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NY-ESO-1 is a “cancer-testis” antigen expressed in epithelial ovarian
cancer (EOC) and is among the most immunogenic tumor antigens
defined to date. The NY-ESO-1 peptide epitope, ESO1s7-170, is recog-
nized by HLA-DP4-restricted CD4+ T cells and HLA-A2- and A24-
restricted CD8* T cells. To test whether providing cognate helper
CD4* T cells would enhance the antitumor immune response, we
conducted a phase | clinical trial of immunization with ESO157-170
mixed with incomplete Freund’s adjuvant (Montanide ISA51) in 18
HLA-DP4+ EOC patients with minimal disease burden. NY-ESO-1-
specific Ab responses and/or specific HLA-A2-restricted CD8+ and
HLA-DP4-restricted CD4* T cell responses were induced by a course of
at least five vaccinations at three weekly intervals in a high propor-
tion of patients. There were no serious vaccine-related adverse
events. Vaccine-induced CD8* and CD4* T cell clones were shown to
recognize NY-ESO-1-expressing tumor targets. T cell receptor analysis
indicated that tumor-recognizing CD4* T cell clones were structurally
distinct from non-tumor-recognizing clones. Long-lived and func-
tional vaccine-elicited CD8* and CD4* T cells were detectable in some
patients up to 12 months after immunization. These results confirm
the paradigm that the provision of cognate CD4* T cell help is
important for cancer vaccine design and provides the rationale for a
phase Il study design using ESO1s7-170 epitope or the full-length
NY-ESO-1 protein for immunotherapy in patients with EOC.

HLA-DP4 | peptide epitope | tumor recognition | vaccine

here is increasing evidence that the immune system has the
ability to recognize tumor-associated antigens expressed in
human malignancies and to induce antigen-specific humoral and
cellular immune responses to these targets. In epithelial ovarian
cancer (EOC), support for the role of immune surveillance of
tumors comes from our recent observation indicating that the
presence of intraepithelial CD8*-infiltrating T lymphocytes in
tumors is associated with improved survival of patients with the
disease (1). Although the majority of women with advanced-stage
ovarian cancer respond to first-line chemotherapy, most of these
responses are not durable, and >70% of patients die of recurrent
disease within 5 years of diagnosis. Therefore, the development of
strategies to enhance the potential of tumor antigen-specific CD8*
T and CD4* T cells is urgently needed for extending remission rates
in this disease. In this regard, cancer-testis antigens, a unique class
of antigens that demonstrate high levels of expression in adult male
germ cells but generally not in other normal adult tissues and
aberrant expression in a variable proportion of a wide range of
different cancer types, are promising candidates for immunother-
apy. Among cancer-testis antigens, NY-ESO-1 (2) is one of the most
spontaneously immunogenic tumor antigens described so far. Pre-
viously, we reported that NY-ESO-1 is a promising target for
specific immunotherapy of EOC (3).
Although the majority of cancer vaccine trials have focused on
eliciting antigen-specific CD8" T cells, a growing body of evidence
indicates that CD4* T cells play a pivotal role in orchestrating these
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responses. The multiple roles of antigen-specific CD4" T cells
include the provision of help to CD8 T cells during the primary
and secondary immune responses, direct cytolysis, and activation of
B cells for production of tumor antigen-specific Abs. Therefore, we
have focused on the NY-ESO-1 epitope, ESO157-170, @ naturally
processed helper epitope that is recognized by CD4* T cells in the
context of HLA-DPB1*0401 and *0402 (4), prevalent MHC class
II alleles present in ~43-70% of Caucasians. Moreover, the NY-
ESO-1 HLA-DP4 epitope has HLA-A2 (ESOis7-165) (5) and
HLA-A24 (ESOiss-166) (6) motifs embedded in its natural se-
quence. In this study, we evaluated whether active immunization
with ESOjs7_170 would elicit NY-ESO-1-specific CD4* and CD8*
T cell responses in ovarian cancer patients with minimal disease
burden. In addition, we characterized NY-ESO-1-specific CD8*
and CD4* T cell receptor (TCR) repertoires in conjunction with
functional analysis of vaccine-elicited T cell clones.

Results

Patients. Eighteen EOC patients (HLADPB1*0401 or *0402) with
NY-ESO-1-expressing tumors who had completed adjuvant che-
motherapy for primary or recurrent disease were entered into the
trial (protocol no. LUD02-011), which was sponsored by the Cancer
Vaccine Collaborative program of the Cancer Research Institute/
Ludwig Institute for Cancer Research (www.cancerresearch.org).
All patients gave written informed consent and were able to be
evaluated for toxicity and immunological and tumor response. Nine
patients were either HLA-A2 or HLA-A24 (HLA-A2, five; HLA-
A24, five; HLA-A24 and -A2, one). The majority of patients
presented with grade 3 tumors (89%) at stage IIIC (89%) with
serous histology (94%), and 45% had received two to eight previous
lines of chemotherapy. Additional patient characteristics are pre-
sented in supporting information (SI) Table 2.

Toxicity. No major (more than grade II) treatment-related toxicity
was observed in any patient. Transient injection site pain was seen
in all patients, and systemic hypersensitivity reactions were not
observed.
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Vaccination with NY-ESO-1157-170 in Combination with Incomplete
Freund’s Adjuvant (IFA) Generates Anti-NY-ESO-1 Abs. Three patients
(nos. 3, 12, and 17) were baseline seropositive for anti-NY-ESO-1
Ab, and all three remained seropositive during the course of
immunization (Fig. 1). Ab titers for patient 3 increased from 1:360
at baseline to a peak of 1:2,000; Ab titers for patient 17 increased
from 1:4,500 to 1:15,000 with immunization; and patient 12 became
seronegative 1 year after completing immunization. Two baseline
seronegative patients converted to seropositive during the course of
immunization. Patient 10 became seropositive on day 274 (after 11
vaccinations) with a titer of 1:1,500 and peaking at 1:4,500 after 14
immunizations. Patient 13 became seropositive on day 169 (after 7
vaccinations) with a titer of 1:380, increasing to a titer of 1:31,108
after 11 immunizations. The patient also became seropositive for
LAGE-1 on day 211 (1:1,228), increasing to 1:15,873 on day 274
(Fig. 1). Serological responses to unrelated recombinant proteins
MAGE-1, -3, -4, and -10 were used as internal controls. Although
patient 16 was seropositive for MAGE-1 at baseline, there was no
increase in Ab titer during the course of NY-ESO-1 immunization.
However, the patient developed weakly detectable Ab to LAGE-1
long after completion of vaccine therapy (Fig. 1).

Vaccination with NY-ESO-1457-170 in Combination with IFA Evokes a
Strong CD4+ T Cell Response. Induction of specific CD4* T cells was
analyzed by IFN-y enzyme-linked immunospot (ELISPOT) and
intracellular staining after a single in vitro stimulation with
ESO;s7-170. Patients 1 and 3 had preexisting peptide-reactive CD4*
T cells, and patient 3 was also baseline seropositive for NY-ESO-1
(SI Table 3). In both patients, the frequency of peptide reactive
CD4" T cells increased during the course of immunization.
Of the remaining 16 patients, 13 demonstrated detectable
ESO;s7_170-reactive CD4* T cells during the course of immuniza-
tion (SI Table 3). The data indicate that ESO;s7_170-reactive CD4*
T cells could be detectable by IFN-y ELISPOT as early as the third
(day 43) vaccination in the majority of patients. As shown in Fig. 24,
there was a significant relationship between the number of vaccines
and the maximal number of detectable ESO;57_i70-reactive CD4"
T cells (Kendall’s 7; P = 0.003). In the example shown, patient 18
completed all 15 vaccinations, and ESO;s7_j70-reactive CD4* T
cells were detected by IFN-v intracellular staining (ICS) (Fig. 2B)
and confirmed by IFN-y ELISPOT (SI Fig. 7). Together, the data
show that the proportion of patients with CD4* T cell response at
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Fig. 1. NY-ESO-1 serum Ab was assessed by ELISA before and
aftervaccination. Two baseline seronegative patients (10 and 13)
converted to seropositive during the course of immunization.

the end of the study (83%) was significantly greater than the
proportion at the start of therapy (11%) (McNemar’s test; P =
0.0009).

CD4+ T Cells Induced by Vaccination with NY-ESO-1457_170 in Combi-
nation with IFA Recognize Tumor Targets. We previously showed that
peptide vaccine-induced, NY-ESO-1;57_170-specific CD4* T helper
1 (Th1) cells had limited capacity in recognizing naturally processed
NY-ESO-1 protein in two patients using IFN-y ELISPOT (7). We
extended this analysis to functional tumor recognition by vaccine-
induced NY-ESO-1;s7_170-specific CD4* T cells in additional pa-
tients. The results showed that NY- ESO-1457_170-specific CD4™ T
cells induced by immunization were able to recognize tumor targets
more by production of IFN-y than TNF-a. In the example shown
in Fig. 3 for patient 18, vaccine-induced polyclonal NY-ESO-1;s7_
170-specific CD4* T cells were able to recognize DP4*ESO*
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Fig. 2. CD4" T cell response to ESO1s7-170 vaccine. (A) There is a significant
relationship between the number of vaccines and the maximal number of
detectable ESOqs7_170-reactive CD4" T cells (P = 0.002) when data from all
patients are examined cumulatively. (B) CD4* T cells were stimulated with
ESO157-170 peptide and tested against target cells (T-APC loaded with
ESO157-170 peptide or irrelevant peptide Flu NP2gg-_229, Flu NP) by IFN-vy ICS.
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Tumor recognition by vaccine-induced CD4" T cells. (A) ESO157-170-specific CD4" T cells were assessed for recognition of ESO*DP4* SK-Mel-37 or

ESO~VeDP4" SK-Mel-23 by intracellular TNF-a staining. (B) Reactivity of CD4" T cell clones to ESO1s7-170 peptide with concentration ranging from 10 uM to 1 nM.
(C) Only clone 5-B-8 recognized SK-Mel-37, and SK-Mel-23 was only recognized by all clones when pulsed with ESO1s57-170. (D and E) Assessment of tumor

recognition by IFN-vy ICS.

SK-Mel-37 tumor line, but not DP4*ESO~ SK-Mel-23 tumor line
(Fig. 34). To confirm this observation, ESO;s7_170-reactive CD4™*
T cells were sorted by using IFN-vy capture and cloned by limiting
dilution. We identified four clones that showed ESO;s7_170-specific
response by using a peptide-pulsed, target antigen-presenting cell
(T-APC). All of the clones (3-B-5, 2-C-10, 5-B-8, and 8§-H-12) could
recognize as little as 0.1 uM ESO1s7-179 peptide (Fig. 3B). Although
all clones recognized SK-Mel-23 when pulsed with ESOjs7_179
peptide, only clone 5-B-8 strongly recognized SK-MEL-37 by IFN-vy
ELISPOT (Fig. 3C), intracellular IFN-y, and TNF-« (Fig. 3 D and
E). Clones 2-C-10 and 3-B-5 (with higher avidity than clone 5-B-8)
and clone 8-H-12 (with lower avidity than 5-B-8) did not recognize
SK-Mel-37 or SK-Mel-23 (Fig. 3 D and E). Up to 24% and 5% of
IFN-vy-secreting 5-B-8 cells also were positive for TNF-« and IL-2,
respectively, whereas only 0.6%, 0.3%, and 0.3% were positive for
IL-4, -5, and -10, respectively (SI Fig. 8). These results indicate a
predominant Thl cytokine differentiation of ESO1s7_170 peptide
vaccine-induced CD4* T cells. In another example from patient 8,
polyclonal ESO;s7_170-reactive CD4* T cells (SI Fig. 9) recognized
SK-Mel-37 by IFN-y ELISPOT and ICS.

Vaccination with NY-ESO-1457-170 in Combination with IFA Induces
HLA-A2-Restricted NY-ESO-1-Specific CD8+ T Cells. We sought to
determine whether ESO;s7_17 peptide vaccine in combination with
IFA also induced HLA-A2-restricted (ESO;s7-165) and/or HLA-
A24-restricted (ESO1s5-1656) CD8* T cell responses in immunized
patients. There was no demonstrable HLA-A24-restricted CDS8* T
cell reactivity by A24/ESOjss_166 multimer and IFN-y ELISPOT.
Although patient 10 had weakly detectable CD8* T cells on day 85
by using A2/ESO;s7_165 multimer (0.19%), there was no evidence
of IFN-y production by ELISPOT or ICS (data not shown). In
contrast, patients 2, 14, and 18 clearly demonstrated CD8* T cell
reactivity by A2/ESOj57_165s multimer, ELISPOT, and ICS (example
from patient 18 shown in Fig. 4). Overall, the results indicate
induction of HLA-A2-restricted CD8* T cells by ESO1s57_179 in
three of the five (60%) HLA-A2* patients and in none of the five
HLA-A24" patients.

Vaccine-Induced NY-ESO-1-Specific CD8+ T Cells Also Recognize Tumor
Targets. To characterize the effector function of vaccine-elicited
CD8" T cells from patient 18, tetramer-reactive cells were tested for
IFN-y and CD107 after coculture with autologous ESOjs7_i6s-
loaded T-APC. As shown in Fig. 54, we observed IFN-yand CD107
only when CD8™" T cells encountered ESO157-165 but not irrelevant
flu peptide. In addition, although not all ESO;s57_160 tetramer-
reactive cells demonstrated effector function, a significant propor-
tion (=65%) was positive for IFN-y and/or CD107. This polyclonal
population of CD8" ESO;s7_169 tetramer-reactive cells also recog-
nized MZ-MEL-19 (HLA-A2* and NY-ESO-17%), but not SK-
MEL-23 (HLA-A2* and NY-ESO-17) (Fig. 5B). To determine
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tumor recognition at the clonal level, CD8* ESOy57_165 tetramer-
reactive cells were cloned by limited dilution. Four clones (2-5-C,
3-4-D, 5-5-B, and 5-6-B) showed 95-97% multimer reactivity (SI
Fig. 10). All of the cytotoxic incomplete T lymphocyte (CTL) clones
seemed to have comparable avidity for peptide (Fig. 5C) and
recognized allogeneic NY-ESO-1-expressing melanoma cells, indi-
cating that their avidity was high enough to recognize the level of
antigen expressed by tumor cells. All of the clones efficiently
recognized the HLA-A2"ESO™ cell line, MZ-MEL-19 (Fig. 5 D
and E). In contrast, none of the four clones recognized the
HLA-A2"ESO~ cell line, SK-MEL-23. A second example in SI Fig.
11 shows tumor recognition by two vaccine-elicited CD8* T cell
clones (6-C-4 and 6-G-8) from patient 2.

TCR Usage of Vaccine-Induced NY-ESO-1-Specific CD8* and CD4+ T Cell
Clones. To determine the molecular basis of tumor recognition, we
analyzed TCR diversity of clonal populations of vaccine-elicited,
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Fig. 4. CD8" T cell response to ESO1s7-179 vaccine. (A) CD8" T cells were
stimulated with ESO157_170 peptide and stained with HLA-A2/ESO157_165 multimer
or HLA-A2/Flu HAsg_gs multimer. (B) IFN-y production by ESO157-170 specific CD8™"
T cells was analyzed by ELISPOT. (C and D) Confirmation by IFN-vy ICS.
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Fig. 5. Tumor recognition by vaccine-induced CD8* T cells. (A) After vaccine,
ESO157-170-specific CD8" T cells from patient 18 were tested against ESO-1b or
irrelevant peptide Flu-HA in a CD107a/b surface and IFN-vy ICS assay. (B) HLA-A2/
ESO157-165 multimer-reactive CD8" T cells recognized HLA2*ESO™* cell line Mz-
MEL-19 but not HLA-A2*ESO~ line SK-MEL-23. (C) Reactivity of CD8* T cell clones
to ESO157-1¢5 peptide (range 10 nM to 1 pM). (D-F) All four CD8* T cell clones
recognized HLA2TESO* MZ-Mel-19 but not HLA2*ESO~ SK-Mel-23.

ESO57_165-specific CD8" CTLs and ESO;57_170-specific CD4" T
cells obtained from patient 18. For CD8* T cell clones, we found
identical usage of VB and JB, consistent with similarities in peptide
avidity and tumor recognition (Table 1). All clones also had
identical CDR3 lengths and sequences. In contrast, there was
functional clustering of TCR usage by CD4* T cells based on
tumor-recognition properties. Although TCR usage by non-tumor-
reactive clones (including the two clones with higher peptide avidity
than 5-B-§; i.e., 2-C-10 and 3-B-5) was identical (V36.1 and JB2.5),
clone 5-B-8 (able to recognize NY-ESO-1-expressing tumor cells)
used VB6.7 and JB6.7 with different CDR3 lengths and sequences
(Table 1). These results show that although peptide avidity is an
important determinant of tumor recognition by vaccine-elicited
effector cells, TCR structural diversity also is critical for effector
function.

Characterization of Long-Lived NY-ESO-1-Specific CD8* and CD4* T
Cell Responses. To determine the longevity of vaccine-induced,
NY-ESO-1-specific CD8" and CD4* T cell responses, peripheral
mononuclear cells were obtained from patients without evidence of
disease for at least 6 months after completion of vaccination. We
observed detectable NY-ESO-1-specific CD4* T cells in all patients
tested at 6 and 12 months. To address the possibility that the
observed response might not be related to ESO;s7_179 peptide
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Table 1. Assessment of TCR BV (B variable) usage of
vaccine-elicited CD8* A2/NY-ESO-1157-165 multimer T cells
and CD4+ DP4/NY-ESO-1457-170 T cells for patient 18

Clone VB CDR3B B
A2 (CD8)
2-5-C 1 CAS SPGQGPEQ YFG 2.7
3-4-D 1 CAS SPGQGPEQ YFG 2.7
5-5-B 1 CAS SPGQGPEQ YFG 2.7
5-6-B 1 CAS SPGQGPEQ YFG 2.7
DP4 (CD4)
2-C-10 (6) CAS SLVAAEGTQ YFG 25
3-B-5 (6) CAS SLVAAEGTQ YFG 2.5
5-B-8 (6) CAS SLVPDSAYEQ YFG 2.7
8-H-12 (6) CAS SLVAAEGTQ YFG 2.5

vaccination, the results were confirmed by presensitizing CD4* T
cells with a pool of 17 peptides, 20-mer in length, overlapping with
10 aa, and covering the full length of the NY-ESO-1 protein (data
not shown). As illustrated in Fig. 64, ESO;s7_170-specific CD4* T
cells were detectable in patient 2 at 6 months after the last
vaccination with ESOys7_179 peptide plus IFA. The CD4* T cells
recognized autologous T-APC cells pulsed with ESO157_179 peptide,
ESO*DP4" melanoma cell line SK-Mel-37 but not ESO~"DP4*
melanoma cell line SK-Mel-23. These results indicate that vacci-
nation with ESO;s7_17 peptide plus IFA induced long-lived tumor
reactive NY-ESO-1-specific CD4* T cells.

Next we characterized long-lived CD8" T cell responses to
ESO1s7.170 peptide plus IFA vaccination. CD8" T cells were
presensitized with ESO157_170 (DP4), ESO157_165 (ESO-lb), pooled
ESO peptides, or Flu HA peptide. HLA-A2-restricted ESO157_165-
specific CD8" T cells were detected at 6 months in patient 2 from
CD8™ T cells presensitized with either ESO-DP4 peptide or pooled
ESO peptides by A2/ESO;s7_165s multimer (SI Fig. 12). Moreover,
the A2/ESO;s7-16s multimer-reactive cells also recognized
ESO*A2* melanoma cells SK-Mel-37 and MZ-Mel-19 by IFN-y
ICS and CD107 (Fig. 6B). For patient 18, although A2/ESO;s7_165
multimer-reactive CD8™ cells were detectable 6 months after the
last immunization, at 13 months, the cells were no longer detectable
(SI Fig. 13), suggesting that vaccine-elicited CD8" T cells persisted
for at least 6 months but <1 year.

Clinical Results. The median time to disease progression/recurrence
from start of vaccination was 19.0 months (Kaplan-Meier 95%
confidence interval: 9.0 months—). Although a Cox proportional
hazards model with a time-varying covariate indicated the number
of vaccines to be significantly related to disease-free survival (log
rank, one-sided test; P = 0.035), this relationship could also be due
to the reduced number of vaccines in patients with progressing
disease. In one patient (patient 2) with measurable disease at
enrollment, there was complete regression of metastatic disease
after 10 immunizations (SI Fig. 14 A and B). This response
correlated with induction of CD4* and CD8™" T cell responses (SI
Table 3 and SI Fig. 11). However, the patient developed recurrence
of disease 8 months after discontinuation of vaccine. The patient
did not receive cytotoxic chemotherapy during these intervening 8
months. She underwent secondary tumor-reductive surgery, fol-
lowed by additional chemotherapy. Although the patient had
detectable functional NY-ESO-1-specific CD8" and CD4* T cells
6 months after vaccination (Fig. 6 and SI Fig. 12) (i.e., 2 months
before detectable recurrence) and the recurrent tumor was more
highly infiltrated by CD8* and CD4* T cells compared with the
primary tumor (SI Fig. 14 C and D), expression of NY-ESO-1 was
no longer detectable by RT-PCR or immunohistochemistry (SI Fig.
14 E and F), suggesting antigenic loss as a possible mechanism of
immune evasion in the patient.
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Fig.6. Long-lived T cellimmunity. (A) ESO157_170-specificCD4™ T cell response
at 6 months for patient 2. (B) A2/ESO1s7-16s multimer-reactive CD8* T cells
recognized SK-Mel-37 and MZ-Mel-19, but not SK-Mel-23, when tested for
CD107a/b and IFN-y by ICS.

Discussion

During the past decade, remarkable progress has been made in
understanding the interactions between the immune system and
cancer. Importantly, evidence from correlative studies indicates
that the presence of tumor-infiltrating lymphocytes may be asso-
ciated with improved clinical outcome in several human cancers,
including EOC (1, 8). In the first human study of NY-ESO-1
vaccination, ESO;s7_165 peptide in conjunction with granulocyte/
macrophage colony-stimulating factor was shown to induce HLA-
A2-restricted CD8* T cell responses in patients without preexisting
NY-ESO-1 immunity (9), although these peptide-induced CD8* T
cell responses were generally of low affinity and did not recognize
naturally processed NY-ESO-1 (10). Subsequently, recombinant
NY-ESO-1 protein in a saponin-based adjuvant (ISCOMATRIX)
was used to immunize stages III and I'V melanoma patients after
tumor resection (11). More recently, patients with a range of tumor
types were immunized with recombinant vaccinia NY-ESO-1 and
recombinant fowlpox NY-ESO-1 (12). These vaccine strategies
induced high-titered NY-ESO-1 Ab, CD4*, and CD8" T cell
responses in a high proportion of patients. Nonetheless, because of
their ease of production, peptide vaccines remain attractive candi-
dates for clinical use. In the current study, we have chosen an
NY-ESO-1-derived peptide with dual HLA class I and II specific-
ities, in combination with IFA to immunize a homogenous popu-
lation of patients with ovarian cancer.

Our results indicate that vaccination with NY-ESO-1;57_179 in-
duced integrated Ab, CD4*, and CD8* T cell responses in ovarian
cancer patients (SI Table 4). The frequency of seroconversion that
we observed is lower than that achieved with immunization with
NY-ESO-1 protein/ISCOMATRIX (11) and recombinant vaccin-
ia/fowlpox NY-ESO-1 (12) vaccines. One possible explanation for
the lower frequency of B cell responses in our study is the relatively
short length (14-mer) of the immunogen used compared with the
full-length NY-ESO-1 used in the previous studies. Moreover,
recent studies attempting to map B cell epitopes from spontaneous
or full-length NY-ESO-1 vaccine-induced responses have demon-
strated more frequent Ab responses to the N-terminal half com-
pared with the C-terminal half of NY-ESO-1 (13), the location of
the immunogen in the present study. Although induction of Ab
response may be desirable for promoting T cell responses by ir vivo
cross-priming (14), there are reports indicating that T cell responses
may be skewed to Thl type in the absence of B cell responses in
some systems (15). In this regard, our major objective of inducing

Odunsi et al.

tumor-reactive CD4* and CD8* T responses with this 14-mer
peptide was achieved.

Based on our previous observations that direct ex vivo detection
of NY-ESO-1-specific CD4* and CD8" T cells in peripheral blood
is rare (even in patients with preexisting immunity to NY-ESO-1),
we developed and optimized methods for amplifying NY-ESO-1-
specific CD4* and CD8™" T cell responses to include an in vitro
stimulation step (16, 17). The absence of detectable NY-ESO-1-
specific T cells in healthy donors and the short in vitro stimulation
step strongly suggest that NY-ESO-1-specific T cells in vaccinated
patients have been primed in vivo. Our analyses indicate that the
majority of patients developed detectable ESO;s;_170-reactive
CD4* T cells. In contrast, only 4 of 14 (29%) patients developed
class Il-restricted reactivity to a related HLA-DP4-restricted
epitope, ESO161-180, in a study by Khong et al. (18). Although this
result may be related to the differential ability of the peptides to
induce class II-restricted immune responses, only two vaccinations
were administered to the majority of patients in the study by Khong
et al. (18). Our finding indicating a significant relationship between
higher number of vaccinations and the maximal number of detect-
able ESOjs7_170-reactive CD4* T cells supports the notion that
peptide vaccination may require prolonged administration to dem-
onstrate efficacy.

A relevant finding in this study is the demonstration of tumor
recognition by vaccine-elicited CD8* and CD4* T cells. For CD8*
T cells, previous clinical studies suggest that peptide vaccination
with ESOjs7_165 and ESOqs7_167 generated NY-ESO-1-specific T
cells that recognized peptides but not tumors (18, 19). Moreover,
vaccination with ESOjs7_;67 elicited CD8" T cell responses against
a cryptic HLA-A2 epitope (amino acids 159-167) that were not
tumor-reactive (19, 20). Although we used a 14-mer peptide that
included the cryptic NY-ESO-1 epitope, we have previously shown
that the processing of longer peptides requires internalization and
the action of the proteasome (21). Thus, the requirement for
trimming 3 aa from the C terminus of ESO;s7_179 could explain why
we did not observe generation of T cells against the cryptic epitope
in the current study. Because we consistently observed induction of
CD4™" T cells in the majority of patients, we propose that simulta-
neous induction of NY-ESO-1-specific CD4" T cells might have
enhanced the effector function of vaccine-elicited CD8* T cells. In
support of this hypothesis, vaccine-elicited CD4" T cells also
demonstrated a predominant Thl cytokine profile that could
enhance the quality of CD8* T cells. In this regard, cognate CD4*
Th1 cells could provide IL-2 to CD8* T cells (22) and promote
induction of CD8" T cell responses through dendritic cell activation
by CD40-CD40L interactions (23). Because our in vitro stimulation
method for detecting NY-ESO-1-specific CD4* and CD8* T cells
does not directly detect circulating precursor cells but rather cells
proliferating in response to a cognate NY-ESO-1 epitope in vitro,
the demonstration of tumor recognition is suggestive of the poten-
tial for recall responses and in vivo antitumor efficacy.

To gain insight into the structural basis of the functional differ-
ences between CTLs elicited from previous ESO1s7-165 (ESO1b)
peptide vaccine trials and the current study, we analyzed the TCR
repertoire from one patient. Although TCR BV4.1 was dominant
in previous ESOjs7_165 (ESO1b) peptide vaccine trials (10), we
found BV1 to be dominant in the current study and a striking
homology of the CDR-3 regions of CTL clones that highly corre-
lated to similar functional characteristics, such as tumor recognition
and cytokine production. Although it is possible that differences in
TCR usage could be shaped by host factors, such as allelic poly-
morphism in TCR gene segments (24) or recognition of autologous
peptides by thymocytes in a different HLA context during negative
selection in the thymus (25), our findings suggest that simultaneous
induction of CD4* T cells by ESO;s7_170 vaccination may be
associated with recruitment of a functionally distinct repertoire of
CD8* T cells with enhanced tumor-recognizing properties.
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The generation of functional memory T cells is one of the major
goals of cancer vaccines. In our study, we detected long-lived
functional ESO;s7_179-specific CD4* T cells and ESO157_165 CD8"
T cells 6 months after completion of immunizations in all patients
and at 12 months in some patients. Although longevity of immune
responses was not addressed in previous NY-ESO-1 peptide vac-
cine studies (9, 18, 19), sustenance of vaccine-induced responses
might also be related to the dual MHC class I and II specificities of
the peptide vaccine in the current study. Importantly, it has been
reported that CD4* Th cells are required in determining the
magnitude and persistence of CTL responses (26).

Although our study was designed as a phase 1 clinical trial, we
noted encouraging clinical results. Considering that almost half of
the study population consisted of patients who received between
two and eight previous lines of chemotherapy for ovarian cancer,
the finding of median progression-free survival of 19.0 months was
striking. In general, after completion of front-line treatment for
recurrent disease, EOC patients have progressively shorter and
predictable progression-free intervals. Thus, progression-free sur-
vival after first-line iv. platinum-based chemotherapy is ~18
months (27) and is reduced significantly to 16—18 weeks in patients
receiving second-line chemotherapy (28). Nevertheless, because a
significant proportion of patients in our study still developed
progression/recurrence of disease, we question the potential mech-
anisms of immune escape in the ovarian cancer population. We
previously showed that the beneficial prognostic effect of CD8*
tumor-infiltrating lymphocytes in ovarian cancer patients is ad-
versely affected by CD4"CD25"FOXP3* regulatory T cells
(Tregs) with immunosuppressive properties (1). Although we did
not observe any significant expansion of Tregs by vaccination in the
current study (data not shown), we previously showed that vacci-
nation with an ESO57_179 peptide failed to modulate the suppres-
sive effect of Tregs on high-avidity NY-ESO-1-specific T cell
precursors (7). In the current report, we found lack of NY-ESO-1
expression in recurrent tumors in a subset of patients, suggesting
antigen loss as a potential mechanism of immune escape. Together
the findings from our previous (1, 7) and current studies argue for
future development of a multimodal immunization strategy in EOC
to (i) actively counteract the effects of Tregs, (ii) minimize tumor
antigen loss through epigenetic modulation, and (iii) incorporate
multiple antigenic targets containing CD8" and CD4" T cell
epitopes in the vaccine constructs.

Materials and Methods

Study Protocol and Patient Population. The NY-ESO-1 peptide-
based phase I clinical study (protocol no. LUD02-011) was ap-
proved by the Institutional Review Board at Roswell Park Cancer
Institute. Patients must have had histologically documented NY-

—_

. Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, Jungbluth AA, Frosina D, Gnjatic
S, Ambrosone C, et al. (2005) Proc Natl Acad Sci USA 102:18538-18543.
2. Chen YT, Scanlan MJ, Sahin U, Tureci O, Gure AO, Tsang S, Williamson B, Stockert E,
Pfreundschuh M, Old LJ (1997) Proc Natl Acad Sci USA 94:1914-1918.
3. Odunsi K, Jungbluth AA, Stockert E, Qian F, Gnjatic S, Tammela J, Intengan M, Beck A,
Keitz B, Santiago D, et al. (2003) Cancer Res 63:6076—6083.
4. Zeng G, Li Y, ElI-Gamil M, Sidney J, Sette A, Wang RF, Rosenberg SA, Robbins PF (2002)
Cancer Res 62:3630-3635.
5. Jager E, Chen YT, Drijfthout JW, Karbach J, Ringhoffer M, Jager D, Arand M, Wada H,
Noguchi Y, Stockert E, et al. (1998) J Exp Med 187:265-270.
6. Yamaguchi H, Tanaka F, Ohta M, Inoue H, Mori M (2004) Clin Cancer Res 10:890-896.
7. Nishikawa H, Qian F, Tsuji T, Ritter G, Old LJ, Gnjatic S, Odunsi K (2006) J Immunol
176:6340-6346.
8. Zhang L, Conejo-Garcia JR, Katsaros D, Gimotty PA, Massobrio M, Regnani G, Makri-
giannakis A, Gray H, Schlienger K, Liebman MN, et al. (2003) N Engl J Med 348:203-213.
9. Jager E, Gnjatic S, Nagata Y, Stockert E, Jager D, Karbach J, Neumann A, Rieckenberg
J, Chen YT, Ritter G, et al. (2000) Proc Natl Acad Sci USA 97:12198-12203.
10. Le Gal FA, Ayyoub M, Dutoit V, Widmer V, Jager E, Cerottini JC, Dietrich PY, Valmori
D (2005) J Immunother 28:252-257.
11. Davis ID, Chen W, Jackson H, Parente P, Shackleton M, Hopkins W, Chen Q, Dimopoulos
N, Luke T, Murphy R, et al. (2004) Proc Natl Acad Sci USA 101:10697-10702.
12. Jager E, Karbach J, Gnjatic S, Neumann A, Bender A, Valmori D, Ayyoub M, Ritter E,
Ritter G, et al. (2006) Proc Natl Acad Sci USA 103:14453-14458.
13. Valmori D, Souleimanian NE, Tosello V, Bhardwaj N, Adams S, O’Neill D, Pavlick A, Escalon
JB, Cruz CM, Angiulli A, et al. (2007) Proc Natl Acad Sci USA 104:8947-8952.

12842 | www.pnas.org/cgi/doi/10.1073/pnas.0703342104

ESO- or LAGE-1-expressing EOC or primary peritoneal carci-
noma, stages II-I'V at diagnosis. Expression of NY-ESO-1 and/or
LAGE-1 was detected in tumors by RT-PCR and/or immunobhis-
tochemistry as described (3). The NY-ESO-1 peptide sequence for
immunization was ESOis7170 (SLLMWITQCFLPVF). The vac-
cine was composed of 100 ug of ESO157_170 and 500 ul of IFA and
was injected s.c. once every 3 weeks. In the absence of toxicity and
disease progression that required other therapeutic interventions,
patients received up 15 injections.

NY-ESO-1 Serum Ab. NY-ESO-1-specific Abs were measured in the
serum by ELISA on the day of each vaccination and at 6 and 12
months after the last vaccination as described (3).

Analysis of NY-ESO-1-Specific T Cells. For the analysis of CD8* T
cells, ESO;57-179 and a pool of synthetic overlapping 18- to 20-mer
NY-ESO-1 peptides covering the entire NY-ESO-1-protein
sequence were used for in vitro stimulation. ESOqs7_165 and
ESOiss-16s peptides also were used for in vitro stimulation in
HLA-A2 and HLA-A24 patients, respectively. In all pa-
tients, purified CD4* T cells were stimulated with DP4 peptide
(ESO157-170). Presensitized CD8* T cells were stained with phyco-
erythrin-labeled HLA-A2 or HLA-A24 multimers as previously
described (16). Presensitized CD4* T cells were tested for intra-
cellular IFN-vy secretion; CD8* T cells were tested for IFN-y and
CD107a/b expression against target cells as previously described.
All mAbs were obtained from BD PharMingen (San Diego, CA).

ELISPOT Assay. Presensitized CD8* or CD4* T cells were assessed
by ELISPOT as described (17). A response was considered positive
when spot numbers in triplicate assays in the presence of target cells
significantly exceeded the cutoff value, corresponding to the num-
ber of nonspecific spots in the presence of flu-NP (for CD4* cells)
or flu-HA (for CD8+ cells) peptide loaded on target cells (cutoff
was mean * 3 SD). A detailed description of cell lines, assay for
tumor recognition, and molecular TCR repertoire analysis is avail-
able in SI Materials and Methods.

Statistical Analysis. Standard nonparametric and semiparametric
statistical procedures were completed in the statistical environ-
ment. Specific procedures used include Kendall’s 7, Wilcoxon’s
signed rank test, McNemar’s test of symmetry, Kaplan-Meier
survival estimator, and the Cox regression model.
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