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ABSTRACT
The immune system can be efficiently stimulated and
targeted to specific antigens expressed exclusively or preferentially by experimental cancers. The foremost limitations
to extending this vaccine technology to the prevalent epithelial-derived cancers are the lack of: (a) identified tumorassociated antigens recognized by cellular immunity; (b)
antigens expressed on the majority of tumor cells during
disease progression; and (c) immunogenic CTL epitopes. To
date, only HER-2/neu has been shown to be the source of
naturally occurring, MHC-restricted, CTL-recognized peptides in epithelial tumors. In this study, we demonstrate that
the human high-affinity folate binding protein (FBP), which
is a source of antigenic peptides recognized in ovarian cancer, is also recognized in breast cancer. Both immunodominant E39 (FBP, 191–199) and subdominant E41 (FBP, 245–
253) epitopes are presented by HLA-A2 in these cancers.
These peptides are efficient at amplifying the response of
tumor-associated lymphocyte populations in terms of lytic
function, enhanced proliferation, and specific IFN-g release.
On a per cell basis, tumor-associated lymphocytes stimulated with the FBP peptides exhibit enhanced cytotoxicity
not only against peptide-loaded targets but also against
FBP-expressing epithelial tumors of different histologies.
Furthermore, FBP peptides induced E39-specific CTLs and
E39- and E41-specific IFN-g and IP-10 secretion in certain
healthy donors. The broad distribution of FBP among
>90% of ovarian and endometrial carcinomas, as well as
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20 –50% of breast, lung, colorectal, and renal cell carcinomas, along with pronounced differential overexpression in
malignant tissues compared with the extremely limited expression in normal epithelium, suggests the exciting potential of a widely applicable FBP-based vaccine in epithelial
cancers.

INTRODUCTION
Anticancer vaccines have taken many forms, from whole
tumor cells and viral oncolysates, to most recently, Ag3-specific,
peptide-based vaccines (1–3). The practical advantage of the
former is that the actual CTL-recognized Ags need not be
known. The latter approach requires precise knowledge of the
tumor Ag recognized by specific antitumor CTLs (3). For vaccination purposes, TAAs may be partially purified, highly purified, or synthetic in nature. The synthetic peptide Ag TAA
vaccines (or genes encoding for these Ags) should theoretically
offer the best cancer vaccines by delivering the immunogenic
Ag(s) capable of inducing an efficient, specific, tumor-protective immunity without interference from irrelevant Ags. The
TAA vaccines can be easily and reproducibly manufactured and
delivered in high volumes safely.
To extend the advances in vaccine technology to the vast
problem of epithelial cancers, CTL-recognized TAAs must be
identified first. Such TAAs should also meet the criteria of high
and stable expression in tumor cells of a large number of
patients during disease progression to allow targeting. To date,
only the protein product of the proto-oncogene HER-2 and the
core peptide of MUC-1 have been shown to be a source of
CTL-recognized peptides (4 –7). The advantage of the HER-2
Ag system over those known for melanoma is that it is expressed in multiple epithelial-derived tumor histologies like
breast, ovarian, pancreas, and non-small cell lung carcinomas,
making a HER-2 peptide-based vaccine potentially widely applicable (8 –12). However, this protein is only overexpressed in
30% of breast and ovarian cancers and less in others (13).
FBP is a membrane-associated glycoprotein originally
found as a mAb-defined Ag in placenta and trophoblastic cells
but rarely in other normal tissues (14 –17). Of interest, this
protein has been found in .90% of ovarian and endometrial
carcinomas; in 20 –50% of breast, colorectal, lung, and renal cell
carcinomas; and in multiple other tumor types. When present in
cancerous tissue, the level of expression is usually .20-fold
normal tissue expression and has been reported to be as high as
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The abbreviations used are: Ag, antigen; TAA, tumor-associated Ag;
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80 –90-fold in ovarian carcinomas (18). Although FBP has been
investigated extensively as a target of humoral immunity, it has
only recently been proposed as a source of CTL-recognized
peptides in ovarian cancer (19). To investigate the potential role
of FBP as a TAA vaccine, we studied whether these peptides are
antigenic for BrTALs and immunogenic in ovarian cancer patients and healthy donors. We investigated whether FBP peptides can amplify CTL-TALs with broad tumor-killing capabilities and activate CTLs from healthy donors.
In this study, we demonstrate that two FBP peptides, E39
(191–199) and F41 (245–253), are recognized by freshly cultured OvTALs and by BrTALs. These peptides correspond to
naturally processed Ags on intact tumor cells. Additionally, FBP
peptides E39 and E41 are capable of CTL stimulation in vitro,
resulting in proliferation, peptide-specific cytokine and chemokine release, and enhanced cytotoxicity. E39-stimulated specific
CTL-TALs are capable of lysing multiple tumors with different
epithelial-derived histologies. Furthermore, E39 could stimulate
PBMCs to induce E39-specific CTL activity when presented on
DCs from healthy donors. Demonstration of E39 and E41 immunogenicity may be significant for development of TAA vaccines based on FBP.

MATERIALS AND METHODS
TAL Cultures. TALs were isolated from fresh collections of malignant ascites and pleural effusions from four ovarian and two breast cancer patients, respectively, under the approval of the Institutional Review Board. Specimens were
processed as described previously (20). Lymphocytes and tumor
cells were separated by centrifugation over discontinuous 75%/
100% Ficoll-Histopaque (Sigma Chemical Co., St. Louis, MO)
gradients. Freshly isolated TALs were suspended in RPMI 1640
containing 100 mg/ml L-glutamine (Life Technologies, Inc.,
Grand Island, NY) supplemented with 10% FCS (Sigma), 40
mg/ml gentamicin, and 50 –100 IU/ml IL-2 (Cetus, Emeryville,
CA), cultured at 0.5–1.0 3 106 cells/ml in a humidified incubator at 37°C in 5% CO2, and maintained at this concentration
by the addition of media and IL-2 every 2–3 days, depending on
the growth kinetics.
Tumor Targets. The SKOV3 ovarian carcinoma cell
line was transfected with the HLA-A2 expression vector RSV.5neo with resulting high levels of HLA-A2 expression
(SKOV3.A2) as described (21). The SKBr3 breast cancer line
was similarly transfected with the HLA-A2 gene (by Drs. M.
Disis and M. Cheever, University of Washington, Seattle, WA)
but expresses moderate levels of HLA-A2 (SKBr3.A2) when
compared with SKOV3.A2. Both lines were maintained in
RPMI 1640 with 10% FCS and 250 mg/ml G418 (Sigma).
SW480 is an established, well-characterized HLA-A21 colon
cancer cell line, and PAN-1 is a HLA-A21 pancreatic cancer
cell line. SKBr3.A2, SKOV3.A2, and SW480 express HER-2
with decreasing levels in this order. SKOV3.A2, SW480, and
Panc-1 have been shown to express FBP (17, 19).
Phenotype Analysis. The HLA-A2 status of the TALs
and tumor lines was determined by indirect staining with antiHLA-A2 mAbs, BB 7.2 and MA 2.1 (American Type Culture
Collection), followed by goat anti-mouse mAb conjugated with
FITC (Becton Dickinson, Mountain View, CA), and analyzed

on a Coulter Epics C Flow Cytometer (Coulter Electronics,
Hileah, FL). HER-2 expression was tested similarly using the
Ab2 mAb (Oncogene Science, Manhasset, NY). FBP expression
was analyzed using the MOv18 mAb generously donated by
Centocor (Malvern, PA).
Synthetic Peptides. The FBP sequence was interrogated
for potential HLA-A2-binding nonamers using the known binding motifs for this molecule (22). Five peptides were selected for
synthesis based on the presence of leucine, isoleucine, or valine
in the dominant anchor positions, P2 and P9, and their potential
to form amphiphilic helices (19). Peptides were prepared by the
Synthetic Antigen Laboratory of University of Texas M. D.
Anderson Cancer Center. Identity and purity of final materials
were established by amino acid analysis and analytical reverse
phase-high performance liquid chromatography. All peptides
used in this study were between 92 and 95% pure. The symbols,
position, and sequence of the peptides used in this study are as
follows: E37 (FBP, 25–33) RIAWARTEL; E38 (FBP, 112–120)
NLGPWIQQV; E39 (FBP, 191–199) EIWTHSTKV; E40 (FBP,
247–255) SLALMLLWL; and E41 (FBP, 245–253) LLSLALMLL. All of these peptides are low to moderate binders,
except E38, which is a high-affinity binder to HLA-A2. The
low-affinity HLA-A2 binding peptide E71 (HER-2, 798 – 807)
QLMPYGCLL and the CTL epitope E75 (HER-2, 369 –377)
were used as specificity controls (5).
Cytotoxicity Assays. Cytotoxicity was determined by
standard chromium-release assays as described previously (20).
Briefly, tumor targets were labeled with 100 –150 mCi of sodium chromate (51Cr; Amersham, Arlington Heights, IL) for
1.5 h at 37°C, washed twice, and plated at 2000 –2500 cells/well
in 100 ml in 96-well, V-bottomed plates (Costar, Cambridge,
MA). Effectors were added at designated E:T ratios in 100
ml/well. After 5–20 h of incubation, 100 ml of culture supernatant were collected, and 51Cr release was measured on a g-counter (Gamma 5500B; Beckman, Fullerton, CA). All determinations were done in triplicate or tetraplicate. Results are
expressed as percentage of specific lysis as determined by:
% specific lysis
5

Experimental mean cpm 2 spontaneous mean cpm
3 100
Maximum mean cpm 2 spontaneous mean cpm

For peptide-pulsed cytotoxicity assays, the T2 line (generously donated by P. Creswell, Yale University, New Haven, CT)
was used as target. T2 is a human T-cell/B-cell fusion product
containing an Ag-processing defect in the transporter-associated
proteins such that HLA-A2 molecules are empty on the cell
surface or contain relatively few bound peptides that can be
effectively displaced by exogenous HLA-A2-binding peptides
(23). The T2 cells were labeled with 51Cr as above, washed, and
then incubated with peptide for 1.5 h at 37°C prior to standard
cytotoxicity assays. To increase the sensitivity of detection at
low E:T ratios by uncloned effectors, 20-h CTL assays were
used in parallel with the 5-h assays. T2 without peptide (T2-NP)
was also used as a control. For cold target inhibition assays,
unlabeled T2 were incubated with peptide for 1.5 h and then
added to standard cytotoxicity assays with chromium-labeled
tumor targets and effectors. The cold:hot target ratio was 15:1.
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CTL Induction Experiments. Freshly cultured TALs
were plated at 1 3 106 cells/ml in 24-well culture plates (Costar)
in RPMI 1640/10% FCS without IL-2. T2 cells were irradiated
with 100 Gy (Cesium source), washed, and incubated with
saturating concentrations of individual FBP peptides for 1.5 h
prior to being added to six parallel TAL cultures at a 10 –15:1
responder:stimulator ratio. After 48 h, 50 IU/ml of IL-2 were
added. Medium and IL-2 were then added every 2–3 days as
needed. Parallel control cultures were established with T2-NP in
the exact same manner. After 1 week in culture, cells were
counted, and the proliferation index was calculated as a ratio of
peptide-stimulated culture cell number to the control cultures
stimulated with T2-NP. This approach was preferred over DNA
synthesis (thymidine incorporation) because it also indicates the
viability of the cells after stimulation.
For stimulation with E39 presented on DCs, PBMCs were
collected from three healthy HLA-A21 donors. DCs were generated by the CD14 method, i.e., from plastic adherent PBMCs
after culture in 1000 units/ml granulocyte/macrophage-colony
stimulating factor and 500 units/ml of IL-4. DCs generated by
this method express the CD13 marker, high levels of MHC-I,
MHC-II, CD86, and CD-54, moderate levels of CD40, and low
levels of CD80 (24, 25). This phenotype is consistent with
immature DCs, which can uptake large amounts of Ags. DCs
were pulsed with E39 at 50 mg/ml in serum-free medium,
followed by tumor necrosis factor a (50 units/ml). DC-E39 were
used as stimulators for autologous plastic nonadherent PBMCs
at a ratio of 1:25 (stimulator:responder). IL-2 was added 24 h
later in all cultures at 60 IU/ml. Cytotoxicity assays were performed as above at 1 week from the last stimulation.
Cytokine Assays. Peptide-stimulated, parallel-cultured
TALs were replated at 1 3 106 cells/ml after 1 week and
restimulated in the same fashion as described above. Supernatants from the parallel cultures were harvested at 24 and 48 h
prior to the addition of IL-2 and stored at 220°C until analyzed.
Supernatants from DC-E39-stimulated PBMCs were also collected at 24 and 48 h. Peptide-specific cytokine release from the
TALs was measured in 50 ml for IFN-g and IL-4 at the two time
points using ELISA kits (BioSource, Camarillo, CA) with a
sensitivity of 4 pg/ml according to the manufacturer’s instructions. Results are given as pg/ml produced by 1 3 106 cells.
IP-10 ELISA. The ability of cells to secrete IP-10 in
response to FBP peptides was determined by culturing PBMCs
and collecting supernatants at corresponding times. The levels
of IP-10 secreted were determined using a modified sandwich
ELISA (R & D Systems, Minneapolis, MN). A flat-bottomed,
96-well microtiter plate was coated with 100 ml/well of monoclonal anti-human IP-10 (2 mg/ml in PBS, pH 7.2) for 24 h at
room temperature. The plate was subsequently washed with
PBS (pH 7.4), 0.05% Tween 20 and then blocked with 3%
ovalbumin, 5% sucrose, and 0.05 NaN3. IP-10 standards were
made from recombinant human IP-10 in a solution consisting of
Tris-buffered saline (TBS; pH 7.3), 0.05% Tween 20, and 0.1%
BSA using serial dilutions. One hundred ml/well of the standards and the cell supernatants were plated in duplicate and left
at room temperature for 2 h. After washing the plate three times,
100 ml/well of biotinylated monoclonal anti-human IP-10 [100
ng/ml in TBS (pH 7.3), 0.1% BSA] was added, followed after
washing by 100 ml/well of streptavidin-peroxidase conjugate.

Fig. 1 Freshly cultured OvTALs and BrTALs recognize FBP peptides.
A, HLA-A21 BrTAL-1 isolated from a pleural effusion, cultured in IL-2
without specific stimulation, was tested for recognition of FBP peptides
E37, E39, and E40 (B). The experiments shown in Fig. 1A were
performed using the same culture as effectors at 8 days from each other.
Peptides were used at 25 mg/ml in A and 50 mg/ml in B. E:T ratios were
20:1 and 30:1, respectively. C, OvTALs were tested for recognition of
FBP peptides (E37-E41) or no peptide (T2-NP) as a negative control.
The 5-h 51Cr-release assays were performed in triplicate at an E:T
ratio of 20:1 and repeated two to four times for each effector. Pooled
data with four OvTAL populations in 12 independent assays demonstrate E39 to be the most consistently recognized FBP peptide. E40
and E41 were recognized by some TALs (n 5 2) but not others. The
results are expressed as percentage of specific lysis (p, P , 0.05
versus NP); bars, SE.

Chromogen substrate, 100 ml/well, consisted of DMSO and
H2SO4. Plates were read at 450 nm in an automated microplate
reader (Bio-Tek Instruments, Inc., Richmond, CA). Standard
dilutions of IP-10 ranged from 4000 to 15.6 pg/ml. This method
consistently detected IP-10 concentrations .31.25 pg/ml in a
linear fashion.

RESULTS
Ovarian and Breast Cancer-associated Lymphocytes
Recognize FBP Peptides. The isolated TALs from breast
cancer patients were cultured in medium containing IL-2 without restimulation with autologous tumor. Cytotoxicity assays
using peptide-loaded T2 cells as targets were performed with the
TALs within 7–14 days of culture initiation to limit the in vitro
expansion of irrelevant clones. One of two BrTALs, designated
BrTAL-1, recognized E39. The results in Fig. 1A show specific
recognition by BrTAL-1 of FBP peptide E39 compared with
another FBP peptide, E37, or control T2 cells, which were not
pulsed with peptide (T2-NP). The presence of CTLs with this
epitope specificity was confirmed by retesting the E39 recognition 8 days later (Fig. 1B) at higher E:T ratio (30:1) and higher
Ag concentration (50 mg/ml). These results indicated that the
E39 specificity is present in vivo among the breast-associated
CTLs and stable within the first 3 weeks of culture.
OvTALs were also screened for FBP peptide reactivity.
Four of four OvTALs recognized FBP peptides. We found that
among the FBP peptides, E39 was recognized most consistently
by the four OvTALs. Fig. 1C shows the pooled results of
experiments using as effectors fresh OvTAL cultures. E37, a
low affinity binder, and E38, a high affinity binder, were not

Downloaded from clincancerres.aacrjournals.org on September 23, 2015. © 1999 American Association for Cancer
Research.

Clinical Cancer Research 4217

Fig. 2 E39 (FBP, 191–199) reconstitutes an epitope corresponding to a
naturally processed and presented Ag in ovarian cancer. Cold target
inhibition assays were performed with OvTAL-1 (A and B) and
OvTAL-4 (C and D). T2 loaded with E37 (negative control peptide; Œ),
E39 (f), or no peptide NP (E, M) were tested at a cold:hot ratio of 15:1
for inhibition of the recognition of the ovarian cancer cell line
SKOv3.A2 by OvTALs at E:T ratios of 10 and 20:1 in 5-h (B and D) and
20-h (A and C) assays. Results are expressed as percentage of specific
lysis.

significantly recognized in these assays and, therefore, served as
internal specificity controls. E41 was highly recognized by two
of four OvTALs tested and one of two BrTALs. The recognition
of these peptides by freshly cultured, in vitro unstimulated TALs
documents the presence of precursor CTLs specific for these
epitopes in vivo, suggesting in vivo priming to these Ags. E39
(FBP, 191–199) appears to be an immunodominant CTL
epitope. The overlapping peptides E40 (FBP 247–255) and E41
(FBP 245–253) form a subdominant CTL epitope, because both
induced CTL recognition. E41 was better recognized than E40,
and its level of recognition was comparable with E39 (19).
FBP Peptide E39 Is a Naturally Processed Ag. To
determine whether E39 reconstitutes CTL epitopes that are
presented on ovarian tumor cells, cold target inhibition assays
were performed. T2 pulsed with E39 (T2–39) were used to
block the recognition of TAL populations for the ovarian cancer
cell line, SKOV3.A2. T2–39, but not T2–37 or T2-NP, effectively inhibited the tumor lysis by OvTAL-1 (Fig. 2, A and B)
and OvTAL-4 (Fig. 2, C and D) in 5 h (Fig. 2, B and D) and 20 h
(Fig. 2, A and C) cytotoxicity assays (P , 0.05). The inhibitory

effects of T2/E39 increased over time, between 5 and 20 h,
suggesting that the recognition of the epitope formed by E39
was not transient or nonspecific. These experiments were repeated, and the results were confirmed (data not shown). These
findings suggest that the CTLs specific for the E39 epitope
contribute significantly to the recognition of this ovarian cancer
cell line. Furthermore, these data demonstrate that FBP-derived
peptides are naturally processed Ags. The fact that the levels of
lysis were low at 5 h but significantly increased over time
suggested that: (a) FBP-specific CTLs may be present at low
frequency in TALs; and/or (b) FBP-specific CTLs represent
memory effectors that require restimulation for high expression
of CTL function (26).
Induction of Proliferation and Specific IFN-g Release
by FBP Peptides E39 and E41. The results (Figs. 1 and 2)
indicate the presence of FBP-specific CTLs in TALs that express low levels of recognition of tumor Ags. This raised the
question of whether CTL functions can be amplified. To address
this question, we used T2 cells as APCs because they can be
exogenously loaded with peptides. Except for low concentrations of IL-2 added 48 h after stimulation, no other costimulatory agents or CTLs supporting cytokines were used to assess
the sensitivity of these CTL-TALs to peptide stimulation. Shortterm cultured TALs were split into parallel cultures and stimulated with irradiated T2 loaded with either E37, or E39, or E41,
or NP as a control. E41 was chosen over E40 as the subdominant
epitope to study because of its better recognition by TALs. E40
and E41 differ by only two terminal residues. Because E41 is
recognized more frequently and better than E40, we hypothesized that E41 forms a more closely related epitope recognized
by TALs than E40. Because T2 are allogeneic to the responders,
a certain level of allospecific proliferation and cytokine secretion to T2-NP was expected. For this reason, T2E-37 was used
as an additional internal specificity peptide control. One week
later, cells in these cultures were counted, and proliferation
indexes were determined as compared with the T2-NP- and
T2E-37-stimulated cultures. Fig. 3A shows the effects of E39
and E41 stimulation on OvTAL-1 and OvTAL-2 numbers. Both
peptides induced enhanced TAL proliferation over the level
observed with T2-NP in both populations (P , 0.05); E39 was
superior to E41 in OvTAL-1, whereas E41 was better than E39
in inducing OvTAL-2 proliferation. This suggested differences
in precursor frequency and state of activation between the
responders in these cultures.
To determine whether FBP peptide stimulation induces
cytokine production, we determined the levels of IFN-g and
IL-4. E39 and E41 induced specific IFN-g release in peptidestimulated OvTAL. Both E39- and E41-stimulated OvTAL-2
demonstrated peptide-specific IFN-g production at 24 h (not
shown), and the IFN-g release increased at 48 h (Fig. 3B).
Similar results were obtained with OvTAL-1. No IL-4 was
produced in response to these peptides in either TAL culture
(Fig. 3B). These findings suggest that the FBP peptides have the
ability to activate IFN-g secretion, which may be relevant for
the cytokine-mediated effector pathway. These results also show
that IFN-g production does not parallel OvTAL proliferation.
E39 was a weaker stimulator of OvTAL-2 proliferation than
E41; however, the IFN-g levels induced by each peptide were
similar.
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Fig. 3 Stimulation with FBP peptides results in enhanced OvTAL proliferation and IFN-g release and cytotoxicity. A, OvTAL-1 and OvTAL-2
respond differently to E39 and E41. OvTALs were cultured in parallel and stimulated with irradiated T2 loaded with E39, E41, or no peptide (NP).
Cell counts were performed after 1 week. Results are expressed as proliferation index. B, OvTAL-2 demonstrate peptide-specific IFN-g release.
Parallel cultures of OvTAL-2 stimulated with T2 loaded with E37, E39, E41, and NP were replated at 1 3 106 cells/ml in 1 ml and restimulated with
T2 and the corresponding peptides E39, E41, E37, or T2-NP. IFN-g and IL-4 were measured 48 h later. This result is representative of replicated
experiments. C, enhanced cytotoxicity after FBP peptide stimulation. OvTALs 1– 4 were stimulated in parallel with irradiated T2 loaded with E39
or NP. Recognition of E39 was assessed in standard CTL assays after 1 week at an E:T of 10:1. Results are expressed as percentage of specific lysis
(p, P , 0.05 versus NP); bars, SE.

Enhanced Cytotoxicity of FBP Peptide-stimulated
TALs. One week after primary E39 stimulation, the TAL
cultures were evaluated for specific Ag recognition. We used
lower E:T ratios (5:1) than in the assays with fresh TALs on the
rationale that if there was an increase in specific CTLs compared with the original levels, elicitation of specific recognition
should be detected when fewer effectors were used. Two of four
TAL populations (OvTAL-1 and OvTAL-4) revealed an increase in lytic activity, on a per cell basis, for E39 compared
with parallel cultures stimulated with T2-NP (Fig. 3C), whereas
OvTAL-3 was resistant. These results show individual related
differences in the responsiveness of OvTAL to E39 and E41
when presented on T2 cells. These results indicate a requirement
for the relevant peptide for CTL-TAL expansion and expression
of the lytic function. OvTAL-2 stimulated with E39 showed
weak specificity for E39 (#25% increase over controls). E41stimulated OvTAL-2 also exhibited marginal specificity to E41
(38% increase over control T2-E37; data not shown). In terms of
amplification of CTL activity, OvTAL-2 and OvTAL-3 were
considered nonresponders. OvTAL-2 responded to E39 and E41
with similar high levels of IFN-g, preferential proliferation to
E41 versus E39, but poor activation of CTL activity. Because
under conditions of allogeneic stimulation, which are expected
to amplify an alloreactive response, restimulation of TALs with
the self-peptide E39 succeeded in amplifying a CTL response to
the tumor, E39 is immunogenic.
Epithelial Tumor Lysis by FBP Peptide-stimulated
TALs. In separate experiments, OvTAL-1 and OvTAL-2
stimulated twice by FBP peptide-loaded T2 over 2 weeks were
evaluated for recognition of multiple tumor targets at an even
lower E:T ratio of (2.5:1) compared with the previous experiments. To establish whether E39 stimulation enhances recognition of SKOV3.A2 (HER-2hi, FBP1), we used as effector
OvTAL-1 stimulated with T2-E39 and T2-E41, or with T2-NP
and T2-E37 as controls. The results (Fig. 4A) show that T2-E39
stimulated OvTAL-1 recognized SKOV3.A2 at significantly

higher levels than control (T2-NP/E37)-stimulated OvTAL-1.
Of interest, the levels of SKOV3.A2 lysis observed with 1 3
104 effectors in this assay were similar with the levels observed
with 8 3 104 unstimulated effectors of the same line (Fig. 2),
indicating that E39 stimulation lead to an enrichment in E39specific effectors. The recognition of FBP-expressing epithelial
tumors was verified by using as targets lines expressing different levels of HER-2. OvTAL-1 lysed SKOV3.A2, SW480, and
the pancreatic line PAN-1 significantly better than SKBR3.A2
(Fig. 4B).
Lysis of these targets appeared not to be dependent on the
levels of HER-2. SKOV3.A2 expresses significantly higher
levels of HER-2 than SW480 and PAN-1. However, all three
lines were recognized at similar levels by OvTAL-1. SKBR3.A2
expresses similar HLA-A2 levels as PAN-1 and SW480. The
HLA-A2 levels in these targets are lower than of SKOV3.A2.
SKBR3.A2 expresses higher levels of HER-2 than SKOV3.A2.
SKBR3.A2 was lysed only marginally by E39-stimulated
OvTAL-1. Because all of these tumors express HER-2, one
might suggest that this Ag system is being recognized, although
one would expect less HER-2 recognition of the lower HER-2expressing tumor SW480 and higher recognition of SKBR3.A2.
This was not seen in these experiments. In Western blotting
using MOV18 mAb, we detected very low levels of FBP in
SKBR3.A2 cells, compared with SKOV3.A2. Thus, the increase
in lysis of SKOV3.A2 versus SKBR3.A2 by E39-stimulated
OvTAL-1 is supportive of the hypothesis of recognition of E39
or of structurally similar epitope rather than of HER-2.
To verify whether tumor recognition is dependent on stimulating Ags, we tested the same targets for lysis by the weak
responder OvTAL-2 restimulated with E39 and E41 or with E37
as control. Results in Fig. 4C show that E39 and E41 were weak
stimulators of OvTAL-2 cytotoxicity for tumors compared with
OvTAL-1. However, OVTAL-2 stimulation with E41 increased
recognition of SKOV3.A2, although marginally over the recognition by E37-stimulated OvTAL-2. In contrast, E39 stimulation
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Fig. 4 FBP peptide-stimulated OvTALs recognize tumors of different histologies. A, OvTAL-1 was stimulated in parallel with irradiated T2 loaded
with E37, E39, E41, or NP twice at weekly intervals and tested at the same E:T ratio (2.5:1) for lysis of SKOV3.A2. B, E39-stimulated OvTAL-1
recognize FBP-expressing tumors of different histologies: breast SKBr3.A2 (HLA-A2low, HER-2/neuhigh, FBP6), M; ovarian SKOv3.A2 (HLAA2high, HER-2/neuhigh, FBP1), o; colon SW480 (HLA-A2low, HER-2/neulow, FBP1), f; and pancreas PAN-1 (HLA-A2low, HER-2/neuhigh, FBP1),
. C, OvTAL-2 stimulated twice at weekly intervals with irradiated T2 loaded with E37, E39, or E41 were tested for recognition of tumor targets
expressing FBP. Results are expressed as percentage of specific lysis; bars, SE. All TAL-1 cultures were tested in standard 20-h cytotoxicity assays
at an E:T ratio of 2.5:1.

increased recognition of SW480 compared with stimulation
with E41 or E37. These results support the possibility of differences in epitope presentation by these tumors.
Stimulation of PBMCs from Healthy Donors with DCE39 Induces E39-specific CTL Activity IFN-g and IP-10
Production. The results presented above demonstrated that
E39 and E41 can stimulate effector functions in OvTAL. However, for preventative vaccination approaches, the ability of a
tumor peptide to stimulate CTLs from peripheral T cells of
healthy donors is an important factor in considering its immunogenicity. To address whether E39 can activate CTL activity
from healthy donor PBMCs, we used an autologous system. In
this system, the autologous PBMC-derived DCs were used as
APCs. The results of primary stimulation with E39 pulsed DCs
(DC-E39) are shown in Fig. 5. We used three different donors to
ensure that the results are relevant. The HER-2 peptide E71 was
used as specificity control, because it binds HLA-A2 with very
low affinity, lower than E39, and it is not recognized by HER2-specific CTL-TALs (5). Its presence in the assay aimed to
balance the exogenous E39 concentration delivered to T2 cells.
The results of primary stimulation show an individual-dependent pattern of lytic responses to activation by E39. Donor 1
responded with weak E39-specific CTL activity, donor 2 responded with high levels of E39-specific CTL activity, whereas
donor 3 showed no response to E39 in a 5-h CTL assay. The
presence of activated E39-specific CTLs was confirmed in donor 3 by retesting the CTL lysis in a 20-h assay. These results
indicate that E39 precursors are present in the peripheral blood
of healthy donors, and in a fraction of donors, they can be
rapidly activated by peptide to exhibit E39-specific lysis.
To determine whether DC peptide stimulation can induce
IFN-g, PBMCs from donor 1 were stimulated in a separate
experiment with DC-E39 and DC-E41. DC-NP and DC-E75
(HER-2 peptide) were used as negative and positive controls,
respectively. The results (Fig. 6) show that E41 was more potent
than E39 in induction of IFN-g from T cells of this donor within
48 h after primary stimulation. IFN-g levels secreted in response
to E41 were similar to levels induced by E75. The weak IFN-g

Fig. 5 E39 recognition by primary E39-stimulated PBMCs from three
healthy donors. Autologous DCs were used as APCs. T2 cells were
pulsed with E39 (Œ) or control E71 (E) peptide at 25 mg/ml. Results are
from 5-h (A–C) and 20-h (D) CTL assays. Experimental conditions are
as described in “Materials and Methods.”

stimulatory ability of E39 was confirmed with another donor
(data not shown). IFN-g production in response to E39 and E41
was not detected within the first 6 h of peptide stimulation,
suggesting that activated E39/E41-specific CTLs are not present
in this healthy donor.
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Fig. 6 A, E39 and E41 induced IFN-g from
isolated CD81 cells of healthy donors. Peptides
were presented by autologous CD14-derived
DCs for 48 h in the absence of IL-2 or IL-12.
E75 at the same concentration was used as positive control. B and C, E39 and E41 at 50 mg/ml
rapidly induce IP-10 from isolated CD81 cells
(B) or isolated PBMCs from distinct healthy
donors. Results indicate pg/ml, 106 cells. HER-2
peptide E75 was used as a positive control.

Because different CD81 functions are sensitive to different
levels of Ags, we determined in parallel from the same culture
supernatants the presence of the antiangiogenic chemokine IP10. IP-10 was detected within 6 h of stimulation from this donor
in response to both E39 and E41 (Fig. 6B). Induction of IP-10 by
E39 and E41 was confirmed with a second donor (Fig. 6C).
There were differences in the levels of response to E39 and E41
between these two donors, suggesting that factors independent
of the peptide sequence control the immunogenicity of FBP
epitopes. These results indicate that E39 and E41 are immunogenic and can activate distinct effector functions in PBMCs
from healthy donors, a property that makes FBP valuable for
cancer vaccine development.

DISCUSSION
In this study, we found that freshly cultured ovarian and
breast TALs, not previously subjected to Ag stimulation
(anti-CD3, autologous tumor) in vitro, recognize FBP peptides, and most consistently E39 (FBP, 191–199). Cold target
inhibition studies demonstrated that the antigenic peptides
E39 and E41 are naturally expressed epitopes on ovarian
cancer cells. Together, these data prove that FBP functions as
a TAA recognized by CTL-mediated immunity in these cancers. Both immunodominant and subdominant epitopes have
been described for the HER-2 protein (4, 5). This concept
also holds for FBP, with E39 serving as an immunodominant
peptide with the most consistent and highest level of recognition among consecutive TAL populations. E41 appears to
be a subdominant epitope with high levels of recognition
among some ovarian and breast TAL cultures but not others.
These observations are important for understanding the Tcell repertoire responding to a processed tumor (self) Ag.
Identification of two CTL epitopes on FBP may proffer a
selective advantage for its use for cancer vaccination studies
because FBP is expressed in outbred populations. In other
systems of immunological disease under CD81 cell control,
shifts in epitope dominance have been described recently and
may be favorable or unfavorable predictors of disease outcome (27). Therefore, strategies to enhance immunity to
tumors may need to be adjusted based on the presence of
individual epitopes (27).

Analysis of FBP peptide immunogenicity indicated that
E39 has the ability to activate both major CTL effector functions
from TALs, i.e., cytolysis and cytokine (IFN-g) secretion. The
stimulatory effects on cytolysis were evident in two of four
OvTALs tested. E39 and E41 peptide-stimulated CTLs were
capable of lysing FBP-expressing tumors of different histologies, i.e., ovarian, colon, and pancreas. These tumors have been
shown by different groups using biochemical, immunohistochemical, and binding approaches to express FBP (16). E39stimulated OvTALs not only could recognized allogeneic HLAA21 ovarian cancer cells but also lysed other FBP-expressing
HLA-A21 epithelial colon and pancreatic cells. A common
feature of E39- and E41-specific TALs was that they induced
low levels of lysis in short term (5-h) assay but high levels of
lysis in long 20-h assays. We do not know at this time whether
this reflects the low density of E39/E41-specific CTLs in TALs
or high-density, FBP-specific CTLs that lyse targets using predominantly the Fas-FasL instead of the perforin pathway (28).
In developing an immune response to cancer, the critical
test of vaccination strategy is the ability of the Ag to activate
primary responses by naı̈ve/resting effectors. This requires
significantly stronger signaling by Ags and costimulation
than activation of memory responses or restimulation of
established effector CTL clones (i.e., from CTL-TALs; Ref.
29). Primary in vitro stimulation of T cells from PBMCs of
healthy donors with autologous DCs pulsed with E39 resulted
in induction of specific recognition of E39 in cytolytic assays, in addition, because it stimulated both IFN-g and IP-10
secretion. The latter was more sensitive than IFN-g secretion
to FBP. Because IP-10 and other non ELR-CXC chemokines
have been implicated in angiostasis and tumor regression
(30), our results indicate that FBP may bear a significant
immunogenic potential. The fact that IP-10 was detected at a
time (6 h) when IFN-g in culture was not detectable deserves
further consideration. Another possibility is that low levels of
IFN-g were absorbed or consumed. Another possibility is
that IP-10 induction in CD81 cells may not require IFN-g,
because it was demonstrated that IFN-g is not absolutely
necessary for in vivo IP-10 expression (31). Furthermore,
stimulation of OvTALs with DC-E39 resulted in rapid amplification of OvTAL specificity for E39 compared with
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control DC-NP stimulation.4 These results indicate that E39
is immunogenic, in vitro, in peptide form when DCs are used
as APCs, and activation induced by E39 and E41 may condition the environment for type 1 cytokine response by attracting CD41 cells of Th1 phenotype (32). This response
may protect from Th2 cytokine-induced tolerance.
In contrast with E39, E41 activated IFN-g production in
both PBMCs and TALs, but its stimulatory effects on cytolysis
were weak. It should be noted that both E39 and E41 stimulated
TAL proliferation. This suggests that E39 and E41 may have
distinct effects in activation of different effector functions. The
weak IFN-g response induced by E39 compared with E41 may
indicate that memory E39-specific CTLs are present with low
frequency in healthy donors (26), but also that E41 has a
stronger activating ability of APC/T cells for IFN-g production.
The reasons for the different effects of E39 and E41 in activation of CTL effector functions are under investigation. E41
binding affinity to HLA-A2 is only slightly lower than E39.
Furthermore, OvTALs recognized E39 and E41 at similar levels, but E39 specificity was detected more frequently in four of
four versus two of four TALs, respectively. It is possible that the
resistance of certain TALs to stimulation by E41 (and sometimes by E39) reflects the presence in these patients of functionally silenced CTL clones. Thus, E41-specific CTLs may be
tolerized more frequently or more extensively. Such CTLs are
currently described in studies with conventional Ags, whereas
attempts are being made to devise approaches to reactivate their
silenced functions (27, 29). The facts that the functional silencing of these clones is attributed to either Ag stimulation in the
absence of costimulation (29) or lack of epitope-specific helper
CD41 cells (33), or cytokine (IL-4, IL-10, and transforming
growth factor b)-induced tolerance (34) may be relevant to the
FBP system.
One of the most promising aspects of epithelial cancer
vaccine development is that epithelial tumors share common
CTL-recognized epitopes, indicating that a TAA-specific vaccine may be widely applicable. Our results show that E39stimulated OvTALs lyse ovarian, colon, and pancreatic tumor
lines. Because FBP is overexpressed in 90% of ovarian and
50 –70% of breast cancers, these results further illustrate the
clinical potential for targeting a widely expressed tumor Ag
like FBP.
FBP was originally identified independently by three lines
of investigation (reviewed in Ref. 19) as: (a) the LK26 Ag (16);
(b) the Ag recognized by MOv18 and MOv19 mAbs (32); and
(c) the high-affinity FBP from placenta and KB carcinoma cell
lines (17). The true extent of FBP expression is still unknown
because the mAbs currently used require more complex techniques than simple immunofluorescence staining to detect FBP
(18). Because of some intrinsic differences between the LK26,
MOv18, and MOv19 mAbs, different levels of FBP expression
on some tumors have been reported. There is general agreement
that only low levels of FBP expression exist in some normal
tissues such as choroid plexus, lung, thyroid, kidney, and sweat
glands.

4

D-K. Kim and C. G. Ioannides, manuscript in preparation.

High levels of FBP are preferentially expressed in a wide
range of cancerous tissue (18). The reason for this differential
expression is unknown, but one hypothesis involves the upregulation of the folate receptor to compensate for the loss of the
alternative folate processing pathway involving the tetrahydrofolate reductase gene, which is frequently deleted in cancer cells
(35, 36). The highest levels of expression of FBP have been
found in ovarian carcinomas, with .90% of all ovarian carcinomas expressing elevated levels of this protein. The levels of
overexpression have been shown to be .20 fold that of normal
tissue routinely and reported to be as high as 80 –90-fold in one
study (18, 19). The extent of FBP expression in other tumors is
probably underestimated, as alluded to above; however, multiple tumor types have been shown to overexpress the LK26/FBP
Ag, including 20 –50% of colorectal, breast, lung, and renal cell
carcinomas, as well as many other tumor types (19).
Soluble peptide vaccines with a single peptide CTL epitope
and immunoadjuvant are currently in trials for both melanoma
(37) and the E75, HER-2 peptide (38). The complete response
data are not yet available. Early results indicate that in the use
of tumor peptide E75 as immunogen with incomplete Freund or
granulocyte/macrophage-colony stimulating factor as adjuvant
may not lead to tumor-specific CTL and clinical responses (38,
39). Because FBP peptides are recognized by freshly isolated
OvTALs that are activated in vivo and lyse autologous tumors,
development of approaches for in vitro and in vivo activation of
CTLs by those peptides becomes a key issue. Immunogenicity
for CTL induction is dependent on the Ag sequence and the
delivery system to APCs. Although some conventional or viral
Ag (e.g., influenza) can induce CTLs by helper-independent,
costimulation-independent mechanisms (33), the majority of
known tumor peptides require costimulatory signals (from APC
molecules or cytokines; Ref. 40) or Ag modification to induce
CTL differentiation (29). The fact that E39 can activate both
TALs and PBMCs suggests that E39 is a potentially immunogenic epitope for pCTL activation.
We are currently investigating the dominant and subdominant epitopes from both HER-2/neu (E75, GP2, and C85) and
FBP (E39 and E41) in parallel to determine the immunogenicity
of each of these epitopes to induce primary CTLs with tumor
killing ability and the requirement for proinflammatory cytokines, such as IL-12, in activating APCs or reversing tolerance.
We are also investigating the possibility of immune-gene therapy for these types of epitopes by delivering the minimal CTL
epitope together with the endoplasmic reticulum translocation
sequence using vaccinia vectors to the APCs and proteasome
inhibitors to enhance targeting of the epitope precursor protein
to the MHC-I processing and presentation pathway.
As effective delivery systems are developed, the key to a
successful epithelial cancer vaccine still depends on the discovery of CTL-recognized TAAs to be targeted with the vaccine. In
conclusion, FBP serves as an endogenous source of CTL-recognized and CTL-stimulatory epitopes, which are naturally expressed on a large number of epithelial tumors. Because FBP is
overexpressed with high frequency, FBP peptides E39 and E41
may serve as the basis of a widely applicable epithelial cancer
vaccine. Clinically, these findings would support the development of a polyspecific vaccine composed of dominant and
subdominant peptides from either a single or multiple TAAs.

Downloaded from clincancerres.aacrjournals.org on September 23, 2015. © 1999 American Association for Cancer
Research.

4222 Immunogenic Folate Binding Protein Epitopes

ACKNOWLEDGMENTS
We thank Drs. Georgia Thomas and Catherine A. O’Brian for
critical reading of the manuscript and helpful comments.

REFERENCES
1. Hoover, H. C., Jr., Bandhorst, J. S., Peters, L. C., Surdyke, M. G.,
Takeshita, Y., Madariaga, J., and Muenz, L. R. Adjuvant active specific
immunotherapy for human colorectal cancer: 6.5-year median follow-up
of a phase III prospectively randomized trial. J. Clin. Oncol., 11:
390 –399, 1993.
2. Berd, D., Kairys, J., Dunton, C., Mastrangelo, M. J., Sato, T., and
Maguire, H. C., Jr. Autologous, hapten-modified vaccine as a treatment
for human cancers. Semin. Oncol., 25: 646 – 653, 1998.
3. Linehan, D. C., Goedegebuure, P. S., and Eberlein, T. J. Vaccine
therapy for cancer. Ann. Surg. Oncol., 3: 219 –228, 1996.
4. Peoples, G. E., Goedegebuure, P. S., Smith, R., Linehan, D. C.,
Yoshino, I., and Eberlein, T. J. Breast and ovarian cancer-specific
cytotoxic T lymphocytes recognize the same HER2/neu-derived peptide. Proc. Natl. Acad. Sci. USA, 92: 432– 436, 1995.
5. Fisk, B., Blevins, T. L., Wharton, J. T., and Ioannides, C. G. Identification of an immunodominant peptide of the HER-2/neu protooncogene recognized by ovarian tumor specific CTL lines. J. Exp. Med.,
181: 2709 –2717, 1995.
6. Ioannides, C. G., Fisk, B., Fan, D., Biddison, W. A., Wharton, J. T.,
and O’Brian, C. A. Cytotoxic T cells isolated from ovarian malignant
ascites recognize a peptide derived from the HER-2/neu proto-oncogene. Cell. Immunol., 151: 225–234, 1993.
7. Jerome, K. R., Domenech, N., and Finn, O. J. Tumor-specific CTL
clones from patients with breast and pancreatic adenocarcinoma recognize EBV-immortalized B cells transfected with polymorphic epithelial
mucin cDNA. J. Immunol., 151: 1653–1662, 1993.
8. Linehan, D. C., Goedegebuure, P. S., Peoples, G. E., Rogers, S. O.,
and Eberlein, T. J. Tumor-specific and HLA-A2-restricted cytolysis by
tumor-associated lymphocytes in human metastatic breast cancer. J. Immunol., 155: 4486 – 4491, 1995.
9. Yoshino, I., Peoples, G. E., Goedegebuure, P. S., DiMaio, J. M.,
Gazdar, A. F., and Eberlein, T. J. HER/neu-derived peptide(s) are shared
antigens among human non-small cell lung cancer and ovarian cancer.
Cancer Res., 54: 3387–3390, 1994.
10. Peiper, M., Goedegebuure, P. S., Linehan, D. C., Ganguly, E.,
Douville, C. C., and Eberlein, T. J. The HER2/neu-derived peptide
p654 – 662 is a tumor-associated antigen in human pancreatic cancer
recognized by cytotoxic T lymphocytes. Eur. J. Immunol., 27: 1115–
1123, 1997.
11. Peoples, G. E., Smith, R. C., Linehan, R. C., Yoshino, I., Goedegeguure, P. S., and Eberlein, T. J. Shared T cell epitopes in epithelial
tumors. Cell. Immunol., 164: 279 –286, 1995.
12. Ioannides, C. G., Fisk, B., Pollack, M., Frazier, M. L., Wharton,
J. T., and Freedman, R. S. Cytotoxic T cell clones isolated from ovarian
tumor infiltrating lymphocytes recognize common determinants on allogeneic tumors. Implication for identification of TIL defined Ag on
tumors. Scand. J. Immunol., 37: 413– 424, 1993.
13. Slamon, D. J., Godolphin, W., Jones, L A., Holt, J. A., Wong, S. G.,
Keith, D. E., Levin, W. J., Stuart, S. G., Udove, J., Ullrich, A., and Press,
M. F. Studies of the HER-2/neu oncogene in human breast and ovarian
cancer. Science (Washington DC), 244: 707–712, 1989.
14. Rettig, W. J., Cordon-Cardo, C., Koulos, J. P., Lewis, J. L., Oettgen,
H. F., and Old, L. J. Cell surface antigens of human trophoblast and
choriocarcinoma defined by monoclonal antibodies. Int. J. Cancer, 35:
469 – 475, 1985.
15. Elwood, P. C. Molecular cloning and characterization of the human
folate binding protein cDNA from placenta and malignant tissue culture
(KB) cells. J. Biol. Chem., 264: 14893–14901, 1989.
16. Weitman, S. D., Lark, R. H., Coney, L. R., Fort, D. W., Frasca, V.,
Zurawski, V. R., and Kamen, B. A. Distribution of the folate receptor
GP38 in normal and malignant cell lines and tissues. Cancer Res., 52:
3396 –3401, 1992.

17. Garin-Chesa, P., Campbell, I., Saigo, P. E., Lewis, J. L., Old, L. J.,
and Rettig, W. J. Trophoblast and ovarian cancer antigen LK26. Sensitivity and specificity in immunopathology and molecular identification
as a folate binding protein. Am. J. Pathol., 142: 557–567, 1993.
18. Li, P. Y., Del Vecchio, S., Fonti, R., Carriero, M. V., Potena, M. I.,
Botti, G., Miotti, S., Lastoria, S., Menard, S., Colnaghi, M. I., and
Salvatore, M. Local characterization of folate binding protein GP38 in
sections of human ovarian carcinoma by in vitro quantitative autoradiography. J. Nucl. Med., 37: 665– 672, 1996.
19. Peoples, G. E., Anderson, B. W., Fisk, B., Kudelka, A. P., Wharton,
J. T., and Ioannides, C. G. Ovarian cancer-associated lymphocyte recognition of folate binding protein peptides. Ann. Surg. Oncol., 5:
743–750, 1998.
20. Peoples, G. E., Goedegebuure, P. S., Andrews, J. V. R., Schoof,
D. D., and Eberlein, T. J. HLA-A2 presents shared tumor-associated
antigens derived from endogenous proteins in ovarian cancer. J. Immunol., 15: 5481–5491, 1993.
21. Fisk, B., Chesak, B., Pollack, M. S., Wharton, J. T., and Ioannides,
C. G. Oligopeptide induction of a cytotoxic T lymphocyte response to
HER-2/neu proto-oncogene in vitro. Cell. Immunol., 157: 415– 427,
1994.
22. Ioannides, C. G., Ioannides, M. G., and O’Brian, C. A. T cell
recognition of oncogene products. Mol. Carcinog., 6: 77– 81, 1992.
23. Henderson, R. A., Michel, H., Sakaguchi, K., Shabanowitz, J.,
Appella, E., Hunt, D. F., and Engelhard, V. H. HLA 2.1-associated
peptides from a mutant cell line: a second pathway of antigen presentation. Science (Washington DC), 255: 1264 –1266, 1992.
24. Pickl, W. F., Majdic, O., Kohl, P., Stockl, J., Tiedl, E., Scheinecker,
C., Bello-Fernandes, C., and Knapp, W. Molecular and functional
characteristics of dendritic cells generated from highly purified CD141
peripheral blood monocytes. J. Immunol., 157: 3850 –3859, 1996.
25. Anderson, B. W., Swearingen, B. J., Wharton, J. T., and Ioannides,
C. G. Primary generation of human antitumor CTL by a HLA-A2restricted HER-2 peptide. Proc. Am. Assoc. Cancer Res., 38: A1606,
1997.
26. Stephan, O., and Brduscha-Riem, K. Differentiation of naı̈ve CTL
to effector and memory CTL: correlation of effector function with
phenotype and cell division. J. Immunol., 161: 5338 –5346, 1998.
27. Zajac, A. J., Blattman, J. N., Murali-Krishna, K., Sourdive, D. J. D.,
Suresh, M., Altman, J. D., and Ahmed, R. Viral immune evasion due to
persistence of activated T cells without effector function. J. Exp. Med.,
188: 2205–2213, 1998.
28. Shresta, S., Pham, C. T. N., Thomas, D. A., Graubert, T. A., and
Ley, T. J. How do cytotoxic lymphocytes kill their targets? Curr. Opin.
Immunol., 10: 581–587, 1998.
29. Dyall, R., Bowne, W. B., Weber, L. W., LeMaoult, J., Szabo, P.,
Moroi, Y., Piskun, G., Lewis, J. J., Houghton, A. N., and Nikolic-Zugic,
J. Heteroclitic immunization induces tumor immunity. J. Exp. Med.,
188: 1553–1561, 1999.
30. Arenberg, D. A., Kunkel, S. L., Polverini, P. J., Morris, S. B.,
Burdick, M. D., Glass, M. C., Taub, D. T., Iannettoni, M. D., Whyte,
R. I., and Strieter, R. M. Interferon-g-inducible protein 10 (IP-10) is an
angiostatic factor that inhibits human non-small cell lung cancer
(NSCLC) tumorigenesis and spontaneous metastases. J. Exp. Med., 184:
981–992, 1996.
31. Gangur, V., Simons, F. E. R., and Hayglass, K. T. Human IP-10
selectively promotes dominance of polyclonally activated and environmental antigen-driven IFN-g over IL-4 responses. FASEB J., 12: 705–
713, 1998.
32. Biddison, W. E., Cruikshank, W. W., Center, D. M., Pelfrey, C. M.,
Taub, D. D., and Turner, R. V. CD81 myelin peptide-specific T cells
can chemoattract CD41 myelin peptide-specific T cells: importance of
IFN-inducible protein 10. J. Immunol., 160: 444 – 448, 1998.
33. Toes, R. E. W., Ossendorp, F., Offringa, R., and Melief, J. M. CD4
T cells and their role in antitumor immune responses. J. Exp. Med., 189:
753–756, 1999.
34. Subash, S., Li, L., and Mosmann, T. R. Cytokine-deficient CD81
Tc1 cells induced by IL-4. J. Immunol., 159: 606 – 613, 1997.

Downloaded from clincancerres.aacrjournals.org on September 23, 2015. © 1999 American Association for Cancer
Research.

Clinical Cancer Research 4223

35. Coney, L. R., Tomassetti, A., Carayannopoulos, L., Frasca, V.,
Kamen, B. A., Colnaghi, M. I., and Zurawski, V. R. Cloning of a
tumor-associated antigen: MOv18 and MOv19 antibodies recognize a
folate-binding protein. Cancer Res., 51: 6125– 6132, 1991.
36. Ottone, F., Miotti, S., Bottini, M., Perego, P., Colnaghi, M. I., and
Menard, S. Relationship between folate-binding protein expression and
cisplatin sensitivity in ovarian carcinoma cell lines. Br. J. Cancer, 76:
77– 82, 1997.
37. Clay, T. M., Custer, M. C., McKee, M. D., Parkhurst, M., Robbins,
P. F., Kerstann, K., Wunderlih, J., Rosenberg, S. A., and Nishimura,
M. I. Change in the fine specificity of gp100 (209 –217)-reactive T cells
in patients following vaccination with peptide modified at an HLA-A2.1
anchor residue. J. Immunol., 162: 1749 –1755, 1999.

38. Anderson, B., Lu, J., Ibrahim, N., Hortobagyi, G., Brewer, H.,
Przepiorka, D., Ioannides, C. G., Grabstein, K., Cheever, M., and
Murray, J. Immunomodulating effects of a HER2/neu derived HLA-A2
specific peptide E75 combined with GM-CSF in patients with metastatic
breast and ovarian cancer. Proc. Am. Soc. Clin. Oncol., in press, 1999.
39. Zaks, T. Z., and Rosenberg, S. A. Immunization with peptide
epitope (p369 –377) from HER-2/neu lead to peptide-specific cytotoxic
T lymphocytes that fail to recognize HER-2/neu 1 tumor. Cancer Res.,
58: 4902– 4908, 1998.
40. Maxwell, J. R., Campbell, J. D., Kim, C. H., and Vella, A. T. CD40
activation boosts T cell immunity in vivo by enhancing T cell clonal
expansion and delaying peripheral T cell deletion. J. Immunol., 162:
2024 –2034, 1999.

Downloaded from clincancerres.aacrjournals.org on September 23, 2015. © 1999 American Association for Cancer
Research.

Vaccine Implications of Folate Binding Protein, a Novel
Cytotoxic T Lymphocyte-recognized Antigen System in
Epithelial Cancers
George E. Peoples, Brett W. Anderson, Tom V. Lee, et al.
Clin Cancer Res 1999;5:4214-4223.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/5/12/4214

This article cites 39 articles, 22 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/5/12/4214.full.html#ref-list-1
This article has been cited by 7 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/5/12/4214.full.html#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, contact the AACR Publications
Department at permissions@aacr.org.

Downloaded from clincancerres.aacrjournals.org on September 23, 2015. © 1999 American Association for Cancer
Research.

