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Abstract
Cancer vaccines can induce the in vivo generation of tumor Ag-specific T cells in patients with
metastatic melanoma yet seldom elicit objective clinical responses. Alternatively, adoptive transfer
of autologous tumor-infiltrating lymphocytes (TIL) can mediate tumor regression in 50% of
lymphodepleted patients, but are logistically and technically difficult to generate. In this study, we
evaluated the capability of vaccine-induced PBMC to mediate tumor regression after transfer to
patients receiving the same chemotherapy-induced lymphodepletion used for TIL transfer therapy.
Autologous PBMC from nine gp100-vaccinated patients with metastatic melanoma were stimulated
ex vivo with the gp100:209–217(210M) peptide and transferred in combination with high-dose IL-2
and cancer vaccine. Transferred PBMC contained highly avid, gp100:209–217 peptide-reactive
CD8+T cells. One week after transfer, lymphocyte counts peaked (median of 14.3 × 103 cells/μl;
range of 0.9–59.7 × 103 cells/μl), with 56% of patients experiencing a lymphocytosis. gp100:209–
217 peptide-specific CD8+T cells persisted at high levels in the blood of all patients and demonstrated
significant tumor-specific IFN-γ secretion in vitro. Melanocyte-directed autoimmunity was noted in
two patients; however, no patient experienced an objective clinical response. These studies
demonstrate the feasibility and safety of using vaccine-induced PBMC for cell transfer, but suggests
that they are not as effective as TIL in adoptive immunotherapy even when transferred into
lymphodepleted hosts.

Successful cancer immunotherapy requires the generation and persistence, in vivo, of sufficient
numbers of antitumor T cells with appropriate phenotypic and functional characteristics to
home to tumor and mediate tumor destruction. The identification of multiple MHC-restricted
epitopes from human melanomas has facilitated the application of peptide-based vaccination
as an attractive immunotherapeutic approach for the treatment of patients with cancer (1). The
melanocyte differentiation Ag gp100 has been identified as a frequent target of tumor-
infiltrating lymphocytes (TIL),3 and adoptive cell transfer (ACT) of TIL containing gp100-
reactive T cells has been shown to mediate tumor regression in patients with metastatic
melanoma (2). The gp100:209–217 epitope (referred to as g209) is naturally processed and
presented by HLA-A*0201 molecules on human melanoma cells with an intermediate MHC
binding affinity (3,4). Substitution of methionine for threonine in position 2 of the g209 peptide
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increased peptide-HLA-A*0201 binding affinity and enhanced the capacity for eliciting
gp100-reactive T cells through in vitro stimulation of PBMC from melanoma patients (5).
Vaccination with the modified g209 peptide (referred to as g209-2M) was more efficient than
the g209 peptide in successfully immunizing HLA-A*0201 patients with metastatic melanoma
(6,7). Multiple courses of g209-2M peptide vaccination of patients at risk of recurrence induced
high frequencies of g209-specific CD8+T cell responses in some patients (8,9). Despite the
reproducible generation, in vivo, of tumor Ag-specific T cell responses in these and other
vaccination trials, recurrence can occur in patients successfully immunized in the adjuvant
setting, and objective clinical responses are seldom observed in immunized patients with solid
tumor (9,10).

In contrast to the general lack of clinical effectiveness of current cancer vaccines, adoptive
transfer of tumor-reactive lymphocytes, derived from autologous tumor, to patients with
metastatic melanoma following nonmyeloablative but lymphodepleting conditioning resulted
in objective clinical responses in ~50% of treated patients (11,12). The capacity of adoptively
transferred T cells to persist in the peripheral blood correlated well with in vivo tumor
regression (13). In murine studies of ACT, effector cell persistence, proliferation, and antitumor
efficacy was substantially improved when hosts were lymphoablated and subsequently
administered a tripartite regimen of tumor Ag-specific T cells, IL-2, and cancer vaccine,
showing that, in addition to lymphodepleting preconditioning, vaccination and cytokine
administration can augment the antitumor effectiveness of transferred T cells (14). Further
studies suggest that CD8+T cells that possess properties of less differentiated effector cells are
best suited to proliferate, persist, and mediate tumor regression after transfer in vivo (15–17).

Adoptive immunotherapy circumvents many of the barriers confronting cancer vaccines
because large numbers of tumor Ag-reactive T cells can be selected and activated ex vivo for
transfer into a lymphoablated host, devoid of suppressive and competing cells (14,18,19).
Because tumor Ag-specific T cells generated by cancer vaccines seldom elicited objective
clinical responses in the vaccinated host, we hypothesized that, by analogy to the experience
with TIL, harvest of these immune cells from the circulation, ex vivo stimulation with specific
Ags and subsequent autologous transfer to lymphodepleted patients might augment their
function and increase their therapeutic potency. In this study, we thus assessed whether
autologous ex vivo expanded vaccine-specific T cells from the peripheral blood of cancer
vaccine recipients can mediate objective clinical responses in patients with metastatic
melanoma when transferred under favorable conditions, which include nonmyeloablative but
lymphodepleting preconditioning, exogenous cytokine administration, and cancer vaccination.

Materials and Methods
Treatment regimen

All patients in this study had metastatic melanoma and were entered on institutional review
board-approved protocols in the Surgery Branch of the National Cancer Institute. Informed
consent was obtained from all subjects. Enrolled patients were previously vaccinated with
either gp100:209–217(210M) peptide emulsified in Montanide ISA 51 (IFA) or recombinant
fowlpox virus (rF-gp100P209; Therion Biologics) vaccine, as described elsewhere (Table I)
(9,20). Nine patients with metastatic melanoma, all refractory to treatment with IL-2 and with
progressive disease, underwent lymphodepleting conditioning with 2 days of
cyclophosphamide (60 mg/kg) followed by 5 days of fludarabine (25 mg/m2). On the day
following the final dose of fludarabine (day 0), all patients received cell infusion with
autologous gp100 peptide-reactive, in vitro-stimulated PBMC cultures, high-dose IL-2
therapy, and cancer vaccination. Cancer vaccination consisted of either i.v. injection of 6 ×
109 PFU of rF-gp100P209 fowlpox virus delivered on day 0 and day 28 with a second course
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of IL-2, or s.c. injection of 1 mg of gp100:209–217(210M) peptide emulsified in IFA for five
consecutive days beginning on day 0, and weekly thereafter for 1 mo.

Patient cell samples
Peptide-stimulated PBMC cultures for transfer were established as follows. Briefly, PBMC
obtained by cytopheresis were enriched for lymphocytes by Ficoll-Paque (Amersham
Pharmacia Biotech) gradient separation and stimulated with 1 μM g209-2M peptide and 300
IU/ml IL-2. Fresh IL-2 was added every 2–3 days. After ~12 days, PBMC cultures were
screened to confirm tumor Ag-reactivity, harvested from culture bags, prepared for patient
treatment, and aliquots were cryopreserved for future experimental analysis. Posttreatment
PBMC were purified on Ficoll-Hypaque step gradients and cryopreserved.

Cell culture medium
Complete medium (CM) consisted of RPMI 1640 (Invitrogen Life Technologies)
supplemented with 2 mM glutamine (Biofluids), 25 mM HEPES buffer (Biofluids), 100 U/ml
penicillin (Biofluids), 100 μg/ml streptomycin (Biofluids), 50 μM 2-ME (Invitrogen Life
Technologies), and 10% heat-inactivated human AB sera (Gemini Bioproducts).

Peptides and recombinant fowlpox virus
The nonamer native gp100:209–217 peptide (g209, ITDQVPFSV), the modified gp100:209–
217(210M) peptide (g209-2M, IMDQVPFSV), MART-1:26–35(27L) peptide
(ELAGIGILTV), tyrosinase:368–376 (370D) peptide (YMDGTMSQV), and the gp100:280–
288 peptide (g280, YLEPGPVTA) were produced to Good Manufacturing Practice grade by
solid phase synthesis by Multiple Peptide Systems. The g209 and the g280 peptide were
provided by the National Cancer Institute Cancer Therapy Evaluation Program. Recombinant
fowlpox viruses for vaccination were constructed and manufactured by Therion Biologics as
described previously (20,21).

Tetramers, mAbs, and flow cytometric immunofluorescence analysis
Allophycocyanin-labeled gp100:209–217 (ITDQVPFSV) peptide/HLA-A*0201 tetramer
complexes were obtained from Immunotech, Beckman Coulter. gp100:209–217
(ITDQVPFSV) peptide-loaded HLA-A2 (wtA2) and D227K/T228A HLA-A2(CD8-nullA2)
monomers were obtained from the National Institutes of Health Tetramer Facility. Tetrameric
complexes were produced by mixing PE-conjugated streptavidin (Molecular Probes) and
biotinylated peptide/HLA-A2 monomers at a 1:4 ratio. FITC-conjugated anti-CD25, CD27,
CD45RO, CD69, and perforin, and PE-labeled anti-CD4, CD62L (L-selectin), CD28,
CD45RA, CD38, and 41BB Abs were obtained from BD Biosciences. FITC-labeled anti-CD3,
CD57, HLA-DR, and PerCP-labeled CD8 Abs were obtained from BD Pharmingen. PE-
labeled IL-7Rα (CD127) and FITC-labeled CCR7 Abs were purchased from R&D Systems.
Biotinylated FOXP3 Ab (eBioscience) was used in combination with streptavidin-PE (BD
Biosciences). PE-conjugated granzyme B Ab was obtained from Caltag Laboratories. PE-
labeled CD25 (Miltenyi Biotec) was used for detection of regulatory T (Treg) cells. Pro-pidium
iodide was used for nonviable cell exclusion and analysis performed using a FACSCalibur
(BD Biosciences). For intracellular perforin and granzyme B staining, cells were stained with
tetramer and anti-CD8 Ab and then permeabilized and fixed using Cytofix/Cytoperm buffers
(BD Pharmingen). Cells were then stained with FITC-conjugated perforin or granzyme B Abs,
washed twice, and analyzed. Intracellular FOXP3 protein staining was performed according
to the manufacturer’s instructions (eBioscience).

Powell et al. Page 3

J Immunol. Author manuscript; available in PMC 2008 January 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ex vivo proliferation analysis
Cells used for infusion were thawed and immediately cultured in CM containing 10 μM BrdU
for 5–7.5 h. For patients 8 and 9, 5 h BrdU labeling was performed using fresh lymphocytes.
Posttransfer peripheral blood lymphocytes were directly ex vivo cultured in CM containing 10
μM BrdU for 5 h. All BrdU-treated cells were washed and cryopreserved for subsequent
measurement of incorporation. For evaluation of incorporation, cells were thawed, stained with
extracellular Abs, and fixed with 1% formaldehyde. Fixed cells were permeabilized with
Cytofix/Cytoperm buffers and Cytoperm Plus buffers (BD Pharmingen), exposed to DNase
(Sigma-Aldrich), stained with BrdU Ab (BD Pharmingen), and subsequently analyzed in a
FACSCalibur (BD Biosciences). Alternatively, freshly collected PBMC were washed and
resuspended in CM at 5 × 106 cells/ml. A total of 200 μl of cell suspension (106) was then
added per well to a 96-well U-bottom plate, in quadruplicate. Cell cultures were then incubated
at 37°C for 18 h in the presence of 1 μCi [3H]thymidine per well. Plates were harvested onto
nylon filters using the beta plate system, and radioactivity was quantified using a beta plate
counter. Results are expressed in cpm as the mean of quadruplicate cultures.

Cytokine release and chromium release assays
Cryopreserved PBMC samples were thawed and cultured overnight in CM with or without
recombinant human IL-2 (300 IU/ml). Cytokine release and chromium release assays were
performed as described previously (8).

TCRβchain V region (TRBV) analysis
The 5′ RACE analysis has been described previously (22). Briefly, a primer that was
complementary to the TCRβ-chain C region, 5′-CTCTT GACCATGGCCATC-3′, was used
with the SMART RACE cDNA Amplification kit (BD Biosciences) to amplify the TRBV
region sequences expressed by polyclonal TIL samples. Germline genes that encoded the
expressed TRBV products were identified by aligning the cloned sequences with the known
TRBV gene sequences using the VectorNTI AlignX protocol (Invitrogen Life Technologies),
and the highly variable sequences that resulted from joining the TRBV genes to the D and J
regions were then compared to identify T cell clonotypes.

RNA isolation, cDNA synthesis, and real-time PCR
Real-time PCR was performed as described previously (23). Breifly, total RNA was isolated
using RNeasy columns (Qiagen) according to the manufacturer’s instructions. RNA was eluted
in 50 μl of RNase-free water and used as template for one round of reverse transcription for
cDNA synthesis. The ABI PRISM 7700 Sequence Detector System (Applied Biosystems) was
used for quantitative mRNA expression analysis. Primers and probes for β-actin (24) (forward
5′-GCGAGAAGATGACCCAGGATC-3′, reverse 5′-CCAGTGGTACGGCCAGAGG-3′;
TaqMan probe 5′ (FAM)-CCAGCCATGTACGTTGCTATCCAGGC-(TAMRA)3′) were
synthesized by Applied Biosystems. For analysis of FOXP3, Assay on Demand (Applied
Biosystems) primers and probes were used with TaqMan Universal Master Mix (Applied
Biosystems). The conditions used for PCR were 50°C for 2 min, 95°C for 10 min, and then 40
cycles of 95°C for 15 s and 60°C for 1 min. Each cDNA sample was tested in duplicate, and
the mean values were calculated.

Results
Patient selection and treatment

Nine HLA-A*0201+ patients with progressive metastatic melanoma refractory to treatment
with high-dose IL-2 received the current treatment regimen (Table I). All patients had received
gp100-specific vaccination, either with g209-2M peptide or recombinant fowlpox virus
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encoding the g209-2M epitope. PBMC were cultured with 1 μM g209-2M peptide and 300 IU/
ml IL-2 for 8–18 days (mean of 12 days). PBMC from two patients were stimulated a second
time in vitro with peptide-pulsed autologous, irradiated PBMC. Autologous PBMC cultures
were screened for peptide reactivity and administered to the patient after a 7-day
nonmyeloablative but lymphodepleting chemotherapy regimen of fludarabine and
cyclophosphamide as described previously (11,12). Transferred cell numbers ranged between
1.3 and 12.0 × 1010 cells and were comprised of both CD8+ and CD4+T cells (Table I). On the
day of cell transfer, treated patients also received high-dose IL-2 and either gp100-specific
vaccination with g209-2M peptide in Montanide ISA for five sequential days followed by
single weekly injections for 3 wk (patients 1–3) or recombinant fowlpox virus encoding the
g209-2M epitope at the time of transfer and 1 mo later with high-dose IL-2 (patients 4–9). The
number of administered IL-2 doses ranged from 4 to 11 doses. Autoimmunity was observed
in patient 1, who developed pronounced vitiligo after therapy, and patient 2, who experienced
a transient induction of uveitis, which was controlled with steroid eyedrops. However, no
patient experienced an objective clinical response. To understand the limiting factors for this
therapeutic approach, we evaluated the properties and fate of the cells used for therapy.

Characteristics of T cells used for adoptive immunotherapy
Before treatment, low frequencies of g209-specific T cells were detected in the peripheral blood
of 6 of 9 patients by tetramer staining analysis using commercially available tetramers with a
single mutation in the CD8 binding region (0–4% of CD8+T cells; data not shown). Ex vivo
stimulation of patient PBMC with g209-2M peptide and IL-2 resulted in the expansion of native
g209-specific CD8+T cells with frequencies ranging from 5.8 to 63.3% of CD8+T cells (Table
I).

To evaluate whether g209-reactive CD8+T cells expressed high-affinity TCR, PBMC for
transfer were stained with “CD8-null” HLA-A2/peptide tetramer complexes, with two
mutations in the CD8 binding region (D227K/T228A substitutions in the α3 domain of HLA-
A2 that completely abrogate HLA/CD8 interaction (25)), as a measure of TCR binding affinity
(Fig. 1A). The frequency of transferred CD8+ lymphocytes that bound to the native g209
peptide containing CD8-null tetramer (g209/nullA2) ranged between 2.6 and 43.7%, whereas
higher frequencies bound to g209 peptide containing tetramer with an unaltered HLA-A2
domain (g209/wtA2; range of 23.6 to 94.6% of CD8+T cells). The staining intensity of g209/
nullA2 tetramer bright cells in PBMC was similar to that for a g209-specific CD8+T cell clone,
JR209, isolated from the blood of a peptide vaccine recipient. Transferred PBMC exhibited no
to very low binding to the control MART-1: 26–35(27L) peptide containing tetramer
(MART-1/A2). Because no TIL from patients responding to ACT were solely gp100-reactive,
direct comparisons could not be made.

Transferred T cells from four representative patients (patients 2, 5, 8, and 9) were analyzed for
phenotypic characteristics. g209-specific, tetramer-positive CD8+T cells for transfer were
generally characterized by an activated effector phenotype based upon positive expression of
CD45RO, CD25, CD38, CD69, HLA-DR, as well as the effector molecules, granzyme B and
perforin, albeit at a varying frequencies (Fig. 1B). Lower frequencies of g209-specific
CD8+T cells also expressed CD27 and CD28 costimulatory receptors. Expression of CD62L
(L-selectin), a lymph node homing molecule not found on TIL samples (17), was detected on
20–56% of g209-specific CD8+T cells (Fig. 1C).

To further characterize the status of the transferred T cell population, proliferation of T cell
subsets in the cell population used for therapy was measured by incubating cells for ~5 h in
culture medium containing 10 μM BrdU without IL-2 and measuring BrdU incorporation as
an indicator of DNA synthesis/cell cycling by flow cytometry (Fig. 1D). At the time of cell
transfer, proliferation of CD8+, CD4+, and g209/HLA-A*0201 tetramer-positive and negative
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CD8+T cells was detectable in vitro; however, CD8+T cells preferentially proliferated
compared with CD4+ cells (p = 0.002) and g209/HLA-A*0201 tetramer-positive CD8+T cells
preferentially proliferated compared with tetramer-negative CD8+T cells (p = 0.009). Control
PBMC from healthy donors did not incorporate BrdU. Thus, large fractions of transferred g209-
specific CD8+T cells (46–9%) were actively proliferating at the time of cell infusion.

The reactivity of the transferred cells is shown in Table II. Infused cells generally recognized
the native peptide down to 1 nM concentrations, although cells from patient 2 recognized even
lower peptide concentrations. Except for patient 6, all PBMC reacted specifically with HLA-
A2+ melanoma cell lines. In addition to IFN-γ, transferred T cells generally produced TNF-
α, GM-CSF, IL-8, and IL-13 cytokines in response to g209 peptide stimulation (data not
shown). Comparison of the absolute IFN-γ release in response to tumor for the highest reactive
subcultures of peptide-stimulated PBMC (2172 ± 963 pg/ml; mean ± SEM; n = 9) or TIL (8318
± 1579 pg/ml; n = 35) used for transfer revealed significantly lower IFN-γ release by PBMC
(p2 < 0.005) than reported for TIL (12). This suggests that TIL might have an increased
functional avidity compared with vaccine-induced PBMC.

PBMC used for infusion were next evaluated for the capacity to specifically lyse g209 peptide-
pulsed T2 cells and melanoma cell targets by standard 4 h chromium release assay. The results
from analyses of cells from patients 4, 5, 8, and 9 were similar, as shown in Fig. 2. PBMC for
infusion lysed g209 peptide-pulsed T2 cells at E:T ratios below 1:1. Nonspecific lysis of
unpulsed T2 cells by patients 4, 5, and 8 PBMC was observed at high E:T ratios, but not to the
degree of g209 peptide-specific target lysis. Peptide-stimulated PBMC used for infusion also
lysed HLA-matched gp100-expressing melanoma cell lines, albeit less than that seen against
peptide-pulsed cells. PBMC for infusion exhibited similar lytic activity against HLA-matched
melanoma cells as did TIL (data not shown).

CD4+CD25+FOXP3+T cells in the cell infusion
Because CD4+ CD25+ Treg cells are reportedly overexpressed in certain cancers (26,27) and
can mediate the inhibition of antitumor immune responses (28), we assayed for the presence
of Treg cells, in the cell infusion. CD25 (IL-2 receptor-α-chain) was expressed by CD4+ T
cells in the cell infusion with a mean positive expression of 31.6 ± 5.5% (Fig. 3A). This
expression was significantly higher than that expressed by pretreatment CD4+ cells (p < 0.015),
and similar to the levels measured at the peak of lymphocyte rebound (about 1 wk after transfer;
p < 0.171) in vivo, although culture in IL-2 can up-regulate CD25 expression. To further test
for the presence Treg cells, CD4+T cells were isolated by negative magnetic bead separation
from PBMC used for infusion and measured for the expression of FOXP3, the surrogate Treg
cell marker, by RT-PCR assay. FOXP3 was readily detected in CD4+ cells from all time points
(Fig. 3B). FOXP3 expression by CD4+T cells from cell infusion samples was not significantly
different from that measured in pre- (p < 0.390) or posttreatment CD4+T cells (p < 0.559).

To assess FOXP3 protein expression by the in vitro-stimulated PBMC used for therapy,
intracellular FOXP3 Ab staining was performed. FOXP3 was expressed by CD4+T cells from
in vitro-stimulated PBMC (18.0 ± 1.9%; mean ± SEM; Fig. 3C). This was similar comparable
to levels found in four tested TIL used for adoptive cell therapy (27.9 ± 5.3%; data not shown).
The overall frequency of CD4+T cells in TIL (21.7 ± 4.3%; n = 35) and PBMC (31.2 ± 6.5;
n = 9) was not significantly different (p = 0.303). With CD4+T cell frequencies > 20% of the
infused PBMC population from all patients except patients 3, 5, and 9, the mean frequency of
FOXP3+CD4+ Treg cells in the total infused lymphocyte population was 5.7% and ranged from
0.7 to 10.9%. These data indicate that PBMC used for therapy contained substantial frequencies
of CD4+ CD25+FOXP3+ Treg cells.
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Early fate of adoptively transferred peptide-stimulated PBMC in vivo
Lymphocytes were generally detectable in the peripheral blood of treated patients beginning
3–5 days after ACT (Fig. 4). Peak absolute lymphocyte counts (ALCs) for all patients ranged
from ~900 cells/μl in patient 7 to nearly 60,000 cells/μl in patient 5. Lymphocytosis, defined
as the upper limit of normal (4.9 × 103 cell/μl), was seen in 5 of 9 patients and was not associated
with the nature of the administered vaccine (2 of 3 g209-2M peptide and 3 of 6 fowlpox virus
recipients). This level of lymphocytosis was observed in 5.7% (2 of 35) of patients that had
received adoptive TIL therapy (12).

For patients receiving viral vaccination (patients 4–9), repeat fowlpox vaccination and IL-2
administration at 1 mo induced a secondary lymphocytosis in 3 of 6 patients (patients 5, 8, and
9); patients 5 and 9 had experienced lymphocytosis after primary vaccination. Administration
of virus alone initially induced a transient reduction in ALC that was also seen when IL-2 was
administered. For example, patient 5 had a lymphocyte count of 12,240 cells/μl 29 days after
cell infusion, immediately before secondary viral vaccination. Recombinant virus vaccination
alone resulted in a reduction in ALC to 345 cells/μl on day 30, which continued during IL-2
administration. Reduced ALCs were measured until day 35 when IL-2 treatment was
withdrawn and a secondary lymphocytosis occurred.

Shortly after cell infusion, lymphocytes from the peripheral blood of treated patients had a
blastic appearance with large diffuse amorphic nuclei (Fig. 5A). Direct ex vivo culturing of
day 3 peripheral blood cells from patient 3 in CM containing tritiated thymidine demonstrated
increased global proliferation, compared with resting PBMC from a healthy donor (Fig. 5B).
To evaluate the kinetics of CD8+T cell proliferation, direct ex vivo BrdU-labeling was
performed on serial peripheral blood samples from the same patient beginning 3 days after cell
infusion, and 24 h after the last dose of IL-2. At this early time point, nearly 99% of circulating
lymphocytes were CD8+T cells. Longitudinal evaluation of CD8+T cell proliferation was
measured as BrdU incorporation by flow cytometry. Three days after transfer, when the ALC
was only 100 cells/μl, ~20% of circulating CD8+T cells were actively proliferating (Fig. 5C).
The following day, a dramatic increase in ALC was observed, up to 9,100 cells/μl. With reduced
CD8+T cell proliferation by day 5, lymphocyte counts plateaued. By day 7 after transfer, a
contraction in ALC was paralleled by a loss of detectable BrdU incorporation by CD8+T cells
in peripheral blood. At early time points after infusion, proliferation by tumor Ag-specific
CD8+T cells was also detectable (Fig. 5D); however, g209-specific CD8+T cells did not
proliferate significantly more or less than non-g209-specific CD8+T cells (p = 0.423; Fig.
5E). The frequency of proliferating CD8+T cells trended toward being higher than for CD4+T
cells, although the difference was not significant (p = 0.098). Thus, pan lymphocyte
proliferation might reflect homeostatic proliferation in the lymphoablated host, IL-2
administration, and/or the induction of virus-specific T cell responses. Support for the latter
was observed in the increased frequency of proliferating non-g209-specific CD8+T cells
following secondary viral vaccination and IL-2 administration, compared with g209-specific
CD8+T cells (data not shown).

Persistence of tumor Ag-specific CD8+T cells in vivo
One month posttransfer, CD8+T cell numbers returned to physiologic levels in most patients
(Fig. 6A). On average, CD4+T cell numbers were also back to normal levels (412 ± 126 cells/
μl; range of 18 to 1310 cells/μl), with 5 of 9 patients having levels at or above the normal range
(Fig. 6C). The persistence of transferred tumor Ag-specific CD8+T cells was noted by the
continued detection of g209-specific cells in the blood, ranging from 1 to 78% of CD8+T cells
(Fig. 6B). The calculated number of circulating tumor Ag-specific T cells at 1 mo ranged from
~10 to 8,500 native gp100-specific T cells per μl of blood (Fig. 6B).
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Longitudinal clonal composition analysis was performed on the g209-specific CD8+T cell
populations from patients 3 and 5 cell samples (Table III). CD8+T cells, enriched by negative
magnetic selection, were stained with PE labeled-g209/HLA-A*0201 tetramers and positively
selected using anti-PE beads. Purities of tetramer+ CD8+T cells were > 80%. Using 5′ RACE
analysis for detection of the TRBV gene usage, the clonal composition of gp100-specific
CD8+T cells from various time points were assessed. Cell infusion samples contained multiple
clones that were also detected in the pretreatment PBMC. After transfer, some clones, such as
the 10-2(12S3) clone 1 in patient 5, expanded and persisted, whereas other clones, such as the
14S1 clone 1, that predominated early did not persist. Similar findings were observed for g209-
specific CD8+T cells from patient 3. In both patient samples, gp100-specific CD8+ clones,
detected in pretreatment PBMC and in the cell infusion, persisted one or more months after
transfer.

Because g209-specific CD8+T cells persisted, we were able to evaluate phenotypic changes
that occurred within the persisting T cell population in vivo. Fig. 7 shows the frequency of
g209-specific T cells from four treated patients that express the indicate phenotypic marker at
time points relative to cell infusion. After cell infusion, costimulatory molecules CD28 and
CD27 were detectable at low to intermediate frequencies, with CD27 expression increasing
slowly with time. CD45RA expression was similarly up-regulated on g209-specific T cells
after 1 mo. Markers associated with activation and effector status, including HLA-DR and
CD38, were elevated after 1 wk and decreased by 1 mo posttransfer. CD25 and CD69 levels
were generally low on g209-specific T cells in vivo at both time points. Although the lymph
node homing marker CCR7 was not detected after transfer, CD62L was continually expressed
at different frequencies for individual patients. One month after infusion, cellular senescence-
associated markers, CD57 and KLRG-1 (data not shown), were expressed by most persisting
tumor Ag-specific CD8+T cells, as were the effector molecules perforin and granzyme B.
Collectively, g209 peptide-specific CD8+T cells persisting 1 mo after infusion were similar in
phenotype to pretreatment cells.

Functional activity of persistent tumor Ag-specific CD8+T cells
Although continued expression of effector-associated molecules was detected, the loss of
effector function by the transferred T cell population may have affected the therapy. Therefore,
we evaluated whether cells persisting in the circulation after adoptive transfer maintained the
ability to secrete cytokine in response to stimulation with tumor or peptide-pulsed target cells
in vitro (Table IV). Cryopreserved, postinfusion PBMC were thawed, rested overnight in 300
IU IL-2/ml, and washed before establishment of cocultures with tumor or peptide-pulsed target
cells. One week and 1 mo postinfusion, PMBC from five evaluated patients secreted significant
amounts of IFN-γ following overnight stimulation with 1 μM g209 or g209-2M peptides,
compared with stimulation by the control MART-1 peptide. Cytokine secretion by 1 mo
posttransfer PBMC was detected in response to g209 peptide concentrations down to 1 nM in
4 of 5 patient samples. Similar to peptide, postinfusion PBMC recognized and secreted cytokine
in response to gp100-expressing HLA-A2+ melanoma cell lines, but not cells lacking HLA-
A2 expression. PBMC that were rested overnight in the absence of IL-2 were generally reactive
to g209 peptide at 100–10 nM concentrations, but not to melanoma cell lines (data not shown).
Similar results have been observed in the study of PBMC from patients that responded to
adoptive TIL transfer (11). Posttransfer PBMC from patients 4, 5, and 9 rested overnight in
the absence of IL-2 also exhibited potent and specific cytolytic function against g209 peptide-
pulsed APCs, but little to no lysis of HLA-matched melanoma cell targets with or without
overnight culturing in IL-2 (data not shown).
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Maintained expression of gp100 and HLA-A2 by tumor after treatment
Of nine treated patients, four had pre- and posttreatment tumor biopsy specimens available for
evaluation of MHC class I molecule and tumor Ag expression by immunohistochemical (IHC)
staining. Analysis of fine needle aspirate biopsy specimens taken from the same lesion revealed
maintained expression of HLA-A2 and gp100 in tumor after treatment from three patients, 1,
4, and 9, demonstrating that Ag loss did not account for the observed lack of clinical response
in these patients. gp100 expression was not detectable in pre- or posttreatment tumor biopsies
from patient 3. Preexistent Ag loss may have thus rendered this patient incapable of responding
to the applied therapy. The expression of gp100 was also undetectable in posttreatment tumor
specimens from patients 2 and 5; however, in the absence of pretreatment specimens, we could
not evaluate whether Ag loss was therapy-related. Evaluation of the patient-2 tumor sample
was further complicated by a high degree of necrosis within the analyzed lesion.

Discussion
The use of cancer vaccines for the treatment of solid tumors is an attractive immunotherapeutic
approach, because vaccines are protective against viral diseases, effective in the treatment of
certain hematological malignancies (29), and are easily administered. Cancer vaccines alone
can induce the in vivo generation of high frequencies of self/tumor Ag-specific CD8+T cells
in patients at high risk for recurrence of melanoma (8,9). Nevertheless, tumor progression can
occur in the presence of high levels of tumor Ag-specific T cells (9). Furthermore, the overall
objective response rate in melanoma patients receiving cancer vaccines in our and other (10)
clinical vaccine trials have been disappointing (3.3%). Thus, the presence of circulating self/
tumor Ag-specific T cells alone appears insufficient to provide protection from recurrence or
actively mediate tumor regression in most vaccinated patients. Accordingly, improvement of
current immunotherapeutic modalities is necessary.

Although immunotherapy with IL-2 (30) or anti-CTLA4 Ab (31,32) can mediate tumor
regression in ~15% of treated melanoma patients, adoptive transfer of autologous, ex vivo-
activated TIL following nonmyeloablative but lymphodepleting chemotherapy can mediate
the regression of bulky, vascularized metastatic disease in ~50% of patients refractory to IL-2
administration (11,12). The striking difference in the clinical effectiveness of TIL cell transfer
compared with the lack of clinical effectiveness of immune cells generated endogenously by
vaccines stimulated us to attempt to understand whether the differences were due to the
properties of the cells or the lymphodepleting preparative regimen used in the TIL transfer
protocol. In addition, vaccine-induced T cells collected by apheresis are logistically and
technically less difficult to generate for adoptive immunotherapy than TIL. We thus isolated
vaccine-derived cells from the peripheral blood, activated and expanded them ex vivo, and
returned them to patients after administering the exact same lymphodepleting regimen used in
our TIL transfer trial.

Of the nine patients treated in this trial, none experienced an objective clinical response. Two
patients experienced autoimmunity following therapy. Patient 2 experienced a transient
induction of uveitis, which was controlled with steroid eyedrops. Autoimmune induction was
also observed in patient 1, who developed pronounced vitiligo after therapy. The lack of
objective clinical responses in these nine vaccine-induced PBMC recipients represents a
significant difference in therapeutic effectiveness as compared with the 51% (18 of 35)
response rate reported for patients receiving TIL therapy (p = 0.006; two-tailed Fisher’s exact
test) (12). The precise mechanisms that underlie this disparity in clinical effectiveness are not
known but may be manifold.

Tumors may elude immune recognition via numerous routes (33). In this study, data concerning
tumor escape were inconclusive; however, tumor escape due to Ag loss does not appear to have
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contributed to the lack of objective responses in all treated patients because MHC class I and
gp100 expression was maintained by lesions from three evaluable patients with both pre- and
posttreatment lesions available. gp100 expression was not detectable by IHC analysis in
posttransfer lesions from two other patients, but in the absence of evaluable pretreatment
lesions, pre-existent Ag loss could not be discerned from treatment-induced changes. Indeed,
~20% of melanoma lesions appear to lack gp100 expression, and gp100-specific vaccination
may marginally increase this frequency (34,35). This underscores the importance of tumor-
associated Ag expression prescreening to the interpretation of clinical outcome during Ag-
specific treatments. However, αβT cells are exquisitely sensitive to even a single peptide/MHC
complex on the surface of an APC (36–38). In contrast, the affinity of most Abs reactive with
tumor or MHC Ag is quite variable and can be weak. Thus, negative Ag expression by IHC-
staining analysis may not necessarily indicate a loss of tumor recognition by T cells.
Furthermore, screening for tumor Ag expression was not performed before either TIL or
vaccine-induced PBMC cell therapy, yet resulted in drastically different clinical outcomes. It
remains possible that isolation and expansion of TIL from excised melanoma lesions may serve
to enrich for tumor Ag-specific T cells of appropriate specificity, avidity, homing capacity,
and function for mediating successful adoptive immunotherapy compared with vaccine-
induced T cells derived from the peripheral blood.

By virtue of their generation and expansion, vaccine-induced g209-2M peptide-specific T cells
used for therapy possess highly restricted Ag specificity. By contrast, infused bulk TIL
populations are often comprised of multiple tumor-reactive T cells with heterogenous Ag
specificity (11,12). Nevertheless, patients receiving bulk TIL comprised almost entirely by a
single clone or multiple clones of a single specificity have experienced objective clinical
responses, indicating that transferred T cell-mediated tumor regression may occur even in the
absence of diverse Ag specificity (11,12).

Whether the g209 epitope is a good immunotherapeutic target for patients with melanoma
requires further clinical investigation. Analogous to the present study, lymphodepletion
followed by autologous ACT of in vitro-stimulated MART-1:26–35(27L) peptide-specific
PBMC from five nonvaccinated melanoma patients did not induce tumor regressions in vivo
despite persistence of the transferred MART-1:26–35(27L)-specific T cell population after
infusion, suggesting that the lack of clinical efficacy of the current approach may not be limited
entirely by the selection of gp100 as the target Ag (D. J. Powell, Jr., and S. A. Rosenberg,
unpublished data). In TIL therapy, gp100-reactive T cells can be isolated from excised
melanoma deposits and identified in TIL cultures that mediated tumor regression; however, to
date, no objective cancer regressions have been observed in patients receiving ACT of TIL that
were solely gp100-reactive (2,3,11,12). Evaluating the therapeutic activity of g209-specific
TIL in adoptive immunotherapy for melanoma is further complicated by the modest numbers
of TIL treatment cultures that contain g209-reactive cells and the observation that g209-
reactive TIL cultures used for transfer often exhibit multiple Ag specificities (11,12).

In our TIL transfer trial, tumor regression correlated with the in vivo persistence of transferred
TIL clonotypes in the peripheral blood (11–13). In earlier ACT studies, no patient experienced
tumor regression after the transfer of highly expanded, tumor Ag-reactive T cell clones that
failed to persist, whether or not the patient had received lymphodepleting preconditioning
(39,40). Together, these data suggested that the inability of tumor Ag-specific T cells to engraft
after transfer may limit the efficacy adoptive immunotherapy. In the current study, g209-
specific CD8+T cells persisted well in the blood of all treated patients after infusion as assayed
by tetramer staining, TRBV gene, or Ag-stimulated cytokine secretion analyses. The
therapeutic inadequacy of the current approach thus lies beyond the inability of tumor Ag-
specific T cells to persist and highlights the point that transferred T cell persistence or the mere
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presence of tumor Ag-reactive T cells in the blood cannot be used as a “surrogate marker” for
successful immunotherapy.

Transfer of g209-specific T cells to lymphodepleted patients, combined with Ag specific
vaccination and IL-2, resulted in robust proliferation and the induction of primary
lymphocytosis in 55.5% (5 of 9) of patients, followed by secondary lymphocytosis in 3 of 6
patients receiving a second cycle of viral vaccine and IL-2. Based on the same criterion, the
frequency of patients experiencing lymphocytosis after cell infusion was notably different from
that observed in TIL recipients (2 of 35; 5.7%). This was not the result of transferred cell
number because the mean number of cells administered in this (6.6 ± 1.2 × 1010) and our TIL
(6.3 ± 0.7 × 1010) trial (12) was not significantly different (p = 0.84). Whereas CD4+T cell
counts are often depressed in TIL recipients 1 mo after administration of therapy, CD4+T cells
were normal, on average, in the peripheral blood of PBMC recipients (12). This was not the
result of a disparity between the transferred populations because CD4+T cells were present in
vaccine-induced PBMC used for therapy at frequencies not different from those found in TIL
(31.2 ± 6.5 and 21.7 ± 4.3%, respectively; p = 0.303) (12). At 1 mo after infusion, normal
CD4+T cell counts were observed in four of the five patients that experienced lymphocytosis,
although this trend was not statistically significant (p = 0.206). Vaccination alone might not
account for the difference in the incidence of lymphocytosis experienced by PBMC and TIL
recipients, because 18 of 35 patients treated with TIL also received peptide vaccine in
combination with cell transfer, suggesting that peptide-stimulated PBMC possess a superior
proliferative potential compared with TIL. Whether this disparity in proliferative potential
reflects a difference in culture condition is not known; however, peptide-stimulated PBMC are
cultured for less time (mean = 12.3 ± 0.6 vs 47.0 ± 2.3 days), with less IL-2 (50 vs 1000 cU/
ml) and a different stimulus (peptide on autologous PBMC vs anti-CD3 Ab and irradiated
allogenic feeder cells) (12).

Surprisingly, longitudinal gp100-specific tetramer frequency analysis and BrdU incorporation
studies demonstrated that circulating g209-specific CD8+T cells did not proliferate
significantly more than the remaining CD8 T cell population despite administration of an Ag-
specific cancer vaccination. The pan lymphoproliferation observed in the peripheral blood may
result from IL-2 administration, homeostatic proliferation, and/or the induction of fowlpox
virus-specific T cell responses. Selective proliferation or retention of tumor Ag-specific T cells
in lymphoid organs, where T cell proliferation is known to largely occur, was not evaluated
due to the difficulty in obtaining samples from these sites.

Mouse studies have suggested that the acquisition of a terminal effector phenotype by tumor-
reactive T cells in vitro through repeated stimulation can impair in vivo antitumor efficacy
(15,41). In addition, subfractionation of early effector T cells by expression of CD62L
identified CD8+T cells with superior in vivo antitumor properties (15,41). In our study, most
peptide-stimulated PBMC had only received a single in vitro stimulation with g209-2M
peptide, and up to half of g209-2M peptide-stimulated CD8+T cells expressed CD62L in some
patients, albeit at low levels and in a unimodal fashion. Although CD62L expression can
facilitate T cell homing to lymphoid tissues, consequent activation by professional APC and
a resultant increase in proliferation, transfer of peptide-stimulated T cells with a less
differentiated phenotype, and increased proliferative potential did not elicit significant tumor
responses in vivo. Whether CD62L expression by PBMC resulted in preferential homing and/
or retention in lymphoid organs, compared with tumor, was not assessed. By contrast to
vaccine-induced PBMC, TIL transferred to patients that experienced objective responses
express little to no CD62L (17).

The critical factors contributing to the differential therapeutic efficacy of TIL and vaccine-
induced PBMC are not known. A positive stimulation feedback loop might account for the
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enhanced antitumor effectiveness of transferred TIL in contrast to PBMC in vivo because TIL
are 1) primed and imprinted by naturally processed Ag in the tumor bed or the local draining
lymph node leading to their preferential retention in these sites, 2) ex vivo expanded and
isolated from excised tumor fragments in the continued presence of autologous tumor cells,
stimulating TIL activation and division, and 3) can expand, persist, and mediate immune
responses against the same stimulating tumor in vivo after transfer. By contrast, the basis for
the reduced therapeutic efficacy of g209-2M peptide-induced CD8+T cells might reflect the
generation of a corrupted CD8+T memory cell population induced by frequently boosting with
high doses of immunogen presented by somatic cells rather than tumor and in the absence of
adequate T cell help (8,42,43).

g209-2M peptide-stimulated T cells may also possess a suboptimal functional avidity
compared with TIL. Transferred gp100-specific CD8+T cells from all patients recognized g209
peptide-pulsed cells down to 1 nM concentrations, the minimum level reported to correlate
with tumor recognition (44). Only PBMC from patient 2 recognized g209 peptide at a lower
concentration. Transferred PBMC from one patient did not specifically recognize HLA-
matched tumor cells, and others recognized tumor at low but significant levels. Comparatively,
the highest absolute IFN-γ release in response to tumor for subcultures of peptide-stimulated
PBMC (2172 ± 963 pg/ml; mean ± SEM) was significantly lower than reported for TIL (8318
± 1579 pg/ml; p2 < 0.005) (12), although differences in Ag-specificity and tumor-reactive T
cell frequency make such direct comparisons difficult to interpret. Notably, no TIL from
responding patients were exclusively gp100-reactive (12). Peptide-stimulated cells used for
transfer did, however, lyse HLA-matched melanoma cell lines in vitro, similar to TIL.
Furthermore, posttransfer PBMC maintained peptide and tumor reactivity, as reported for
posttransfer PBMC from TIL recipients (11).

Study of the TCR repertoire from vaccine-induced vs naturally arising NY-ESO-1-specific
CD8+T cells revealed highly conserved but distinct structural TCR features, which result in
decreased functional avidity and tumor reactivity by cells induced by synthetic peptides (45).
Synthetic peptides might not adequately mimic their naturally processed counterparts;
therefore, gp100-vaccine-derived cells may possess TCRs with poor affinity for naturally
processed and presented tumor Ag in vivo. Alternatively, tolerating mechanisms such as clonal
deletion, ignorance, anergy, or suppression in the host likely eliminate or reduce the highest-
affinity T cells reactive against self/tumor Ags, such as gp100 and MART-1, thus dampening
the ability of cancer vaccines to induce and expand such cells in vivo. Novel strategies, such
as TCR transduction technology, can be used to circumvent host tolerance and distinctively
generate peripheral blood T cells with high-affinity TCRs for ACT (46). High-affinity, tumor-
specific TCRs from TIL that have mediated tumor regression (47), T cells from vaccinated
HLA-A2 transgenic mice (48) or allorestricted CTLs (49), or generated through TCR
mutagenesis (50) can be isolated and used for transduction of peripheral blood T cells, thereby
increasing the therapeutic potential of transferred PBMC (51).

Other factors, both T cell and tumor-related, may have contributed to reduced antitumor
responses in vivo. CD4+T cells can influence CD8+T cell effector function, memory and
maintenance; however, distinct CD4+T cell subsets may have diverse influences on adoptive
immunotherapy. In mice, cotransfer of CD25+ CD4+ Th cells with tumor/self-reactive CD8+

T cells and vaccination into CD4+ T cell-deficient recipients resulted in autoimmunity and
regression of established tumor (28). By contrast, transfer of CD25+ Treg cells alone or
combined with CD25+ CD4+ Th cells inhibited effective immunotherapy. CD4+ CD25+

FOXP3+ T cells were detectable in PBMC for treatment. In study of four TIL infusion products,
CD25+ FOXP3+ CD4+ T cells were present at similar if not higher frequencies than PBMC,
indicating that Treg cell-mediated immune suppression might not account for the difference
in the therapeutic efficacy of these two populations. The frequency, number, and function of
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Treg cells in transferred TIL cell products is currently investigation. Nevertheless, selective
depletion of Treg cells from cell infusion samples before transfer may augment the
effectiveness of clinical approaches, particularly those that incorporate a lymphodepleting
preconditioning (23).

Whether transferred g209-reactive T cells migrated to tumor was not directly assessed,
although g209-reactive T cells were detected in tumors excised after PBMC transfer from 3
(patient 1, 4, and 5) of 4 patients. TIL isolated from an excised tumor from patient 3, whose
tumor had preexistent gp100 Ag loss, did not recognize g209 peptide or HLA-matched
allogeneic melanoma cell lines, but exhibited unique recognition of autologous tumor.

Our study demonstrates that adoptive transfer of vaccine-induced PBMC after
lymphodepletion can result in the persistence in vivo of high numbers of g209 peptide-specific,
tumor-reactive CD8+ T cells in patients with metastatic melanoma. The lack of objective
clinical responses in these vaccine-induced PBMC recipients may be multifactoral. Based upon
these clinical findings, we hypothesize that the limited effectiveness of cancer vaccines in
immunocompetent individuals may be due to the generation of inadequate cells because
vaccine-induced cells did not mediate tumor regression even in the face of host
lymphodepletion, exogenous cytokine, and Ag activation in vivo.
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FIGURE 1.
Characteristics of in vitro-stimulated, g209 peptide-specific CD8+T cells used for adoptive
immunotherapy. A, Detection of CD8+T cells expressing high-affinity g209-specific TCR. In
vitro-stimulated PBMC used for therapy, a gp100-reactive clone (JR209) isolated from the
peripheral blood of a gp100 vaccine recipient, and a MART-1-reactive TIL subculture (DMF4)
were stained with unaltered HLA-A2 molecules bearing tetramer containing gp100:209–217
(g209/wtA2) or MART-1:26–35(27L) peptide (MART-1/wtA2) or with a CD8 null tetramer
containing the gp100:209–217 peptide (g209/nullA2). Histograms were gated on viable
CD8+ lymphocytes, and the frequency of tetramer-positive events is shown. B, Phenotypic
analysis of g209-specific CD8+T cells used for the treatment of patients 2, 5, 8, and 9. Tumor
Ag-specific T cells were identified using commercially available gp100:209–217 peptide
containing HLA-A*0201 tetramer complexes (gp100/A2) and anti-CD8 Ab. The y-axis
indicates the frequency of g209 peptide-specific CD8+T cells expressing the molecules
indicated on the x-axis. C, Cell surface expression of the lymphoid homing molecule CD62L
(L-selectin) by g209 peptide-specific CD8+T cells for therapy (shaded histogram), compared
with isotype Ab staining (open histogram). D, Tumor Ag-specific CD8+T cells were actively
proliferating at the time of ACT. PBMC for treatment were incubated in BrdU for ~5 h,
subsequently stained with gp100/A2 tetramer, and CD8, CD4, CD3, and BrdU Abs to assess
T cell subset proliferation. The frequency of proliferating T cells is indicated by the percentage
of cells expressing BrdU. BrdU incorporation is shown for individual patient cells as well as
the mean for all patient cells.

Powell et al. Page 17

J Immunol. Author manuscript; available in PMC 2008 January 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Cytotoxic activity of in vitro-stimulated, g209 peptide-specific CD8+T cells used for adoptive
immunotherapy. PMBC and TIL containing gp100-reactive T cells were cultured overnight in
CM containing 300 IU/ml IL-2. Effector cells were washed twice and cocultured for 4 h with
chromium-labeled T2 cells alone or pulsed with 1 μM gp100:209–217 peptide, or HLA-A2+

(526 and 624) or HLA-A2− (888 and 938) melanoma cell lines in the absence of IL-2. Values
represent the mean percentage of lysis of duplicate wells at the indicated E:T ratio.
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FIGURE 3.
CD4+CD25+FOXP3+T cells are present in cells used for transfer and posttransfer PBMC. A,
Infused CD4+T cells have increased CD25 cell surface expression compared with pretreatment
levels. Pretreatment PBMC (Pre), cells used for transfer (Infusion), and PBMC collected ~1
wk after infusion (Rebound) were stained with CD3, CD4, and CD25-specific Abs, and
measured for CD25 expression on CD4+T cells. Mean CD25high (CD25hi) expression for all
patient samples ± SEM is shown. B, Infused CD4+T cells express FOXP3. RNA was isolated
from the same cell samples following CD4+ cell enrichment, and measured for FOXP3
expression. RNA isolated from CD25-depleted PBMC from a patient donor (CD25+) and
positive control RNA (+) was included. Results represent the mean relative number of
FOXP3 copies per 104 copies of β-actin ± SEM. C, FOXP3 expression is detectable in
CD4+T cells from in vitro-stimulated PBMC used for ACT. PBMC used for therapy, and
CD25-depleted PBMC from a patient donor (CD25+) were stained with CD3, CD4, CD8, and
FOXP3 Abs. The percentage of CD4+T cells expressing FOXP3 is shown on the y-coordinate.
Data are representative of two independent experiments.
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FIGURE 4.
Absolute numbers of lymphocytes in the peripheral blood of treated patients following ACT
of g209 peptide-stimulated T cells. Numbers of lymphocytes in the peripheral blood generally
peaked 1 wk following cell transfer and contracted to normal levels in most patients.
Lymphocytosis was designated as an ALC > 4.7 × 103 cells/μl blood. Lymphocytosis was noted
in five of nine patients receiving adoptive immunotherapy. The x-axis represents days relative
to cell transfer, with day 0 representing the day of cell infusion.
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FIGURE 5.
g209 peptide-stimulated T cells proliferate in the peripheral blood of patients following ACT.
A, A peripheral blood smear shows the blastic, leukemic appearance of lymphocytes from
patient 3, obtained 3 days after transfer (magnification, × 100). B, Peripheral blood cells from
treated patients proliferate in vivo. Fresh PBMC obtained from patient 3, 3 days after transfer,
proliferated overnight while incubated in medium containing [3H]thymidine, whereas PBMC
from a normal healthy donor did not. Cultures were performed in quadruplicate; mean
proliferation is represented in cpm ± SEM. C, Lymphocyte counts plateau as cell proliferation
diminishes in vivo. Fresh PBMC obtained from patient 5, 3 days after transfer, were directly
incubated in BrdU containing CM for ~5 h and measured for incorporation. The greatest
increase in ALC is seen following peak BrdU incorporation by freshly collected CD8+T cells
3 days after transfer. ALCs plateaued as proliferation of CD8+T cells temporally diminished.
D, g209 peptide-specific CD8+T cell proliferation is detectable from the peripheral blood of
patient 5, 3 days after transfer, as measured by incorporation of BrdU. Proliferation was not
noted in normal healthy donor PBMC. E, Multiple lymphocyte subsets proliferated in the blood
after cell infusion. PBMC were incubated in BrdU for ~5 h, subsequently stained with gp100/
A2 tetramer, and CD8, CD4, CD3, and BrdU Abs to assess T cell subset proliferation. The
frequency of proliferating T cells is indicated by the percentage of cells expressing BrdU.
Proliferation was assessed for the following patients on the indicated day relative to cell transfer
and last IL-2 dose; patient 2 (day 5; 3 days after IL-2); patient 3 (day 4; 1 day after IL-2);
patient 4 (day 5; 3 days after IL-2); patient 5 (day 3; 1 day after IL-2); patient 8 (day 7; 4 days
after IL-2); patient 9 (day 5; 2 days after IL-2).
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FIGURE 6.
g209 peptide-specific CD8+T cells persist in vivo after ACT. A, CD8+T cell numbers peaked
~1 wk after cell infusion. One month after treatment, CD8+T cell counts remained slightly high
compared with pretreatment counts but had diminished toward normal homeostatic levels. B,
The frequency of g209 peptide-specific CD8+T cells in the peripheral blood after transfer
largely reflected the level observed in cell infusion samples. In all cases, these levels were
higher than that observed in pretreatment PBMC. C, CD4+T cell numbers generally had
returned to normal levels 1 wk after cell infusion. D, High numbers of g209 peptide-specific
CD8+T cells persisted in the blood 1 mo after cell infusion. The number of circulating g209
peptide-specific T cells was higher after therapy for most patients. g209 peptide-specific
CD8+T cell number was determined as CD8+T cell number multiplied by the percentage of
g209/A2 tetramer-positive CD8+T cells.
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FIGURE 7.
Adoptively transferred g209 peptide-specific CD8+T cells that persist in vivo assume their
pretreatment phenotype. Pretreatment PBMC (Pre), cells used for infusion, and 1 wk (1wk) or
1 mo (1mo) posttransfer PBMC from patients 2, 5, 8, and 9 were stained using gp100:209–217
peptide containing HLA-A*0201 tetramer complexes, CD8 Ab, and Abs specific for the
indicated molecules. Graphs show the frequency of g209 peptide-specific CD8+T cells that
express the indicated molecule (y-axis) in relation to the time of cell infusion (x-axis).
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