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n the search for novel therapeutic approaches to treat
atients with colorectal carcinoma, anticancer vaccina-
ion holds promise. A large body of preclinical and clin-
cal evidence has demonstrated that the immune sys-
em can be polarized against malignant cells by means
f several active specific immunotherapy strategies. Al-
hough no vaccination regimen can be currently recom-
ended outside clinical trials, tumor response and im-
unologic findings observed in animal models and

umans prompt researchers to explore further the anti-
umor potential of such biotherapy in an effort to repro-
uce in a larger set of patients the cascade of molecular
vents that characterizes the successful tumor immune
ejection currently observed in a minority of vaccinated
ubjects. In this work, we summarize the principles and
he main results of cancer vaccine strategies so far
mplemented for the treatment of patients with colorec-
al carcinoma. We also discuss the most recent preclin-
cal tumor immunology insights that might change the
ay to design the next generation of cancer vaccines,
opefully improving the effectiveness of such a biothera-
eutic approach.

olorectal carcinoma is the fourth most commonly
diagnosed type of cancer and accounts for 10%–15%

f deaths from cancer in Western countries.1 After rad-
cal surgery of locally advanced primary tumor (AJCC
tage II-III), 5-FU-based adjuvant chemotherapy � ra-
iation therapy significantly improves overall survival
ate, but, at 5 years, 40% to 50% of patients still will die
f the disease.2,3 In the case of metastatic disease (AJCC
tage IV), the prognosis is poor, and most patients will
ltimately succumb.4 Toxicity and lack of tumor speci-
city are the most important limits of conventional
pproaches (ie, chemotherapy, radiation therapy). In-
estigators are therefore seeking novel therapeutic op-
ions.5,6 Exploiting a naturally occurring defense system,
he immunotherapeutic approach embodies an ideal non-
oxic treatment capable of evoking tumor-specific im-
une responses. Although a wealth of clinical evidence
learly demonstrates that a variety of therapeutic manip-
lations can effectively polarize the immune system
gainst different tumor types in humans,7,8 no current
accination regimen has been demonstrated of clinical
tility. However, by dissecting the cellular/molecular
vents underlying cancer immune rejection observed in a
imited subset of patients, investigators might decipher
he biologic code governing tumor immune responsive-
ess and thus design more effective immunotherapeutic
trategies.9

The implementation of ASI for the treatment of colo-
ectal cancer is relatively recent compared to other ma-
ignancies. The identification of tumor-associated anti-
ens (TAA) expressed by colorectal carcinoma as well as
ecent advancements in tumor immunology are giving
ew impetus to the development of biologically targeted
mmunotherapeutic strategies for this type of cancer.

After summarizing the principles underlying antican-
er vaccination, we review the clinical results so far
btained with colorectal cancer vaccines and discuss the
ost promising preclinical findings that might improve

he effectiveness of such a biotherapeutic approach.

Rationale for Anticancer
Vaccination

The concept of tumor immune surveillance,
roposed by Burnet in the 1950s, holds that a phys-
ologic function of the immune system is to recognize
nd destroy clones of transformed cells.10 Although
he importance and even the existence of immune
urveillance has been questioned, it is now clear that
he immune system can react and sometimes play an
mportant role in tumor control both in animal mod-
ls and in humans.11 Animals deficient in immune-

Abbreviations used in this paper: APC, antigen-presenting cells; ASI,
ctive-specific immunotherapy; CTL, cytotoxic T lymphocytes; DC, den-
ritic cells; HLT, helper T lymhocytes; HSP, heat shock proteins; TAA,
umor-associated antigens.

© 2004 by the American Gastroenterological Association
0016-5085/04/$30.00
doi:10.1053/j.gastro.2004.07.012
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elated molecules (eg, IFN-�, perforin, RAG-2) are
ore susceptible to the development of experimental

r spontaneous cancers,12 and immunosuppressed in-
ividuals, such as organ transplant recipients or pa-
ients affected with primary or acquired immunodefi-
iency disorders, have an increased risk for developing
alignancy.13,14 Both cytotoxic T lymphocytes (CTL)

nd antibodies specific for TAA have been found in
umor-bearing patients,15–18 including those with
olorectal cancer.19 In addition, CTL isolated from
atients affected with cancer can lyse autologous and
LA-matched tumor cells in vitro.20 Brisk lympho-

ytic infiltrate in tumor specimens is an independent
ositive prognostic factor for melanoma patients.21

ikewise, the natural occurrence of a humoral immune
esponse is associated with a good outcome in breast
arcinoma22 and melanoma patients.23 Although a
ymphocytic infiltration of primary colorectal carci-
oma is similarly associated with improved overall and
ecurrence-free survival,24,25 there are very few data
bout the antigen-specificity of these lymphocytes.
nterestingly, a high level of microsatellite instability
n colorectal carcinomas is associated with the pres-
nce of tumor-infiltrating lymphocytes, as well as an
mproved prognosis26: Hypothetically, the increased
umber of lymphocytes are responding to large num-
ers of “neo-antigens” created by the high rate of
NA mutation, which is characteristic of this group

f colorectal cancers as a result of defects in DNA
ismatch repair genes. In the model of hematologic
alignancies, the reduced relapse rates observed in the

llogeneic transplant setting (compared with those
eported in the autologous setting),27 the dramatic
linical benefits achieved with donor lymphocyte in-
usions,28 and the recent clinical successes of antibody-
ased therapies for the treatment of non-Hodgkin’s
ymphomas (NHL)29 have provided investigators with
urther evidence supporting the potential ability of
daptive immunity to control cancer growth.

Anticancer vaccination is based on the assumption
hat the immune system can recognize and react to TAA
Figure 1). After the milestone experience of chemically
r virally induced tumors rejected by syngeneic mice as
result of the ex novo generation of highly immuno-

enic, tumor-specific transplant antigens,30 investigators
ould demonstrate that several naturally occurring TAA
an be the target of humoral and/or cellular adaptive
mmune response31 (Table 1).

Molecularly identified or undefined TAA can be ad-
inistered to cancer patients in an attempt to induce a

ystemic immune response, ultimately leading to malig-

ant cell destruction.32 Like vaccine development for p
nfectious diseases, this procedure is defined as active-
pecific immunotherapy (ASI) or vaccination because the
ost immune system is activated ex novo or restimulated
o mount an effective tumor-specific immune reaction
gainst malignant cells.

Current Vaccination Strategies
A synopsis of ASI strategies for cancer treatment

s reported in Table 2. The following is a description of
he principles and results of cancer vaccine formulations
o far implemented in the clinical setting. The details
vaccine composition, study design, clinical outcome,
nd immunologic findings) of the clinical trials carried
ut for the treatment of patients with colorectal carci-
oma are illustrated in Table 3 (therapeutic vaccines) and
able 4 (adjuvant vaccines).
The review method consisted of several PubMed

earches of the National Library of Medicine, limiting
he search to English language articles and clinical series
f at least 10 patients. Where appropriate, cited refer-
nces from selected articles were also reviewed.

Polyvalent Vaccines

Whole cell polyvalent vaccines. Living, whole tu-
or cells inactivated by irradiation so that they are not

apable of growth are the earliest forms of antitumor
accines and have been extensively studied in human
rials.33,34 The concept of using whole cells remains
ppealing because these vaccines should contain a large
epertoire of TAA (“polyvalent” vaccines) potentially
argeted by the immune system. Autologous tumor cell
accines are patient specific, and their production de-
ends on the availability of tumor cells from that patient.
llogeneic preparations overcome the limitation of tu-
or cell source in that they are made from 2 or more

umor cell lines grown in vitro. However, allogeneic
accine preparations introduce irrelevant dominant anti-
ens (ie, allogeneic HLA molecules) that might over-
helm the induction of an effective immune response

gainst more relevant but weaker antigens (ie, TAA). In
he adjuvant setting, the efficacy of anticolorectal cancer
utologous vaccines has not been proven in phase III
andomized trials, although a significant survival advan-
age has been observed in subsets of patients (Table 4).

To increase the immunogenicity of whole cell polyva-
ent vaccines for colorectal cancer, tumor cells have been
nfected with viruses.35,36 More recently, vaccines have
een prepared with malignant cells genetically engi-
eered to secrete cytokines (eg, GM-CSF, IL-2), which
hould recruit and activate antigen-presenting cells
APC) at the site of vaccine injection, thus favoring the

rocess of TAA uploading and ultimately TAA presen-
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December 2004 COLORECTAL CANCER VACCINES 1823
ation to T cells in secondary lymphoid organs (ie, vac-
ination site draining lymph nodes).37–39 This ASI has
ot yet been implemented for the treatment of patients
ith colorectal cancer.

Heat shock proteins. Heat shock proteins (HSP)
re intracellular proteins that act as chaperones for peptides,
ncluding TAA-derived peptides.40,41 Dendritic cells (DC),
he most powerful APC,42 possess a specific receptor for heat
hock proteins (CD91).43 The engagement of CD91 by
SP leads to the maturation/activation of DC.43 Therefore,
SP released by necrotic cells function as endogenous dan-

er signals as well as a method to cross-present TAA by DC.
SP can be isolated and used as a polyvalent autologous

ancer vaccine preparation of undefined TAA. With this
trategy, the need to identify TAA peptides recognized by
TL is circumvented. On the basis of the encouraging

esults obtained in animal models,44 HSP (ie, gp96) have
een tested in pilot clinical trials for the treatment of
atients with different histologic types of cancer, including

igure 1. Schematic view of the immune response to cancer. T ce
endritic cells (DC) and require 2 signals. By means of their T-cell rece
ontext of class I or II HLA molecules (first signal). A second signal is
nd their ligands (ie, B7.1/B7.2). Intracellular protein TAA are cleaved
he surface of most nucleated cells in the context of HLA class I mole
resented by APC; then, if these effector cells recognize the same pept
f cytotoxic factors (eg, perforin, granzyme) and/or by FAS/FAS-L inte
mino acid peptides only by APC that present them in the context of H
hese peptides presented by APC; these effector cells can stimulate t
eg, IL-2, IFN-�) and Th2-type cytokines (eg, IL-4, IL-10) and by cell-t
nnate (eg, natural killer cells) and adaptive (eg, T regulatory cells) im
mmune response against malignant cells. Red line, stimulatory effec
TL, cytotoxic T lymphocyte; NK-cell, natural killer cell; Tr cell, T reg
ffect); CTLA-4, B7.1/B7.2 receptor expressed by T cells (inhibitory ef
D40-L receptor; TAA, tumor-associated antigen; HSP, heat shock prot

L-13, interleukin-13; TGF-�, transforming growth factor �; PGE2, pro
olorectal carcinoma45,46 (Table 4). m
Antigen-Defined Vaccines

Tumor-associated antigens (whole antigen). From
he biochemical viewpoint, TAA utilized for anticancer
accination are either proteins or carbohydrates. Proteins
eg, MUC-1) are attractive TAA because they are molec-
larly defined (as opposed to polyvalent vaccines), can be
asily produced by means of recombinant technology,
nd enable the patient’s own immune system to cleave
nd bind HLA class I and/or II restricted peptides with-
ut the need to know their sequence (as occurs with
eptide-based vaccines).
Carbohydrates represent the epitope of several TAA

hat include glycosphingolipids (eg, gangliosides) and
lycoproteins (eg, sialyl-Tn, MUC-1). These TAA are
ither over expressed by cancer cells (gangliosides, sialyl-
n) or are tumor specific because of the disrupted gly-
osylation proper of tumor progression.47,48 Although
his type of ASI has been largely tested for the treat-

e activated by professional antigen-presenting cells (APC) such as
TCR), T lymphocytes recognize TAA-derived peptides presented in the
ided by the interaction between costimulatory molecules (ie, CD28)
e proteasome into 8–10 amino acid peptides that are presented on

. Naïve CD8� T cells become activated by recognizing these peptides
n the surface of tumor cells, they can lyse the target cell by exocytosis
n. Extracellular protein TAA are endocytosed and cleaved into 12–20
ss II molecules. Naïve CD4� T cells become activated by recognizing
ction of CD8� T cells, B lymphocytes, and APC by secreting Th1-type
interaction (eg, through CD40/CD40-L), respectively. Several other

ty cell mediators are involved in determining the final outcome of the
ck line, inhibitory effect. DC, dendritic cell; HTL, helper T lymphocyte;
y cell; CD28, B7.1/B7.2 receptor expressed by T cells (stimulatory
FAS-L, FAS ligand; TCR, T-cell receptor; CD40-L, CD40 ligand; CD40,
D91, HSP receptor; dsDNA, double-strand DNA; IL-10, interleukin-10;
ndin E2; NO, nitric oxide; Pr, proteasome; Pt, peptides.
lls ar
ptor (
prov
by th

cules
ide o
ractio
LA cla
he fun
o-cell
muni
t. Bla
ulator
fect);
ein; C
ent of other malignancies (eg, melanoma, breast carci-
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oma),49,50 only a few patients with colorectal carcinoma
ave been treated with such cancer vaccine (Table 3). Of
ote, a survival advantage has been recorded in patients
ith colorectal cancer who responded to TAA-based
accination.51

Peptide vaccines. This is the most specific vac-
ine preparation because peptides represent the basic
olecular unit “seen” by T cells (Figure 1). The majority

f TAA-derived peptides so far identified are presented in
ssociation with class I HLA molecules and are recog-
ized by tumor-specific CTL.52 By contrast, only few
AA epitopes are presented in association with class II

able 1. Tumor-associated Antigens Recognized by the Immu

Category TAA

nique antigens p53
K-RAS
APC
TGF-�R-II
caspase-8
�-catenin
CDK-4
Gn-TV
BCR-ABL (fusion p
Antibody idiotypes

ifferentiation antigens gp100 (pmel117)
MART-1 (Melan-A)
Tyrosinase
TRP-1
TRP-2
PSA

hared antigens MAGE family
GAGE family
BAGE-1
SSX-2
SAGE
LAGE-1/CAMEL
NY-ESO-1/LAGE-2

verexpressed antigens EGF-receptor
CEA
HER-2/neu (erbB-2
CO17-1A (Ep-Cam,
MUC-1
Survivin
Telomerase
gp72/CD55
gastrin
WT1
PRAME
�-hCG
�-fetoprotein
Gangliosides (eg, G

OTE. TAA are generally classified in 4 major categories: (1) Unique an
mutation/translocation/alternative transcription) and are specific to a
xpressed by the tumor and the normal tissue from which it derives; (3) s
ypes and not by normal tissues, with the exception of spermatogonia,
ytotoxic T lymphocytes; and (4) over expressed antigens can be found
RC, colorectal carcinoma; TGF-�R-II, transforming growth factor � rec
CC, hepatocellular carcinoma.
LA molecules and are recognized by helper T lymho- v
ytes (HTL). Although tens of TAA peptides recognized
y T cells have been identified,53,54 their clinical use is
till limited for the most common cancer types. In fact,
ost TAA epitopes are expressed by melanomas and are

ecognized only by a specific HLA allele (ie, HLA-A2),
eaving ineligible several patients expressing less fre-
uent HLA alleles.55 Recently, tumor immunologists
ave identified TAA peptides suitable for colorectal can-
er vaccination,56–58 but the clinical implementation of
his ASI strategy for the treatment of this tumor type is
till in its infancy (Table 3).

Recombinant virus vaccines. The finding that

ystem

Tumor

Several carcinomas (including CRC)
Several carcinomas (including CRC)
CRC carcinoma
CRC carcinoma
Head and neck tumors
Melanoma
Melanoma
Melanoma

) Acute lymphoblastic leukemia
Lymphomas, multiple myeloma
Melanoma
Melanoma
Melanoma
Melanoma
Melanoma
Prostate carcinoma
Several tumor types (including CRC)
Several tumor types (including CRC)
Several tumor types (including CRC)
Several tumor types (including CRC)
Several tumor types
Several tumor types
Several tumor types
Several carcinomas (including CRC)
Several carcinomas (including CRC)

5) Several carcinomas (including CRC)
33-2) Several carcinomas (including CRC)

Several carcinomas (including CRC)
Several tumor types (including CRC)
Several tumor types (including CRC)
Several carcinomas (including CRC)
Several carcinomas (including CRC)
Acute leukemias
Several tumor types
Several tumor types (including CRC)
HCC, testis

GM2) Melanoma

s (or tumor-specific antigens) are the result of tumor genetic instability
vidual tumor; (2) differentiation antigens (tissue-specific antigens) are
antigens (or cancer-testis antigens) are expressed by a variety of tumor

h do not express HLA class I molecules and thus are not targeted by
rmal tissues but are massively over expressed by malignant cells.
-II; APC, adenomatosis polyposis coli; PSA, prostate-specific antigen;
ne S

rotein

, p18
GA7

M1,

tigen
n indi
hared
whic

in no
eptor
iral infections lead to the presentation of viral peptides
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n association with MHC class I and class II HLA mol-
cules on the surface of infected cells has led to the design
f ASI strategies in which viruses are used as the immu-
ization vehicles. Viruses such as vaccinia, avipox, and
denoviruses are potentially ideal vectors for the delivery
f TAA (eg, CEA, p53) because of their ability to infect
irectly and activate APC.59,60 Recombinant viruses have
lso been utilized to encode and express costimulatory
olecules (eg, B7.1, B7.2) as well as immunologic ad-

uvants (eg, cytokines, CpG). Despite the theoretic pre-
ises, the application of this ASI strategy in the thera-

eutic setting has obtained poor or conflicting results in
olorectal carcinoma (Tables 3 and 4), as well as in other
umor types.61,62

DNA vaccines. Naked DNA vaccines consist of the
pecific gene encoding the TAA of interest cloned into a
acterial plasmid engineered for optimal expression in eu-
aryotic cells.63 Plasmid DNA, which can express immu-
ologic adjuvants (IA) (eg, cytokines, CpG) and costimula-
ory molecules (B7.1, B7.2), has the advantages of being
eadily deliverable and molecularly defined and can be easily
onstructed and produced in large quantities. The imple-
entation of this ASI strategy in clinical oncology is still in

ts infancy64–66 (Table 3).
Anti-idiotype vaccines. From conventional net-

ork theory,67 it follows that, to any specific antibody,
mirror-image antibody will be generated. Vaccina-

ion with TAA-specific mouse antibodies (Ab1) results

able 2. Cancer Vaccine Strategies So Far Implemented in th

Vaccine category Vaccine composition

olyvalent vaccines Whole tumor cell Au

Lysate tumor cell M

Shed antigens TA

Heat shock proteins Pr

ntigen-defined vaccines TAA (whole antigen) pr

Peptides HL
Recombinant DNA Ge
Recombinant virus Ge

Anti-idiotypic antibody M
C-based vaccines Tumor-DC hybrid No

Whole tumor cell loaded DC Au

Peptide loaded DC HL
Tumor mRNA loaded DC No
Virally infected DC Vi
Genetically engineered DC En

AA, tumor associated antigen; IA, immunological adjuvant; DC, dend
n the formation of autologous antibodies (Ab2) p
gainst the vaccine. The variable part of these induced
ntibodies fits the murine idiotype and therefore
trongly resembles the epitope of the original TAA.
onsequently, this anti-idiotype can be used as a

urrogate vaccine in place of the naturally occurring
AA and stimulate cellular and/or humoral (Ab3 an-

ibodies) immune responses.68,69 This vaccination
trategy requires relatively low amounts of vaccine
reparation and allows for vaccination toward nonpro-
ein antigens (eg, carbohydrates) that are difficult to
e cloned for large scale production. Furthermore,
nti-idiotype antibodies are particularly effective in
reaking immune tolerance toward TAA.70 Colorectal
ancer patients have been treated with this ASI strat-
gy both in the adjuvant and therapeutic setting
Tables 3 and 4). Although no tumor responses have
een reported, in a phase II study, patients who de-
eloped an immunologic response showed a survival
enefit.71

Dendritic Cell-Based Vaccines

The fate of TAA largely depends on their abil-
ty to be internalized and processed by DC. These cells
xpressing high levels of HLA class I and class II as
ell as costimulatory molecules (B7.1/CD80, B7.2/
D86) have been demonstrated to be effective in
resenting TAA peptides to enhance cellular immu-
ity both in vitro72,73 and in vivo.74 The use of TAA/

inical Setting

Comments

ous or allogeneic tumor cells that can be genetically engineered to
te cytokines

eed to know the molecular identity of TAA
ical, enzymatic, or viral tumor lysates

eed to know the molecular identity of TAA
TAA-derived peptides released in vitro by allogeneic tumor cell lines
eed to know the molecular identity of TAA
d from autologous tumor cells
eed to know the molecular identity of TAA
s (eg, CEA, p53; MUC-1), carbohydrates (eg, sialyl-Tn), idiotypes
ll lymphomas, multiple myeloma), glycolipids (eg, gangliosides)
ss I or class II restricted
ally engineered to express TAA � cytokines
ally engineered to express TAA � IA (eg, cytokines, CpG) or
mulatory molecules (eg, B7.1)
ing the natural TAA
d to know the molecular identity of TAA
ous or allogeneic tumor cells
eed to know the molecular identity of TAA
ss I or class II restricted
d to know the molecular identity of TAA
oding for TAA
red to secrete cytokines or express TAA

cell.
e Cl

tolog
secre
No n
echan
No n
A or
No n
epare
No n
otein
(B-ce
A cla
netic
netic
costi
imick

nee
tolog
No n
A cla
nee

rus c
ginee
eptide-loaded DC requires prior knowledge of pa-
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able 3. Colorectal Cancer Vaccines in the Therapeutic Setting: Clinical Trials

Author/year
(reference) Vaccine type Study design Clinical outcome Immunologic findings

obol et al 1999
(182)

Autologous tumor (whole cell)
IA: fibroblasts transduced with IL-2
Route: SC

Phase I–II
N � 10

Toxicity: minimal
OR: 0

T-cell response: 5/10
B-cell response: 0/10

abal et al 2001
(179)

Allogeneic tumor (whole cell)
IA: BCG
Route: ID

Phase I–II
N � 27

Toxicity: 2 grade 3 (fatigue, pain)
OS: better in immune responders

B-cell response:
14/27

T-cell response:
21/27

arshall et al
and Zhu et al
1999 and
2000 (183,
184)

Recombinant virus encoding CEA
IA: none
Route: IM

Phase I–IIa

Escalating doses
N � 20

Toxicity: minimal
OR: 0

T-cell response: 7/9

onry et al 2000
and 1999
(185, 186)

Recombinant virus encoding CEA
IA: none
Route: ID or SC

Phase Ia

N � 32
Toxicity: minimal B-cell response: 7/32

T-cell response: 0/32

arshall et al
2000 (187)

Recombinant virus encoding CEA
IA: none or GM-CSF � IL-2
Route: ID/SC

Phase I–IIa

Randomized trial
(vaccinia vs
avipox)

N � 18

Toxicity: minimal
OR: 0

B-cell response: 4/18
T-cell response:

better in vaccinia
virus arm

orig et al 2000
(188)

Recombinant virus encoding CEA and B7.1
IA: none
Route: IM

Phase I–II
Escalating doses
N � 18

Toxicity: minimal
OR: 0

B-cell response: only
to viral vector;

T-cell response: 4/12
on Mehren et al
2001 (189)

Recombinant virus encoding CEA and B7.1
IA: none or GM-CSF
Route: ID (GM-CSF: SC)

Phase I–IIa

N � 60
Toxicity: minimal
OR: 0
(2 serum CEA: 6/21)

B-cell response: 2/3
T-cell response:

17/21
an der Burg et al
2002 (190)

Recombinant virus encoding p53
IA: none
Route: IV

Phase I
Escalating doses
N � 16

Toxicity: minimal B-cell response:
10/15

T-cell response: 2/15
enon et al
2003 (191)

Recombinant virus encoding p53
IA: none
Route: IV

Phase I
Escalating doses
N � 16

Toxicity: 1 grade 3 (fever) B-cell response: 3/15
T-cell response: 2/15

ochlitz et al
2003 (192)

Recombinant virus encoding MUC-1
IA: IL-2
Route: IM

Phase I–IIa

Escalating doses
N � 13

Toxicity: minimal
OR: 1

T-cell response: 5/13

oon et al 1997
(193)

Anti-idiotype mAb mimicking CEA
IA: alum
Route: SC

Phase I–II
N � 24

Toxicity: minimal
OR: 0
OS: similar to standard treatment

B-cell response:
17/23

T-cell response: 5/23
amonigg et al
1999 (71)

Anti-idiotype mAb mimicking CO17-1A
IA: alum
Route: SC

Phase II
Randomized study

(vaccine vs
control)

N � 42

Toxicity: minimal
OR: 0
OS: ns (better in immune

responders)

B-cell response:
12/12

irebent et al
2001 (194)

Anti-idiotype mAb mimicking CO17-1A
IA: none or KLH � alum
Route: SC

Phase I
N � 45

— B-cell response:
33/45

T-cell response: 8/45
axwell et al
2001 (195)

Anti-idiotype mAb mimicking gp72/CD55
IA: alum
Route: IM

Phase II
Randomized trial

(vaccine vs
placebo)

N � 162

Toxicity: minimal
OS: ns (only 50% received

complete vaccination)

nr

onry et al 2002
(196)

DNA plasmid encoding CEA
IA: none
Route: IM

Phase I
Escalating doses
N � 17

Toxicity: minimal
OR: 0

B-cell response: 0/17
T-cell response: 4/17

oydos et al
1996 (197)

TAA (MUC-1)
IA: BCG
Route: ID

Phase Ia

N � 63
Toxicity: minimal
OR: 0

T-cell response: 7/22

acLean et al
1996 (51)

TAA (Sialyl-Tn)
IA: KLH � low-dose cyclophosphamide
Route: SC

Phase IIa

N � 85
Toxicity: minimal
OS: better in patients with higher

Ab titers

B-cell response: in
most patients

mith et al 2000
(198)

TAA (gastrin)
IA: diphtheria toxoid � alum
Route: IM

Phase I–II
N � 50

Toxicity: 7 grade 3 (skin)
OR: 0

B-cell response:
40/50
continued on following page
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ient HLA types and the sequences of the relevant
ntigens/epitopes. To overcome this limitation, tumor
ells themselves74 or their messenger RNA (mRNA)
ontent have been used as immunogens.75 As a further
evelopment of the DC-based vaccination strategy,
ome investigators have proposed the fusion of cancer
ells with DC to generate cell hybrids with the char-
cteristics of an APC able to process endogenously
rovided TAA.76,77 Despite the strong preclinical ev-
dence supporting the use of DC in humans for anti-
umor vaccination, the results of clinical trials so far
eported are conflicting and regard in most cases mel-
noma patients.74,78 – 82 Perhaps, the complex and time
onsuming methods required for the preparation of
uch vaccines have to date restrained investigators
rom carrying out phase III randomized trials to de-
ermine definitely the clinical usefulness of this ASI in
ncology. The experience with DC-based vaccines for
he treatment of colorectal cancer in humans has just
egun83,84 (Table 3).

Tumor Immune Escape

Despite the evidence that immune effectors can
lay a significant role in controlling tumor growth in
atural conditions or in response to therapeutic manip-
lation, it is evident that cancer cells can survive their

able 3. (continued) Colorectal Cancer Vaccines in the Thera

Author/year
(reference) Vaccine type St

aranikas et al
1997 and
2001 (199,
200)

TAA (MUC-1)
IA: low-dose IV cyclophosphamide
Route: IM

Phas
N �

oulton et al
2002 (180)

TAA (beta-hCG)
IA: nor-muramyl dipeptide
Route: IM

Phas
N �

eidhart et al
2004 (201)

TAA (CO17-1A)
IA: none or GM-CSF (SC)
Route: SC

Phas
N �

ine et al 2004
(181)

Peptides (from SART and other TAA)
IA: IFA
Route: SC

Phas
N �
HLA r

A2
ong et al 2001
(178)

Dendritic cells pulsed with CEA peptide
IA: none
Route: IV

Phas
Esca
N �

A, immunological adjuvant; route, SC (subcutaneous); ID, intraderma
ncomplete Freund’s adjuvant; KLH, keyhole limpet hemocyanin; mAb,
FS, disease free survival; ns, not significant; OR, overall (tumor) res
Miscellany of carcinomas including colorectal cancer.
ttack as the disease progresses. u
Several mechanisms underlying the phenomenon
nown as tumor immune escape have been proposed85

Figure 1). Cancer genetic instability can lead to TAA/
LA down-regulation as well as to the disruption of the
AA-processing/presenting machinery (eg, proteasome,
AP-1), which in turn allows malignant cells to elude

he surveillance of immune sentinels.86,87 The production
f postulated immunosuppressive cytokines (eg, TGF-�,
L-10)88 and the expression of lymphotoxic molecules (ie,
AS ligand)89 suggest that cancer can actively counteract
he immune system reaction. For another example, tu-
or cells (along with most normal cells) generally lack

ostimulatory molecules, such as B7.1/CD80 and B7.2/
D86, which are physiologically expressed on profes-

ional APC.90,91 In the absence of costimulation, T cells
end to become anergic.92 In the nontumor-bearing set-
ing, the absence of B7 molecule expression has been
ypothesized to protect normal cells against autoreactiv-
ty.93 Transfection of tumor cells with both isoforms has
een used successfully to trigger their immune-mediated
ejection of experimental mouse tumors with some in-
erent immunogenicity.94

Nonetheless, the above-mentioned mechanisms can-
ot explain all cases of immunotherapy failure, and their
n vivo relevance has been questioned. For instance, in
umans, TAA/HLA expression is not always down-reg-

ic Setting: Clinical Trials

esign Clinical outcome Immunologic findings

Toxicity: minimal
OR: 0

B-cell response: 60%
T-cell response: 28%

Toxicity: minimal
OS: better in patients with higher

Ab titers

B-cell response: in all
patients but with
difference in Ab
titers

Toxicity: minimal T-cell response: 9/9
(better in GM-CSF
group)

B-cell response: 8/11

tion: A2,

Toxicity: minimal
OR: 5
OS: better in immune responders

T-cell response:
16/76

B-cell response:
60/91

doses
Toxicity: minimal
OR: 2

Tumor regression
correlated with T-
cell response to
vaccination

, intramuscular; IV, intravenous; BCG, bacillus Calmette-Guerin; IFA,
oclonal antibody; TAA, tumor associated antigen; OS, overall survival;
e (partial � complete responses).
peut

udy d

e Ia

42

e I–II
70

e I
11

e I–IIa

113
estric
4
e I
lating
12

l; IM
mon
pons
lated in progressing metastases of patients undergoing
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accination,95 and FAS-L is not expressed in most mel-
noma specimens.96 The immunosuppressive role of
ome cancer-derived molecules (eg, IL-10) has been re-
isited and at least in part refuted,97,98 yet, in animal
odels, tumor rejection is not observed when B7 mole-

ules are inserted into poorly immunogenic tumors.99

onimmunogenicity is a category in which most, if not
ll, human tumors would fall; thus a lack of expression of
he B7.1 and B7.2 costimulatory molecules is unlikely to
e a global explanation for immune escape.
Overall, despite the advancements achieved in tumor

mmunology, the cascade of molecular events leading to
umor rejection by the immune system is currently un-
nown, especially in humans. Nevertheless, some recent
nsights in tumor immunology might help oncologists
reak the immune tolerance toward malignant cells in

able 4. Colorectal Cancer Vaccines in the Adjuvant Setting:

Author/year
(reference) Stage Vaccine type St

oover et al
1993 (202)

II,III Autologous tumor (whole cell)
IA: BCG
Route: ID

Phase III
Randomiz

vs obs
N � 98

ermorken et al
1999 (203)

II,III Autologous tumor (whole cell)
IA: BCG
Route: ID

Phase III
Randomiz

vs obs
N � 254

arris et al
2000 (177)

II,III Autologous tumor (whole cell)
IA: BCG
Route: ID

Phase III
Randomiz

vs obs
N � 412

ohle et al
1990 (35)

II–IV Virally infected autologous tumora

IA: none
Route: SC

Phase I
N � 16

ckert et al
1996 (36)

II,III Virally infected autologous tumora

IA: none or BCG
Route: ID

Phase I–I
N � 57

oon et al
1999 (204)

II–IV Anti-idiotype mAb mimicking CEA
IA: alum or QS-21
Route: SC

Phase I
N � 32

llenhag et al
2003 (205)

I–III Recombinant virus encoding KSA
IA: none or GM-CSF
Route: ID � SC

Phase I
N � 12

urrant et al
2000 (206)

I–IV Anti-idiotype mAb mimicking CD55
IA: alum
Route: IM

Phase I
N � 35

amanci et al
1998 (207)

I–III TAA (CEA)
IA: alum � GM-CSF
Route: SC

Phase I
N � 18

azzaferro et al
2003 (46)

IV Heat shock protein (gp96)
IA: none
Route: ID

Phase I–I
N � 29

or abbreviations see Table 3.
Virus: Newcastle disease virus.
he near future. s
Future Perspectives in Cancer
Vaccine Development

Novel Targets

In the search for the ideal TAA suitable for antican-
er vaccination, investigators are looking for antigens with

main characteristics: (1) maximal immunogenicity, (2)
ide expression by different tumor types, and (3) maximal

umor specificity. In animal models, immunization with
enogeneic homologs of TAA appears to be a promising
pproach to break immune tolerance to weakly immuno-
enic self-antigens such as most TAA.100–102 In humans,
imilar immunologic responses have been reported,103 al-
hough no data are yet available on tumor response.

Unlike hematologic malignancies that express highly

cal Trials

esign Clinical outcome
Immunological

findings

ial (vaccine
on)

Toxicity: some grade 3–4 (skin)
OS, DFS: ns (subset analysis: 1

in patients with colon
carcinoma)

T-cell response:
67% of tested
patients

ial (vaccine
on)

Toxicity: 8 cases grade 4 (skin)
OS, DFS: ns (subset analysis: 1

DFS in stage II patients)

T-cell response:
92% of tested
patients

ial (vaccine
on)

Toxicity: 26% grade 3–4 (skin)
OS, DFS: ns

OS, DFS: better in
patients with
T-cell response

Toxicity: minimal T-cell response:
12/16

Toxicity: 9 grade 3–4 (skin; BCG
group only)

OS: better in NDV group (and
better than historical controls)

T-cell response:
21/31

Toxicity: minimal B-cell and T-cell
response: 32/
32

Toxicity: minimal T-cell response:
better in GM-CSF
group

Toxicity: minimal T-cell response:
better in
patients with
some HLA
alleles

Toxicity: minimal B-cell and T-cell
response: better
in GM-CSF arm

Toxicity: minimal
OS, DFS: better in immune

responders

T-cell response:
15/29
Clini

udy d

ed tr
ervati

ed tr
ervati

ed tr
ervati

I

I

pecific TAA (eg, antibody idiotype, translocation-
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erived fusion proteins), colorectal carcinoma lacks such
nique targets suitable for ASI. However, recent insights
n the molecular cascade underlying carcinogenesis are
ostering a novel immunotherapeutic strategy. Most
AA so far utilized in the clinical setting play a nonvital

ole in the metabolism of malignant cells (eg, gp100,
AGE-3, CEA). Accordingly, selection of tumor cells

ot expressing these TAA can be the only effect of
nticancer vaccination.104 A new class of TAA is repre-
ented by antigens involved in cancer development and
rogression. This is the case of the antiapoptotic protein
urviving105and the cell survival-related ribonucleopro-
ein telomerase,106 which are expressed by most tumors
ncluding colorectal carcinoma. Preclinical and clinical
esults, although preliminary, are encouraging107–112 and
rompt investigators to seek novel molecular targets that
re not only immunogenic but also needed for cancer
urvival (eg, EGF-receptor, VEGF-receptor, c-kit ty-
osine kinase).113–115 Recently, the impact of passive
mmunotherapy with monoclonal antibodies to EGF-
eceptor and VEGF-receptor signaling pathways has been
emonstrated in colorectal cancer patients.116 By anal-
gy, some investigators have shown in preclinical models
hat adaptive immunity can recognize such targets117

nd destroy malignant cells expressing them. For in-
tance, animal immunization against tumor angiogene-
is-related antigens (eg, VEGF-receptor, FGF-receptor)
an lead to tumor necrosis by causing endothelium dis-
uption and ultimately by shortening the blood supply to
ancer masses.100–102

Peripheral Tolerance

Low-affinity, autoreactive T cells can avoid nega-
ive selection in the thymus. Indeed a low level of
utoreactivity is required for positive thymic selection.
n normal circumstances, after maturation is complete,
hese autoreactive T cells are likely to be either ignorant
that is, they simply do not “see” their target epitope) or
nergic (defined as a state of induced unresponsiveness).
n the first case, they do not have any contact with the
ntigen. Naturally occurring and vaccine-induced TAA-
pecific T cells can be negatively regulated by host
actors, such as (1) immunosuppressive cytokines (eg,
GE2, TGF-�)118–120 or soluble factors (eg, ROS, NO)
roduced by tumor cells or tumor infiltrating macro-
hages,121–126 and (2) suppressor cells such as CD4�/
D25� T cells (T regulatory cells),127–129 IL-13 secreting
KT cells,128,130 CD11b�/Gr-1� suppressor cells,131,132

nd tolerogenic DC.133,134 T-cell inhibition by suppres-
or cells is mediated by soluble factors (eg, TGF-�,
L-10, IL-13, galectin-1) or cell-to-cell contact involving

nhibitory receptors (eg, CTLA-4)135 and ligands (eg, s
7-H1).136 These and other recent insights on the mo-
ecular pathways involved in T-cell unresponsiveness to
AA137–139 are spurring the development of novel strat-
gies aimed at counteracting this phenomenon. For
nstance, the blockade of CTLA-4140,141 and B7-H1,136

he neutralization of TGF-�,142,143 IL-13,144 and galec-
in-1,145 as well as the inhibition of tolerogenesis-related
nzymes (eg, indoleamine 2,3-dioxygenase, IDO),146,147

mprove the antitumor immune reaction and increase
umor rejection rates in several preclinical models. The
mplementation of these findings in the clinical setting
as already begun148 and holds great promise.

Innate Immunity

As DC and NK-cells efficiently cooperate to start
n efficient T-cell response,149,150 more and more atten-
ion is being paid to the appropriate stimulation of the
nnate immunity arm while eliciting an adaptive im-
une reaction to a given TAA.
DC represent the most potent APC capable of initi-

ting an effective T-cell response.151 They can be re-
ruited and activated at the vaccination site by means of
mmunologic adjuvants (IA), which can be coadminis-
ered together with the TAA or can be actively produced
y genetically engineered cancer vaccines,39 depending
n their nature (see following paragraph). Alternatively,
ecent development of techniques for obtaining large
umbers of human DC has opened the possibility of
sing these cells for therapeutic vaccination.152,153 How-
ver, this vaccine preparation remains time consuming
nd labor intensive, which is probably why no random-
zed trials have been performed yet in any type of cancer.
urthermore, ex vivo generation of DC requires appro-
riate activation through molecularly defined triggers
uch as toll-like receptors (TLR), TNF-� receptor, and
D40-ligand receptor before reinfusion. In fact, nonac-

ivated (immature) or improperly activated DC can cause
olerance instead of immunization.133

Natural killer (NK) cells can destroy many tumor cell
ines in vitro and are likely to play a critical role in
ntitumor immunity in vivo, as recently supported by a
tudy in which transgenic mice lacking NK1.1�/CD3�

ells showed an impaired acute tumor rejection.154 Be-
ides a direct cytotoxic activity against malignant cells,
K cells are believed to play a crucial role in the early

hase of adaptive immunity engagement against both
nfectious agents and tumor cells, thus providing a key
ink between innate and adaptive immunity.155 In par-
icular, NK cell-mediated tumor killing might be fun-
amental in initiating an efficient T-cell response,149
upposedly by inducing DC maturation and favoring
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ross-presentation of tumor antigens from killed tumor
ells.150

According to these considerations, the protocols for
he next generation of antitumor vaccines should prob-
bly include both the evaluation of NK cell activity and
he appropriate stimulation of these innate immunity
ells to understand better the mechanisms of an effective
mmune response and possibly increase the rate of tumor
mmune rejection.

Immunologic Adjuvants

Immunologic adjuvants are agents of a very dif-
erent nature (eg, microbial extracts, cytokines alumi-
um hydroxide, and so on) that mixed with an antigen
nhance the immune response against that antigen after
mmunization.156,157 Even though at present only 2 IA
re approved for clinical use worldwide (ie, aluminum-
ased salts and MF59, a squalene-oil/water emulsion),
any other substances (eg, incomplete Freund’s adjuvant

IFA], saponin QS-21, several cytokines, and so forth)
hat increase the immunogenicity of vaccines have been
ested and proven to be effective in animal models and
umans.
Generally, IA are believed to activate innate immunity
ediators such as DC and NK cells that ultimately

timulate T-cell function by secreting cytokines and
reeing TAA and “danger” signals (eg, HSP, double-
tranded DNA) from tumor cells.158,159 Recently, bacte-
ial DNA has been found to have strong immunostimu-
atory activity because of the presence of unmethylated
pG oligonucleotides.160 These bacterial products can be
ound by several receptors of the toll-like receptor fam-
ly, which are expressed by DC and NK cells.161 Their
ngagement induces the maturation/activation of innate
mmunity cells, ultimately favoring the stimulation of
he T-cell activity.162 Although this novel category of IA
as been already implemented in the clinical setting,163

he efficacy of cancer vaccines based on these IA is not yet
efined.
Among IA, cytokines are molecules with known ef-

ects on innate/adaptive immunity cells, and a growing
umber of them (eg, IL-2, IL-7, IL-12, GM-CSF, IFN-�,
FN-�) is being tested as IA for antitumor vaccination in
linical trials. These molecules act as “danger” signals in
lerting the immune system; by promoting the differen-
iation/activation of DC and stimulating NK-cell cyto-
oxic activity, they are considered powerful natural ad-
uvants for the development of cancer vaccines.164–166

he efficacy of some cytokines more recently identified
eg, IL-15, IL-18, IL-21) has been proven in vaccination
reclinical models167–169 but is still to be tested in clin-

cal trials. i
Conclusions

Despite the enormous theoretical potential of this
ype of biotherapy and the promising findings described
n animal models, the clinical results achieved with
ntitumor vaccination are still limited, and no cancer
accine should be currently proposed to cancer patients
utside clinical trials. However, the above-mentioned
linical studies allow 2 considerations.

First, anticancer vaccines represent a nontoxic thera-
eutic approach with no or little activity on metastatic
olorectal carcinoma. In an adjuvant setting, randomized
rials so far carried out have failed to demonstrate a
tatistically significant survival advantage of cancer vac-
ine over the control arm, although a clinical benefit has
een observed in subsets of patients (eg, colon carcinoma,
tage II).170 Accordingly, it has been hypothesized that
SI effectiveness depends on tumor burden. In fact,
ulky disease might overwhelm the immune system
ecause of the production of immunosuppressive factors
eg, TGF-�, PGE2, see also Figure 1) by malignant cells
nd an unfavorable effector (immune calls)/target (cancer
ells) ratio, a vaccine-evoked immune response, might
uccessfully control minimal residual disease following
urgical resection or chemotherapy.171–173 Theoretically,
fter proper “training” (ie, efficient vaccination), adaptive
mmunity memory cells should prevent tumor recurrence
riginating from noncycling/dormant micrometastatic
ells, which are notoriously resistant to common anti-
eoplastic agents. Ongoing phase II-III clinical trials are
esting this hypothesis in patients with colorectal can-
er174,175 as well as other tumor types.8,176

Second, it has been repeatedly reported that patients
ith colorectal cancer who develop an immunologic

esponse to vaccination seem to benefit from the treat-
ent in terms of tumor response or survival.46,51,71,177–181

herefore, a major challenge for tumor immunologists
ould be increasing the efficiency of immunization reg-

mens to increase the proportion of patients mounting an
mmune response and increase the rate of tumor re-
ponses. The complexity of the immune network and the
till enigmatic host-tumor interactions make this task at
he same time highly challenging and fascinating. Re-
ent insights from preclinical models are giving new
mpetus to the development of more effective ASI strat-
gies and might revolutionize the way of designing the
ext generation of cancer vaccines. In particular, the
cknowledged synergism between innate and adaptive
mmune responses and the advancements on the mecha-
isms underlying immunologic tolerance are leading to a
ore comprehensive immunotherapeutic approach, tak-
ng into consideration the multiple variables that deter-
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ine the ultimate outcome of the immune response
gainst malignant cells.

In the future, the implementation of these findings in
he clinical setting and the completion/conduction of
omparative randomized phase III trials should allow
ncologists to define the actual role of immunotherapy in
he fight against colorectal cancer.
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