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A number of cancer vaccine strategies for the treatment of colorectal cancer have entered clinical trials.Abstract
Whole tumor cell vaccines have been developed from both patients’ autologous tumor cells as well as
established allogeneic tumor cell lines. A vaccine consisting of autologous tumor cells along with bacillus
Calmette-Guerin (BCG) has shown a potential clinical benefit in patients with stage II colon cancer. Other
approaches using autologous tumor cells have involved transfection of primary tumor cells with cytokine genes.
Allogeneic tumor cell vaccines have also been modified to express cytokine genes.

Vectors have been studied extensively as a means of vaccine strategy. One tumor-associated antigen (TAA)
that has been extensively studied in viral vector vaccines is carcinoembryonic antigen (CEA). A recombinant
vaccinia virus containing the CEA transgene (rV-CEA) has been shown to elicit CEA-specific immune
responses in advanced carcinoma patients. However, patients receiving multiple vaccinations had limited
increases in CEA-specific responses by the third vaccination. This problem may be overcome by the use of
non-replicating poxviruses, which have been shown in clinical trials to be safe and to elicit CEA-specific
responses. However, recent clinical studies have shown that the optimal use of poxviruses is to prime with
vaccinia, followed by boosts with avipox vectors. A recent randomized clinical trial showed that patients primed
with rV-CEA and boosted with avipox-CEA had greater immune responses compared with patients receiving
three 1-monthly avipox-CEA vaccinations followed by an rV-CEA vaccination. Furthermore, a statistically
significant survival advantage was noted in the prime/boost arm. Ongoing studies are now incorporating the
genes for costimulatory molecules along with TAA in these vectors.

Another vaccine strategy involving TAA that is currently in clinical trials for colorectal cancer is the peptide
vaccine. Dendritic cells (DCs) are considered to be the most potent antigen-presenting cell, thus providing an
attractive modality for cancer vaccines. In addition to using DCs for peptide-based vaccines, a number of other
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strategies, including transfection with messenger RNA, have produced specific T-cell responses in clinical trials.
In addition, several clinical trials using murine anti-idiotype antibodies as vaccines for patients with advanced
colorectal cancer have shown both immunologic responses as well as clinical responses.

As our understanding of immunology has evolved, new strate- molecules are expressed predominantly on specialized APCs and
gies for therapeutic vaccines have been brought forth from the present longer peptides, usually between 11 and 15 amino acids in
laboratory and are now undergoing clinical evaluation for a wide length, to CD4+ T cells.
variety of human carcinomas. Colorectal cancer is the third lead- T-cell activation requires two signals: signal one, which is
ing cause of death in both men and women in the US, with antigen specific, and signal two, which is mediated through a
approximately 135 000 new cases diagnosed and 57 000 related costimulatory molecule on the APC that interacts with its ligand
deaths each year.[1] The 5-year survival rate for patients diagnosed on the T-cell receptor (TCR). These costimulatory molecules send
with early localized colon cancer is approximately 90%.[1] How- signals that help regulate the functional responses of the T cells
ever, this rate decreases to 65% when the cancer spreads to the with which they interact. Certain costimulatory molecules (see
lymph nodes, and to <10% after the development of distant section 3.1) such as intercellular adhesion molecule (ICAM)-1 can
metastasis, despite current treatment strategies including surgery, increase the strength of adhesion between the CTL and APC,
chemotherapy, and radiation. further enhancing the activation of the T cell (figure 2). The most

potent APCs capable of presenting an antigen to naive T cells areThe role for adjuvant chemotherapy thus far has been limited to
dendritic cells (DCs). In order to initiate a T-cell response, anti-lymph node positive disease with a minor effect on survival.[2]

genic peptides must be recognized via the TCR of circulating TFurthermore, despite newer chemotherapy regimens for metastatic
cells. Tumors often lack MHC molecules and usually lack cos-disease, these agents are toxic and have a minor effect on overall
timulatory signals. DCs have high levels of expression of bothsurvival.[2] The recent data from Saltz et al.[2] using a regimen
these markers, and therefore have been considered good candi-consisting of irinotecan, fluorouracil, and leucovorin produced
dates for vaccine development. DCs are found in most tissues in anonly a modest increase in median survival of 15 months for
immature state where they are able to capture and process antigenspatients with metastatic colon cancer compared with fluorouracil/
efficiently, which can then be presented by both class I and class IIleucovorin. Furthermore, an increase in toxicity compared with
MHC molecules to activate CD8+ and CD4+ T cells, respectively.fluorouracil/leucovorin, most notably diarrhea, was observed in

Another mechanism for downregulation of the immune res-these patients. New approaches to the treatment of colorectal
ponse, in addition to lack of costimulation, is an antigen-inducedcancer are being developed, and a number of molecular-targeted
block, termed immunologic tolerance. This may result from theagents are currently being investigated. This article reviews the
interaction of an antigen with a lymphocyte, which, instead ofcancer vaccines currently being used to treat colorectal cancer.
becoming activated, is rendered unresponsive. Tolerance is aTumor antigens are proteins expressed by malignant cells that
fundamental property of the immune system that protects againstcan stimulate immune responses against them. These antigens may
autoimmunity to self-antigens. The question that arises is how arepresent surface proteins specific to the tumors, or they may be
tumor vaccine can overcome tolerance if the vaccine incorporatesexpressed on normal cells, but at much lower quantities than on the
a self-antigen expressed on the tumor cell. The ‘danger’ model hastumors. In the 1950s, animal models were established demonstrat-
theorized that the source of antigen is less important than how iting that the immune system can specifically prevent the growth of
may be presented to the immune system.[3] If a vaccine strategy ismalignant tumors. It was shown that the rejection of these tumors
developed that elicits a high enough level of immune stimulation,was mediated mainly by tumor-specific cytotoxic T lymphocytes
then the antigen can be seen as ‘dangerous’ and immune responses(CTLs). CTLs have receptors that are responsible for the recogni-
will be stimulated.[4] Some tumor cells may escape being recog-tion of highly specific peptide fragments of the protein, referred to

as epitopes. These epitopes are presented on the surface of an-
tigen-presenting cells (APCs) coupled to the major histocompa-
tibility complex (MHC) molecules (figure 1), also called human
leukocyte antigens (HLA) in humans, which are divided into two
classes. The class I MHC complex is expressed on most nucleated
cells and presents the antigen as short peptides, generally around
8–11 amino acids in length, to CD8+ T cells. The class II MHC

APC

MHC + peptide

Costimulatory
molecule

T-cell

TCR

Fig. 1. Antigen presentation to T cells. APC = antigen-presenting cell;
MHC = major histocompatability complex; TCR = T-cell receptor.
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A possible advantage for the use of an autologous whole tumor
cell vaccine approach is that tumor antigens specific to the patient
undergoing therapy would be present in the vaccine preparation.
However, preparing this type of vaccine can be a laborious pro-
cess. At the time of surgery, an adequate number of tumor cells
must be obtained to develop the vaccine and the cells must be
prepared in a similar manner for each patient. In addition, to obtain
an adequate number of cells, other factors may contribute to the
difficulty of preparing the vaccine; these include the percentage of

APC

MHC + peptide

Costimulatory
molecule

T cell

TCR

Activation

Fig. 2. Role of costimulation for the activation of T cells. APC = antigen-
presenting cell; MHC = major histocompatability complex; TCR  = T-cell
receptor. 

tumor cells and the degree of tumor necrosis. Furthermore, a
central laboratory is frequently required to prepare these vaccinesnized by the immune system by not producing a ‘danger’ signal
from tumors.that adequately reaches a high enough threshold.[5]

A number of vaccination strategies have now been developed
1.1 Autologous Vaccinesbased on our current understanding of tumor immunology and

how these vaccines can be successfully administered in the clinic.
These included: A number of clinical trials with autologous tumor vaccines

have been completed in patients with colorectal cancer (see table• whole tumor vaccines: (i) autologous; and (ii) allogeneic
I). Intracel Corporation (Frederick, MD, USA) has sponsored• vector-encoded tumor-associated antigens (TAAs): (i) prime
studies in patients with stage II and stage III colon cancer givenand boost strategy; and (ii) costimulatory molecules
autologous tumor cells mixed with bacillus Calmette-Guerin• anti-idiotypes
(BCG) through intradermal vaccinations in an adjuvant setting.[6-8]

• dendritic cell vaccines.
BCG vaccines have been given to billions of people since 1921 forMany of these vaccines have been analyzed in experimental
the prevention of tuberculosis; these vaccines have been adminis-models and have been incorporated into ongoing or completed
tered more than any other vaccine in the world.[9] Indeed, BCG hasclinical trials in colorectal cancer. Each of these vaccine types has
been used extensively in the immunotherapy of human cancer.[10]

its advantages and disadvantages, and it may eventually be deter-
In clinical trials in colorectal cancer, patients were randomized tomined that some of these modalities are most beneficial when used
either a control arm or a vaccine-treatment arm after surgicalin tandem. However, there are a number of considerations when
resection of the primary tumor and stratification by disease loca-interpreting the success of various vaccine strategies. With regard
tion and stage. Patients who were randomized to vaccinationto study design, factors such as patient selection play an important
received 107 irradiated tumor cells with 107 BCG organisms perrole. Patients with extensive metastatic disease who have under-
week for 2 weeks, followed by a boost of 107 irradiated tumor cellsgone numerous chemotherapy cycles may not respond to a particu-
in the third week.lar vaccine strategy. However, this same strategy may be success-

The initial studies using this approach were performed at Johnsful when treating patients with less disease burden or those who
Hopkins Hospital (Baltimore, MD, USA) in the early 1980s.[7]

have not been heavily pretreated with drugs that may suppress the
Ninety-eight patients were randomized post-operatively to eitherimmune system. In the adjuvant setting, however, it may take
surgery alone or surgery with vaccine. No serious adverse effectsyears to determine whether a vaccine strategy is successful. Thus,
occurred in the vaccinated patients. All patients developed superfi-the role of immunologic assays as intermediate endpoints to assess
cial skin ulcerations at the site of the BCG vaccine. Patients werea response to a vaccine becomes highly significant. One must be
stratified by tumor stage and as having either rectal or coloncautious that the assay chosen is reliable and that the target is
cancer. In the colon cancer patients (Dukes B and C) at 6.5 yearsvalidated as a surrogate marker.
follow-up, 20 of 24 patients remained alive compared with 12 of
23 patients in the control group. These results were statistically

1. Whole Tumor Cell Vaccines significant (p = 0.02). In addition, there was a statistically signif-
icant difference in the number of recurrences in the colon cancer

Whole cell vaccines can be separated into two categories: (i) patients who received the vaccine as compared with the control
autologous (using a patient’s own tumor cells for vaccination); and arm (p = 0.03). No significant differences were seen in the rectal
(ii) allogeneic (using tumor cells from other patients, usually from cancer patients who received the vaccine as compared with the
established tumor cell lines, for vaccination). control group.[7]

© 2004 Adis Data Information BV. All rights reserved. Am J Cancer 2004; 3 (5)
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Table I.  Selected completed vaccine clinical trials in colorectal cancer

Vaccine Phase Patient population Clinical response Immune response Reference

Whole cell vaccines

Autologous tumor cell + BCG II n = 98, adjuvant colorectal + Colon cancer (6.5y NA 7
follow-up) vaccine = 20/24
allive; control = 12/23
alive
– Rectal cancer: no
difference between
vaccine and control

Autologous tumor cell + BCG III n = 412, adjuvant colon No difference between NA 8
vaccine and control

Autologous tumor cell + BCG III n = 254, adjuvant colon + Stage 2 (5.3y follow-up) NA 6
vaccine = 25 recurrences;
control = 40 recurrences
– Stage 3: no difference
between vaccine and
control

Allogeneic tumor cell + IL-7 + GM-CSF I n = 10, progressive Partial responses in 3 of + CTL 11
metastatic solid tumors 10 pts

Allogeneic polyvalent (CancerVax®) II n = 27, stage IV colorectal Median OS = 21.9mo + DTH 12
+ BCG

TAA pox vectors

Avipox-CEA I n = 18, CEA expressing ND + CTL 13
tumors

TAA prime and boost

Vaccinia-CEA(V), ALVAC-CEA(A); II n = 18, metastatic CEA Survival at 24mo follow ELISPOT-A2 positive 14
VAAA vs AAAV expressing solid tumors up: VAAA = 5 of 9;

AAAV = 0 of 9

VAAA = 5 of 5;
AAAV = 2 of 5

TAA-costimulatory molecules

ALVAC-CEA/B7-1 I n = 18, CEA expressing ND + ELISPOT 15
tumors

ALVAC-CEA/B7-1 ± GM-CSF I/II n = 39, metastatic CEA Disease stabilization 37% ELISPOT-A2 positive in 16
expressing solid tumors 10 of 12 pts

Peptide-based vaccines

DC/CEA I n = 21, CEA expressing ND ND 17
tumors

CEA agonist epitope loaded DC I n = 12, metastatic CEA 2 pts: complete response + CEA-specific T-cell 18
expressing tumors 2 pts: stable disease responses

1 pt mixed response

Anti-idiotype vaccines

Murine 17-1A [mimics GA773-2 antigen] I n = 6, colorectal cancer ND + T-cell responses 19
post surgery

Continued next page

© 2004 Adis Data Information BV. All rights reserved. Am J Cancer 2004; 3 (5)



Therapeutic Vaccines for Colorectal Cancer 303

Table I. Contd

Vaccine Phase Patient population Clinical response Immune response Reference

105AD7 [mimics gp72 glycoprotein I n = 13, metastatic ND + Lymphocyte 20
(CD55)] with allogeneic tumor cells colorectal proliferation

105AD7 [mimics gp72 glycoprotein II n = 162, metastatic No clinical response ND 21
(CD55)] with allogeneic tumor cells colorectal

CeaVac® [mimics tumor restricted CEA II n = 23, advanced Median survival: 11.3mo 5 pts had specific T-cell 22
epitope] colorectal cancer (no clinical response) responses to CEA

DC vaccines

mRNA-encoded CEA DC (A2 negative) I/II n = 17, CEA-expressing ND Both groups + CEA- 15
vs DC-pulsed CEA(CAP-1) peptide (A2 tumors specific T cells
positive)

AAAV = avipox-CEA followed by recombinant vaccinia-CEA; ALVAC = avipox vector; BCG = bacillus Calmette Guerin; CAP = CEA peptide; CEA =
carcinoembryonic antigen; CTL = cytotoxic T lymphocyte; DC = dendritic cell; DTH = delayed type hypersensitivity; ELISPOT = enzyme-linked
immunospot; GM-CSF = granulocyte-macrophage colony-stimulating factor; IL = interleukin; mRNA = messenger RNA; NA = not applicable; ND = no data
available; OS = overall survival; pts = patients; TAA = tumor-associated antigen; VAAA = recombinant vaccinia-CEA followed by boosting with avipox-
CEA; + indicates positive study; – indicates negative study.

The results of this study led to a large phase III trial performed Another approach using allogeneic tumor cell vaccines, is the
by the Eastern Cooperative Oncology Group (ECOG).[8] In this transfection of primary tumor cells with cytokine genes (see table
study, 412 patients with stage II and stage III colon cancer were I). A number of investigators have studied the approach of modify-
enrolled to receive the same vaccine regimen as those patients ing tumor cells by transfecting cytokine genes including interleu-
entered in the previously mentioned study.[7] This study was kin (IL)-7 and granulocyte-macrophage colony-stimulating factor
different, however, in that it was conducted at multiple clinical (GM-CSF).[11,23-28] It was postulated that GM-CSF activates DCs,
centers and each site was allowed to perform its own manufactur- leading to enhanced antigen presentation of the tumor-derived
ing of the vaccine, based on common specifications provided by antigens. In addition, the interleukin leads to direct stimulation and
Intracel Corporation. At a 7.6-year median follow-up, there were proliferation of immunologic antitumoral effector cells.[27] Four-
no statistically significant differences in the clinical outcome teen primary cell cultures were established from 45 patients with
between the vaccine and the control group. A delayed type hyper- malignant melanoma. These cell cultures were then transfected
sensitivity (DTH) test was performed by intradermal injection of with the gene encoding for human IL-7. This resulted in the
the antigen used in the vaccination. The characteristic response of production of biologically active IL-7 production by the tumor
the DTH test occurs over a 24- to 48-hour period after vaccination. cells. No differences in the phenotype were observed between the
This test can be performed after subsequent vaccinations to deter- IL-7 transfected cells compared with those cells that were not
mine whether a patient continues to respond to vaccination. In a transfected. The expression of MHC class I and II, ICAM-1, as
subset analysis, those patients who demonstrated a significant well as melanoma-associated antigen was unchanged following
DTH response had a statistically significant improvement in out- transfection. The IL-7 transfected cell cultures possessed a higher
come. This ECOG study concluded that not having a common sensitivity to immunologic effector cells compared with nontrans-
manufacturing laboratory to make the vaccine may have had an fected cells.[28] These results led to a recent study by Wittig et
impact on the overall results of the study.[8] al.,[11] in which ten patients with progressive metastatic carcinoma,

A prospective randomized controlled trial was performed in including those with colorectal cancer, were vaccinated using this
Europe in which 254 colorectal cancer patients were enrolled.[6] approach. Autologous tumor cells were transfected with what the
This trial differed from an earlier ECOG study in that the investi- authors termed a minimalistic, immunogenically defined, gene
gators used a central facility to prepare the vaccination. Further- expression construct (MIDGE) for overexpression of IL-7 and
more, patients in the present study received an additional boosting GM-CSF. The transfection of the cytokines was performed ex vivo
vaccination at 3 months. At 5.3-year median follow-up, there were using a ballistic approach that launches seven particle carrier
40 cancer recurrences in the control group and 25 in the vaccine membranes simultaneously, in such a way as to evenly distribute
group. The vaccine showed a statistically significant clinical bene- ballistic microparticles for transfection in to more than 1.5 × 107

fit in the subset of patients with surgically resected stage II colon target cells in one shot, combined with a magnetic separation of
cancer, but not stage III colon cancer.[6] transfected cells. All ten patients enrolled had progressive disease

© 2004 Adis Data Information BV. All rights reserved. Am J Cancer 2004; 3 (5)
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prior to enrollment. Patients received four subcutaneous injections colorectal adenocarcinoma were treated with CancerVax® (at
of at least 1 × 106 of their cytokine modified tumor cells. The weeks 0, 2, 4, 6, 8, and every fourth week successively for 1 year)
cytotoxic effects of treatment on patient-derived peripheral blood co-administered with BCG (for the first 2 weeks of vaccine
lymphocytes (PBLs) were monitored during the treatment, using treatment). There was a significant (p = 0.0001) increase in anti-
autologous tumor cells as targets. PBLs were obtained from pa- TA90 IgG and IgM titers and in DTH response to vaccine cells.
tients before, during, and after treatment, and were found to The median overall survival was 21.9 months for the entire group.
increase significantly during treatment (p = 0.01). One complete, The authors correlated improved survival to immune responses.[12]

one partial, and one mixed response with progression of abdomi-
A number of clinical trials using whole cell vaccines are nownal metastases and regression of lung metastases were observ-

actively accruing patients (see table II). Intracel Corporation ised.[11]

sponsoring a multicenter phase I/II study of adjuvant autologous
tumor cell vaccination in patients with completely resected stage II

1.2 Allogeneic Vaccines or III colon cancer. After total surgical resection, patients receive
autologous tumor cell vaccine intradermally once weekly for three

Allogeneic whole tumor cell vaccines usually consist of one or vaccinations, with the first two vaccinations also containing BCG.
more tumor cell lines and are relatively easy to prepare compared Patients with stage III disease receive standard adjuvant chemo-
with autologous vaccines. This vaccine approach may also contain therapy with fluorouracil and leucovorin following vaccination.
several tumor-specific antigens (TSAs) and/or TAAs. Moreover, All patients receive a fourth vaccination about 6 months after
the cell lines used in the preparations can be infected with vectors

surgical resection. Another phase II study is assessing autologous
that express cytokine genes (such as GM-CSF)[29] or costimulatory

tumor cells (or, if unavailable, allogeneic) incubated with inter-
molecule genes (such as B7-1)[30] to enhance the immunogenicity

feron, then irradiated and reinfused by dorsal pedal cannulation.
of the tumor cell. Allogeneic whole tumor cell vaccines modified

Cyclophosphamide is given once 3 days prior to infusion, andto secrete GM-CSF have been used in a phase I trial in patients
GM-CSF daily for 9 days after infusion.with pancreatic cancer.[31] Evidence of prolonged disease-free

A disadvantage in the use of allogeneic vaccines prepared fromsurvival has been seen in some patients for at least 25 months after
diagnosis. Increases in immune responses were also observed as whole tumor cells is that they do not constitutively express cos-
measured by DTH.[31] Clinical studies are ongoing in patients with timulatory molecules. Moreover, it is possible that since allo-
gastrointestinal carcinomas using either peptides or viral vector geneic cells are used, alloimmunity to non-self components may
vaccines using the target antigens p53,[32] MAGE,[33] or the ras develop. However, this was not the case in early clinical trials,
oncogene.[34,35]

which include studies using oncolysates (i.e. tumor cell prepara-
An allogeneic tumor cell vaccine termed CancerVax® 1 was tions that had been infected with vaccinia virus and then lysed in

developed at the John Wayne Cancer Institute (Santa Monica, CA, an effort to enhance their immunogenicity).[46]

USA) [see table I]. This is a polyvalent vaccine consisting of three Thus, in summary, the major advantage of using whole tumor
live human melanoma cell lines chosen for their wide range of cell vaccines is that several TSAs or TAAs, some of which have
TAAs and MHC antigens. The immune response to CancerVax®

yet to be defined, may be present in the vaccine preparation.
has been shown to cross-react with nonvaccine tumor cells expres-

However, this approach has major disadvantages as well. The
sing some of the same immunogenic TAAs, such as gangliosides

actual amount of any TAA or TSA in the vaccine composition may
(GD2, GM2, GD3, and GM3), glycoproteins (fetal antigen,

be diluted by normal cellular components of the tumor. The vastTA90), and/or proteins (MAGE-1, MAGE-3).[36] The use of this
majority of solid tumors, including colorectal cancer, do notvaccine in melanoma patients has produced both immunologic as
express costimulatory molecules, which are responsible for thewell as clinical responses.[37-42] IgM responses to a specific TAA,
activation of naive T cells to levels capable of inducing therapeuticTA90, have been shown to predict survival in patients receiving
responses. Finally, it is unclear which immunogenic proteins orCancerVax® adjuvant immunotherapy for stage III and stage IV
epitopes are present in the vaccine, thus making it difficult tomelanoma.[43-45] Furthermore, the TA90 antigen has been shown to
measure immune responses and to amplify those specific re-be expressed on a wide variety of solid tumors, including colorec-

tal cancer. In a recently published study, 27 patients with stage IV sponses.

1 The use of trade names is for product identification purposes only and does not imply endorsement.
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Table II.  Ongoing vaccine clinical trials in colorectal cancer

Vaccine Phase Patient population Sponsor

Whole cell vaccines

Autologous tumor cell + BCG I/II n = 30, adjuvant colon Intracel Corporation

Autologous or allogeneic tumor cell + IFN + GM-CSF II n = 20–40, high-risk adjuvant/metastatic NCI
given with cyclophosphamide solid tumors

Peptide-based vaccines

MAGE-12 I n = 112, MAGE-12 positive solid tumor, NCI
HLA-Cw*0702

Ras peptide pulsed DC ± IL-2 I/II n = 49, locally advanced or metastatic NCI, Vanderbilt
colorectal cancer, HLA-A2-1 positive

Ras peptide + Detox™ adjuvant with IL-2 + GM-CSFa II n = 42–90, metastatic ras positive cancer NCI

Anti-idiotype vaccines

105AD7 [mimics gp72 glycoprotein (CD55)] with I/II n = 45, metastatic colorectal cancer Onyvax, Ltd.
allogeneic tumor cells

3H1 [mimics CEA] and 11D10 [mimics high molecular II n = 63, adjuvant vaccine in patients with CALGB
weight human milk fat globule antigen] minimal metastatic colon cancer after

complete hepatic resection

Vector-based vaccines

Fowlpox-CEA with costimulatory molecules such as I n = 48, advanced or metastatic CEA- NCI, Fox Chase Cancer Center
B7-1 and GM-CSF expressing cancerb

ALVAC-CEA-B7-1 + irinotecan + tetanus toxoid (3 arms II n = 90, HLA-A2-positive patients with NCI, Aventis
with chemo, chemo + vaccine or chemo, vaccine and metastatic colorectal cancer
tetanus toxoid)

rF-CEA(6D)/TRICOM alone, or in combination with rV- I n = 55, metastatic CEA-expressing tumor NCI, Georgetown University
CEA(6D)/TRICOM and GM-CSF Hospital

DC infected rF-CEA/TRICOM I n = 18, metastatic CEA-expressing tumor NCI, Duke University Medical
Center

a Khleif S, unpublished data.

b Not specifically colorectal.

ALVAC = avipox vector; BCG = bacillus Calmette Guerin; CALGB = Cancer and Leukemia Group B; CEA = carcinoembryonic antigen; chemo =
chemotherapy; DC = dendritic cell; GM-CSF = granulocyte-macrophage colony-stimulating factor; HLA = human leukocyte antigen; IFN = interferon; IL =
interleukin; NCI = National Cancer Institute; rF = recombinant fowlpox; rV = recombinant vaccinnia; TRICOM = triad of costimulatory molecules.

2. Tumor-Associated Antigen (TAA) Strategies leukocytes are exposed in vitro to an antigen to which they have
previously been sensitized. Immunity was observed prior to sur-
gery and in the immediate postoperative period, but disappeared

2.1 Early Strategies
shortly afterwards. Furthermore, immunity could not be demon-
strated by MIA against colon cancer TAA, when lymphocytesIn the early 1970s, using colony inhibition assays, Hellstrom et
were tested from patients with Dukes D colon cancer, patients withal.[47] demonstrated that lymphocytes from colorectal cancer pa-
other cancers, or from healthy volunteers.[48] This suggested thattients would prevent colony formation by autologous as well as
these antigens were specific for the tumor; however, more ad-homologous tumor cells. This work suggested the presence of
vanced disease may suppress the immune responses.cross-reactive TAAs in colorectal cancer as well as the presence of

individual specific TSA. Elias et al.[48] further demonstrated spe- A phase I study by Hollinshead et al.[49] explored the use of
cific cell-mediated immunity in patients with Dukes B and C colon TAA therapy in patients with adenocarcinoma of the colon. The
cancer as measured by an autologous leukocyte migration inhibi- TAA was derived from the patient’s colon cancer, which was
tion assay (MIA). The principle behind this assay is that the obtained post-operatively. Cell membranes were separated from
migration of peripheral human blood leukocytes is inhibited when the tumor, and soluble membrane proteins were removed by
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Sephadex B-200 chromatography. Semipurified TAAs were iden- 2.2 Vector-Encoded TAA

tified by in vitro and in vivo testing in colon cancers and controls
for cell-mediated immunoreactivities, and colon TAAs were iden- Vectors have been studied extensively as a means of vaccine
tified in fetal intestine cell membranes and on tumor cell mem- delivery and a number of review articles have been published
branes. Using discontinuous, gradient gel electrophoresis, both describing the use of these vectors for cancer vaccines.[50-55] Strat-

egies incorporating the use of both viral and bacterial vectors arecolon TAA and carcinoembryonic antigen (CEA) were separated
now in use in the clinic. Each of these vectors has its ownand eluted and cross-compared, with TAA shown to be separate
advantages and disadvantages. The advantages to using a vector-from CEA. The TAA consisted of two stable polypeptides with
based vaccine are: (i) the entire tumor antigen gene or parts of thatapproximate molecular weights of 72kD and 88kD, respectively,
gene can be inserted; (ii) multiple genes (including genes foras compared with the 180kD molecular weight of CEA. For the
costimulatory molecules and cytokines) can be inserted into somephase I trial, TAAs were prepared from the tumors of 70 selected
types of vectors; (iii) the relative cost of this type of production ishepatitis-free donors; they were tested for standard potency after
low compared with the preparation and purification of proteins orsterility, and general safety tests were performed. The final prod-
whole tumor cell vaccines; and (iv) many vectors have the ability

uct was dispersed in 200, 300, and 500μg TAA protein concentra-
to infect ‘professional’ APC so that the antigens they express can

tions per 0.2mL. Vaccines were prepared by mixing TAA 0.2mL
be processed.

with complete Freund’s adjuvant (CFA) 0.2mL.
Viral vectors including poxvirus (vaccinia and avipox) and

Twenty-two patients received vaccinations with follow-up adenovirus have been extensively used as delivery vehicles for
ranging from 3 months to 3 years (median 21 months). Seven TAA vaccines. Vaccinia virus, which was derived from a benign
patients had Dukes B2, seven had Dukes C, and eight had Dukes D cutaneous disease in cows, has been administered to more than 1
stage colon cancer. All patients underwent surgical resection, with billion people and is responsible for the worldwide eradication of
six of eight patients with Dukes D clinically disease free at the smallpox.[56] To date, as many as seven transgenes have been
time of vaccination. Each patient received three 1-monthly vac- expressed in one vaccinia virus vector. Another major advantage is

that proteins expressed in vaccinia virus tend to be more immuno-cinations. Two patients received 200μg doses of TAA, two re-
genic than the native protein, which is most likely to be attributa-ceived 500μg doses of TAA, and 18 received 300μg doses. All
ble to the inflammatory responses triggered against highly immu-patients developed skin ulcers at the vaccination site, all of which
nogenic vaccinia virus proteins. Other advantages of poxviruses,healed and formed a scar. Two patients developed fever and chills
such as vaccinia virus, modified vaccinia Ankera (MVA) andduring the first day post-vaccination, which resolved with aceta-
avipox viruses include: (i) a wide host range; (ii) stable recombi-minophen. There were no clinical or biochemical manifestations
nants; (iii) accurate replication; and (iv) efficient post-translationalof any type of systemic toxicity. Patients were tested for DTH
processing of the inserted gene.reactions to skin tests with 50μg protein TAA alone. A reaction of

Adenovirus as a vector for the development of recombinant>5mm in duration was considered a positive test. One patient had a
vaccines is attractive because its viral genome can be altered tonegative response to serial skin testing; three patients showed a
accept foreign genes that are stably integrated. To improve the

positive response, but this decreased during months 6, 9, and 10,
quality of recombinant adenovectors, endogenous viral DNA

respectively. The remaining patients showed steady positive re-
sequences are typically deleted from replication-competent re-

sponses; in general, the greatest responses were noted between 5
gions, which results in an attenuated form of the virus. Recombi-

and 6 months post-therapy. MIA was also performed in patients nant adenoviruses have been widely used in gene therapy proto-
with Dukes B and C stages. A patient receiving the 200μg protein cols, and a number of vaccine protocols for the induction of
TAA did not show as pronounced a reaction as patients receiving immune responses have already been carried out.[57-60]

300μg or 500μg doses. Furthermore, at 4–5 months post-vaccina- One TAA that has been extensively studied in viral vector
tion, there was a switch from ± to positive reactions in all patients. vaccines is CEA, a 180 000-glycoprotein member of the immu-
This concurred with the DTH results, which demonstrated that noglobulin super-gene family. Several functions have been attrib-
strongest responses occurred approximately 5 months post-vacci- uted to CEA, including homotypic and heterotypic intercellular
nation. Although this was a small phase I trial indicating the safety adhesion. It has also been reported that CEA can cooperate in
of the vaccine, at the median follow-up of 21 months, 82% of the cellular transformation with several proto-oncogenes, such as
patients were still alive, and 59% of the patients were without BCL2 and c-Myc. CEA is overexpressed on >90% of colorectal
evidence of disease. cancers and other gastrointestinal tumors, as well as other tumors.
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A disadvantage to using CEA as a target in immunologic-based the third vaccination.[64,65] Furthermore, no significant antine-
therapies is that CEA is a normal protein expressed in the body; oplastic effect was observed. Possible reasons for the lack of
thus it is likely that tolerance will exist to this protein. Vaccination clinical efficacy in these trials were: (i) the prior exposure to the
with a live recombinant vaccinia virus can help to overcome the vaccinia virus in all patients treated, which led to the development
problem of tolerance. It allows for the expression of foreign of an anti-vaccinia immune response; (ii) the advanced state of the
antigens encoded by a transgene directly in various cells of the tumors in patients; and (iii) the potentially decreased immune
host, including professional APCs. This method of vaccination status of patients attributable to prior chemotherapy regimens.
enables antigen processing and presentation of antigenic peptides To overcome this problem, non-replicating poxviruses were
along with host histocompatibility antigens and other necessary examined in clinical trials. The poxvirus family contains MVA, a
co-factors found on the APCs. One of the main advantages of derivative of vaccinia virus.[50] This is a virus that has been
using recombinant vaccinia viruses to develop cancer vaccines, as passaged in chick embryo fibroblasts over 350 times to decrease
demonstrated by numerous investigators, is that when a gene for a the virulence of the virus, and thus has the theoretical advantage
protein is inserted into recombinant vaccinia and used as an from a patient safety standpoint of being able to infect mammalian
immunogen, the recombinant protein is much more immunogenic cells but not to replicate in them. Other replication-defective
than the use of that protein with adjuvant.[61-63] This concept was members of the poxvirus family are the avipox vectors (fowlpox
exemplified by Kass et al.,[62] who showed that two injections of and canarypox/ALVAC).[51] These avipox vectors infect human
CEA protein in adjuvant generated little, if any, immune response cells and express their transgenes for 2–3 weeks before undergo-
to CEA in a CEA transgenic (CEA-Tg) mouse. This would be ing cell death. They are incapable of reinfecting cells. Marshall et
expected because the host is seeing CEA as a ‘self’ antigen. al.[13] and Zhu et al.[66] designed a phase I study (n = 18) to define
However, when the recombinant vaccinia virus containing the the safety of avipox CEA recombinant in patients with advanced
CEA transgene (designated rV-CEA) is administered one or two CEA-expressing carcinoma. This study also constituted the first
times, a strong CEA-specific T-cell response is elicited.[62] The trial of any avipox recombinant vaccine in cancer patients. Safety
likely reason for this is that a strong inflammatory response is was demonstrated, as was the generation of statistically significant
generated by the host against vaccinia proteins. In turn, this increases in CEA-specific CTL precursors from peripheral blood
inflammatory process apparently leads to an environment of cyto- mononuclear cells (PBMC) from seven of nine HLA-A2-positive
kine production and T-cell proliferation that may further amplify patients after vaccination.[13,66] However, preclinical and recent
the immune response to the transgene antigen. This process favors clinical[14] studies have shown that optimal use of recombinant
induction of both cell-mediated and humoral responses to the vaccinia viruses may be to prime the immune response, followed
transgene antigen. Because vaccinia actively replicates in the host, by boost vaccinations with other vectors (such as replication-
it can present high levels of transgene antigen to the immune defective avipox vectors), peptides or proteins.
system over a period of approximately 1 week, substantially
increasing the potential for immune stimulation. The host-immune 3. Prime and Boost
response to the vaccinia vector then eliminates the virus.

Several clinical trials have demonstrated the immunogenicity Priming with one type of immunogen and boosting with an-
of CEA. Tsang et al.[64] and Cole et al.[65] demonstrated that other may be advantageous because some of the most effective
administration of rV-CEA to advanced carcinoma patients can methods of vaccination, such as the use of recombinant vaccinia
lead to the induction of CEA-specific immune responses.[64,65] The virus or adenoviruses, can be used only for a limited number of
CTL lines generated were shown to be capable of lysing CEA times because of host anti-vector responses. Numerous preclinical
peptide-pulsed targets and CEA-expressing tumor cells. These studies have demonstrated the advantages of diversified prime and
studies also demonstrated that as long as ≥107 plaque-forming boost protocols.[67-71] In an effort to determine which heterologous
units (pfu) of rV-CEA were administered, a good ‘take’ (erythema prime and boost regimen to use, a small randomized trial was
and pustule formation) was observed in all patients who had conducted to compare the rV-CEA as the initial priming vaccina-
previously received a childhood smallpox vaccination. These stud- tion followed by boosting with avipox-CEA (VAAA) with the
ies also demonstrated the safety of administering a live recombi- three vaccinations with avipox-CEA first, followed by rV-CEA
nant vector in patients with advanced cancer. They also showed (AAAV).[14] In each group, patients were evaluated for immuno-
that while rV-CEA could be administered once, and at most twice, logic responses using the enzyme-linked immunosorbent spot
by the third vaccination there was little or no ‘take’; these findings (ELISPOT) assay. The ELISPOT assay is relatively sensitive and
correlated with the lack of increases in CEA-specific responses by quantitative. By measuring cytokine release on a single-cell basis,
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the assay can detect a peptide-specific T-cell response against duced by B7-1-positive tumors protected animals from re-chal-
specific HLA class I binding peptides.[72] This study showed that lenge with untransfected tumor.
the immune responses seen in the VAAA arm were much better The proper engagement of the TCR and costimulatory receptor
than those in the AAAV arm. Furthermore, continued follow-up of requires the expression of both antigen and costimulatory mole-
these patients revealed that although there were only nine patients cules, respectively, in the same cell. Therefore, co-expression of
in each arm, five of nine patients (at the time of a recent presenta- costimulatory molecules using a single recombinant vector pre-
tion) were alive on the VAAA arm (2-year survival estimate 67 ± sents the potential for cooperation among these proteins to en-
19%), whereas in the AAAV arm, zero of nine patients were alive hance T-cell activation.
(2-year survival estimate 0 ± 0%).[73] This survival difference was In a recently completed clinical trial by von Mehren et al.[16] 39
related to the immune response; thus, those patients who had at patients with CEA-expressing cancers were treated with ALVAC-
least a 2.5-fold increase in their CEA-specific T cells lived longer CEA/B7-1 alone and 30 patients received ALVAC-CEA/B7-1 and
(p = 0.03). GM-CSF (see table I[16,84]). Patients received 4.5 × 108 pfu in-

tradermally every other week, for a total of four injections. The
3.1 Costimulatory Molecules vaccine was again found to be safe, with the major toxicity limited

to local erythema and swelling at the vaccine sites. Disease stabili-Destruction of immunologic targets (such as tumors) requires
zation was seen in 26% of the patients who received the vaccineT-cell lymphocyte recognition (via the TCR) of antigenic peptides
alone, and in 37% of the patients who received the vaccine inpresented in the context of MHC molecules on APCs. Costimu-
combination with GM-CSF. Increases in the T-cell precursorlatory molecules are critical in the generation of potent T-cell
frequency to a CEA peptide were seen in 10 of 12 patients treatedresponses. The initiation of an immune response requires at least
with the vaccine alone and T-cell precursor frequencies as high astwo signals for the activation of naive T cells by APCs. The first
1 in 13 000 were documented.[16] No change in the T-cell precur-signal is antigen specific, delivered through the TCR via the
sor frequency recognizing an unrelated flu matrix peptide waspeptide/MHC, and causes the T cell to enter the cell cycle. The
documented.second ‘costimulatory’ signal is required for cytokine production

A number of additional costimulatory molecules on APCs haveand proliferation. The most extensively studied pathway of cos-
been identified; these include ICAM-1 and LFA-3, whose ligandstimulation is that involving the interaction of the costimulatory
are LFA-1 and cd2, respectively, on the surface of T cells.[85] Bothmolecule B7-1 (CD80) expressed on APC with cd28 and ctla4 on
ICAM-1 and LFA-3 are also capable of conferring similar levelsthe T cell.[74-77] A second B7 family member, B7-2 (CD86), has
of costimulation of T cells against tumor cells in mouse mod-also been identified that interacts with the same T-cell ligands as
els.[86,87] Multigene constructs using poxviral vectors (avipox andB7-1. However, B7-2 is upregulated earlier in APC stimulation,
vaccinia) have been generated. These vectors contain a triad ofand then decreases as B7-1 levels increase. During DC maturation,
costimulatory molecule transgenes consisting of B7-1, ICAM-1,another important molecule is strongly upregulated, together with
and LFA-3, and have been given the designation TRICOM, i.e.costimulatory molecules such as B7-1 and B7-2. This molecule
rV-TRICOM and avipox-TRICOM. Preclinical studies usingknown as leukocyte function-associated antigen (LFA)-3 (CD83)
TRICOM constructs have shown them to be superior to thoseis one of the best-known maturation markers for human DCs. The
constructs that contain one or two of the costimulatory mole-fact that CD83 is strongly upregulated together with costimulatory
cules.[69,88,89]molecules such as B7-1and B7-2 during DC maturation suggests

An ongoing phase I clinical trial at Georgetown Universitythat it plays an important role in the induction of immune re-
(Washington, DC, USA) is evaluating the safety of CEA-sponses. One mechanism proposed for the ability of tumor cells to
TRICOM vectors (see table II). To date, 51 patients have beenevade destruction by the immune system is their failure to express
accrued, completing all six dose-escalation cohorts as well as aadequate levels of costimulatory molecules, resulting in a failure
seventh cohort with GM-CSF. Only mild treatment-related toxici-to induce T-cell responses.[78-81] A corollary of this hypothesis is
ty has been observed to date. Evidence of clinical activity (resolu-that the introduction of proper costimulatory molecules into tu-
tion of a lung tumor) has been observed in at least one patientmors that express TAAs should enhance their ability to elicit
treated with only two injections of avipox-CEA/TRICOM. Thesespecific anti-tumor immune responses. Several studies have dem-
studies thus indicate the safety profile of the TRICOM vec-onstrated that transfected tumor cells expressing B7-1 induce
tors.[90,91]potent responses against both modified and unmodified tumor

cells.[82,83] B7-1-transfected tumors either failed to grow or, after In another phase I trial that is currently accruing, patients with
initial growth, regressed. Furthermore, the immune response in- locally advanced or metastatic CEA-expressing cancer are given a
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pox-vector-based vaccine with CEA/TRICOM genes with GM- cultured with sargramostim (GM-CSF) and IL-4 for 5 days and
CSF or avipox GM-CSF. A third trial evaluating an avipox-CEA CD40 ligand for 24 hours to differentiate them into DCs and then
based vaccine also contains a T-cell costimulatory molecule pulsed for 2 hours with the appropriate peptide (ras) to form a
(B7-1). In this Aventis-sponsored trial, patients with metastatic vaccine. Patients receive peptide-pulsed DC vaccine intravenously
colorectal cancer are randomized into three arms with irinotecan (IV) over 5 minutes on days 1, 15, 29, 43, and 57. In group B,
alone, irinotecan with vaccine, or the combination of irinotecan patients undergo collection of PBMC and receive vaccination as in
with vaccine and tetanus toxoid (see table II). group A. Patients also receive IL-2 subcutaneously on days 2–6

and 9–13. Treatment repeats every 2 weeks for up to five courses
in the absence of disease progression or unacceptable toxicity.3.2 Peptides
Patients are followed up on days 75, 90, 120, and 365.

Using peptides as immunogens has many advantages, includ-Peptides are characterized by their ability to induce an immune
ing: (i) whole proteins may contain parts of the molecule that areresponse by interacting with the appropriate class of the MHC
shared with normal cellular proteins, and the use of peptidesmolecule on the APC surface. Peptides of approximately 8–11
minimizes the potential for induction of autoimmunity; (ii) prepa-amino acids in length, if they possess the appropriate binding
ration is relatively easy and affordable; (iii) because the immu-motifs, will bind to MHC class I molecules. These peptide-MHC
nogen is extremely well defined, the immune response can becomplexes will interact with the TCR to activate CD8+ T cells.
analyzed in several ways and quantitated; (iv) tetramers, which areThese CD8+ T cells, termed cytotoxic T lymphocytes, are usually
molecules that contain specific peptides bound to MHC compon-responsible for lytic destruction of tumors. Peptides of approxi-
ents, can be used to bind to and isolate antigen-specific T cellsmately 11–15 amino acids in length, if they contain the appropriate
induced and amplified in the host; (v) tumors can be stripped ofbinding motifs, will bind to MHC class II molecules on the surface
peptide-MHC complexes, and those peptides displayed on theof T cells. This will lead to the activation of CD4+ or ‘helper’ T
surface of tumors can be identified; and (vi) peptides can becells that produce cytokines and help to promote activation of
modified to be more immunogenic in the generation of peptideCD8+ T cells. These ‘MHC-restricted’ responses are thus effec-
agonists.tive only if the appropriate MHC allele is present in a patient.

The most studied MHC restriction element in the human popu-
lation is the MHC class I allele, known as HLA-A2, which is found 3.3 Agonist Peptides
in approximately 50% of all Caucasians. Numerous peptide-bind-
ing motifs to HLA-A2 molecules have been identified, and clinical Formation of peptide agonists involves modifying the amino
trials are being carried out in which a given cohort of individuals acids of the peptide that bind to either the MHC on the APCs or the
possess the HLA-A2 allele; thus T-cell responses to a particular TCR. More vigorous MHC binding (i.e. higher affinity for the
defined peptide can be quantified. Preclinical studies have shown MHC molecule) often leads to the generation of a more vigorous
that both CD8 and CD4+ T cells are usually activated for a T-cell response. The advantage of using agonist epitopes has now
vigorous antitumor effect.[92-94] However, studies do exist in which been demonstrated in clinical trials. An agonist peptide epitope to
a CD8+ T-cell response alone or a CD4+ T-cell response alone can CEA has been shown to have clinical activity in patients with
provide an antitumor effect.[17,95,96] Oligopeptides that contain both CEA-expressing tumors.[98] In a recent trial by Fong et al.,[18]

class I and class II epitopes can also be used. In a unique set of patients with CEA-expressing tumors received two 1-monthly
circumstances, an oligopeptide of the repeat sequences of the vaccinations with DCs loaded with the CEA agonist peptide; 2 of
mucin (MUC)-1 has been shown to cross-link TCRs in an MHC- 12 patients experienced complete responses, one patient had a
unrestricted manner to activate T cells.[97] mixed response, and two had stable disease. Clinical response in

this trial correlated with CEA-specific T-cell responses.This approach is currently being evaluated in a phase I/II study
of a ras peptide cancer vaccine with or without IL-2 in HLA- The agonist CEA epitope is being studied in a phase II random-
A2-1-positive patients with locally advanced or metastatic colo- ized trial in HLA-A2-positive patients with CEA-producing ade-
rectal cancer (see table II). Patients are assigned to one of two nocarcinomas of gastrointestinal tract origin. Patients are random-
treatment groups according to extent of disease. Patients with prior ized to one of two treatment arms. In arm I, patients receive CEA
locally advanced disease are assigned to treatment group A, while peptide (CAP 1-6D) emulsified in Montanide ISA-51 adjuvant
those with metastatic disease are assigned to treatment group B. In subcutaneously on day 1. In arm II, patients receive CAP 1-6D
group A, patients are vaccinated against influenza on day –6. dissolved in sargramostim (GM-CSF) intradermally on day 1.
Patients undergo collection of PBMC on day –4. The PBMC are Treatment repeats in both arms every 3 weeks for six courses in the
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absence of disease progression or unacceptable toxicity. Patients The human monoclonal antibody 105AD7 mimics the gp72
are followed up at 3 weeks and then as necessary. antigen that is expressed in 80% of colorectal cancer cells, and can

induce a DTH reaction against human tumor cells. In a phase IThe specificity that a peptide possesses can also be disadvanta-
study with 13 colorectal cancer patients, 105AD7 was adminis-geous to its use as a cancer vaccine. It is possible that the peptide
tered intramuscularly, and increased levels of IL-2 and a lympho-identified has a dominant CTL epitope, which may induce a CTL
cyte-proliferative response were observed after stimulation in vitroresponse. However, this response may be short-lived because of
by gp72 antigen-positive cells. When these results were comparedthe lack of ‘help’ provided by helper peptides not present in the
with historical controls, the authors suggested that there was avaccine. Furthermore, the use of a peptide vaccine is limited,
clinical benefit seen with this vaccine.[20] Small trials have demon-because patients who do not have that specific allele (e.g. only
strated the ability of 105AD7 to induce significant infiltration of50% of the population has the HLA-A2 allele for an HLA-
CD4+ cells and natural killer (NK) cells into tumors in vaccinatedA2-reactive peptide) would not be eligible to receive the vaccine.
patients,[117] a significant increase in median CD25+ lymphocytesCombinations of antigenic peptides with reactivities for multiple
within the tumor[118] and a significant increase in apoptosis inHLA alleles would circumvent this limitation. Clinical experience
tumor cells.[119] However, in order to evaluate these promisingwith the use of peptides as cancer vaccines is now emerging. Some
results more definitively, a prospective, randomized, double-blind,peptides under study include human papillomavirus (HPV),[99]

placebo-controlled survival study in patients with advanced colo-ras,[92,93] HER-2/neu,[94] MAGE,[100] MART-1, tyrosinase,[101]

rectal cancer was performed.[21] Patients (n = 162) were random-gp100,[102,103] CEA,[17] MUC-1,[96] PSMA,[104,105] among others.
ized to receive three treatments with either 105AD7 or placebo at
the time of enrollment, and at 6 and 12 weeks. Study groups were3.4 Anti-Idiotypes
comparable in terms of patient demographics and time from diag-
nosis of advanced colorectal cancer (277.1 vs 278.6 days). PatientThe concept of vaccinating with anti-idiotypic antibodies is
demographics, time of diagnosis of advanced colorectal cancer,based on the immune network approach described by Jerne.[106]

and baseline disease were similar, with 50% of patients havingAccording to this hypothesis, the variable antigen-binding regions
malignancy in at least two anatomic sites. Compliance with treat-of antibodies (Ab1) contain idiotypic determinants that are immu-
ment was poor, with only 50% of the patients receiving threenogenic and induce the formation of so-called anti-idiotypic anti-
planned vaccinations. Median survival from randomization datebodies (Ab2). Some of these Ab2 (‘internal-image’) antibodies are
was 124 and 184 days in 105AD7 and placebo arms, respectivelyable to functionally mimic the 3-dimensional structure of the
(p = 0.38), and 456 and 486 days from the date of diagnosis oforiginal antigen. Thus, selective vaccination with Ab2 could in-
advanced disease (p = 0.82). In this trial, 105AD7 vaccination didduce a specific immune reaction directed against the original
not demonstrate any improvement in survival in patients withantigen.[107-111] Several small clinical studies using murine Ab2 for
advanced colorectal cancer. Although the reason for this was notthe treatment of patients with advanced colorectal carcinoma have
entirely clear, according to the authors, the high tumor burden anddemonstrated the induction of antitumoral humoral and cellular
the lack of compliance may have played a role in the poorimmune responses leading to improved clinical responses and
results.[21]

tumor regression.[109,112-115] Other studies (discussed in this sec-
CeaVac® (Titan Pharmaceuticals, San Francisco, CA, USA) istion) have evaluated anti-idiotype antibodies that mimic TAAs on

an anti-idiotype murine monoclonal antibody that mimics a highlycolorectal cancer cells (see table I).
tumor-restricted CEA epitope.[22] Polyclonal antibody responsesAn anti-idiotypic antibody was generated against murine 17-1A
were demonstrated in 17 of 23 patients with advanced colorectalantibody. Six patients with colorectal cancer who underwent sur-
cancer and, in 13 of these patients, anti-CEA responses weregery were vaccinated with this human anti-idiotype antibody that
detected. Five patients had specific T-cell responses to CEA. Nonemimics GA773-2 antigen.[19] All of the patients developed specific
of these patients had objective clinical responses, but overall,T-cell responses against GA733-2, and five of six developed
median survival for 23 evaluable patients was 11.3 months, with aspecific IgG antibody response against GA733. Other investiga-
44% 1-year survival. Toxicity was limited to a local reaction at thetors designed a similar trial, using a rat anti-idiotype antibody
vaccine site with minimal pain incurred.generated to the 17-1A antibody.[116] Nine colorectal cancer pa-

tients were evaluated in this study following vaccination with In a colorectal cancer trial using CeaVac® post-resection, 32
aluminum hydroxide precipitated 17-1A. Although four of the patients were randomized to treatment with aluminum hydroxide-
nine patients developed a DTH response, no specific antibodies precipitated CeaVac® 2mg intracutaneously or CeaVac® 2mg
were detected post-vaccination. mixed with QS-21 adjuvant 100μg subcutaneously every other
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week, then monthly until disease recurrence. Patients participating cell stimulatory functions increase. The unique capacity of these
in this trial had differing stages of disease.[120] Four patients with ‘mature’ DCs to activate T cells is probably related to the presence
Dukes stage B2, 11 with Dukes stage C, and eight with Dukes of an exceptionally high number of MHC, and costimulatory and
stage D had their tumors completely resected. Nine patients with adhesion molecules.
Dukes stage D carcinoma had their tumors incompletely resected; A number of different immunologic strategies using DCs have
positive margins post-operatively. Fourteen patients underwent been investigated.[123-128] DC vaccines can be employed by: (i)
chemotherapy with fluorouracil given concomitantly with loading with a peptide, protein or anti-idiotype antibody; (ii)
CeaVac®. Ten patients relapsed or had progressive disease at time infecting with a viral vector; or (iii) loading with apoptotic bodies
points ranging from 6–30 months. Two patients died at 14 and 20 from tumor cells. The major disadvantage of this strategy is the
months, respectively. All 32 patients demonstrated idiotype-spe- great cost and effort involved. One must obtain large amounts of
cific T-cell responses, of which 75% were CEA specific. These T- peripheral PBMC from patients via leukapheresis. The PBMC
cell responses were measured by proliferation of patients’ PBMC must then be cultured for several days in the presence of cytokines
in response to CEA. The concomitant use of chemotherapy did not such as GM-CSF, IL-4 and/or tumor necrosis factor (TNF)-α, and
impair this immune response.[120,121] Even though this trial was not then reinfused into the patient. This must be done for each patient.
designed to examine survival, the authors noted that several of the However, DC biology is a rapidly growing field with much
high risk patients appeared to do better than expected as measured promise. In clinical trials, DCs loaded with anti-idiotype anti-
by historical controls. Although this strategy of anti-idiotype vac- bodies have proved quite successful, resulting in clinical remis-
cines for colorectal cancer may provide patients with some clinical sions in patients with B-cell lymphoma.[124,125] Other clinical stud-
benefit, larger phase III trials are necessary to confirm the clinical ies using peptide-loaded DCs are under way in a range of human
benefit of such an approach in the treatment of colorectal cancer. malignancies.[17,105,123,126-128] Generally, DC-based vaccinations

A number of ongoing trials are currently accruing patients have been found to be safe, and can induce antigen-specific T-cell
using the approach of anti-idiotype vaccines (table II). One multi- responses and remissions, at least in subsets of patients with
center phase II trial will study the efficacy of adjuvant monoclonal advanced disease. A particularly intriguing strategy involves vac-
antibody 3H1 anti-idiotype vaccine and monoclonal antibody cination with DCs that have been ‘fused’ with the host’s own
11D10 anti-idiotype vaccine in patients with minimal metastatic tumor cells, resulting in a DC-tumor cell hybrid vaccine. Signif-
colorectal cancer after complete hepatic resection. Beginning 6–12 icant antitumor responses were observed in both preclinical animal
weeks after curative hepatic resection, patients receive monoclo- studies,[129,130] as well as in patients with metastatic renal cell
nal antibody 3H1 anti-idiotype vaccine and monoclonal antibody carcinoma in a small phase I trial.[131]

11D10 anti-idiotype vaccine intracutaneously at separate sites on As mentioned in section 3.2, Fong et al.[18] used DCs loaded
days 1, 15, 29, and 45, then subcutaneously monthly for 2 years with a CEA-agonist peptide as a vaccine strategy for patients with
beginning on day 73, and then every other month for 3 years. advanced CEA tumors. Although only 12 patients were vacci-

nated, this approach produced clinical responses that correlated
with immunologic response to the vaccine. However, the draw-3.5 Dendritic Cell Vaccines
back for loading DCs with a particular peptide is that patients are
restricted to the HLA haplotype expressed on that peptide. ForAntigen presentation is a crucial step in the initiation of an
CTL activation, the MHC I complex on DCs can be loaded witheffective immune response that requires the presentation of anti-
immunogenic peptides that correspond to the patient-specific HLAgens to sensitize naive T cells and to restimulate primed T cells.
haplotype.[132] Therefore, patients must be classified by their HLAThe DC is considered the most potent APC, and therefore, one of
type, and binding properties of the immunogenic peptides for thethe most attractive means of vaccination.[122,123] DCs are capable
specific HLA have to be characterized. One way to avoid thisof activating naive CD4+ and CD8+ T lymphocytes by antigen
problem is to use TAA encoded by DNA.[133] For this purpose, thepresentation through an MHC-restricted manner. DCs are found in
patient-specific TAA gene has to be cloned into a vector beforemost tissues where they exist in an immature state; in this state
transfer into the DC, a labor-intensive and time-consuming pro-they are unable to stimulate T cells but possess an exceptional
cess. Additionally, at present, there is no optimal expressionability to capture and process antigens. These captured antigens
system for human DCs.can be presented efficiently by both class I and class II MHC

molecules. Antigen capture acts as a signal for the cell to mature Another approach is the introduction of mRNA encoding TAA
and mobilize to regional lymph nodes. These cells undergo exten- into DCs.[134] RNA can be extracted from a small amount of tumor
sive transformation, in which antigen capturing decreases and T- and amplified in vitro.[135] The mRNA extracted from the tumor is
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Table III.  Summary of advantages and disadvantages of vaccine strategies in colorectal cancer

Vaccine Advantages Disadvantages

Whole cell vaccines: autologous Tumor antigens specific to patient present in vaccine Preparation is a laborious process
preparation Adequate number of tumor cells required

Central laboratory required to prepare

Whole cell vaccines: allogeneic Easier to prepare than autologous vaccines Do not constitutively express costimulatory
Vaccine may contain several tumor antigens molecules
May be infected with viral vectors expressing cytokine or Alloimmunity to non-self components may
costimulatory genes develop

Vector-encoded TAA Choice and number of genes inserted Potential safety issue with viral vectors
Low cost for production Possible autoimmunity using self antigens

Peptide-based vaccines Well defined immunogens, easy to evaluate immune Adequate immune response may require
responses multiple epitopes not contained within the
Preparation relatively easy and affordable peptide sequence

Anti-idiotype vaccines Target well defined specific antigen on colorectal cancer Specificity may limit its activity on cells not
cells expressing target

Can be cumbersome to produce

DC vaccines Most potent APC Great cost and effort to make vaccine
Numerous approaches, i.e. loading DC with peptide Requires leukapheresis and cytokine culturing
strategies of cells for days

APC = antigen-presenting cell; DC = dendritic cell; TAA = tumor-associated antigen.

patient-specific and encodes all TAA expressed by the tumor cryopreserved DC-expressing CEA to patients with advanced
metastatic CEA-expressing tumors.[17]sample. Few studies have used DCs transfected with

Rains et al.[139] conducted a study in which 15 patients withmRNA.[15,134-137] Among these studies, some used mRNA encod-
advanced colorectal cancer were treated with vaccines prepareding human CEA.[135,137,138] Transfection of DC with CEA-mRNA
from autologous DCs pulsed with tumor RNA and keyhole limpetperformed by lipofection, a technique used to transfer functional
hemocyanin. Although no radiologic objective responses havegenes into a cell, successfully induced CEA-specific CD4+ and
been seen to date, no major adverse effects were observed, and inCD8+ T lymphocytes in vitro.[135,137,138] Moreover, in mice, specif-
seven patients, CEA levels fell, suggesting some activity of theic in vivo CTL response and regression of lung metastases were
vaccine. Furthermore, 11 of 13 patients tested developed a positive

achieved.[135] These promising results using DCs transfected with
keyhole limpet hemocyanin skin test.[139]

TAA-encoding RNA justify further investigations to obtain more
A recent phase I/II study of active immunotherapy with CEA

experience with this important immunotherapeutic approach. In a
RNA-pulsed DCs in patients with resected hepatic metastases

recent study by Morse et al.,[17] performed at Duke University from adenocarcinoma of the colon has been initiated at Duke
Medical Center (Durham, NC, USA), 21 patients with advanced University Medical Center (Durham, NC, USA). Patients undergo
CEA-expressing tumors received vaccinations with in vitro-gener- leukapheresis for up to 4.5 hours to collect DCs. The separated
ated DCs, loaded with an HLA-A2-restricted peptide of CEA to DCs are then pulsed with CEA RNA. Patients receive CEA RNA-
test the safety, feasibility, and clinical response. The DCs were pulsed DCs IV every 2 weeks for a total of four doses. Patients
loaded with the CEA peptide CAP-1 and cryopreserved. Groups of then undergo a second leukapheresis 2 weeks after the last DC
between three and six patients received four weekly or biweekly infusion to obtain specimens for immunologic tests. Patients with
IV infusions of the CAP-1-loaded DCs, which were administered extra samples of DCs available may receive additional doses of

CEA RNA-pulsed DCs every 2 months in the absence of unaccept-in escalating dose levels of 1 × 107, 3 × 107, and 1 × 108 cells/dose.
able toxicity. Patients are followed up at weeks 12, 24, 36, and 48,A subset of the patients in the last group also received intradermal
and every 6 months thereafter.injections of 1 × 106 DCs. There were no toxicities directly related

to the treatments. One patient had a minor response, and one had
4. Conclusion

stable disease. Skin punch biopsy at DC injection sites demonstra-
ted pleomorphic infiltrates in the three patients evaluated. The Recent advances in the field of tumor immunology have pro-
authors concluded that it was safe and feasible to administer vided insight into the mechanisms by which T cells can be activat-
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cancer: a phase I trial of safety and immune activation. J Clin Oncol 2001; 19:carcinoma by expression-modulated and immunomodified autologous tumor
145-56cells: a first clinical phase I/II trial. Hum Gene Ther 2001; 12 (3): 267-78

12. Habal N, Gupta RK, Bilchik AJ, et al.  CancerVax, an allogeneic tumor cell 32. van der Burg SH, Menon AG, Redeker A, et al.  Induction of p53-specific immune
vaccine, induces specific humoral and cellular immune responses in advanced responses in colorectal cancer patients receiving a recombinant ALVAC-p53
colon cancer. Ann Surg Oncol 2001 Jun; 8 (5): 389-401 candidate vaccine. Clin Cancer Res 2002; 8: 1019-27

© 2004 Adis Data Information BV. All rights reserved. Am J Cancer 2004; 3 (5)



314 Arlen & Gulley

33. Sadanaga N, Nagashima H, Mashino K, et al.  Dendritic cell vaccination with 56. Fenner F, Henderson DA, Arita I, et al. Smallpox and its eradication. Geneva:
MAGE peptide is a novel therapeutic approach for gastrointestinal carcinomas. World Health Organization, 1988
Clin Cancer Res 2001; 7: 2277-84 57. Juillard V, Villefroy P, Godfrin D, et al.  Long-term humoral and cellular immunity

induced by a single immunization with replication-defective adenovirus recom-34. Khleif SN, Abrams SI, Hamilton JM, et al.  A phase I vaccine trial with peptides
binant vector. Eur J Immunol 1995; 25: 3467-73reflecting ras oncogene mutations of solid tumors. J Immunother 1999; 22:

155-65 58. Chen PW, Wang M, Bronte V, et al.  Therapeutic antitumor response after
immunization with a recombinant adenovirus encoding a model tumor-asso-35. Gjertsen MK, Bjørheim J, Saeterdal I, et al.  Cytotoxic CD4+ and CD8+ T
ciated antigen. J Immunol 1996; 156: 224-31lymphocytes, generated by mutant p21-ras (12Val) peptide vaccination of a

patient, recognize 12Val-dependent nested epitopes present within the vaccine 59. Xiang ZQ, Yang Y, Wilson JM, et al.  A replication-defective human adenovirus
peptide and kill autologous tumour cells carrying this mutation. Int J Cancer recombinant serves as a highly efficacious vaccine carrier. Virology 1996; 219:
1997; 72: 784-90 220-7

60. Rosenberg SA, Zhai Y, Yang JC, et al.  Immunizing patients with metastatic36. Hoon DSB, Irie RF. Current status of human melanoma vaccines: can they control
melanoma using recombinant adenoviruses encoding MART-1 or gp100 mela-malignant melanoma? BioDrugs 1997; 7: 66-84
noma antigens. J Natl Cancer Inst 1998; 90: 1894-90037. Morton DL, Foshag LJ, Hoon DSB, et al.  Prolongation of survival in metastatic

61. Irvine K, et al.  Comparison of a CEA-recombinant vaccinia virus, purified CEA,melanoma after active specific immunotherapy with a new polyvalent melano-
and an anti-idiotype antibody bearing the image of a CEA epitope in thema vaccine. Ann Surg 1992; 216: 463-82
treatment and prevention of CEA-expressing tumors. Vaccine Res 1993; 2:38. Morton DL, Hoon DSB, Nizze JA, et al.  Polyvalent melanoma vaccine improves
79-94survival of patients with metastatic melanoma. Ann N Y Acad Sci 1993; 690:

62. Kass E, Schlom J, Thompson J, et al.  Induction of protective host immunity to120-34
carcinoembryonic antigen (CEA), a self-antigen in CEA transgenic mice, by39. Takahashi T, Johnson TD, Nishinaka Y, et al.  IgM anti-ganglioside antibodies
immunizing with a recombinant vaccinia-CEA virus. Cancer Res 1999; 59:induced by melanoma cell vaccine correlate with survival of melanoma pa-
676-83tients. J Invest Dermatol 1999; 112: 101-5

63. Bernards R, Destree A, McKenzie S, et al.  Effective tumor immunotherapy40. Hoon DSB, Morisaki T, Uchiyama A, et al.  Augmentation of T-cell response with
directed against an oncogene-encoded product using a vaccinia virus vector.a melanoma cell vaccine expressing specific HLA-A antigens. Ann N Y Acad
Proc Natl Acad Sci U S A 1987; 19: 6854-8Sci 1993; 690: 343-5

64. Tsang KY, Zaremba S, Nieroda CA, et al.  Generation of human cytotoxic T cells41. Hsueh EC, Famatiga E, Gupta RK, et al.  Enhancement of complement-dependent
specific for human carcinoembryonic antigen epitopes from patients immu-cytotoxicity by polyvalent melanoma cell vaccine (CancerVax): correlation
nized with recombinant vaccinia-CEA vaccine. J Natl Cancer Inst 1995; 87:with survival. Ann Surg Oncol 1998; 5: 595-602
982-9042. Barth A, Hoon DSB, Foshag LJ, et al.  Polyvalent melanoma cell vaccine induces

65. Cole DJ, Wilson MC, Baron PL, et al.  Phase I study of recombinant CEA vacciniadelayed-type hypersensitivity and in-vitro cellular immune response. Cancer
virus vaccine with post vaccination CEA peptide challenge. Hum Gene TherRes 1994; 54: 3342-5
1996 Jul 10; 7 (11): 1381-9443. Jones RC, Kelley M, Gupta RK, et al.  Immune response to polyvalent melanoma

66. Zhu MZ, Marshall J, Cole D, et al.  Specific cytolytic T-cell responses to humancell vaccine in AJCC stage III melanoma: an immunologic survival model. Ann
CEA from patients immunized with recombinant avipox-CEA vaccine. ClinSurg Oncol 1996; 3: 437-45
Cancer Res 2000; 6: 24-33

44. Hsueh EC, Gupta RK, Qi K, et al.  TA90 immune complex predicts survival
67. Restifo NP, Rosenberg SA. Developing recombinant and synthetic vaccines for thefollowing surgery and adjuvant vaccine immunotherapy for stage IV melano-

treatment of melanoma. Curr Opin Oncol 1999; 11: 50-7ma. Cancer J Sci Am 1997; 3: 364-70
68. Bei R, Kantor J, Kashmiri SV, et al.  Enhanced immune responses and anti-tumor45. Hsueh EC, Gupta RK, Morton DL. Correlation of specific immune responses with

activity by baculovirus recombinant carcinoembryonic antigen (CEA) in micesurvival in melanoma patients with distant metastases receiving polyvalent
primed with the recombinant vaccinia CEA. J Immunother Emphasis Tumormelanoma cell vaccine. J Clin Oncol 1998; 16: 2913-20
Immunol 1994; 16: 275-82

46. Wallack MK, Sivanandham M, Balch CM, et al.  Surgical adjuvant active specific
69. Hodge JW, McLaughlin JP, Kantor JA, et al.  Diversified prime and boost

immunotherapy for patients with stage III melanoma: the final analysis of data
protocols using recombinant vaccinia virus and recombinant non-replicating

from a phase III, randomized, double-blind, multicenter vaccinia melanoma
avian pox virus to enhance T-cell immunity and antitumor responses. Vaccine

oncolysate trial. J Am Coll Surg 1998; 187: 69-77
1997; 15: 759-68

47. Hellstrom I, Hellstrom KE, Shepard TH. Cell-mediated immunity against antigens
70. Irvine KR, Chamberlain RS, Shulman EP, et al.  Enhancing efficacy of recombi-

common to human colonic carcinomas and fetal gut epithelium. Int J Cancer
nant anticancer vaccines with prime/boost regimens that use two different

1970; 6: 346-51
vectors. J Natl Cancer Inst 1997; 89: 1595-601

48. Elias EG, Elias LL, Didolkar MS, et al.  Cellular immunity in patients with
71. Murata K, Garcia-Sastre A, Tsuji M, et al.  Characterization of in vivo primary and

colorectal adenocarcinoma measured by autologous leukocyte migration inhibi-
secondary CD8+ T cell responses induced by recombinant influenza and

tion. Cancer 1977 Aug; 40 (2): 687-92
vaccinia viruses. Cell Immunol 1996; 173: 96-107

49. Hollinshead A, Elias EG, Arlen M, et al.  Specific active immunotherapy in 72. Bednarek MA, Sauma SY, Gammon MC, et al.  The minimum peptide epitope
patients with adenocarcinoma of the colon utilizing TAAs: a phase I clinical from the influenza virus matrix protein: extra and intracellular loading of HLA-
trial. Cancer 1985 Aug 1; 56 (3): 480-9 A2. J Immunol 1991; 147 (12): 4047-53

50. Moss B. Genetically engineered poxviruses for recombinant gene expression, 73. Slack R, Ley L, Chang P, et al. Association between CEA-specific T cell responses
vaccination, and safety. Proc Natl Acad Sci U S A 1996; 93: 11341-8 (TCR) following treatment with vaccinia-CEA (V) and Alvac-CEA (A) and

51. Paoletti E. Applications of pox virus vectors to vaccination: an update. Proc Natl survival in patients (pts) with CEA-bearing cancers [abstract no. 1086]. 37th
Acad Sci U S A 1996; 93: 11349-53 Annual Meeting of the American Society of Clinical Oncology; 2001 May

52. Carroll MW, Moss B. Poxviruses as expression vectors. Curr Opin Biotechnol 12-15; San Francisco
1997; 8: 573-7 74. Schwartz RH. Costimulation of T lymphocytes: the role of CD28, CTLA-4, and

53. Rolph MS, Ramshaw IA. Recombinant viruses as vaccines and immunological B7/BB1 in interleukin-2 production and immunotherapy. Cell 1992; 71: 1065-8
tools. Curr Opin Immunol 1997; 9: 517-24 75. Chen L, Ashe S, Brady WA, et al.  Costimulation of antitumor immunity by the B7

54. Weiskirch LM, Paterson Y. Listeria monocytogenes: a potent vaccine vector for counterreceptor for the T lymphocyte molecules CD28 and CTLA-4. Cell 1992;
neoplastic and infectious disease. Immunol Rev 1997; 158: 159-69 71: 1093-102

55. Kaufmann SH, Hess J. Impact of intracellular location of and antigen display by 76. Freeman GJ, Freedman AS, Segil JM, et al.  B7, a new member of the Ig
intracellular bacteria: implications for vaccine development. Immunol Lett superfamily with unique expression on activated and neoplastic B cells. J
1999; 65: 81-4 Immunol 1989; 143: 2714-22

© 2004 Adis Data Information BV. All rights reserved. Am J Cancer 2004; 3 (5)



Therapeutic Vaccines for Colorectal Cancer 315

77. Freeman GJ, Gray GS, Gimmi CD, et al.  Structure, expression, and T cell 101. Jager E, Ringhoffer M, Dienes HP, et al.  Granulocyte-macrophage-colony-
costimulatory activity of the murine homologue of the human B lymphocyte stimulating factor enhances immune responses to melanoma-associated pep-
activation antigen B7. J Exp Med 1991; 174: 625-31 tides in vivo. Int J Cancer 1996; 67: 54-62

78. Hellstrom KE, Hellstrom I, Linsley P, et al.  On the role of costimulation in tumor 102. Rosenberg SA, Yang JC, Schwartzentruber DJ, et al.  Immunologic and therapeutic
immunity. Ann N Y Acad Sci 1993; 690: 225-30 evaluation of a synthetic peptide vaccine for the treatment of patients with

79. Hellstrom I, Hellstrom KE. Tumor immunology: an overview. Ann N Y Acad Sci metastatic melanoma. Nat Med 1998; 4: 321-7
1993; 690: 24-31 103. Salgaller ML, Marincola FM, Cormier JN, et al.  Immunization against epitopes in

80. Gregory CD, Murray RJ, Edwards CF, et al.  Down-regulation of cell adhesion the human melanoma antigen gp100 following patient immunization with
molecules LFA-3 and ICAM-1 in Epstein-Barr virus-positive Burkitt’s lympho- synthetic peptides. Cancer Res 1996; 56: 4749-57
ma underlies tumor cell escape from virus-specific T cell surveillance. J Exp 104. Murphy GP, Elgamal AA, Su SL, et al.  Current evaluation of the tissue localiza-
Med 1988; 167: 1811-24 tion and diagnostic utility of prostate specific membrane antigen. Cancer 1998;

81. Damle NK, Klussman K, Linsley PS, et al.  Differential costimulatory effects of 83: 2259-69
adhesion molecules B7, ICAM-1, LFA-3, and VCAM-1 on resting and antigen- 105. Murphy GP, Tjoa BA, Simmons SJ, et al.  Infusion of dendritic cells pulsed with
primed CD4+ T lymphocytes. J Immunol 1992; 148: 1985-92 HLA-A2-specific prostate- specific membrane antigen peptides: a phase II

82. Townsend SE, Allison JP. Tumor rejection after direct costimulation of CD8+ T prostate cancer vaccine trial involving patients with hormone-refractory meta-
cells by B7-transfected melanoma cells. Science 1993; 259: 368-70 static disease. Prostate 1999; 38: 73-8

83. Chen L, Linsley PS, Hellstrom KE. Costimulation of T cells for tumor immunity. 106. Jerne NK. Towards a network theory of the immune system. Ann Immunol (Paris)
Immunol Today 1993; 14: 483-6 1974; 125: 373-89

84. von Mehren M, Arlen P, Tsang KY, et al.  Pilot study of a dual gene recombinant 107. Cerny J, Hiernaux J. Concept of idiotypic network: description and functions. In:
avipox vaccine containing both carcinoembryonic antigen and B7.1 transgenes Cerny J, Hiernaux J, editors. Idiotypic network and diseases. Washington, DC:
in patients with recurrent CEA-expressing adenocarcinomas. Clin Cancer Res American Society for Microbiology, 1990: 12-30
2000; 6: 2219-28

108. Chakraborty M, Mukerjee S, Foon K, et al.  Induction of human breast cancer-
85. Springer TA. Adhesion receptors of the immune system. Nature 1990; 346: 425-34

specific antibody responses in cynomolgous monkeys by a murine monoclonal
86. Lorenz MG, Kantor JA, Schlom J, et al.  Induction of anti-tumor immunity elicited

anti-idiotype antibody. Cancer Res 1995; 55: 1525-30
by tumor cells expressing a murine LFA-3 analog via a recombinant vaccinia
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