
Mannan-mediated gene delivery for cancer immunotherapy

Introduction

Since the emergence of DNA vaccines in the early 1990s,

many studies have been performed to increase their effic-

acy in humans. One such strategy involves the use of viral

or non-viral carriers to ensure the entry of the DNA into

cells. The use of viral vectors is limited by the size of the

genetic material they can deliver, their immunogenicity

and their oncogenic potential. In the light of these con-

cerns, non-viral gene delivery has emerged as a promising

alternative. Non-viral vectors include lipids,1 synthetic

polymers,2 peptides3 and microparticles.4 These vectors

have the advantages of low cost and immunogenicity.

However, their use is still limited by a relatively low

transfection efficiency compared with viral vectors.

Receptor-mediated gene targeting has been used to

increase the efficiency of DNA incorporation into specific

target cell types, particularly for gene therapy. Several

receptors have been targeted, including the mannose

receptor for macrophage targeting,5 asialoglycoprotein for

hepatocyte targeting,6 and neurotensin for central nervous

system cell targeting.6–10 In particular, the mannose

receptor has been targeted using DNA complexed to

mannosylated poly L-lysine (PLL), polyethyleneimine

(PEI) and liposomes.5,11,12 The mannose receptor is

expressed on macrophages and dendritic cells (DCs) and

is a preferable target for introducing genetic material

encoding tumour antigens as a DNA vaccine.

We previously demonstrated that mannan (poly-man-

nose) conjugated to Mucin 1 (MUC1; an antigen found

on adenocarcinoma cells) fusion protein in the oxidized

form (OxMan; comprising aldehydes) or in the reduced

form (RedMan; comprising aldehydes reduced to alcohols)

generated differential T helper type 1 Th1/Th2 immune
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Summary

Recent years have seen a resurgence in interest in the development of effi-

cient non-viral delivery systems for DNA vaccines and gene therapy. We

have previously used oxidized and reduced mannan as carriers for protein

delivery to antigen-presenting cells by targeting the receptors that bind

mannose, resulting in efficient induction of cellular responses. In the pre-

sent study, oxidized mannan and reduced mannan were used as receptor-

mediated gene transfer ligands for cancer immunotherapy. In vivo studies

in C57BL/6 mice showed that injection of DNA encoding ovalbumin

(OVA) complexed to oxidized or reduced mannan-poly-L-lysine induced

CD8 and CD4 T-cell responses as well as antibody responses leading to

protection of mice from OVA+ tumours. Both oxidized and reduced man-

nan delivery was superior to DNA alone or DNA-poly-L-lysine. These

studies demonstrate the potential of oxidized and reduced mannan for

efficient receptor-mediated gene delivery in vivo, particularly as DNA vac-

cines for cancer immunotherapy.

Keywords: DNA vaccine; mannan; mannose receptor; gene therapy; can-

cer; oxidized mannan

Abbreviations: CD4, OVA323-339 major histocompatibility complex (MHC) class II epitope from ovalbumin; CD8, MHC class I
epitope from ovalbumin SIINFEKL; Con A, concanavalin A; DC, dendritic cell; OVA, ovalbumin; OxMan, oxidized mannan;
PAS, periodic acid Schiff’s stain; PLL, poly l-lysine; RedMan, reduced mannan; R value, DNA (PO4

–):PLL (NH3
+) molar ratio.
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responses.13–17 The OxMan conjugate was found to be

endocytosed by the mannose receptor and allowed fast

tracking from the endosome into the cytoplasm as a result

of the aldehyde residues present.18 One of the major rate-

limiting and inefficient steps in DNA vaccination is the

escape of DNA from the endosomes into the cytosol. Fail-

ure of DNA to traverse the endosomal membrane results

in translocation into the lysosomal compartment and its

degradation, with inefficient transgene expression.

In this study, we investigated the in vivo efficacy of

OxMan and RedMan as receptor-mediated gene transfer

ligands. Using a poly cationic linker, PLL, to link OxMan

and RedMan to DNA, we demonstrated successful

immune responses (CD8, CD4 and antibody responses)

leading to tumour protection in mice.

Materials and methods

Preparation of oxidized and reduced mannan-PLL

To prepare oxidized mannan (OxMan), 14 mg of mannan

(from Saccharomyces cerevisiae; Sigma, St Louis, MO) was

dissolved in 1 ml of sodium phosphate buffer (pH 6.0,

0.1 M) to which 100 ll of 0.1 M sodium periodate (dis-

solved in phosphate buffer, pH 6) was then added, and

the mixture was incubated on ice for 1 hr in the dark.

Ten microlitres of ethanediol was added to the mixture

which was incubated for a further 30 min on ice. The

mixture was passed through a PD-10 column (pre-equili-

brated in 0.01 M phosphate buffer, pH 8; Amersham

Bioscience, Uppsala, Sweden) and oxidized mannan was

collected in the first 2 ml after the void volume (2.5 ml).

One milligram of PLL [average chain length 212; relative

molecular mass (Mr) 27 400; Sigma, Steinheim, Germany]

dissolved in phosphate-buffered saline (PBS) was added

to 2 ml of OxMan. The oxidized mannan-PLL (OxMan-

PLL) mixture was allowed to react in the dark at room

temperature (RT) overnight. Finally, OxMan-PLL was

dialysed against 5 mM NaCl for 24 hr. Reduced mannan-

PLL (RedMan-PLL) was prepared by adding 1 mg of

sodium borohydride to the OxMan-PLL conjugate and

incubating the mixture for 3 hr at RT before dialysis. The

final concentrations of mannan and PLL in both OxMan-

PLL and RedMan-PLL were 7 and 0.5 mg/ml, respectively.

DNA plasmid preparation

The plasmid sOVA-C1, incorporating the cytomegalovirus

promoter, which expresses ovalbumin, was kindly provi-

ded by Dr Peter Smooker (RMIT University, Melbourne,

Australia)19 (referred to as ‘OVA DNA’ hereafter). DNA

plasmids were purified using the Qiagen Plasmid Maxi

Kit (Qiagen, Hilden, Germany) according to the manu-

facturer’s instructions. OVA DNA used in gel retardation

experiments was linearized by EcoRI digestion. The qual-

ity of OVA DNA was tested by restriction enzyme diges-

tion on agarose gels, transfection using fugene into CHO-

K1 cells, and determination of OVA expression by flow

cytometry (data not shown).

Complexation efficiency of carrier-PLL, PLL and
plasmid DNA

Both OxMan-PLL and RedMan-PLL were complexed to

plasmid DNA using the same method. OxMan-PLL-DNA

and RedMan-PLL-DNA conjugates were complexed at var-

ious DNA (PO4
–):PLL (NH3

+) molar ratios (abbreviated as

R). Plasmid DNA in various amounts (lg) was dissolved in

0.7 M sodium chloride. To this, an equal volume of

OxMan-PLL (in quantities to give R values of 0, 0.25, 0.5,

0.75 and 1) in the same final NaCl concentration was

added in a stepwise manner (10 ml per addition) for 1 hr.

The conjugates, OxMan-PLL-DNA and RedMan-PLL-

DNA, were incubated at RT for 30 min before use. The

degree of complexation between OxMan-PLL and DNA

under different conditions, i.e. different concentrations and

R values, was determined from the extent of DNA retarda-

tion in 0.6% (w/v) agarose gel electrophoresis run for 1 hr

at 100 mV. The amount of conjugate in micrograms refers

to the amount of plasmid DNA unless otherwise stated.

Cytotoxicity of carriers

J774 cells (1 · 105) in a volume of 150 ml of medium

were seeded into each well of a 96-well microtitre plate. A

volume of 50 ml of OxMan, Redman, OxMan-PLL, Red-

Man-PLL and PLL at various concentrations was incuba-

ted with the cells for 16 hr at 37� and subsequently 1 lCi

of thymidine was added and the mixture was incubated

for a further 6 hr. Cells were harvested and [3H]thymi-

dine uptake was measured using a b-scintillation counter

(Top Count Gamma Counter; Packard, Meriden, CT).

Mice and immunizations

Female C57BL/6 mice aged 6–10 weeks were used in all

experiments. Mice were immunized twice intradermally

(i.d.) into the base of the tail with 100 ll of the

following: DNA 10 lg, DNA 50 lg, DNA-PLL 10 lg,

DNA-PLL 50 lg, RedMan-PLL-DNA 10 lg, RedMan-

PLL-DNA 50 lg, OxMan-PLL-DNA 10 lg or OxMan-

PLL-DNA 50 lg. Spleens were removed 10–14 days after

the last immunization and immune responses were

assessed. All studies were reviewed and approved by the

Austin Health animal ethics committee.

Antigens

For in vitro stimulation, the following antigens were used:

chicken egg OVA (Sigma, Steinheim, Germany), OVA
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CD4 epitope ISQAVHAAHAEINEAGR (OVA323-339)

and OVA CD8 epitope SIINFEKL. All peptides were syn-

thesized by Mimotopes (VIC, Clayton, Australia) and

were > 95% pure by mass spectrometry and high-

performance liquid chromatography (HPLC).

Proliferation assay

Splenocytes (2 · 105) in 100 ll of complete medium

[RPMI supplemented with 10% fetal calf serum (FCS),

penicillin/streptomycin and glutamine] were seeded into

96-well round-bottom plates and cultured in triplicate with

10 lg/ml OVA, OVA CD8 epitope, OVA CD4 epitope or

medium alone (negative control) and incubated at 37� and

5% CO2. Concanavalin A (Con A) at a concentration of

1 lg/ml was used as an internal positive control. Prolifer-

ation was assessed on days 2–5 by adding 1 lCi of

[3H]thymidine per well to one plate per time-point. Cells

were incubated for a further 6 hr before harvesting onto

glass fibre filters. [3H] uptake was measured using a b-scin-

tillation counter (Top Count Gamma Counter).

Enzyme-linked immunosorbent spot-forming cell assay
(ELISPOT)

Ninety-six-well plates (MAIP S4510; Millipore, Moisheim,

France) were pre-wet with 50 ll of 70% ethanol, washed

six times with 200 ll of sterile PBS and coated with 70 ll

of 5 lg/ml anti-interferon (IFN)-c coating antibody,

AN18 (Mabtech, Stockholm, Sweden), overnight at 4�.

Plates were washed six times with sterile PBS and blocked

with 200 ll of complete medium for 2 hr at 37�. Spleen

cells (5 · 105) in 100 ll of complete medium were incu-

bated with 10 lg/ml OVA, 10 lg/ml OVA CD8 epitope,

10 lg/ml OVA CD4 epitope or medium alone for 18 hr at

37�. Con A at a concentration of 1 lg/ml was used as an

internal positive control. Triplicate wells were set up for

each condition. Plates were developed by incubation with

the biotinylated anti-IFN-c antibody R46A2 (Mabtech) for

2 hr at RT followed by incubation with 1 lg/ml strepta-

vidin-alkaline phosphatase (ALP) (Mabtech) for 30 min at

RT. Spots of activity were detected using a colorimetric

AP kit (Bio-Rad, Hercules, CA) and counted using an

AID ELISPOT reader (Autoimmun Diagnastika GmbH,

Strassberg, Germany). Data are presented as mean spot

forming units (s.f.u.) per 5 · 105 cells ± standard error of

the mean (SEM).

Enzyme-linked immunosorbent assay (ELISA)

Serum was collected from mice before and 2 weeks after

final immunization. Polyvinyl chloride microtitre plates

were coated with OVA [10 mg/ml in coating buffer

(0.05 M sodium bicarbonate, pH 9.6)] overnight at 4�.

Plates were blocked with 2% bovine serum albumin

(BSA)/PBS for 2 hr at 37� in a humidified box. Plates

were washed with PBS/0.05% Tween-20 five times and

incubated for 2 hr at RT with mouse sera from immun-

ized mice at various dilutions, and then washed 15 times

and incubated with horseradish-peroxidase-conjugated

sheep anti-mouse immunoglobulin (Ig) (Amersham

Bioscience, Buckinghamshire, UK) for 2 hr at RT. After

the plates had been washed, developing buffer [5 ml of

ABTS buffer (1 M sodium hydrogen phosphate and 1 M

citric acid, pH 4.5), 100 ml of ABTS stock and 4 ml of

H2O2] was added and the mixture was incubated for 15–

30 min. Plates were read on a Fluostar Optima microplate

reader (BMG Labtech, Offenburg, Germany) at 405 nm.

Tumour studies

Groups of female C57BL/6 mice (six mice/group) were

immunized with 10 lg (R ¼ 0.4) and 50 lg (R ¼ 2) of

OVA DNA complexed to PLL, RedMan-PLL or OxMan-

PLL at [NaCl] ¼ 0.7 M. Mice were injected twice on days

0 and 14 intradermally at the base of the tail. Ten days

after the final injection, mice were challenged with 1 · 107

EG7 tumour cells (OVA-transfected EL4 cells) in 100 ll of

PBS subcutaneously. EL4 tumours were included as a spe-

cificity control. Tumours were measured every second day.

Statistical analysis

Mean values were compared using Student’s two-tailed

t-test. A P-value threshold of P < 0.05 indicates a statisti-

cally significant difference. Significant differences among

multiple groups in tumour challenge experiments were

analysed by one-way analysis of variance (ANOVA) and

the Tukey post hoc test using GRAPHPAD PRISM 4.0 software

(GraphPad Software, San Diego, CA).

Results

Efficiency of conjugation between OxMan and PLL

DNA cannot be directly conjugated to OxMan or Red-

Man. To facilitate binding of DNA, OxMan-PLL or Red-

Man-PLL conjugates were used as described in the

Materials and methods. The binding interaction between

OxMan and PLL is via covalent bonds, while the com-

plexation of DNA to OxMan-PLL is by an electrostatic

interaction between the negatively charged phosphate

group (PO4
–) of DNA and the positively charged amino

group (NH3
+) present in lysine. To confirm binding

between OxMan and PLL, the carrier complex (OxMan-

PLL) was analysed on a sodium dodecyl sulphate–poly-

acrylamide gel electrophoresis (SDS-PAGE) gel stained

with Coomassie blue or the carbohydrate stain periodic

acid Schiff’s (PAS). OxMan showed no staining with

Coomassie blue, as expected (Fig. 1a, lane A). Coomassie
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blue did not stain PLL (Fig. 1a, lane B) because of the

hydrophilic nature of PLL, which resists forming micelles

with the hydrophobic SDS which are necessary for it to

migrate in the gel. However, OxMan-PLL was stained

(Fig. 1a, lane C), demonstrating that PLL was conjugated

to OxMan. PAS stained both OxMan and OxMan-PLL,

thus demonstrating that there was conjugation between

OxMan and PLL (Fig. 1b, lanes A and C).

Characterization of OxMan-PLL and OVA DNA
complexes

The interaction of DNA with OxMan-PLL was analysed

using agarose gel electrophoresis. Upon complexation

between OxMan-PLL and DNA, the DNA loses its negative

charge and consequently its ability to migrate in an ag-

arose gel. A major factor for consideration in the complex-

ation between polyamines and DNA is the molar ratio of

PO4
– groups present in DNA and NH3

+ groups present in

the polyamines (R value). The degree of complexation

between OxMan-PLL and OVA DNA was assessed at var-

ious R values (0.1–10) (Fig. 2a). The degree of retardation

decreased as R increased, indicating weaker DNA binding

at increased PO4
–:NH3

+ ratios. At R ¼ 0.1, retardation of

DNA was complete, whereas at R ¼ 3–10 no retardation

of DNA in OxMan-PLL complexes was observed. On the

basis of these results, we chose R ¼ 0.4 (mostly retarded)

and R ¼ 2 (little retardation) for further study. It has been

reported that, for interaction of free PLL and mannose-

PLL with DNA, the molar concentration of salt (NaCl) in

the complexation mixture affects the degree of complexa-

tion.20 Thus, we used 0.7 M NaCl for complexation of the

OxMan-PLL and RedMan-PLL conjugates with OVA

DNA.20 DNA mixed with OxMan showed no binding

(Fig. 2b), whilst PLL completely bound DNA at all R val-

ues (Fig. 2c). Hence, OxMan alone did not affect the

migration of DNA and OxMan-PLL was required for com-

plexation of DNA. Similar interactions were demonstrated

for RedMan-PLL conjugates and DNA (data not shown).

OxMan and RedMan protect cells from the cytotoxic
effect of PLL

Polycations are cytotoxic to cells, so in order to establish

the level of cytotoxicity to cells, PLL, OxMan, RedMan,

OxMan-PLL and RedMan-PLL were incubated with J774

cells and cell viability was determined by measuring

[3H]thymidine incorporation (Fig. 3). PLL alone added to

J774 cells had an IC50 (concentration at 50% inhibition)

of 18 lg/ml, while OxMan and RedMan had IC50s of

> 125 lg/ml. OxMan-PLL and RedMan-PLL had IC50s

of 60 and > 120 lg/ml, respectively. Thus, conjugation of

A B C A B C
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Figure 1. Sodium dodecyl sulphate–polyacrylamide gel electrophor-

esis (SDS-PAGE) gel. (a) Coomassie blue stain and (b) periodic acid

Schiff’s (PAS) stain. Lane A, oxidized mannan (OxMan); lane B, poly

l-lysine (PLL) and lane C, OxMan-PLL.
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Figure 2. (a) Degree of complexation between oxidized mannan–

poly l-lysine (OxMan-PLL) and ovalbumin (OVA) DNA at different

PLL:DNA ratios (R). OxMan-PLL-DNA complexes of R values 0.1,

0.25, 0.4, 0.5, 0.75, 1, 2, 3, 4, 5 and 10 were used to evaluate the

degree of complexation by assessing the extent of gel retardation in

0.6% agarose gel. Varying levels of complexation between the two

components were observed at different R values, as reflected by the

extent of retardation of bands. The degree of complexation decreased

as the R value increased; 10 times excesses of PLL and DNA showed

complete and no binding, respectively. The amount of DNA loaded

into wells for each condition was the same (200 ng). (b) Gel retarda-

tion analysis for DNA and OxMan. DNA mixed with OxMan did

not show signs of retardation (migration to the anode) and showed

the same bands as DNA alone at all R values. (c) Gel retardation

analysis for DNA and PLL. For PLL mixed with DNA, all groups

showed complete retardation.
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OxMan or RedMan to PLL reduced the cytotoxic effect of

PLL 4-fold or 8-fold, respectively. This was also confirmed

by propidium iodide (PI; Sigma, Steinheim, Germany)

staining of cells as detected by flow cytometry (data not

shown). Furthermore, we also showed that the percentage

inhibition of [3H] uptake correlated with cell viability as

measured by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assay (data not shown).

Immune responses to OxMan and RedMan-PLL-OVA
DNA in C57BL/6 mice

OVA DNA complexed to OxMan-PLL or RedMan-PLL was

used to immunize C57BL/6 mice. Two complexes with

R ¼ 0.4 and R ¼ 2.0 were chosen for in vivo immune

responses and efficacy studies based on complete and par-

tial DNA complexation to OxMan-PLL and RedMan-PLL

(Fig. 2). To keep the amounts of OxMan and RedMan in

the R ¼ 0.4 and R ¼ 2.0 conjugates the same (150 lg),

two doses (10 and 50 lg) were chosen for immunization of

mice. Groups of four mice were given two injections of

10 lg (R ¼ 0.4) or 50 lg (R ¼ 2.0) of either OxMan-

PLL-OVA DNA or RedMan-PLL-OVA DNA on days 0 and

14. DNA alone and PLL-DNA were used as controls.

Proliferation assay

Proliferation assays were used to determine the level of

antigen-specific T cells by measuring the [3H]thymidine

uptake of T cells proliferating in the presence of peptides

on days 1–5. There was no proliferation of T cells from

mice immunized with DNA alone (10 or 50 lg) or PLL-

DNA (10 or 50 lg) (Fig. 4a–d). Mice immunized with

RedMan-PLL-DNA (10 lg of DNA in the RedMan-

PLL-DNA complex) generated T cells, which proliferated

primarily in response to the CD4 OVA T-cell epitope and

OVA (Fig. 4e), although low levels of T cells responding

to the CD8 epitope were generated. However, at a higher

immunization dose (50 lg of DNA in the RedMan-

PLL-DNA complex), T cells recognized both the CD4 and

the CD8 OVA T-cell epitopes (Fig. 4f); there was also a

reaction to OVA. There was a significant difference

(P < 0.05) in CD8 T-cell responses between the 10 and

50 lg DNA doses of RedMan-PLL-DNA on days 2 and 3.

Mice immunized with OxMan-PLL-DNA generated T

cells that recognized only the CD8 T-cell epitope and

OVA at the lower immunization dose (10 lg) (Fig. 4g);

however, at the higher immunization dose (50 lg) both

CD4 and CD8 T-cell epitopes were recognized by T cells

(Fig. 4h); there was also proliferation in response to

OVA. Significant differences (P < 0.05) were detected in

CD4 T-cell responses between the 10 and 50 lg DNA

doses of OxMan-PLL on days 2 and 3 of the proliferation

assay.

ELISPOT assay

The ex vivo 18-hr ELISPOT assay does not require cell

expansion as it detects specifically activated effector cells

(both CD4 and CD8 cytokine-producing terminal effec-

tors). The sensitivity of the assay is higher than that of

limiting dilution analysis, fluorescence-activated cell sorter

(FACScan) analysis or ELISA methods and it can reliably

detect precursor frequencies of antigen-specific effectors

of 1 in 500 000 cells.21–26 It is therefore an appropriate

method for detection of antigen-specific cells at low pre-

cursor frequencies, as demonstrated previously in malaria

models,21–26 and thus cytotoxic T-cell assays were not

performed. IFN-c secretion by T cells in mice after two

injections was measured by ELISPOT assay. The IFN-c
cytokine secretion reflected the results of the proliferation

assay, in that, at the lower immunization dose (10 lg),

OxMan-PLL-OVA induced primarily CD8 T-cell res-

ponses and RedMan-PLL-OVA CD4 T-cell responses

(Fig. 5), but at the higher dose (50 lg) both CD4+ and

CD8+ T cells secreted IFN-c from either OxMan-PLL-

OVA or RedMan-PLL-OVA immunized mice (Fig. 5). At

the lower injection dose (10 lg), low levels of CD8 T cells

were induced after RedMan-PLL-DNA immunization.

The doses of 10 and 50 lg represent the amounts of

DNA in the RedMan-PLL-DNA and OxMan-PLL-DNA

complexes, respectively. Significant differences (P < 0.005)

in the CD8 T-cell response of RedMan-PLL at the 10 and

50 lg DNA doses were observed. PLL-DNA and DNA

alone did not induce T cells that recognized either the

CD4 or the CD8 epitope peptides. In the ELISPOT assays,
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� 2006 Blackwell Publishing Ltd, Immunology, 120, 325–335 329

Mannan-DNA vaccine



140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

1 2 3 4 5 

1 2 3 4 5 

1 2 3 4 5 

1 2 3 4 5 

1 2 3 4 5 

1 2 3 4 5 

1 2 3 4 5 

1 2 3 4 5 

DNA 10 µg

DNA-PLL 10 µg DNA-PLL 50 µg

RedMan-DNA-PLL 10 µg RedMan-DNA-PLL 50 µg

OxMan-DNA-PLL 10 µg OxMan-DNA-PLL 50 µg

DNA 50 µg
 [3 H

]-
th

ym
id

in
e 

up
ta

ke
 (

c.
p.

m
.)

 

Days of culture 

OVA 
CD4 
CD8 
Con A
NEG 

Recall 
antigen (a) 

(c) 

(e) 

(g) 

(b) 

(d) 

(f) 

(h) 

Figure 4. Proliferative responses in C57BL/6

mice immunized with different DNA vaccine

formulations. C57BL/6 mice were immunized

intradermally (i.d.) on days 0 and 14 with

10 lg (R ¼ 0.4) or 50 lg (R ¼ 2.0) oxidi-
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(‘NEG’; crosses). (a) DNA 10 lg; (b) DNA

50 lg; (c) DNA-PLL 10 lg; (d) DNA-PLL

50 lg; (e) RedMan-PLL-DNA 10 lg; (f) Red-

Man-PLL-DNA 50 lg; (g) OxMan-PLL-DNA

10 lg; (h) OxMan-PLL-DNA 50 lg. Conca-

navalin A (Con A) was used as an internal

positive control. Data are shown as mean

counts per minute (c.p.m.) for triplicate wells ±

standard error of the mean. One representative

of two experiments is shown (n ¼ 3–4 mice/

group).

Recall antigen 

Negative 

OVA 

CD8 

CD4 

IF
N

-γ
 s

po
t-

fo
rm

in
g 

un
its

/5
00

00
 c

el
ls

 

700 

600 

500 

400 

300 

200 

100 

0 
DNA DNA DNA-PLL DNA-PLL RedMan- 

PLL-DNA 
RedMan- 
PLL-DNA 

OxMan- 
PLL-DNA 

OxMan- 
PLL-DNA 10 µg 50 µg 50 µg

50 µg 50 µg
10 µg

10 µg 10 µg

Vaccine formulation 

Figure 5. Interferon (IFN)-c responses in

C57BL/6 mice immunized with different DNA

vaccine formulations. Mice were immunized

intradermally (i.d.) on days 0 and 14 with

10 lg (R ¼ 0.4) or 50 lg (R ¼ 2.0) oxi-

dized mannan–poly l-lysine–ovalbumin DNA

(OxMan-PLL-OVA DNA) or reduced man-

nan–poly l-lysine–ovalbumin DNA (RedMan-

PLL-OVA DNA). Subsequently, 10–14 days

after boost immunization, IFN-c responses to

OVA (OVA), SIINFEKL (CD8) and OVA323-

339 (CD4) were assessed by enzyme-linked

immunosorbent spot-forming cell assay (ELI-

SPOT). Mean spot-forming units for triplicate

samples ± standard error are shown. This is a

representative example of four different experi-

ments (n ¼ 3 mice/group).
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precursor frequencies of IFN-c-producing CD4 and

CD8 splenocytes of 300 s.f.u./500 000 cells ¼ 1/1666 and

500 s.f.u./500 000 cells ¼ 1/1000 were observed, and pre-

cursor frequencies of > 1/10 000 have been demonstrated

in a number of studies to correlate with protection.13–17,22

Similarly high frequencies of stimulated cells were also

found in the proliferation assays, where the peak response

was at days 2–3 of culture.

In both proliferation and ELISPOT assays, non-conju-

gated OxMan and RedMan were mixed with DNA (10

and 50 lg) (without PLL linker) and injected into mice.

Neither induced T cells, and the levels of IFN-c were sim-

ilar to those of other controls (data not shown). This

demonstrates that OxMan or RedMan needs to be com-

plexed to DNA via PLL and on its own does not induce

responses. It is clear that both OxMan and RedMan-PLL-

DNA can generate cellular (CD4 and CD8 T cell)

immune responses depending on the dose injected.

ELISA

ELISA was used to detect the level of antibodies (total

IgG) present in each mouse. Non-immunized mice

(naı̈ve) were used as controls (Fig. 6). Mice immunized

with DNA-PLL, RedMan-PLL-DNA or OxMan-PLL-DNA

did not produce antibodies at the 10 lg dose. However,

at 50 lg, mice immunized with DNA-PLL, RedMan-PLL-

DNA or OxMan-PLL-DNA produced weak antibodies

(Fig. 6). It is clear that OxMan and RedMan-PLL-DNA

induce weak humoral responses and differential cellular

immune responses.

Tumour challenge

Ten days after the second injection, mice were challenged

with a subcutaneous dose of 1 · 107 EG7 (EL4-OVA)

tumour cells. All tumours grew in naı̈ve mice and in mice

immunized with 10 or 50 lg PLL-DNA (Fig. 7). In mice

immunized with 10 or 50 lg RedMan-PLL-DNA, one of

six tumours grew (Fig. 7). In mice immunized with 10 lg

OxMan-PLL-DNA, two of six tumours grew, and in mice

immunized with 50 lg OxMan-PLL-DNA none of six

tumours grew. The mean tumour sizes in mice treated

with RedMan-PLL-DNA (10 lg), RedMan-PLL-DNA

(50 lg) and OxMan-PLL-DNA (50 lg) were all signifi-

cantly smaller than in the PBS and PLL-DNA treated

mice (P < 0.001). To demonstrate that the tumour

growth inhibition was antigen specific, mice immunized

with OxMan-PLL-DNA (50 lg) or control mice (PBS)

were challenged with wild-type EL4 tumour cells and

mice were not protected (Fig. 7). Our data indicate that
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Figure 6. Antibody responses in C57BL/6 mice immunized with dif-

ferent DNA vaccine formulations. C57BL/6 mice were immunized

intradermally (i.d.) on days 0 and 14 with 10 lg (R ¼ 0.4) or 50 lg

(R ¼ 2.0) oxidized mannan–poly l-lysine–ovalbumin DNA (OxMan-

PLL-OVA DNA) or reduced mannan–poly l-lysine–ovalbumin DNA

(RedMan-PLL-OVA DNA) and, 14 days after boost injection, serum

was collected and immunoglobulin G (IgG) levels were assessed by

enzyme-linked immunosorbent assay (ELISA). Individual mouse

titres are shown with means denoted by a horizontal line. A repre-

sentative example of three different experiments (n ¼ 5–6 mice/

group) is shown.
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Figure 7. EG7 tumour challenge of C57BL/6 mice. C57BL/6 mice

were immunized with 10 lg poly l-lysine (PLL)-DNA, 50 lg PLL-

DNA, 10 lg reduced mannan (RedMan)-PLL-DNA, 50 lg RedMan-

PLL-DNA, 10 lg oxidized mannan (OxMan)-PLL-DNA or 50 lg

OxMan-PLL-DNA, and challenged with 1 · 107 EG7 cells. The

tumour sizes for individual mice on day 9 after challenge are shown.

In addition, two groups of mice immunized with phosphate-buffered

saline (PBS) or 50 lg OxMan-PLL-DNA were challenged with EL4

cells as controls to demonstrate ovalbumin (OVA)-specific anti-

tumour responses in immunized mice. The tumour sizes for individ-

ual mice on day 9 after challenge are shown. The horizontal bar

denotes mean tumour size (in mm2). Representative example of

three different experiments (n ¼ 6–7 mice/group) is shown.

� 2006 Blackwell Publishing Ltd, Immunology, 120, 325–335 331

Mannan-DNA vaccine



OxMan-PLL-DNA and RedMan-PLL-DNA complexes

generated OVA-specific protective immune responses in

C57BL/6 mice.

Discussion

DNA vaccines have the potential to be an inexpensive

and safe method of inducing protection against a range

of diseases and of delivering genes into cells. Although

good immune responses to DNA vaccines have been

induced both in animal models and in human clinical

trials, immunogenicity in humans still requires opti-

mization.27 Receptor-mediated uptake of DNA allows

site-specific gene delivery to target cells. Several ligands

binding to cell surface receptors have been used to trans-

fect DNA into cells. Receptors include transferrin,28 neu-

rotensin,8 low-density lipoprotein,29 mannose30,31 and

asialoglycoprotein receptor.32

The mannose receptor is expressed on DCs and macro-

phages.33 We previously demonstrated that the Red-

Man-MUC1 fusion protein induced predominantly

Th2 responses whereas OxMan-MUC1 induced Th1

responses.15 The effect of OxMan, as a result of the alde-

hydes present, enabled fast tracking of proteins through

the endosomes to the cytosol.18 Thus, OxMan and Red-

Man were used as carriers for DNA (using PLL as a lin-

ker) in this study.

As the interaction between OxMan-PLL or RedMan-

PLL and DNA is ionic, the major factors that would affect

the formation of complexes appropriate for efficient gene

transfer include the molar charge ratio of the negatively

charged phosphate groups of DNA molecules and the

positively charged amine groups of the polycation, and

the NaCl concentration at which complexes are formed.

For the interaction of PLL with DNA, these factors affect

the size and conformation of the complex (aggregated,

condensed and relaxed),34 which ultimately determine its

ability to be endocytosed. In this study, the uptake of the

complex was receptor-mediated via the mannose receptor,

although other receptors that bind mannan cannot be

excluded. Complexes were subsequently chosen to form

at 0.7 M NaCl, as suggested in a similar study using man-

nose-PLL to target DNA to macrophages.5 Analysis of

OxMan-PLL-DNA conjugates at different R values and at

0.7 M NaCl indicated that the R value of the complex

affects the proportion of DNA complexed (Fig. 2). We

chose R ¼ 0.4 and R ¼ 2.0 for further study, in the light

of the differences in migratory ability for these values in

agarose gels resulting from different degrees of complexa-

tion, although both R values demonstrated complexation

between DNA and PLL. Conjugation of PLL to OxMan

was found to be necessary for complex formation because

there were no signs of DNA retardation on the gel when

a mixture of DNA and OxMan was analysed by gel elec-

trophoresis. Polycations are toxic to cells, and it was

interesting that conjugation to OxMan or RedMan

reduced cytotoxicity, probably as a result of the neutral-

ization of the positive charges of PLL by the reaction with

OxMan or RedMan (Fig. 3). In previous studies using

mannose-PLL-DNA or mannose-PEI-DNA, in vitro tran-

fection efficiencies of 1–10% were obtained.5,35 In our

studies, OxMan-PLL-DNA and RedMan-PLL-DNA trans-

fection efficiencies of 10% were obtained when the man-

nose-receptor-positive J774 macrophage cell line and

bone-marrow-derived DCs were used (data not shown).

We decided to initiate in vivo studies without carrying

out extensive in vitro transfection studies, as in several

studies no correlation was found between the in vitro and

in vivo transfection efficiencies.2,36–38

Immunization of mice with 10 lg OxMan-PLL-DNA

and RedMan-PLL-DNA (R ¼ 0.4) induced primarily CD8

and CD4 responses, respectively (proliferation and ELI-

SPOT assays); at the 50 lg DNA dose, OxMan-PLL-DNA

and RedMan-PLL-DNA (R ¼ 2.0) induced both CD8 and

CD4 responses. The differential immune responses noted

with OxMan-PLL-DNA and RedMan-PLL-DNA are com-

mon for proteins but not for DNA. For DNA vaccines,

such deviations are only possible if there is coexpression

of cytokines or costimulatory molecules. Previous studies

demonstrated that DNA complexed to mannose-PLL

(PLL chemically modified with single mannose units) was

able to transfect macrophages with luciferase and galacto-

sidase in vitro and in vivo for gene therapy and there-

fore no immune responses were measured.5 In addition,

transfection of human blood monocyte-derived macroph-

ages with mannose-PLL-DNA (luciferase reporter gene)

gave a high transfection efficiency and drove luciferase

gene expression.39 In another study, the gene encoding

human a1-antitrypsin was delivered to macrophages by

targeting the mannose receptor, and the a1-antitrypsin

transcript was detected 48 hr after transfection.40 Further-

more, mannose-PLL and mannose-PEI-DNA complexes

have been used to deliver green fluorescent protein DNA

into DCs.35,41 In our studies, DNA alone (naked DNA)

and DNA-PLL (Figs 4 and 5) did not induce T-cell

responses (ELISPOT and proliferation assays). It was pre-

viously reported that sOVA-C1 DNA elicited immune

responses in vivo at a 100 lg immunization dose after

intramuscular injection.19 In our studies, sOVA-C1 DNA

was injected intradermally and, at either the 10 or 50 lg

dose, DNA alone was ineffective at inducing a detectable

cellular immune response, although weak antibodies were

detected (Fig. 6). At these doses, when DNA was com-

plexed to either RedMan or OxMan, strong immune

responses were induced. Hence, intradermal injection, tar-

geting antigen-presenting cells, in the presence of RedMan

or OxMan enhances immune responses to DNA. Thus,

targeting DNA to C-type lectins (i.e. the mannose

receptor) using mannan (in the oxidized or reduced

form) is superior to DNA alone or DNA-PLL, at least at
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these immunization doses (10 and 50 lg) and with this

route of immunization (intradermal).

It is clear that both OxMan and RedMan could induce

differential immune responses depending on the dose

injected; however, all groups showed similar tumour pro-

tection. We previously demonstrated that aldehydes pre-

sent in OxMan allowed rapid escape from endosomes

into the cytoplasm and induced high levels of tumour

necrosis factor (TNF)-a and interleukin (IL)-12 produc-

tion by antigen-presenting cells compared with Red-

Man.42 It was originally thought that OxMan would

disrupt the endosomal compartment more efficiently than

RedMan, allowing release of the DNA into the cytoplasm

for subsequent nuclear transport, and thus would protect

the DNA from degradation in the lysosomes. This

assumption was based on our previous findings that alde-

hydes present in OxMan allow fast tracking from the

endosomes to the cytoplasm. However, as OxMan-PLL-

DNA and RedMan-PLL-DNA both induced differential

immune responses and protection in the in vivo model,

endosomal escape alone cannot explain these results.

However, despite the absence of aldehyde groups in Red-

Man, secondary amines generated by borohydride reduc-

tion could make the complex endosomolytic. We are

currently investigating in vitro transfection, in vivo traf-

ficking and the mechanism of action. Recently, we dem-

onstrated that both OxMan and RedMan are able to

activate DCs to a mature phenotype and induce high lev-

els of IL-12 and IFN-c production by DCs, and thus have

further effects on the nature of the immune response gen-

erated.43 Thus, it is likely that a number of mechanisms

are involved in the differential induction of immune

responses by OxMan-PLL-DNA and RedMan-PLL-DNA.

Furthermore, RedMan or OxMan-PLL-DNA complexes

were injected intradermally in our studies in order to tar-

get C-type lectins (i.e. the mannose receptor) on DCs. In

most studies to date in which DNA alone was used, DNA

was injected intramuscularly and thus different cells were

targeted. It is of relevance that, in our recent studies

using a MUCI plasmid, MUC1, DNA alone induced weak

cellular and antibody responses which were enhanced

when the DNA was complexed to either OxMan or Red-

Man. Thus, the use of mannan as a carrier for DNA to

target C-type lectins (such as the mannose receptor)

enhances immune responses in vivo in another model sys-

tem (C. K. Tang, G. Pietersz & V. Apostolopoulos, manu-

script in preparation). PEI has been used as an alternative

polycationic carrier to PLL, with endosomolytic proper-

ties, for in vitro and in vivo gene delivery. Use of

DNA complexes of OxMan and RedMan conjugates of

PEI should further increase the efficiency of DNA

delivery.35,41

Our data suggest that OxMan-PLL and RedMan-PLL

are good candidates for efficient non-viral, receptor-medi-

ated gene transfer ligands and are far superior to DNA

alone or DNA-PLL. Unlike other methods of gene deliv-

ery (e.g. microparticles or gene gun), OxMan and Red-

Man are cheap to produce, there is no need for special

equipment for inoculation and safety has been demon-

strated in more than 300 patients.44–48 Hence, OxMan-

PLL and RedMan-PLL represent an attractive novel form

of receptor-mediated gene transfer for cancer immuno-

therapy studies.

Acknowledgements

VA was supported by an NH & MRC of Australia R.

Douglas Wright Fellowship (223316) and an award from

the Susan G. Komen Breast Cancer Foundation USA. MP

was supported by an NH & MRC of Australia Senior

Research Fellowship (223304) and is a Howard Hughes

International Scholar USA. CKT, GM and AS are reci-

pients of University of Melbourne International Post-

graduate Research Scholarships. All authors were also

supported by The Burnet Institute at Austin.

References

1 Kumar VV, Singh RS, Chaudhuri A. Cationic transfection lipids

in gene therapy: successes, set-backs, challenges and promises.

Curr Med Chem 2003; 10:1297–306.

2 Schatzlein AG. Targeting of synthetic gene delivery systems.

J Biomed Biotechnol 2003; 2:149–58.

3 Cho YW, Kim JD, Park K. Polycation gene delivery systems:

escape from endosomes to cytosol. J Pharm Pharmacol 2003;

55:721–34.

4 Cui Z, Mumper RJ. Microparticles and nanoparticles as delivery

systems for DNA vaccines. Crit Rev Ther Drug Carrier Syst 2003;

20:103–37.

5 Ferkol T, Perales JC, Mularo F, Hanson RW. Receptor-mediated

gene transfer into macrophages. Proc Natl Acad Sci USA 1996;

93:101–5.

6 Perales JC, Ferkol T, Beegen H, Ratnoff OD, Hanson RW. Gene

transfer in vivo: sustained expression and regulation of genes

introduced into the liver by receptor-targeted uptake. Proc Natl

Acad Sci USA 1994; 91:4086–90.

7 Cotten M, Langle-Rouault F, Kirlappos H, Wagner E, Mechtler

K, Zenke M, Beug H, Birnstiel ML. Transferrin-polycation-medi-

ated introduction of DNA into human leukemic cells: stimula-

tion by agents that affect the survival of transfected DNA or

modulate transferrin receptor levels. Proc Natl Acad Sci USA

1990; 87:4033–7.

8 Martinez-Fong D, Navarro-Quiroga I. Synthesis of a non-viral

vector for gene transfer via the high-affinity neurotensin recep-

tor. Brain Res Brain Res Protoc 2000; 6:13–24.

9 Matulis D, Rouzina I, Bloomfield VA. Thermodynamics of cati-

onic lipid binding to DNA and DNA condensation: roles of elec-

trostatics and hydrophobicity. J Am Chem Soc 2002; 124:7331–42.

10 Zenke M, Steinlein P, Wagner E, Cotten M, Beug H, Birnstiel

ML. Receptor-mediated endocytosis of transferrin-polycation

conjugates: an efficient way to introduce DNA into hematopoi-

etic cells. Proc Natl Acad Sci USA 1990; 87:3655–9.

� 2006 Blackwell Publishing Ltd, Immunology, 120, 325–335 333

Mannan-DNA vaccine



11 Barratt G, Tenu JP, Yapo A, Petit JF. Preparation and characteri-

zation of liposomes containing mannosylated phospholipids cap-

able of targetting drugs to macrophages. Biochim Biophys Acta

1986; 862:153–64.

12 Hattori Y, Kawakami S, Suzuki S, Yamashita F, Hashida M.

Enhancement of immune responses by DNA vaccination

through targeted gene delivery using mannosylated cationic lipo-

some formulations following intravenous administration in mice.

Biochem Biophys Res Commun 2004; 317:992–9.

13 Apostolopoulos V, Pietersz GA, Loveland BE, Sandrin MS,

McKenzie IF. Oxidative/reductive conjugation of mannan to

antigen selects for T1 or T2 immune responses. Proc Natl Acad

Sci USA 1995; 92:10128–32.

14 Apostolopoulos V, Loveland BE, Pietersz GA, McKenzie IF. CTL

in mice immunized with human mucin 1 are MHC-restricted.

J Immunol 1995; 155:5089–94.

15 Apostolopoulos V, Pietersz GA, McKenzie IF. Cell-mediated

immune responses to MUC1 fusion protein coupled to mannan.

Vaccine 1996; 14:930–8.

16 Apostolopoulos V, McKenzie IF, Pietersz GA. Breast cancer

immunotherapy: current status and future prospects. Immunol

Cell Biol 1996; 74:457–64.

17 Acres B, Apostolopoulos V, Balloul JM et al. MUC1-specific

immune responses in human MUC1 transgenic mice immunized

with various human MUC1 vaccines. Cancer Immunol Immun-

other 2000; 48:588–94.

18 Apostolopoulos V, Pietersz GA, Gordon S, Martinez-Pomares L,

McKenzie IF. Aldehyde-mannan antigen complexes target the

MHC class I antigen-presentation pathway. Eur J Immunol 2000;

30:1714–23.

19 Bachtiar EW, Sheng KC, Fifis T, Gamvrellis A, Plebanski M,

Coloe PJ, Smooker PM. Delivery of a heterologous antigen by a

registered Salmonella vaccine (STM1). FEMS Microbiol Lett

2003; 227:211–7.

20 Liu G, Molas M, Grossmann GA, Pasumarthy M, Perales JC,

Cooper MJ, Hanson RW. Biological properties of poly-L-lysine-

DNA complexes generated by cooperative binding of the poly-

cation. J Biol Chem 2001; 276:34379–87.

21 Apostolopoulos V, Matsoukas J, Plebanski M, Mavromoustakos

T. Applications of peptide mimetics in cancer. Curr Med Chem

2002; 9:411–20.

22 Apostolopoulos V, Yuriev E, Ramsland PA et al. A glycopeptide

in complex with MHC class I uses the GalNAc residue as an

anchor. Proc Natl Acad Sci USA 2003; 100:15029–34.

23 Gilbert SC, Plebanski M, Harris SJ, Allsopp CE, Thomas R, Lay-

ton GT, Hill AV. A protein particle vaccine containing multiple

malaria epitopes. Nat Biotechnol 1997; 15:1280–4.

24 Lee EA, Palmer DR, Flanagan KL et al. Induction of T helper

type 1 and 2 responses to 19-kilodalton merozoite surface

protein 1 in vaccinated healthy volunteers and adults

naturally exposed to malaria. Infect Immun 2002; 70:1417–

21.

25 Plebanski M, Flanagan KL, Lee EA et al. Interleukin 10-mediated

immunosuppression by a variant CD4 T cell epitope of Plasmo-

dium falciparum. Immunity 1999; 10:651–60.

26 Plebanski M, Gilbert SC, Schneider J et al. Protection from Plas-

modium berghei infection by priming and boosting T cells to a

single class I-restricted epitope with recombinant carriers suit-

able for human use. Eur J Immunol 1998; 28:4345–55.

27 Apostolopoulos V, Tang CK, Pietersz GA. Non-viral vector

approaches towards gene delivery: current status and future

prospects. Current Trends Immunol 2004; 6:21–37.

28 Sato Y, Yamauchi N, Takahashi M et al. In vivo gene delivery to

tumor cells by transferrin-streptavidin-DNA conjugate. Faseb J

2000; 14:2108–18.

29 Khan Z, Hawtrey AO, Ariatti M. New cationized LDL-DNA

complexes: their targeted delivery to fibroblasts in culture. Drug

Deliv 2003; 10:213–20.

30 Gac S, Coudane J, Boustta M, Domurado M, Vert M. Synthesis,

characterization and in vivo behaviour of a norfloxacin-poly

(1-lysine citramide imide) conjugate bearing mannosyl residues.

J Drug Target 2000; 7:393–406.

31 Derrien D, Midoux P, Petit C, Negre E, Mayer R, Monsigny M,

Roche AC. Muramyl dipeptide bound to poly-L-lysine substi-

tuted with mannose and gluconoyl residues as macrophage

activators. Glycoconj J 1989; 6:241–55.

32 Kunath K, von Harpe A, Fischer D, Kissel T. Galactose-PEI-

DNA complexes for targeted gene delivery: degree of substitu-

tion affects complex size and transfection efficiency. J Control

Release 2003; 88:159–72.

33 Apostolopoulos V, McKenzie IF. Role of the mannose receptor

in the immune response. Curr Mol Med 2001; 1:469–74.

34 Perales JC, Grossmann GA, Molas M, Liu G, Ferkol T, Harpst J,

Oda H, Hanson RW. Biochemical and functional characterization

of DNA complexes capable of targeting genes to hepatocytes

via the asialoglycoprotein receptor. J Biol Chem 1997; 272:7398–

407.

35 Diebold SS, Kursa M, Wagner E, Cotten M, Zenke M. Mannose

polyethylenimine conjugates for targeted DNA delivery into

dendritic cells. J Biol Chem 1999; 274:19087–94.

36 Luo D, Saltzman WM. Nonviral gene delivery: Thinking of

silica. Gene Ther 2005; 13:585–6.

37 Mounkes LC, Zhong W, Cipres-Palacin G, Heath TD, Debs RJ.

Proteoglycans mediate cationic liposome-DNA complex-based

gene delivery in vitro and in vivo. J Biol Chem 1998; 273:26164–

70.

38 Patil SD, Rhodes DG, Burgess DJ. DNA-based therapeutics and

DNA delivery systems: a comprehensive review. AAPS J 2005;

7:E61–77.

39 Erbacher P, Bousser MT, Raimond J, Monsigny M, Midoux P,

Roche AC. Gene transfer by DNA/glycosylated polylysine com-

plexes into human blood monocyte-derived macrophages. Hum

Gene Ther 1996; 7:721–9.

40 Ferkol T, Mularo F, Hilliard J, Lodish S, Perales JC, Ziady A,

Konstan M. Transfer of the human Alpha1-antitrypsin gene into

pulmonary macrophages in vivo. Am J Respir Cell Mol Biol 1998;

18:591–601.

41 Diebold SS, Lehrmann H, Kursa M, Wagner E, Cotten M, Zenke

M. Efficient gene delivery into human dendritic cells by adeno-

virus polyethylenimine and mannose polyethylenimine trans-

fection. Hum Gene Ther 1999; 10:775–86.

42 Apostolopoulos V, Barnes N, Pietersz GA, McKenzie IF. Ex vivo

targeting of the macrophage mannose receptor generates anti-

tumor CTL responses. Vaccine 2000; 18:3174–84.

43 Sheng K-C, Pouniotis DS, Wright MD, Tang CK, Lazoura E,

Pietersz GA, Apostolopoulos V. Mannan derivatives induce

phenotypic and functional maturation of mouse dendritic cells.

Immunology 2006; 118:372–83.

334 � 2006 Blackwell Publishing Ltd, Immunology, 120, 325–335

C. K. Tang et al.



44 Karanikas V, Hwang LA, Pearson J et al. Antibody and T cell

responses of patients with adenocarcinoma immunized with

mannan-MUC1 fusion protein. J Clin Invest 1997; 100:2783–92.

45 Karanikas V, Lodding J, Maino VC, McKenzie IF. Flow cytomet-

ric measurement of intracellular cytokines detects immune

responses in MUC1 immunotherapy. Clin Cancer Res 2000;

6:829–37.

46 Karanikas V, Thynne G, Mitchell P et al. Mannan mucin-1 pep-

tide immunization: influence of cyclophosphamide and the route

of injection. J Immunother 2001; 24:172–83.

47 Loveland BE, Zhao A, White S et al. Mannan-MUC1-pulsed

dendritic cell immunotherapy: a phase I trial in patients with

adenocarcinoma. Clin Cancer Res 2006; 12:869–77.

48 Apostolopoulos V, Pietersz GA, Tsibanis A et al. Pilot phase III

immunotherapy study in early-stage breast cancer patients using

oxidized mannan-MUC1 [ISRCTN71711835]. Br Cancer Res

2006; 9:R27.

� 2006 Blackwell Publishing Ltd, Immunology, 120, 325–335 335

Mannan-DNA vaccine


