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Abstract The generation of cytotoxic effector T cells
requires delivery of two signals, one derived from a
specific antigenic epitope and one from a costimulatory
molecule. A phase I clinical trial was conducted with a
non-replicating canarypoxvirus (ALVAC) constructed
to express both human carcinoembryonic antigen (CEA)
and the B7.1 costimulatory molecule. This was the first
study in cancer patients to determine if the delivery
of costimulation with a tumor vaccine was feasible
and improved immune responses. Three cohorts of six
patients, each with advanced CEA-expressing adeno-
carcinomas, were treated with increasing doses of
an ALVAC-CEA-B7.1 vaccine (4.5 x 10%, 4.5 x 107, and
4.5 x 10® plaque-forming units, PFU). Patients were
vaccinated by intramuscular injection every 4 weeks for 3
months and monitored for side-effects, tumor growth
and anti-CEA immune responses. ALVAC-CEA-
B7.1 at doses up to 4.5 x 10®° PFU was given without
evidence of significant toxicity or autoimmune reactions.
Three patients experienced clinically stable disease that
correlated with increasing CEA-specific precursor T
cells, as shown by in vitro interferon-y enzyme-linked
immunoassay spot tests (ELISPOT). These three patients
underwent repeated vaccination resulting in augmented
CEA-specific T cell responses. This study represents the
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first use of costimulation to enhance antitumor vaccines
in cancer patients. This approach resulted in CEA-spe-
cific immunity associated with stable diseases in three
patients. This study also demonstrated that CEA-specific
T cell responses could be sustained by repeated vacci-
nations. Although the number of patients was small, the
addition of B7.1 to virus-based vaccines may improve
immunological and stable diseases to vaccination against
tumor-associated antigens with tolerable toxicity.

Key words Tumor vaccine - Costimulation - Poxvirus -
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Introduction

Vaccination has become standard practice for the pre-
vention of various infectious diseases. The possibility of
using similar strategies for cancer was suggested nearly a
century ago and has been supported by a prolific body of
research in animal models. A recent resurgence in cancer
vaccine development has been spurred-on by a better
understanding of how immune responses are induced in
both normal and cancer-bearing individuals. The ability
to elicit antigen-specific T cell responses appears to be of
central importance in eradicating established tumors in
animals and has, hence, been the focus for tumor vaccine
development in humans. New generations of vaccines
are now being designed to activate T cells more
efficiently and specifically in cancer patients.
Tumor-associated antigens have been identified for a
wide range of tumors, although none has been entirely
tumor-specific. The array of isolated antigens includes
viral proteins (i.e. human papillomavirus E6 and E7
proteins), mutated self-proteins (i.e. ras), and non-mu-
tated self-proteins (i.e. carcinoembryonic antigen and
prostate-specific antigen). Human T cell epitopes have
been identified in representative antigens from each of
these groups, suggesting that these antigens may be
able to function as targets for cytotoxic T cells under
appropriate conditions [39]. The method for delivering



individual T cell epitopes by vaccination has utilized
many different strategies. The simplest has been the use
of a short peptide containing the epitope sequence, often
admixed with a non-specific adjuvant, such as Freund’s
incomplete adjuvant. Other approaches used whole
proteins pulsed onto dendritic cells, tumor cell lysates, or
recombinant viruses engineered to express the human
tumor antigen. While many viruses may be used for this
purpose, the poxviruses are frequently chosen because of
their efficient antigen presentation and ability to induce
strong T cell responses. The development of neutralizing
antibodies against vaccinia virus, the prototype poxvirus,
has led to the use of other non-replicating poxviruses.
Canarypoxvirus (ALVAC) does not replicate in mam-
malian cells, is not pathogenic for humans, can be de-
livered repetitively without neutralization, and generates
strong cytotoxic T lymphocyte (CTL) responses [42].

Carcinoembryonic antigen (CEA) is a self-protein
expressed by fetal colon epithelium and over-expressed in
a large number of adenocarcinomas, including those of
the colon, rectum, stomach, pancreas, lung, and breast
[11]. Recently, isolation of several class-I-restricted T cell
epitopes from CEA has been reported [14, 28, 37]. Vac-
cine strategies targeting CEA have included recombinant
vaccinia viruses and ALVAC expressing the full-length
CEA gene, as well as CEA-pulsed dendritic cells and
HLA-restricted CEA peptide vaccines [6, 19, 21, 24, 37].
CEA-specific proliferative T cell and antibody responses
have also been seen in patients vaccinated with a CEA
anti-idiotype monoclonal antibody [9], and with a CEA
protein in combination with granulocyte/macrophage-
colony-stimulating factor [32]. Although these strategies
were generally safe and demonstrated CEA-specific T cell
and antibody responses, few patients responded with
significant stable disease.

The clonal expansion of antigen-specific effector T
cells requires the delivery of costimulatory signals by
antigen-presenting cells. When antigen is presented to
naive T cells, the simultaneous ligation of homodimeric
B7.1 (CD80) to CD28 on the surface of the T cell results
in increased production of interleukin-2 (IL-2), synthesis
of high-affinity IL-2 receptors (CD25), and T cell pro-
liferation [4]. Recombinant viral vaccines expressing
tumor-associated antigens are thought to generate ef-
fector T cells through presentation of epitopes following
host immunization. Several tumor-derived antigens have
been identified as self-proteins that possess putative
specific T cell epitopes [31]. However, these antigens may
not ordinarily elicit effector T cell responses because
costimulation does not occur at the time of antigen
presentation by the tumor cell [23]. In fact, studies have
shown that, when B7.1 was introduced into tumor cells,
enhanced recognition by CD8" T cells was observed
against specific antigens and tumor cells expressing the
antigen [15, 40]. Furthermore, recombinant vaccinia
virus co-expressing tumor antigen and B7.1 genes
resulted in improved therapeutic responses in murine
tumor models [1, 12]. The introduction of B7.1 as an
adjuvant to virus-based tumor vaccination has not been
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previously reported in human patients. We sought to
evaluate the effect of costimulation using a recombinant
ALVAC virus expressing both CEA and the B7.1
costimulatory molecule.

The objectives of this trial were to determine the dose
and toxicity of three monthly intramuscular vaccinations
with ALVAC-CEA-B7.1 vaccine. The effects of this
vaccine on development of CEA-specific T cell responses
and disease progression were also evaluated. Interest-
ingly, we observed 3 patients who developed evidence of
CEA-specific T cell responses after vaccination, which
correlated with stable diseases. Although the responses
were modest, all 3 patients received a second cycle of
vaccinations and were able to boost their CEA-specific T
cell responses. These results are the first to show a cor-
relation of clinical outcome with in vitro T cell responses
after administration of CEA-directed vaccines and sug-
gest that continued boosting may be critical for achieving
meaningful stable diseases in patients harboring estab-
lished tumors. The co-expression of B7.1 in recombinant
vaccines appears to be safe in humans and may provide a
method for enhancing the therapeutic effectiveness of
vaccines targeted against tumor-associated antigens.

Patients and methods

Clinical protocol

Patients with measurable and unresectable metastatic adenocarci-
noma expressing CEA were eligible for this study. All patients had
CEA expression confirmed by measurement of serum CEA or
histological expression by immunohistochemical staining of tumor
biopsy specimens as previously described [11]. Patients with car-
diac, pulmonary, hepatic, renal, or neurological disorders were
excluded. A history of eczema, ulcerative colitis, recent steroid use,
or other cancer therapy within 4 weeks was also considered a
contraindication to study entry. Patients were required to sign an
informed consent form and the clinical protocol was approved by
our Institutional Review Board. Prior to starting the trial patients
had a complete history and physical examination, complete blood
count, electrolyte panel, liver function studies, pregnancy test (if
indicated), and computed tomography (CT) scan or magnetic res-
onance imaging of all sites of disease. Blood was also obtained for
HLA typing by a nested-sequence polymerase chain reaction assay
and peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll-Hypaque separation and cryopreserved at —125 °C with
approximately 107 cells/vial. Sera were collected from separated
samples and stored at —80 °C.

Patients were treated at the General Clinical Research Center at
our institution. A dose-escalation study design was employed with
6 patients receiving 4.5 x 10° plaque-forming units (PFU), 6 re-
ceiving 4.5 x 107 PFU, and 6 receiving 4.5 x 10% PFU of the AL-
VAC-CEA-B7.1 vaccine by intramuscular injection in the upper,
outer arm. Vaccination was performed every 4 weeks for three total
doses. Blood was obtained at each monthly visit for further toxicity
analysis and PBMC collected for in vitro immune assays. One
month after completion of the vaccination regimen the patients
underwent radiological imaging of their disease. If there was no
evidence of disease progression, patients were offered another series
of three vaccinations at the same dose they had received previously.

Evaluation of treatment response

Treatment response was determined by measuring the volume of
radiologically defined tumor lesions. The volume was calculated by
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multiplying the maximum length of index lesions by the maximum
width. In cases where multiple lesions were present, each was re-
corded separately and followed for response. Disease progression
was defined as an increase of at least 25% in any lesion followed or
the appearance of new lesions. Patients without change in the size
of any lesion or with less than 25% increase of the lesion were
recorded as having stable disease.

Clinical toxicity was determined through history, physical
examination, and blood testing for evidence of subclinical abnor-
malities. Monthly complete blood counts, electrolytes, blood urea
nitrogen, serum creatinine, bilirubin, alkaline phosphatase, liver
transaminases, albumin, lactic acid dehydrogenase, prothrombin
time, partial thromboplastin time, and serum CEA levels were
determined in the clinical laboratories of the hospital. Laboratory
abnormalities were graded according to the standard NCI common
toxicity criteria. Evidence of grade III or greater non-hematological
events was used to stop further treatment. The occurrence of the
same grade III or greater side-effects in 2 patients at a given dose
was used to define the dose-limiting toxicity.

Antibody titers

Antibody responses against ALVAC were tested by standard
enzyme-linked immunosorbent assay (ELISA). Briefly, serial dilu-
tions of patient pre-immune and post-vaccination sera (1:200 and
1:800) and positive sera [from 5 patients treated with ALVAC-RG
(rabies glycoprotein) vaccine] were applied to plates coated with
purified ALVAC virus. Wells were incubated with anti-(human
1gG) conjugated to horseradish peroxidase and developed using a
horseradish-peroxidase-specific substrate. The absorbance (A4) at
450 nm was determined every 3 min for 21 min. After plotting the
Asso against time in a preliminary assay, it was decided to use
calculations based on 3- to 15-min intervals, since this represented
the steepest slope of the curve. Post-vaccination titers were
considered significant if they were greater than three standard
deviations above the mean A4s0o/minute observed in pre-immune
sera from each patient.

The immunofluorescent (HE-2000) anti-(nuclear antigen)
(ANA) assay (ImmunoConcepts, Sacramento, Calif.) was used to
detect auto-antibodies to nuclear antigen in patient sera according
to the manufacture’s instructions. Briefly, sera were diluted to 1:40
in phosphate-buffered saline (PBS) and incubated with slides cov-
ered with nuclear antigen substrate to allow specific binding of
autoantibodies to cell nuclei. After washing, a fluorescein anti-
(human IgG) antibody was added and cells were observed under
light microscopy by a blinded investigator. Positive ANA samples
were detected as bright fluorescence with characteristic staining
patterns. If a sample was positive at 1:40 dilution, further serial
dilutions were prepared (up to 1:1,280), and cells examined in a
blinded fashion to determine the ANA titer.

Vaccine

ALVAC-CEA-B7.1 vaccine was derived from an unmodified pa-
rental canarypoxvirus (ALVAC) [35] by in vitro homologous re-
combination. CEA was obtained from the plasmid pGEM-CEA
and modified by replacement of the 5’-untranslated sequences with
the vaccinia early/late H6 promoter and replacement of the 3'-
untranslated region with a TsAT, vaccinia early transcription-
termination signal [5, 29]. The H6-CEA-TsAT expression cassette
was cloned into an ALVAC donor plasmid containing flanking
sequences corresponding to the non-essential ALVAC C3 locus.
Homologous recombination was used to insert the CEA expression
cassette into the ALVAC genome. Owing to the presence of ex-
tensive inverted terminal repetitions within the C3 locus, two copies
of the CEA gene were present in the recombinant ALVAC-CEA
genome, as shown in Fig. 1. The B7.1 gene containing the 867-
nucleotide coding sequences and adjacent 5- and 3’-untranslated
regions was derived from the plasmid pBS-HB7-1. The B7.1 was
modified in a similar manner to the CEA gene to include the vac-
cinia H6 promoter in the 5-untranslated region before the ATG

Fig. 1 Schematic diagram showing the construction of ALVAC-
CEA-B7.1 virus. The full-length carcinoembryonic antigen (CEA)
gene with the vaccinia H6 early/late promoter at the 5'-terminus
and the vaccinia early-transcription activator at the 3’-terminus was
inserted into an ALVAC donor plasmid. The plasmid was used
for homologous recombination into the ALVAC C3 locus, a
non-essential region generating an ALVAC-CEA virus. Owing
to extensive inverted terminal repeats in this region, the CEA is
duplicated as shown. The B7.1 gene with similar vaccinia H6
promoter and transcription activator sequences was inserted into a
separate ALVAC donor plasmid. This was use to introduce the
B7.1 gene into the ALVAC C6 locus to generate the ALVAC-
CEA-B7.1 virus. The donor plasmids contain flanking sequences
corresponding to the ALVAC insertion sites

start site and the TsAT sequence in the 3-untranslated region. An
expression cassette, H6-B7.1-TsAT, was inserted into an ALVAC
donor plasmid containing flanking sequences of the ALVAC C6
locus. The ALVAC-CEA-B7.1 virus was generated by homologous
recombination of the donor B7.1 plasmid into the ALVAC-CEA
virus. The CEA sequence specifies a 180-kDa polypeptide and the
B7.1 expresses a 50 to 55-kDa polypeptide (data not shown).
Vaccine was produced in accordance with good manufacturing
practices by Pasteur-Merieux-Connaught Laboratories (Swift-
water, Pa.) and was provided by the Cancer Therapy Evaluation
Program (National Cancer Institute, Bethesda, Md.).

Peptides and cell lines

HLA-A2-restricted CEA peptides included the CEA-associated
peptide, CAP-157,_s79 (YLSGANLNL) [37] and CAP-1-6D (YLS-
GADLNL) [47]. The HLA-A24-restricted CEA peptide was
CEA579 579 (SYLSGANLNL). The HLA-A2-binding influenza vi-
ral protein was M1sg ¢ (GILGFVFTL) [13]. An HLA-A3-binding
CEA epitope, CEA4; 6o (HLFGYSWYK) and an HLA-A3-binding
Flu control, NP5 273 ILRGSVAHK) was kindly provided by A.
Sette (Epimmune, San Diego, Calif.) [14]. All peptides were dis-
solved in dimethylsulfoxide to achieve a final concentration of 5 mg/
ml and further diluted in PBS. The T2-A2 cell line (HLA-A2",
transporter in antigen processing (TAP)-deficient T-B cell hybrid)
and the CIR-A24 (HLA-A24", B lymphoblast cell line) were cul-
tured in RPMI-1640 medium supplemented with 10% fetal calf
serum (FCS), 100 units/ml penicillin, 100 pg/ml streptomycin (Life
Technologies, Gaithersburg, Md.). G418 (300 pg/ml) was added to
the medium used for culturing the C1R-A24 cell line. The EHM-A3
(HLA-A3", Epstein-Bair-virus-transformed) cell line was kindly
provided by A. Sette (Epimmune, San Diego, Calif.) and cultured in
RPMI-1640 medium with 10% FCS. Human TK 143 cells, a human
embryonic kidney cell line susceptible to poxvirus infection, were
kindly provided by N. Restifo (Bethesda, Md.). These cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% FCS, 2% glutamine, 1% penicillin/strepto-
mycin and 0.1% gentamicin (all Gibco, Grand Island, N.Y.).

ALVAC-CEA-B7.1 expression

To verify expression of CEA and B7.1, TK™143 cells were plated
onto 6-well tissue-culture plates and infected at a multiplicity of



infection of approximately 1:10 with ALVAC-CEA-B7.1 virus.
Briefly, virus was diluted in DMEM containing 2.5% FCS for 2 h at
37 °C. The medium was replaced with complete DMEM and cells
were placed in a CO, incubator at 37 °C for 24 h. Surface protein
expression was evaluated by FACScan (BectonDickinson, San Jose,
Calif.) analysis. Cells were stained with the mouse anti-(human
CEA) mAb, COL-1 [26] and fluorescein-isothiocyanate-labeled
secondary polyclonal goat anti-(mouse IgG) (PharMingen, San
Diego, Calif.) for CEA expression. Cells were stained with a mouse
anti-(human CD80) mAb labeled with phycoerythrin for B7.1 ex-
pression. Viable cells were gated by forward- and side-scatter with
virus-infected cells additionally stained with propidium iodine for
further exclusion of dead cells (data not shown). Fluorescence-ac-
tivated cell sorting (FACS) analyses were conducted using Cell-
Quest software (Becton Dickinson, San Jose, Calif.). CEA and B7.1
expression by normal TK143 cells was confirmed by FACS ana-
lyses of uninfected cells. Isotype-matched IgG control antibodies
(IgG1 and IgG2a) were used to detect non-specific staining.

T cell phenotyping

Patient whole-blood samples were stained with fluorochrome-
conjugated monoclonal antibodies (mAb) directed against CD3,
CD4, CD8, CD14, CD16, CD45, CD56, CD69, and CD80 (Becton
Dickinson, San Jose, Calif.), and HLA-DR (PharMingen, San
Diego, Calif.). Whole-blood samples were incubated with appro-
priate combinations of mAb for 15 min at room temperature, red
blood cells were lysed using Becton Dickinson lysis buffer, and cells
were washed and fixed prior to analysis on a Becton Dickinson
FACScan flow cytometer (San Jose, Calif.).

Interferon-y (IFN-y) ELISPOT assay

The precursor frequency of CEA-specific T lymphocytes was de-
termined by enzyme-linked immunoassay spot tests (ELISPOT) for
all patients expressing HLA types A-2, A-3, and A-24 (see Table 1).
ELISPOT assays were performed on 96-well nitrocellulose plates
(Millititer HA, Millipore, Bedford, Mass.) coated overnight with
10 pg/ml mouse anti-(human IFN-y) monoclonal antibody
(PharMingen, San Diego, Calif.). After washing, wells were
blocked for 2 h at 37 °C with 200 ul complete medium containing
DMEM (Gibco, Grand Island, N.Y.), 10% human AB serum
(Bioreclamation Inc., Hicksville, N.Y.), 1% glutamine and peni-
cillin/streptomycin. Cryopreserved PBMC were thawed, cultured
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overnight in complete medium, and plated onto nitrocellulose-
coated 96-well plates at 2 x 10° cells/well with 6 wells/treatment
group. Antigen-presenting cells (APC), such as T2-A2, CIR-A24 or
EHM-A3 (see Peptides and cell lines), were added at 1 x 10° cells/
well together with 50 pg/ml corresponding HLA-type-matched
CEA peptides as indicated or, as control, without peptide. After a
24 h incubation at 37 °C and 5% CO,, plates were washed several
times with PBS containing Tween 20 (0.05%) and incubated with
2 pg/ml biotinylated mouse anti-(human IFN-y) mAb (PharMin-
gen, San Diego, Calif.) at 4 °C overnight. Subsequently, wells were
washed with PBS containing Tween 20 (0.05%) and incubated with
a 1:4,000 dilution of avidin-linked alkaline phosphatase (Gibco
BRL, Grand Island, N.Y.) for 2 h, followed by washing with PBS.
After addition of 100 pl 5-bromo-4-chloro-3-indolyl phosphate/
nitroblue/tetrazolium substrate (Kirkegaard & Perry Laboratories
Inc., Gaithersburg, Md.) for 1 h, plates were washed and allowed
to dry in air. IFN-y spot-forming units (SFU) were counted by an
observer in a blinded manner on a stereomicroscope. The precursor
frequency of CEA-specific cells was calculated as the number of
SFU from PBMC + APC + peptide after subtraction of the
background (PBMC + APC) per number of PBMC seeded.

Results
Clinical characteristics of the patients

A recombinant ALVAC virus was engineered to co-
express human CEA and B7.1 as shown in Fig. 1. AL-
VAC virus administration results in abortive replication
after intramuscular injection into mammalian cells.
Despite this, the virus expresses foreign transgenes and
has been shown to function effectively as an immuni-
zation vehicle, with the ability to elicit strong CTL re-
sponses [29, 35]. The expression of CEA and B7.1 was
confirmed following in vitro infection of a human cell
line with ALVAC-CEA-B7.1 (Fig. 2).

Eighteen patients with measurable, metastatic CEA-
expressing adenocarcinomas were enrolled in a phase |
clinical trial after giving informed consent. A dose-
escalation study design was employed with 6 patients

Table 1 Patient characteristics

Lo Vaccine Patient Age/sex HLA-A  Primary cancer/ Prior Serum CEA (ng/dl)
of ALVAC-CEA-B7.1 clinical dose (PFU) number status metastases therapy
trial. CEA carcinoembryonic Pre-vacci o
X re-vaccine Post-vaccine
antigen, C chemotherapy, S
surgical resection, RT radiation 4 5 100 1# 70/F 2,3 Pancreas/liver None 1° 0.5
therapy, N4 not available 2 74M 1.2 Gastric/liver C S 9 NA
3 59/M 2,3 Colon/liver C, S 297 970
4 66/M 2,2 Colon/liver C, S 5 14
5° 50/M 24, 24 Colon/liver C,S,RT 62 275
6 73/F 3,23 Lung/lung C 35 62
4.5x 10’ 7 57/F 1, 31 Lung/lung C 12 40
8 68/F 1,1 Colon/lung C, S 15 25
9 63/M 2,24 Colon/liver C, S 154 807
10 56/F 24, 11 Colon/liver C, S 637 1960
11 60/F 1,2 Rectal/lung C,S, RT 296 780
12 45/F 1,3 Lung/lung C,S,RT 76 NA
4.5 x 108 13 66/F 21, 28 Colon/liver C, S 166 223
14 74/M 29, 66 Colon/liver C, S 2013 3613
15 S51/M 2,2 Colon/liver C, S 41 86
16 61/M 24, 24 Rectal/lung C,S,RT 380 643
17 30/M 2,24 Rectal/perineum C, S, RT 3b NA
18 57/M 2,34 Colon/liver S 25 284

4 Patients were treated with a second cycle of vaccine therapy
b . .
Tumor stained for CEA expression
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receiving 4.5 x 10° plaque-forming units (PFU) by in-
tramuscular injection every 4 weeks for 3 months. A
second cohort of 6 patients were given 4.5 x 10’ PFU
in a similar manner, and a third group of 6 patients
received 4.5 x 10® PFU. The mean age of the patients
was 60 years (range, 30-74 years) and all had a good
performance status. The characteristics of the patients
treated are shown in Table 1 and the cohort includes 10
colon, 3 rectal, 3 non-small-cell lung, 1 pancreatic, and 1
gastric cancer patients. All patients, except 1, had
received extensive prior therapy consisting of surgical
intervention (n = 15), chemotherapy (n = 16), or
radiation therapy (n = 5). None of the patients had
received prior immunotherapy.

Clinical evaluation of the patients

Two patients could not be fully evaluated, 1 (patient 2)
dying of progressive disease 2 weeks after starting the
trial and 1 (patient 17) withdrawing. Of the remaining 16
patients, 3 (19%) met the criteria for stable disease. Pa-
tient 1 was a 68-year-old woman who presented with a
pancreatic mass and liver metastases. A biopsy of her
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Fig. 2a, b Expression of CEA and B7.1 by the ALVAC-CEA-B7.1
vaccine was confirmed by in vitro infection of human TK™143 cells.
Histograms of gated cell populations are plotted as fluorescein-
isothiocyanate-labeled COL-1(COL-1 FITC) for CEA expression
(a) and phycoerythrin-labeled CD80 (CD80 PE) for B7.1 expres-
sion (b) as described in Patients and methods. CEA and B7.1
expression was observed in infected cells (l), whereas uninfected (-)
cells were negative. Non-specific staining was excluded by IgG
isotype controls (----)

liver lesions revealed a CEA-expressing pancreatic ade-
nocarcinoma, although her serum CEA was normal. She
completed one cycle (three immunizations) of the AL-
VAC-CEA-B7.1 vaccine and a repeat CT scan showed a
growing pancreatic mass with minimal growth of the
intrahepatic metastases. She received a course of radia-
tion therapy directed to the pancreatic lesion, success-
fully limiting tumor growth over a 4-month period.
During this time her liver lesions remained stable and she
was offered a second cycle of vaccine treatment upon
completion of her radiation therapy. Patient 3 was a 59-
year-old man with a history of resected colon cancer who
presented with a single large hepatic metastasis. He had
an elevated serum CEA level and completed the first
cycle of vaccination without incident. His CT scan re-
vealed less than 25% increase in the liver lesion and he
was offered a second cycle of vaccine treatment. Patient 5
was a 50-year-old man with metastatic colon cancer in-
volving the liver and spleen. He tolerated the first cycle of
vaccinations well and had stable disease on repeat ra-
diological imaging. He was also offered a second cycle of
vaccine therapy. The remaining patients all experienced
progression of their disease after the first cycle of vaccine
therapy and were not submitted to a second cycle.
Clinical toxicity was minimal except for mild pain at
the site of injection lasting several days. Laboratory
analysis revealed an increase in the alkaline phosphatase
and hepatic transaminases in 7 patients (Table 2). The
increase in liver function parameters was seen predom-
inantly in patients with hepatic metastases and could
have been due to progressive disecase. We also observed
thrombocytopenia in 3 patients, 2 with marginal de-
creases (104,000/ul and 121,000/ul) and 1 (patient 2)
who died of progressive disease had a dramatic decrease
to 25,000/ul before death. One patient (patient 6) expe-
rienced an exacerbation of pre-existing psoriasis after
the first dose of vaccine, which improved without in-
tervention in 2 weeks. Other minor side-effects included
mild anemia in 1 patient and low-grade fever in 3 pa-
tients. These effects did not seem to correlate with the
dose of virus used after patient 2 had been excluded
from analysis, since this patient was responsible for all of
the grade 3 toxicity observed at the lowest vaccine dose
(Table 2). This patient was a 79-year-old man with

Table 2 Clinical toxicity of

ALVAC-CEA-B7.1 vaccine. X)algagle dose Toxicity g}cidence D/rlzgé?um Treatment

Note that three complications ’ g

hstedvln the 4.5 x 10° dose .(hver 4.5 % 10° Increased LET 3 (17) 3 None

function, Fhrombocytoperpa, Thrombocytopenia 1(5) 3 None

and anemia) all occurred in one Anemia 1(5) b None

ggtlfent who died (}flf;(;gresswe Fever/dehydration 1(5) 1 Fluids
15case (see tex.t). ver | Psoriasis activation 1(5) None

function tests (includes alkaline 4 5. 107 Increased LFT 1(5) 3 None

phosphatase, bilirubin, aspar- Thrombocytopenia 15 1 None

tate amlnott{ansferase, alaninine 4 5 18 Increased LET 3(17) 5 None

aminotransferase) Thrombocytopenia 1(5 1 None

Fever 2(11) 2 Acetaminophen

#Maximum grade according to NCI common toxicity criteria



advanced gastric carcinoma who expired 2 weeks after
receiving the first vaccine. A post-mortem examination
concluded that the cause of death was related to exten-
sive gastric cancer.

In order to determine the induction of autoimmune
phenomena due to B7.1 expression by the virus, we
carefully monitored the patients for clinical evidence
of autoimmunity. We were especially concerned about
generating an autoimmune colitis since CEA is ex-
pressed on the surface of normal colonic epithelial cells.
However, we observed no clinical evidence of immune-
mediated toxicity, such as diarrhea, hematochezia,
myalgias, arthralgias, or other symptoms. Serum CEA
levels obtained every 4 weeks during the trial did not
show any significant decrease after vaccination (see Ta-
ble 1). We also determined the presence of ANA titers in
all patients. Although several patients had pre-immune
ANA titers, none of the patients experienced an increase
in ANA antibodies after vaccination (Table 3).

Immunological evaluation of the patients

In order to determine the immune response in vacci-
nated patients we collected blood and separated PBMC
by Ficoll centrifugation before treatment and every 4
weeks during the trial. Antibody titers against ALVAC
were evaluated to ensure that patients were successfully
immunized with the virus. As observed previously in
phase 1 vaccine trials using ALVAC-based vaccine
candidates, we observed an increase in ALVAC titers by
ELISA after three immunizations in most patients [35].
The greatest increase was observed in sera from patients
given the highest dose of vaccine (Fig. 3).

Table 3 Anti-(nuclear antigen) antibody titers. — The anti-(nuclear
antigen) antibody titer is negative when there is no reactivity at 1:40
dilution of sera; + Positive titers at 1:40-1:80, ++ positive titers
at 1:160-1:320, +++ positive titers at 1:640-1:1280 dilutions of
sera. Patients 2 and 17 did not complete the vaccination schedule
and were excluded from analysis

Vaccine Patient Pre-vaccine Post-vaccine
dose (PFU) number
4.5 x 10° 1 - -
3 — —
4 _ _
5 — —
6 + +
7 +++ + + +
4.5 % 107 8 +++ ++4
9 ++ ++
10 - -
11 + +
12 - -
13 ++ ++
4.5 x 108 14 - -
15 - -
16 - -
18 - -
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CEA-specific cellular immunity was evaluated by
testing patient-derived PBMC for recognition of class-
I-restricted CEA peptides using an in vitro IFNy
ELISPOT assay. Unstimulated PBMC isolated from
patients were thawed from cryopreserved samples
collected every 4 weeks during the trial. PBMC were
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Fig. 3a—c Anti-ALVAC antibody responses showing pre-immune
titers (0J), titers after one cycle of vaccination (M), and after two
cycles of vaccination (). The mean Ayso/minute (+standard
deviation) is shown for points corresponding to 3-15 min, repre-
senting the steepest slope of the plotted curve. Patients received
4.5 x 10° (a), 4.5 x 107 (b), or 4.5 x 10 (¢) PFU ALVAC-CEA-
B7.1 vaccine. Significantly increased titers are defined as those
greater than three standard deviations above the pre-immune titer
for each individual patient (*). Patients receiving the highest dose of
vaccine tended to have the highest anti-ALVAC titers. Patients 2
and 17 did not complete the vaccination schedule and were excluded
from analysis
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co-cultured with appropriate HLA-matched, CEA-
peptide-pulsed antigen-presenting cells for 24 h (see
Patients and methods). HLA-A2-, -A3-, and -A24-class-
I-restricted CEA peptide epitopes have been previously
described [14, 28, 37]. Of the 16 evaluable patients, 12
expressed one of these alleles (see Table 1). Eight
patients with progressive disease (by clinical evaluation)
exhibited no evidence of reactive T cell responses by
ELISPOT assay (data not shown). We did see an
increase in the CEA-specific T cell precursor frequency
after immunization in 4 patients (Figs. 4, 5). While 1
of these patients had progressive disease, the other
3 patients were the those (patients 1, 3, and 5) who
experienced stable clinical disease.

These 3 patients were offered and completed a second
cycle of vaccine therapy and in vitro IFN-y ELISPOT
data in response to CEA peptide stimulation are shown
in Fig. 4. Patient 1 showed a minimal increase in T cell
response with a precursor frequency below 1/10°, which
is at the lower limits of ELISPOT sensitivity. Further,
we found that the precursor frequency of PBMC in this
patient had declined to undetectable levels by the start of
the second cycle, but increased again after another three
vaccinations (Fig. 4a). Patients 3 and 5 both had meta-
static colon cancer, with a significant increase in CEA-

Fig. 4a—¢ CEA-specific T cell
precursor frequency of in vitro
unstimulated peripheral blood
mononuclear cells (PBMC)
from ALVAC-CEA-B7.1-im-
munized cancer patients
assessed by enzyme-linked
immunoassay spot tests
(ELISPOT). Pre- (0 week) and
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Fig. 5 CEA-specific T cell precursor frequency of in vitro
unstimulated PBMC from ALVAC-CEA-B7.1-immunized,
HLA-A2-positive patient 18, assessed by ELISPOT. Pre- (0 week)
and post-vaccination (4-12 weeks) PBMC were tested against the
HLA-A2-restricted CAP-1 peptide, CEAs7; 579 (OJ) and the
modified (Asn — Asp) CAP-1-6D peptide (H), modified to display
higher T cell receptor affinity. Data represent a single ELISPOT
assay and show an increase in precursor frequency after stimulation
with the CAP-1-6D peptide. Calculation of precursor frequency is
based on the number of IFN-y spot-forming units (SPU) as
described in Patients and methods

specific precursor frequency responses to about 1/10,000
and 1/5,000 respectively after the first cycle of vaccina-
tion. After an interval of 16 weeks for patient 3 and 4
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weeks for patient 5, vaccine treatment was continued.
CEA-specific T cell responses were induced after con-
tinuous ALVAC-CEA-B7.1 exposure to levels similar to
those seen after the first cycle of vaccination (Fig. 4b, c).

We assessed the phenotypic characteristics of lym-
phocyte populations from all patients before and after
vaccination. There were no obvious differences observed
during the course of the trial (data not shown). How-
ever, analysis of specific T cell activation markers was
performed on the 3 patients with a stable disease
(Table 4). Markers of T cell activation were elevated in
patients 1 and 3 as shown by expression of the CD69
early T cell activation marker on CD8" T cells and
an increase in the late activation marker HLA-DR on
CD3 ™" T-cells after the second cycle of vaccine therapy.
Patient 1 also showed an inverse CD4:CDS ratio with a
threefold increase in CD8 " T cells at the beginning of
the second vaccine treatment cycle, which could have
been attributed to her interval radiation therapy. This is
interesting since radiation induces apoptosis in tumor
cells and apoptotic cells may be efficiently processed by
APC to induce class-I-specific CTL responses [2]. Patient
5 manifested an increased NK cell population (CD37/
CDI16" CD56") throughout the study.

Since CEA-specific precursor T cells may be very low,
we utilized a modified peptide that displays enhanced T
cell receptor recognition to see if we could amplify in
vitro immune responses. Cryopreserved T cells were
available from patient 18 for further analysis. A modi-
fied HLA-A"0201-restricted CEA peptide, designated
CAP-1-6D, was generated by substituting aspartic acid
(D) for asparagine (N) at position 6, and displayed
increased T-cell receptor affinity [41]. This peptide was
used to pulse T2-A2 (TAP-deficient APC expressing
HLA-A2) cells in an ELISPOT assay with PBMC de-
rived from patient 18. While this patient had a modest
ELISPOT response after stimulation with the native
HLA-A2-restricted CEA peptide, CAP-1 (CEA57,_579),
a higher precursor frequency was observed when the

Table 4 Phenotype analysis of lymphocyte populations derived
from 3 patients receiving two cycles of vaccine. Relative expression
of subset markers evaluated at 12 weeks for the first vaccination
cycle and at 40 weeks (patients 1 and 3) or 30 weeks (patient 5) for
the second vaccination cycle. Data indicated as a percentage of all
lymphocytes, defined by CD45" bright/CD14". Fraction of cells

expressing T cell activation markers: —0-10%, +/-10-20%,
+20-40%, ++40-60%, +++60-80%
Vaccination Patient 1 Patient 3 Patient 5
cycle
Ist 2nd Ist 2nd st 2nd
Subset markers (%)
CD3" 71 70 66 61 50 48
CD37/CD16" 56© 9.5 9.6 9.0 13.6 345 43
CD4:CDS8 1:0.3 1:3.5 1:1.6 1:1.9 1:1.0 1:1.1
T cell activation markers
CD8 " /CD69™ - + - +/- - -
CD3*/HLA-DR  +/- +++ +/- + + +
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CAP-1-6D was used to stimulate post-vaccine PBMC
(Fig. 5).

Discussion

The development of therapeutic vaccines for cancer de-
pends on strategies that induce tumor-antigen-specific
effector T cells. Activation of such T cells requires two
signals, one delivered by the interaction of peptide-
MHC complexes with a T cell receptor, and the second
delivered through ligation of co-stimulatory molecules
expressed on APC with CD28 on the surface of re-
sponding T cells. Failure to elicit T cell responses in
cancer patients may occur through a variety of mecha-
nisms, including loss of tumor antigen expression, down-
regulation of MHC, lack of -2 microglobulin, secretion
of immunosuppressive cytokines, and the absence of
adhesion or costimulatory molecules on the tumor cell
[16]. The dependence on costimulation has been shown
in experiments where the transduction of tumor cells
with costimulatory molecules enhances their recognition
by antigen-specific T cell populations [3]. Alternatively,
costimulatory molecules can be added to a vaccine
vector for systemic immunization with improved thera-
peutic responses, as shown in several murine tumor
models [1, 12, 18, 27]. The most widely studied costim-
ulatory molecules are B7.1 and B7.2, which bind to the T
cell surface receptors, CD28 and CTLA-4. CD28 is
usually expressed on the surface of recently activated T
cells and ligation of CD28 enhances activation in the
presence of T cell receptor signaling. Shortly after acti-
vation, CTLA-4 appears and binds to B7 molecules,
leading to inhibition of T cell responsiveness [36]. While
the exact role of B7.1 compared to B7.2 has yielded
conflicting results, B7.1-transduced tumor cells induced
stronger CD8" T cell responses than did B7.2-trans-
duced cells in a murine P815 tumor model [10, 17]. B7.1
was also more effective than B7.2 in generating allo-
specific T cell populations in a keratinocyte cell line [7].
Interestingly, expression of B7.1 and B7.2 may lead to a
distinct pattern of cytokine release, with B7.1 inducing a
Thl profile and B7.2 inducing a Th2 profile [34]. Thus,
current evidence supports the hypothesis that B7.1 and
B7.2 may have differential effects in the regulation of
effector T cell responses and suggests that B7.1 may be
more effective as a vaccine adjuvant [30].

We have reported the first use of B7.1 co-expressed
with a tumor-associated antigen in human patients. The
vaccine appeared to be safe with few major side-effects,
even at the highest administered dose of 4.5 x 10® PFU.
While we did not observe clinical evidence of autoim-
munity, 1 patient did experience an outbreak of psori-
asis. This did not require therapy and resolved quickly,
but the possibility that vaccination precipitated the ex-
acerbation cannot be completely excluded. Because B7.1
has not been previously injected into patients we sought
other evidence of autoimmunity by screening patient
sera for ANA titers. Advanced cancer patients have been
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known to have elevated ANA titers, but we did not find
any increase in pre-existing titers in our patient popu-
lation [22]. Evaluation of anti-ALVAC antibody titers
revealed an increase after vaccination, particularly in
patients receiving the highest dose of vaccine. This is
consistent with previous human vaccine studies with
ALVAC-based vaccine candidates. Interestingly, CEA-
specific T cell responses were able to be boosted in pa-
tients receiving up to six doses of ALVAC-CEA-B7.1
over a relatively short time interval (7-10 months). This
is consistent with results from other studies using AL-
VAC-CEA vaccine candidates and differs from human
studies using vaccinia-based CEA candidates, where
prior exposure to vaccinia significantly dampened CEA-
specific booster responses [6, 37, 42]. Although we did
not observe any decrease in serum CEA levels in any
patient, the significance of following tumor markers in
such patients is unclear. The initiation of an immune
response against tumor cells expressing specific antigens
can induce an inflammatory reaction with an increase in
tumor marker secretion after vaccination [8].

Vaccination using the ALVAC-CEA-B7.1 vaccine
resulted in three significant treatment responses as de-
fined in standard oncology clinical trials over a period
of 4 months. Although these responses were modest, it
is intriguing that all 3 patients had evidence of CEA-
specific T cell responses by ELISPOT assay. Since these
patients were all heavily pre-treated and had advanced
metastatic disease, one would be unlikely to see sig-
nificant treatment responses. For this reason, periph-
eral T cell immune reactivity represented a critical
study endpoint of this study. We used cryopreserved
PBMC in a 24-h ELISPOT without prior in vitro
stimulation, providing a sensitive assay for determina-
tion of antigen-specific T cells [33]. This assay also may
more accurately represent actual in vivo T cell re-
sponses, since they do not receive extensive stimulation
before assay. In order to show that these T cells could
recognize tumor, we attempted to establish autologous
tumor cell lines from the 3 patients with increased
ELISPOT reactivity (see Fig. 4). However, tumor cells
obtained by percutaneous liver biopsy from these
patients did not survive in vitro culture for more than a
few days (data not shown).

The induction and monitoring of immune responses
may be more difficult in patients with CEA-expressing
tumors than for patients with melanoma. The reasons
for this discrepancy are not entirely clear. One
possibility is that CEA is less immunogenic than most
melanoma antigens. Another possibility is that CEA-
expressing tumors occur in different sites from melano-
ma, which could ultimately influence the type and extent
of antitumor immunity. Many CEA-bearing cancers
arise in the gastrointestinal epithelium, where they are
likely to encounter mucosal immune effector cells first.
Oral tolerance of peripheral T cell responses has been
well described and may be a factor in the poor immune
responses observed in colon cancer patients [25]. This is
distinct from melanoma, which arises in the skin where

more efficient APC may regulate the presentation of
tumor antigens through different mechanisms. Further-
more, analysis of vaccine trials is often easier for mela-
noma patients because of the ease of generating T cell
clones and autologous tumor cell lines from these
patients.

One possible method for improving the isolation of
CEA-specific T cells is to use a modified CEA peptide
agonist, such as CAP-1-6D [41]. This peptide contains
an asparagine — aspartic acid substitution at position 6,
resulting in higher affinity for the CEA-specific T cell
receptor. CAP-1-6D has been used in vitro to generate
stronger cytotoxic T cell activity from patients vacci-
nated with a CEA-expressing vaccinia virus [41]. When
we used this peptide to stimulate PBMC in 1 patient, we
also observed an increased frequency of CEA-reactive T
cells after ALVAC-CEA-B7.1 vaccination. Although
this peptide has only been used for in vitro analyses thus
far, it is possible to consider the use of this epitope for
clinical study by using the single peptide or incorporat-
ing this mutation into a full-length CEA sequence ex-
pressed by a viral vector. Evaluation of low-frequency T
cell responses in vitro using agonist peptides or other
techniques, such as tetramers, awaits further validation.

The vaccination strategy employed in this trial
included monthly vaccinations for three total doses of
vaccine. This design is arbitrary since the optimal
number of boosters and the timing of administration for
these vaccines are not known. Interestingly, of the 3
patients who received two cycles of vaccine, 2 had an
interval of 16 weeks between cycles and both had lost
evidence of CEA-reactive cells at the start of the second
cycle of vaccination. After completing the second cycle,
however, both patients showed increasing numbers of
reactive T cells similar to levels detected after the first
cycle. The 3rd patient continued the second cycle after
only a 4-week interval and continued to show high levels
of CEA-specific precursors. This suggests that repeated
immunizations with frequent boosting may be important
in maintaining a pool of CEA-specific T cells following
vaccination. Repeated exposure to antigen may be one
method of breaking tolerance to weakly immunogenic
proteins, such as CEA [20]. Future vaccine trials should
consider that continued immunization might increase
immune responses against tumor-associated self-
antigens.

Improved understanding of the mechanisms through
which effector T cells are activated has led to the ad-
dition of costimulation as an adjunct to antigen-specific
vaccine therapy. This study was the first to use B7.1
with the tumor antigen CEA, in an ALVAC vector for
patients with advanced CEA-expressing tumors. There
was little clinical evidence of autoimmunity in vacci-
nated patients, except for one mild exacerbation of pre-
existing psoriasis. Although the objectives of the study
were largely predicated to an analysis of dose-limiting
toxicity, we also observed stable disease in 3 patients
and evidence of CEA-specific T cell immunity in 4
patients. While the stable diseases occurred in patients



receiving the lowest dose of vaccine (4.5 x 10° PFU), it
is difficult to know if this is meaningful given the low
numbers of patients treated. T cell responses were
maintained when a second cycle of vaccine was given,
suggesting that repeated exposure to antigen may be
necessary for providing sustained antigen-specific im-
munity after vaccination. Preliminary results from an-
other phase I clinical trial using ALVAC-CEA-B7.1
had 6 of 28 patients classified as stable after four
vaccinations with doses ranging from 2.5 x 107 to
4.5 x 108 PFU vaccine [38]. Although these results are
modest, most patients treated in these trials have ad-
vanced disease with large tumor burdens. These minor
responses, however, provide support for the feasibility
of vaccinating against CEA. Recombinant vaccines
expressing costimulatory molecules may provide an
effective strategy for further enhancing tumor immu-
notherapy. Additional studies with larger cohorts of
patients and use of the vaccine at earlier stages of
disease may help to define the full therapeutic potential
of tumor vaccine therapy.
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