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Introduction

Carcinoembryonic antigen (CEA) is a tumour-associated
antigen (TAA) discovered in 1965 [1] and is a well-known
oncofetal protein detected in multiple types of cancer [2].
CEA is over-expressed in various human cancers, including
90% of gastrointestinal, colorectal and pancreatic cancers,
70% of non-small cell lung cancer and 50% of breast cancers
[3]. Because of its abundant expression on tumour cells and
secretion into the serum, CEA has been used widely in clinics
as a biomarker to decide tumour stage, presence of residual

tumours and/or recurrences [4-6].
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Summary

Carcinoembryonic antigen (CEA) is over-expressed on various human cancer
cells and has been the target of immunotherapies using dendritic cells (DCs)
pulsed with CEA-specific RNA or peptides, or transduced by CEA-expressing
adenovirus or vaccinia virus. Because activated DCs do not phagocytose
soluble protein antigens efficiently and pure immature DCs are not obtained
easily ex vivo, an efficacious whole CEA protein-loaded DC vaccine has not
been reported. To improve the antigen delivery into DCs, we utilized CEA
conjugated to a protein-transduction domain, human immunodeficiency
virus transactivating Tat. Furthermore, we purified the truncated non-
glycosylated CEA from Escherichia coli to overcome the safety concerns and
immunosuppressive functions associated with the native CEA protein. Using
confocal microscopy and fluorescence activating cell sorter analysis, we dem-
onstrated that the Tat-CEA protein entered the cytoplasm of DCs efficiently
within 10 min of co-culture, compared with the negligible amount of CEA
into DCs 30 min later. CEA-specific T cell proliferation and cytotoxic T cell
responses were enhanced significantly in mice immunized with Tat-CEA-
pulsed DCs [DC (Tat-CEA)] compared with those immunized with CEA-
pulsed DCs [DC (CEA)]. T helper type 1 responses were more prominent in
the DC (Tat-CEA) immunized mice whose splenocytes secreted more
interferon-y and less interleukin-4 than those from DC (CEA) immunized
mice. In vivo, the DC (Tat-CEA) vaccine delayed tumour growth significantly
and prolonged survival of tumour-bearing mice. These results suggest that
protective epitopes are well preserved on bacteria-derived recombinant Tat-
CEA. This strategy may provide a basic platform for DC-based anti-CEA
vaccines that could be utilized in combination with advanced immune-
enhancing therapeutics.
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The CEA has also been used in active vaccination strat-
egies against diverse CEA-expressing cancers because of its
exclusive expression on oncofetal tissues and its role in
tumorigenesis [2,7]. Over the past few years, CEA-specific
immune responses have been induced in vitro and in vivo
that could suppress growth of CEA-positive cancers in
mouse studies [8—11] as well as in human trials [12,13].
Among the immunotherapies using CEA, dendritic cell
(DC)-based vaccinations showed promising results in mice
but were not satisfactory in clinical trials [2]. To date, the
best clinical report by Fong et al. showed that only 16:7%
(two of 12) of vaccinated patients experienced tumour
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regression and 25%(three of 12) had a minor response or
stable disease [14].

The DCs play a pivotal role in the initiation and regula-
tion of tumour-specific immune responses and have been
utilized as potent therapeutic vaccines against human
cancers [15,16]. Although early results with ex wvivo-
generated DCs pulsed with TAA provided a proof-of-
principle that therapeutic immunity can be elicited in some
cancer patients, efficacy was not sufficiently satisfactory in
clinical trials [15,17]. Currently, most efforts are focused
upon generating large numbers of effector T cells in vivo
and in overcoming the immunosuppressive tumour envi-
ronment in DC vaccine trials [15,16]. Diverse strategies
have been developed to improve the efficacy of DC vacci-
nation such as generation of specific DC subsets, selection
of TAA, efficient antigen loading, efficacious delivery of
DCs to regional lymph nodes and increasing survival and
activation of DCs [15,16,18].

The first goal for improvement of DC vaccinations against
cancer is loading sufficient amounts of TAA into DCs.
Because activated DCs cannot phagocytose external antigens
efficiently, the antigen-loading strategies should be designed
carefully [15,18]. Various forms and methods such as recom-
binant proteins, peptides, viral vectors, RNA, immune com-
plexes and killed tumour cell lysate have been used to load
TAA into DCs [15]. Among the antigen-loading strategies,
utilization of protein transduction domain (PTD) has been
given much attention, as it is safer yet is equally as effective in
loading TAA as viruses [19,20]. It was hypothesized that the
intracellular delivery of TAA into mature DCs by a PTD,
[such as human immunodeficiency virus (HIV) Tat peptide]
may allow DCs to process and present the internalized anti-
gens to T cells by major histocompatibility complex (MHC)
class I molecules efficiently [21]. Many investigators have
now begun to explore the utility of HIV Tat as a PTD to
increase antigen loading into DCs [20-23]. It was demon-
strated that DCs pulsed with Tat-TAA could induce antigen-
specific CD4 T cells as well as cytotoxic lymphocytes (CTL)
[22,23].

The CEA is a glycoprotein known to be involved in car-
cinogenesis [2]. Because native CEA proteins produced in
mammalian cells may be potentially harmful, utilization of
recombinant proteins purified from Escherichia coli could be
a rational approach to develop a safe and cost-effective
DC-based vaccine. It is unknown if the post-translational
modification in eukaryotic cells may be necessary to incur
protective immunity. However, it has been reported that the
glycans of CEA could impair the function and differentiation
of DCs through interaction with DC-SIGN expressed
on DCs [24,25], suggesting that bacteria-derived non-
glycosylated CEA might be a better immunogen if the pro-
tective epitopes could be presented effectively on MHC class
I and MHC class II molecules.

Woo etal. have reported that recombinant Tat-CEA
fusion protein could elicit CEA-specific immunity when the
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tumour cell lysate expressing Tat-CEA was injected directly
into the mice, together with cytosine—guanine dinucleotide
(CpG)-oligonucleotides as an adjuvant [26]. In addition,
they demonstrated that a marginal anti-tumour immunity
could be induced when mice were immunized with
DCs electroporated with mRNAs encoding Tat-CEA [8].
However, the survival of tumour-bearing mice was not
increased significantly by immunization when compared
with control groups. Furthermore, the potential harmful
effects of the recombinant CEA proteins expressed in mam-
malian cells could not be ruled out.

Thus far, only one study using CEA fusion protein derived
from E. coli has been reported in which DCs loaded with
recombinant protein, when fused with heat shock protein,
induced immunity against CEA-positive tumours [9].
However, a strategy is needed to enhance the antigen-loading
efficacy of DCs, as mature DCs rarely phagocytose protein
antigens. Therefore, we investigated the efficacy and feasibil-
ity of a recombinant CEA-PTD fusion protein produced in a
prokaryotic system. In the present study, we showed that
DCs pulsed with bacterial recombinant Tat-CEA could elicit
CEA-specific immune responses and anti-tumour immunity
in a mouse model.

Materials and methods

Mice and cell lines

C57BL/10NAGCSnAi-[KO] Rag2 (H-2") mice were obtained
from Taconic Farms, Inc. (Hudson, NY, USA). C57BL/6
(H-2") mice were purchased from the Center for Animal
Resource Development, Seoul National University College
of Medicine (SNU, Seoul, Korea). The animal experiments
were performed after approval from the SNU animal
welfare committee. The MC38 and MC38-expressing
human CEA (MC38-CEA2) (H-2°) mouse adenocarcinoma
cell lines were kindly provided by Dr J. Schlom (NIH,
Bethesda, MD, USA) [27]. Both MC38-CEA2 and MC38 cell
lines were cultured and maintained in complete Dulbecco’s
modified Eagle medium (Welgene Inc., Daegu, Korea)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Invitrogen, Grand Island, NY, USA), 50 ug/ml gen-
tamicin (Invitrogen), 100 units/ml penicillin-streptomycin
(Invitrogen) and 2 mM L-glutamine (Welgene Inc., Daegu,
Korea).

Production of Tat-CEA fusion proteins

A human CEA cDNA was purchased from Origene Tech-
nologies, Inc. (Rockville, MD, USA). The N-terminal DNA
fragment of CEA corresponding to nucleotide sequences
from 103 to 996 (GenBank Accession no. M17303) was
amplified using polymerase chain reaction (PCR) with a
sense primer 5-CCGAATTCAAGCTCACTATTGAATCC
AC-3" (CEAi0p5.122, EcoRI site underlined) and an anti-

© 2009 British Society for Immunology, Clinical and Experimental Immunology, 157: 128-138 129



M.-Y. Bae et al.

sense primer 5'-CGGCTCGAGGGAGTTGTTGCTGGTG-3’
(CEAus1_006, Xhol site underlined). The resulting PCR prod-
ucts were digested with EcoRI and Xhol (Takara, Shiga,
Japan) and then gel purified. Purified PCR products
were cloned into the EcoRI/Xhol-digested pET-23a vector
(Novagen, Darmstadt, Germany) or pET-23a vector contain-
ing 11 amino acids of Tat PTD (YGRKKRRQRRR) at the
Nhel/EcoRI sites to generate pET-CEA and pET-Tat-CEA
respectively. E. coli DH50 (Real Biotech Corporation, Taipei,
Taiwan) were transformed with the constructs by standard
heat-shock procedures and selected on Luria broth (LB) agar
plate containing 100 pg/ml of ampicillin (Sigma, St Louis,
MO, USA).

Purification of CEA fusion proteins

For the expression and purification of CEA fusion proteins,
E. coli BL21 (DE3) strains (Novagen) were transformed with
either pET-CEA or pET-Tat-CEA. Bacteria were grown in LB
containing ampicillin (100 pg/ml). Protein expression was
induced by adding 0-4 mM isopropyl B-D-thiogalactoside
(IPTG; Duchefa, Zwijndrecht, the Netherlands) for 4 h at
37°C. Bacterial cells harvested by centrifugation at 1000 g for
10 min were resuspended in binding buffer (300 mM NaCl,
50 mM sodium phosphate buffer, 10 mM imidazole) con-
taining 1-5% Triton X-100 (Sigma) and then disrupted by
sonication on ice for 5 min. Sonicated lysates were centri-
fuged at 1600 g for 20 min at 4°C, and then the pellets
containing CEA or Tat-CEA protein were resuspended in
binding buffer containing 6 M urea (Sigma), sonicated and
centrifuged at 1600 g for 30 min at 4°C. The supernatant was
applied to Ni-NTA His-binding resin (Novagen), which was
pre-equilibrated with the binding buffer containing 6 M
urea. His-tagged proteins bound to Ni-NTA resin were
eluted with elution buffer (300 mM NaCl, 50 mM sodium
phosphate buffer, 250 mM imidazole) containing 6 M urea.
Purified proteins were dialysed serially against elution buffer
to remove imidazole, urea and residual salts. Finally, the
identity and purity of purified proteins were assessed
by Western blot analysis and Coomassie blue staining
respectively.

Western blot assay

Whole bacterial cell lysates and purified proteins were sepa-
rated in 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis gels and then transferred onto polyvi-
nylidene difluoride membranes (Bio-Rad Laboratories, Her-
cules, CA, USA). Membranes were blocked with 5% non-fat
milk (BD, San Jose, CA, USA) in Tris-buffered saline
Tween-20 (TBST) [20 mM Tris-Cl (pH 7-6), 100 mM NaCl
and 0-05% Tween-20] and then incubated with mouse anti-
human CD66 (CEA) monoclonal antibody (clone 26/5/1;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or mouse
anti-His-Tag monoclonal antibody (clone 27E8; Cell Signal-

ing, Danvers, MA, USA) at 4°C overnight, followed by
washing three times with TBST. The membranes were
incubated with horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin G (IgG) antibody (Santa Cruz
Biotechnology) at room temperature (RT) for 1h. After
washing, immunoreactive bands were detected using
enhanced chemiluminescence solution (Amersham, Piscat-
away, NJ, USA) and luminescent image analyser-4000
(Fujifilm, Miami Beach, FL, USA).

In vitro generation of bone marrow-derived DCs

The DCs were generated from bone marrow (BM) of 6- to
10-week-old Rag2 knock-out mice. BM cells were flushed
out of the femurs and tibias with serum-free CellGro
medium (CellGenix, Freiburg, Germany). The single-cell
suspension was then filtered through a nylon cell strainer
(70-mm Nylon mesh; BD), washed twice with complete
CellGro medium [CellGro supplemented with recombinant
mouse granulocyte—-macrophage colony-stimulating factor
(GM-CSF) (0-75ng/ml) and mouse interleukin (IL)-4
(1-5 ng/ml; PeproTech, Rocky Hill, NJ, USA), penicillin (100
units/ml), streptomycin (100 pg/ml), gentamicin (50 pg/
ml), L-glutamine (2 mM) and B-mercaptoethanol (ME)
(50 nM; Gisco Invitrogen, Grand Island, NY, USA)] and
seeded at a concentration of 1 x 10° cells per well in a 24-well
plate in a final volume of 2 ml of complete CellGro medium.
Half the medium was replaced every other day with an equal
volume of complete CellGro medium for 6 days. For deter-
mination of the effect of Tat-CEA or CEA on the ability of
DCs to express co-stimulatory molecules and I-A®, DCs were
loaded with 50 pg/ml of recombinant proteins for 16 h. Cell
surface molecules were analysed by flow cytometry as
described below.

Flow cytometric analysis

At day 6 of DCs culture, 1 ml of media was removed, and
then purified CEA or Tat-CEA proteins were added at a
concentration of 50 ug/ml and incubated for 10 min or
30 min. DCs were washed with ice-cold fluorescence acti-
vated cell sorter (FACS) buffer [1x phosphate-buffered
saline (PBS) (pH 7-2) (Welgene) containing 1% bovine
serum albumin (AMResco, Solon, OH, USA) and 1 mM
ethylenediamine tetraacetic acid (Sigma)] and then blocked
on ice for 30 min with ultra-block solution [a mixture of
10% rat sera, 10% hamster sera, 10% mouse sera and
10 pg/ml 2.4G2 monoclonal antibody (Gisco Invitrogen)].
DCs were stained with fluorescein isothiocyanate (FITC)-
conjugated anti-I-antibody (clone AF6-120), phycoerythrin
(PE)-conjugated anti-CD40 (clone 3/23; BD Pharmingen,
San Diego, CA, USA), allophycocyanin (APC)-conjugated
anti-CD80 (clone 16-10A1; eBioscience, San Diego, CA,
USA), APC/Cy7-conjugated anti-CD11lc (clone N418),
PE/Cy7-conjugated anti-CD86 (clone GL-1; BioLegend,
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San Diego, CA, USA) or anti-CD11c-PE (clone HL3;
BioLegend, San Diego, CA, USA) on ice for 30 min. Dead
cells were excluded by staining with 7-amino-actinomycin
D (7-AAD; BD Pharmingen). To detect intracellular CEA
antigens, DCs were fixed and permeabilized with fixation/
permeabilization solution (BD Biosciences) on ice for
30 min, washed twice with 1 X Perm/Wash buffer (BD Bio-
sciences) and then incubated with anti-human CEA-FITC
(clone B1.1/CD66; BD Pharmingen, San Diego, CA, USA).
Cells were analysed by FACS Canto II flow cytometry
equipped with FACS Diva software (BD Biosciences,
Mountain View, CA, USA).

Confocal laser microscopy

The DCs pulsed with CEA or Tat-CEA protein as above were
washed twice in PBS (pH 7-2), transferred onto polylysine-
coated microscope slides (Menzel-Gldser, Braunschweig,
Germany) and fixed in 4% paraformaldehyde solution at RT
for 10 min. Fixed DCs were then permeabilized with per-
meabilization solution (eBiosciences) at RT for 20 min and
non-specific bindings were blocked with 10% goat serum
(Invitrogen) at RT for 1h and stained with anti-human
CEA-FITC (clone B1.1/CD66; BD PharMingen) and anti-
mouse CD11c-Alexa Fluor 647 (clone N418; eBioscience) at
RT for 2 h. The nucleus was stained with 1 mM Lo-Pro3
(Molecular Probe, Eugene, OR, USA). Cells were analysed
with a FluoView1000 laser confocal microscope (Olympus,
Nagano, Japan).

Lymphocyte proliferation assay

B6 mice at 6-8 weeks old were immunized at the tail base
with DCs (1 x 10°) transduced with CEA or Tat-CEA. At 10
days post-immunization, lymph node (inguinal and peri-
aortic) cells from immunized B6 mice were cultured
for 3 days in Iscove’s modified Eagle medium (IMDM)
(3:5 x 10° per well in 96-well plates) supplemented with 10%
heat-inactivated FBS, 50 nM B-ME, 50 ug/ml gentamicin
(Invitrogen), 100 units/ml penicillin—streptomycin, 2 mM
L-glutamine (Welgene) and various concentrations of puri-
fied CEA. Cells were labelled with [*H]-methylthymidine
(1 uCi) (Amersham) for an additional 18 h, and then cells
were harvested. Incorporation of [*H]-methylthymidine was
quantified by using Micro Beta TriLux (PerkinElmer,
Waltham, MA, USA).

Cytotoxicity assay

B6 mice at 6-8 weeks old were immunized at the tail base
twice at weekly intervals with DCs (1 x 10°) transduced with
CEA or Tat-CEA. At 7 days after the final immunization,
cytotoxic responses of effector cells were assessed by per-
forming the p-JAM (‘just another method’) test as described
previously [28]. Briefly, splenocytes harvested from mice

Anti-CEA (+) cancer immunity by DCs pulsed with Tat-CEA

were restimulated with 30 pg/ml of CEA proteins for 3 days
in complete IMDM and used as effector cells. The effector
cells were washed three times with PBS to remove residual
proteins completely and then cultured with MC38-CEA2 or
MC38 target cells (3 x 10° cells/well) in 96-well plates at
various effector/target ratios. After 18 h at 37°C, effector cells
were washed three times with PBS and target cells remaining
on the bottom of the culture plates were labelled with
[’H]-methylthymidine (5 uCi; Amersham) for 3 h at 37°C.
Incorporation of [’H]-methylthymidine was quantified by
using Micro Beta TriLux (Wallac) after harvesting the cells.
Percentage of specific lysis = counts per million (CPM) of
target alone — [CPM of (target + killers) — (killer alone)]/
CPM of target alone x 100% [28].

Evaluation of cytokine secretion

At 7 days after the final immunization, splenocytes were
harvested from B6 mice immunized with DCs (1 X 10°) at
the tail base twice at weekly intervals and incubated for 3
days in the absence or presence of 30 ng/ml CEA proteins as
described above. Secreted cytokines in the culture media
were measured by the cytometric bead array kit (BD Pharm-
ingen) according to the manufacturer’s instructions using
FACS Canto II flow cytometry (BD).

Tumour growth

To establish a CEA-positive tumour-bearing mouse model,
6-week-old B6 mice were injected in the right flank with
MC38-CEA2 cells (1 x 10°) each. At 7 days after tumour cell
injection, mice were immunized at the tail base with DCs
pulsed with CEA or Tat-CEA proteins (1 X 10° cells/mouse in
100 ul PBS) at weekly intervals for 4 weeks. Control mice
were injected with PBS only. Five mice were used for each
group. Tumour volume (mm?) = (A X B?)/2, where A is the
long diameter and B is the short diameter [29-31]. Percent-
age survival of mice in each group was also measured during
30 days after tumour inoculation.

Statistical analysis

Statistical analyses were performed by a Student’s #-test or
Kaplan—Meier test (log-rank test) for survival data using
SigmaPlot software (Jandel, San Rafael, CA, USA). The data
are presented as mean = standard error and considered sta-
tistically significant at P < 0-05.

Results

Expression and purification of CEA fusion proteins

The 894 base pair N-terminal region (103-996) of the human
cea gene was PCR amplified using full-length human CEA
cDNA as templates. PCR products were cloned in-frame to
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Fig. 1. Expression and purification of Tat-carcinoembryonic antigen
(CEA) fusion proteins. (a) Schematic diagram of pET-Tat-CEA vector,
which carries Tat-CEA fused to the 6x His tag. (b) Expression of
Tat-CEA fusion proteins. Expression of CEA proteins were assessed by
Western blot analysis with anti-human CEA antibody (upper panel)
or anti-His antibody (lower panel). Transformed Escherichia coli BL21
(DE3) was cultured in the presence (+) or absence (—) of isopropyl
B-D-thiogalactoside (IPTG). (c) Purification of Tat-CEA fusion
proteins. Recombinant CEA proteins were purified from E. coli lysate
using Ni-NTA resin column chromatography and analysed by
Coomassie blue stain (left panel) and Western blot analysis with
anti-His antibody (right panel).

generate pET-CEA and pET-Tat-CEA (Fig. la). The expres-
sion of recombinant proteins in E. coli BL21 (DE3) trans-
formed with pET-CEA or pET-Tat-CEA was induced by IPTG
and verified by Western blot analysis. As shown in Fig. 1b
(upper panel), both CEA and Tat-CEA were detected as
33 kDa and 36 kDa proteins, respectively, by anti-human
CEA antibody. The levels of CEA expression were highly
increased upon IPTG induction, indicating that human CEA
can be expressed readily in E. coli. As CEA was cloned
in-frame into the upstream of 6x His-tag sequences of pET-
23a vector, expression of His-tagged CEA or Tat-CEA fusion
proteins was then confirmed by Western blot analysis using
anti-His antibody. As shown in the lower panel of Fig. 1b,
both CEA and Tat-CEA were expressed in E. coli as His-fusion
proteins. We purified recombinant fusion proteins from bac-
terial pellets under denaturing conditions, followed by a
Ni-NTA affinity chromatography. Coomassie blue staining of
the purified proteins revealed that the eluted proteins were
highly pure (Fig. lc, left panel). From a 1-1 culture, we
obtained 1-7 * 0-3 mg or 0-5 = 0-06 mg of purified recom-
binant CEA or Tat-CEA respectively. The purified proteins
were identified as His-tagged CEA proteins by Western blot
analysis using anti-His antibody (Fig. 1¢, right panel).

Protein transduction of DCs with CEA fusion proteins

To investigate the transduction efficiency of purified CEA
fusion proteins into DCs, either CEA or Tat-CEA fusion

proteins were incubated with DCs for 10 min or 30 min,
followed by intracellular staining of CEA for FACS analysis.
As shown in Fig. 2a, percentage (%) CEAP* DCs (b + ¢ in
Fig. 2a) was enhanced markedly when incubated with Tat-
CEA (94-6%) compared with those incubated with CEA
(15-0%) for the first 10 min after transduction. Longer incu-
bation (30 min) resulted in only a marginal increase, repre-
senting 17-9% and 97-0% CEAP* DCs transduced with CEA
or Tat-CEA respectively. The mean fluorescence intensity
(MFI) of DC (Tat-CEA, 31-6) was significantly higher than
that (20-7) of DC (CEA). Interestingly, a portion (region c in
Fig. 2a) of DC (CEA) showed higher MFI (419-8) than that
(178:0) of DC (Tat-CEA). Again, confocal microscopic
analysis showed efficient delivery of antigen when CEA was
fused with Tat PTD (Fig. 2b). As shown in Fig. 2b, the level of
intracellular staining of CEA was greater in DCs transduced
with Tat-CEA than that of CEA. These results suggest that
Tat PTD-mediated delivery of CEA to DCs is fast and
efficient.

To determine whether Tat-mediated protein transduc-
tion and CEA itself could affect DC maturation, we exam-
ined the expression level of surface activation markers of
DC including I-A®, CD40, CD80 and CD86 by FACS analy-
sis (Fig. 3). Without LPS, maturation of DCs was observed
consistently in the presence of the recombinant proteins,
suggesting that transduction of DCs with CEA or Tat-CEA
did not affect DC maturation. DC (Tat-CEA) showed a
slightly higher level of co-stimulatory molecule expression
compared with DC (CEA) or DC (LPS). We attempted
to remove the LPS from recombinant proteins by using
a Polymixin B column. However, the protein preparations
still contained more than 0-5EU of residual LPS, which
may be sufficient to activate DCs. For this reason, without
additional LPS, the DCs showed increased expression
of co-stimulatory molecules and I-A" upon incubation
with recombinant protein for 16 h. However, after washing
DCs with PBS for injection, residual LPS was less than
0-1 EU.

Priming lymphocytes in vivo

To assess whether CEA or Tat-CEA pulsed DCs can prime
lymphocytes specific to CEA, we immunized B6 mice with
DC (CEA) or DC (Tat-CEA) (1 x 10° cells) at the tail base.
Ten days later, lymphocytes were harvested from inguinal
and peri-aortic lymph nodes and restimulated with various
amounts of CEA in vitro. As shown in Fig. 4, lymphocytes
from the mice immunized with DC (Tat-CEA) proliferated
in response to CEA in a dose-dependent manner. The pro-
liferation was significantly higher than those obtained from
mice immunized with DC (CEA) (P <0-05). Significant
CEA-specific lymphocytes proliferation was not detected
from mice immunized with DC alone or PBS. These results
suggest that DC (Tat-CEA) prime CEA-specific lymphocytes
more efficiently than DC (CEA) in vivo.
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Fig. 2. Transduction of carcinoembryonic antigen (CEA) into dendritic cells (DCs). (a) Flow cytometric analysis of CEA in DCs transduced with
CEA or Tat-CEA. DCs incubated with either purified CEA or Tat-CEA protein for 10 min (left panel) or 30 min (right panel) were stained with
anti-mouse CD11c-phycoerythrin (PE), followed by intracellular staining of CEA with anti-human CEA-fluorescein isothiocyanate (FITC) for
fluorescence activated cell sorter (FACS) analysis. CD11cP* cells were gated for the histograms. Percentage (%) of CD11cP*CEAP* cells were

analysed using gates (b + ¢) indicated. Filled histograms indicate isotype controls. (b) Confocal microscopic analysis of DCs transduced with
recombinant CEA or Tat-CEA. DCs incubated with recombinant antigens were stained with anti-human CEA-FITC (green), anti-CD11c-Alexa
Fluor 647 (blue) and Lo-Pro3 (red, to stain nucleus). Autofluorescence of cells for FITC channel (anti-CEA) was confirmed by staining DC
(medium) with anti-CEA-FITC (boxed figure in CEA-30 min-merge panel).

Fig. 3. Maturation of dendritic cells (DCs)
transduced with recombinant carcinoembryonic
antigen (CEA) or Tat-CEA proteins. Expression
of co-stimulatory molecules and I-A® on DCs
were analysed after 16 h of incubation with
recombinant proteins or lipopolysaccharide
(LPS). DCs were stained with antibodies against
with I-A®, CD40, CD86, CD80 and CD11c. Live
DCs (7AAD™#/CD11c?*) were analysed for the
surface molecule expression using a FACS
Canto II flow cytometer.
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Fig. 4. Proliferation of lymphocytes from mice immunized with
dendritic cells (DCs). DCs (1 x 10° cells) pulsed with
carcinoembryonic antigen (CEA) or Tat-CEA proteins were injected
into the tail bases of B6 mice (three mice per group) at day 0.
Lymphocytes were harvested from inguinal and periaortic lymph
nodes 10 days later and then co-cultured with indicated amounts
of CEA proteins for 3 days. The cells were then labelled with
[*H]-methylthymidine (1 uCi) for an additional 18 h. Proliferation
of lymphocytes was determined by measurement of
[*H]-methylthymidine uptake. Representative data from three
independent experiments are presented as mean * standard error.
*Statistically significant at P < 0-05 using a Student’s ¢-test compared
with other groups.

Induction of CEA-specific cytotoxic splenocytes in vivo

To assess CEA-specific cytotoxic effector cells by immuniza-
tion of CEA-pulsed DCs, the p-JAM test was performed [28].
As shown in Fig. 5a, splenocytes from the mice immunized
with DC (Tat-CEA) lysed MC38-CEA?2 target cells more effi-
ciently than those obtained from the mice immunized with
DC (CEA). Immunization of mice with DCs alone, however,
induced a CEA-specific CTL response as great as the PBS
control group against MC38-CEA target cells (Fig. 5a). Cyto-
toxicity of splenocytes against CEA-negative MC38 target
cells was not significant in all four groups (Fig. 5b). These
results suggest that immunization of mice with DC (Tat-
CEA) could induce a potent CTL response specific to CEAP*
tumours in vivo.

Cytokine production of splenocytes

We also measured cytokine production of the splenocytes
from immunized mice after in vitro restimulation with CEA,

as CTL is known to secrete T helper type 1 (Thl) cytokine
interferon (IFN)-v in an antigen-specific manner. As shown
in Fig. 6a, IFN-y production of splenocytes from the mice
immunized by DC (Tat-CEA) was slightly higher than that
from the mice immunized with DC (CEA), with marginal
significance. Interestingly, the splenocytes from mice immu-
nized with DC (CEA) secreted significantly higher levels of
IL-4, a representative Th2 cytokine, when compared with
that of splenocytes from mice immunized with DC (Tat-
CEA) (Fig.6b, P<0-05), indicating that the immunity
against CEA in mice immunized with DC (Tat-CEA) was
more biased to Thl responses.

Tumour growth and survival

Tumour growth was suppressed significantly more in the
mice immunized with DC (Tat-CEA) than those in the mice
immunized with DC (CEA), DCs alone or PBS (Fig. 7a,
P < 0-05). Furthermore, 80% of mice immunized with DC
(Tat-CEA) survived for longer than 30 days after tumour
inoculation. In contrast, all mice in control groups died of
tumours before 30 days (Fig.7b, P <0-05). These data
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Fig. 5. Carcinoembryonic antigen (CEA)-specific cytotoxic
lymphocytes from mice immunized with dendritic cells (DCs). DCs
(1% 10° cells) pulsed with either CEA or Tat-CEA proteins were
injected twice at weekly intervals to B6 mice (three mice per group).
At 7 days post-second immunization, splenocytes were harvested and
restimulated with CEA proteins for 3 days to generate effector cells.
Effector cells were incubated with target cells (either MC38 or
MC38-CEA?2 cells) for 18 h and washed away. The remaining target
cells on the culture plate were labelled with [*H]-methylthymidine

(5 1Ci) for 3 h. Specific lysis (%) was determined by the measurement
of [*H]-methylthymidine uptake. Representative data from three
independent experiments are presented as mean * standard error of
triplicate cultures. *Statistically significant at P < 0-05 using at a
Student’s ¢-test compared with other groups.
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Fig. 6. Interferon (IFN)-y and interleukin (IL)-4 secretion of
splenocytes in response to carcinoembryonic antigen (CEA) antigen.
The mice were immunized and splenocytes were harvested as in

Fig. 5. Splenocytes were cultured for 3 days in the presence of CEA
(empty bar) or medium alone (filled bar). Cytokines in the culture
supernatant were measured by cytometric bead array. Representative
data from three independent experiments are presented as

mean = standard error of triplicate cultures from three mice in each
group. *Statistically significant at P < 0-05 using a Student’s ¢-test.

suggest strongly that DCs (Tat-CEA) induced more potent
protective immune responses against CEA-positive tumours
in vivo than DC (CEA).

Discussion

Therapeutic DC vaccines have been studied extensively
during the last decade and their potential for cancer immu-
notherapy has been well demonstrated in murine models
and in human clinical trials with more than 1000 patients
[2,18]. For the treatment of CEA-positive tumours, various
strategies have been developed to load CEA into the ex vivo-
generated DCs such as MHC class I peptide [32], tumour cell
fusion [33], viral transduction [34], RNA [8] and anti-
idiotype antibody [35].
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Among these techniques, DC vaccines loaded with MHC
class I CEA peptide have shown more progress than others
because of its simplicity, safety and applicability in clinical
trials. However, the clinical responses thus far from these
trials are not satisfactory [2]. Only marginal immunity
against CEA has been reported in multiple studies without
significant tumour regression [7,32,36,37]. In a recent clini-
cal trial using DCs pulsed with multiple CEA peptides, only
two of 11 colorectal cancer patients showed IFN-y-secreting
T cell responses after in vitro restimulation, while all the
vaccinated patients showed progressive disease [32]. The
poor outcome may be due to an unsuccessful induction of
CTLs as a result of DCs loaded with a restricted repertoire of
exogenous peptides [15].

A clinical trial utilizing DCs pulsed with CEAP tumour
cell lysates also showed limited immunity, including IFN-y-
or IL-4-producing T cells in the vaccinated patients [38]. All
patients showed progressive disease in the clinical settings.
The failure may be due to the inefficient antigen presentation
as ex vivo-generated DCs usually show activated phenotypes,
and activated DCs rarely phagocytose exogenous antigens
[39]. Therefore, the antigen-loading strategy is one of the
most important items to consider when designing efficient
DC vaccines because it determines the efficacy of antigen
presentation and subsequent induction of effector T cell
responses [18].

In addition, purified recombinant CEA proteins also
have been administered into mice [26] and humans [40].
Recombinant CEA proteins produced in insect cells, which
lack complex glycosylation, induced both humoral and T
cell responses in colorectal carcinoma patients when the
purified CEA was vaccinated directly [40]. Anti-CEA IgG
titres and T cell response were augmented in all patients
when vaccinated together with GM-CSF and the IgG titres
were associated with increased survival. However, the
vaccine did not elicit sufficient protective immunity against
the CEAP* cancer, and the anti-CEA immune responses
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Fig. 7. Tumour growth and survival of mice immunized with dendritic cells (DCs). B6 mice (five mice per group) were inoculated on the right
flank with MC38-carcinoembryonic antigen (CEA)-2 tumour cells (1 X 10°) at 7 days prior to immunization. The mice were immunized with DC
(Tat-CEA), DC (CEA), DCs or phosphate-buffered saline (PBS) at weekly intervals for 4 weeks at the tail base. Tumour volume (a) and survival
(b) was monitored every other day. Data are presented as mean * standard error of five mice. *Statistically significant at P < 0-05 using a Student’s

t-test (a) and Kaplan—Meier test (b) for survival compared with other groups.
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were biased largely to Th2 responses in that study. Never-
theless, the cumulative experiences with the DC-based or
non-DC-based CEA vaccines support the idea that CEA
can serve as an effective target for immune therapy and
such failures underscore the need to develop potent anti-
CEA therapeutic vaccines [2,18].

In this study, we examined the efficacy of DC vaccine
pulsed with E. coli-derived recombinant Tat-CEA in a
murine tumour model. Our strategy may have several
advantages over the former trials using ex vivo-manipulated
DCs. First, by using the recombinant proteins spanning a
long peptide sequence (34-332), we could expect that a
broader range of CEA epitopes could be presented by the
diverse sets of MHC haplotypes [7,18]. The N-terminal
region of CEA used in this study covers several known
epitopes that could bind efficiently to MHC class I molecules
as CEA[9](HsLFGYSWYK) for HLA-A3 [7]. Second,
modification of CEA antigens with HIV Tat, one of the well-
known PTDs, could enhance the immunogenicity of CEA
drastically by facilitating the delivery of the TAA into the
cytosol of DCs (Fig. 2). It may allow exogenous proteins to
be channelled into the MHC class I presentation pathways
and may be highly effective in inducing anti-CEA immunity,
regardless of the activation status of the DCs [18,39]. Indeed,
we observed significantly stronger CTL responses, preferen-
tial Thl responses, retarded tumour growth and increased
survival in the mice vaccinated with DC (Tat-CEA), com-
pared with those from mice immunized using DC (CEA).

Previously, it has been reported that Tat protein itself
could enhance the maturation of DCs, thereby increasing T
cell responses [41]. Furthermore, CEA has been known to
inhibit DC maturation[24,25]. In our study, expression of
activation markers of DCs were not significantly different
between DC (CEA) and DC (LPS) (Fig. 3), suggesting that
CEA did not impair DC maturation in this setting. DC (Tat-
CEA) showed slightly higher expression of co-stimulatory
molecules and I-A® when compared with DC (CEA). It sug-
gests that the enhanced immunity against tumours may be
partly because of the adjuvant effect of Tat in addition to the
increased antigen delivery into DCs. In our purification
process, we could not remove LPS completely from the
recombinant proteins (> 0-5 EU). However, after washing
the DCs with PBS three times immediately prior to injection
into the mice, the levels of LPS were less than 0-1 EU.

Recombinant tumour antigens purified from prokaryotes
have been used widely in DC-based vaccines and have
induced tumour-specific CTL responses in a number of
studies [42—47]. It seems likely that there is no significant
difference in the immunogenicity of a purified TAA whether
it is purified from prokaryotic or eukaryotic cells [46,47].
Rather, the efficient delivery of a TAA into antigen-
presenting cells (APCs) through a functional modification is
probably the more important determinant to inducing effec-
tive anti-tumour immunity as shown by our current results
and others [45,48].

Recently, Woo et al. immunized mice with E. coli-derived
recombinant Tat-CEA proteins with CpG oligodeoxynucle-
otides as an adjuvant, without DCs [26]. Administration of
purified recombinant Tat-CEA could induce a certain level
of protective anti-CEA immune responses, although they
were Th2-associated antibody responses with weak IFN-y
production. Our current results using a DC-based strategy
pulsed with Tat-CEA suggests that eliciting Th1-orientated
immune responses are critical for protective anti-cancer
immunity in vivo.

In summary, vaccination of DCs loaded with bacteria-
derived Tat-CEA induced potent CTL-mediated anti-CEA
immune responses that are sufficient to protect tumour-
bearing mice. While other vaccine approaches may elicit
antigen-specific responses in normal human volunteers,
more efficient strategies are needed to overcome the
immune-suppressive tumour microenvironment in the
clinical setting where CEA-specific T cell clones are generally
anergized/deleted and regulatory T cells are dominant.
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