with human DCs, and their in vivo potency against a

urine B cell lymphoma. To our knowledge, this study represents
he first direct immunologic comparison of insect cell-derived vs.

ammalian cell-derived recombinant tumor antigens. Despite
umerous recent studies of BV-produced protein vaccines against a
ariety of infectious agents and human cancers [23–33], the degree
o which recombinant tumor antigens secreted by insect cells
iffer in their immunologic properties from those of mammalian
ources has remained incompletely characterized.

A typical pattern of N-linked oligomannosidic glycans was found
n lymphoma Id proteins produced in insect cells (Fig. 1), endow-
ng them with increased binding and uptake by human DCs (Fig. 2).
ased on inhibition studies, MRs appear to play a substantial role

n the increased affinity of BV Id proteins for DCs, although other C-
ype lectin-like and other scavenger receptors may also be involved
13]. We also confirmed that mannose-rich antigen preparations
an, in addition to improving antigen uptake by DCs (Fig. 2), con-
ribute to DC activation (Fig. 3) [40]. This property adds to the
ttractiveness of BV vaccines over mammalian sources of recom-
inant tumor antigens.

Presicce and colleagues recently reported that KLH can induce
ctivation and maturation of human DCs in part via interactions
ith mannose receptors [39]. In light of this, why might conjugation

f KLH to another mannose-containing protein (insect cell-derived

d) offer enhanced DC binding, uptake, and activation over that seen

ith mammalian Id-KLH conjugates? This may be explained by
he topology of Id-KLH conjugates. Id proteins (150 kDa) are con-
ugated 1:1 (w:w) to the surface of the much larger KLH protein,

hich exists as a multimeric complex of 8000 kDa [45], yielding
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KLH covered with many (approximately 50) Id molecules. Thus,
annose-containing glycans on the insect cell-derived Id could be
uch more accessible for interaction with DC mannose receptors

han glycans on the KLH carrier protein at the core of the con-
ugate, making the Id protein mannose content dominant in the

annose receptor-Id-KLH interaction. The higher mannose con-
ent of a protein antigen coupled to KLH would be important in
reserving mannose receptor interactions as a means of increasing

mmunogenicity.
In vivo, we found a reproducible trend towards improved tumor

radication using BV-produced Id compared to that produced by
tumor-myeloma hybridoma (Fig. 4; 53% vs. 41%), though this

rend did not reach statistical significance. Interestingly, the opti-
al tumor eradication in our study was obtained by combining

wo relatively novel refinements in Id-KLH vaccines: the use of
nsect cell-derived antigen, and conjugation to KLH via maleimide
hemistry [35]. Therefore, it would be worthwhile to test Id-KLH
accines employing both MR targeting and maleimide conjugation
n clinical trials against human B cell malignancies. In addition to
roviding increased uptake and activation of DCs, BV Id also elicited
uperior CTL activity against lymphoma cells (Fig. 5A). Thus, for
herapeutic tumor antigen vaccines where the induction of CD8+

TL is the goal, insect cell production of recombinant protein could
rove advantageous.

Given that anti-Id antibodies can be important anti-lymphoma
ffectors after Id vaccination [7,36,41–43], it was important to
xclude the possibility that the altered glycan structures of Id
roduced in insect cells might favor the induction of antibodies
gainst the foreign glycans while decreasing production of those
ecognizing the native Id structure presented on tumor cells. Impor-
antly, no such impairment of tumor antigen-specific antibodies
as observed; BV and Hyb Id proteins elicited similar titers of anti-
odies recognizing native Id (Fig. 6). Thus, at least in this single
ase, impairment of the relevant tumor-specific humoral response
y vaccination with insect cell-derived Id does not represent a con-
ern.

The production of lymphoma-specific Id proteins using BV and
nsect cells remains an attractive approach for efficient genera-
ion of vaccine products. Quantities of Id sufficient for vaccination
an be obtained from near 100% of human follicular lymphomas
sing this technology, usually within a period of only 8–12 weeks.

n a phase II clinical trial in non-Hodgkin’s lymphoma, several
bjective tumor regressions were observed in patients immunized
ith recombinant insect cell-derived Id-KLH [8]. Nonetheless, in a
hase III clinical trial, this same vaccine was recently reported to
ave failed to improve progression-free survival in follicular non-
odgkin’s lymphoma patients immunized after cytoreduction with
nti-CD20 monoclonal antibody therapy [46]. A second phase III
accine trial in follicular non-Hodgkin’s lymphoma using recom-
inant mammalian cell-derived Id also recently failed to improve
rogression-free survival after cytoreductive chemotherapy [47].
nly a third phase III trial using hybridoma-derived Id protein for
accination of follicular lymphoma patients in complete remis-
ion after chemotherapy has reported positive results in improving
umor-free survival [48]. The reasons for the failure of the former
wo trials are unclear, but may relate to the higher tumor burdens
n these patients at the time of vaccination. The patients treated on
he trial using insect cell-derived Id had the highest tumor burdens
f all three trials, so this vaccine may not necessarily be any less
otent than the others tested in phase III trials. Our current labo-

atory results, comparing a single lymphoma-specific Id produced
n insect cells to a hybridoma-derived Id, show modest but repro-
ucible immunologic advantages to the insect cell-derived antigen.
urthermore, our data clearly demonstrate that vaccines utilizing
oth a mannose-rich tumor antigen with a novel maleimide-based



2 ccine

c
i
v
t

A

a
m

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

58 D.J. Betting et al. / Va

arrier protein conjugation method offers significantly improved
n vivo anti-tumor efficacy. Thus, combining these and other new
accine technologies, may lead to improved clinical outcomes with
herapeutic cancer vaccines.
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