Cancer Immunol Immunother (2007) 56:659-675
DOI 10.1007/s00262-006-0222-y

ORIGINAL ARTICLE

T cell responses in melanoma patients after vaccination
with tumor-mRNA transfected dendritic cells

Jon Amund Kyte - Gunnar Kvalheim - Kari Lislerud -
Per thor Straten - Svein Dueland - Steinar Aamdal -
Gustav Gaudernack

Received: 2 June 2006 / Accepted: 3 August 2006 / Published online: 1 September 2006

© Springer-Verlag 2006

Abstract We have developed an individualized mela-
noma vaccine based on autologous dendritic cells
(DCs) transfected with autologous tumor-mRNA. The
vaccine targets the unique spectrum of tumor antigens
in each patient and may recruit multiple T cell clones.
In a recent phase I/II trial, we demonstrated T cell
responses against vaccine antigens in 9/19 patients
evaluable by T cell assays. Here, we report a follow-up
study that was conducted to characterize interesting
T cell responses and to investigate the effects of long-
term booster vaccination. Two patients were selected
for continued vaccine therapy. The clinical follow-up
suggested a favorable clinical development in both
patients. The immunological data (T cell proliferation/
IFNy ELISPOT/Bioplex cytokine assays) indicated
sustained T cell responses and suggested an enhancing
effect of booster vaccinations. Both CD4* and CD8* T
cell responses were demonstrated. From post-vaccination
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samples, we generated 39 T cell clones that responded
specifically to stimulation by mRNA-transfected DCs
and 12 clones that responded to mock-transfected
DCs. These data clearly indicate a two-component vac-
cine response, against transfected and non-transfected
antigens. T cell receptor (TCR) clonotype mapping,
performed on 11 tDC-specific clones, demonstrated
that 10/11 clones had different TCRs. The results thus
indicate a broad spectrum T cell response against anti-
gens encoded by the transfected tumor-mRNA. We
generally observed mixed Th1/Th2 cytokine profiles,
even in T cell clones that were confirmed to be derived
from a single cell. This finding suggests that cytokine
patterns after cancer vaccination may be more complex
than indicated by the classic Th1/Th2 dichotomy.
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Abbreviations

DC Dendritic cell

PBMC Peripheral blood mononuclear cell
TCR T cell receptor

DTH  Delayed-type hypersensitivity

Introduction

There is a need for improved systemic therapy of cancer,
with the ability to eradicate metastatic disease. The
immune system is known to combine inherent specificity
with a systemic range of action, and various principles of
cancer immunotherapy have been investigated. Several
clinical studies have demonstrated specific T cell
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responses after vaccination with defined tumor-associ-
ated antigens, like MAGE-1, RAS, gp100 and MART-1/
Melan-A [1-6]. There is, however, limited evidence of
clinical effect, and a wider spectrum of target antigens
may be desirable to avoid tumor escape. The spectrum
of antigens may be extended by use of peptide cocktails
or allogeneic cancer cell lines [7-9]. It has, however,
been argued that the majority of tumor antigens are
probably unique to each patient [10-13]. The individual
tumor antigens are believed to arise from numerous
mutations during the development of tumor.

Dendritic cells (DCs) are the most potent antigen
presenting cells known [14], and different principles of
DC-based vaccines are being explored [1, 15, 16]. In
malignant melanoma, several important studies have
investigated DCs loaded with peptides or allogeneic
tumor lysats [7, 9, 17-20]. We have developed a person-
alized melanoma vaccine based on autologous dendritic
cells transfected with autologous tumor-mRNA [21, 22].
Here, we target the unique spectrum of tumor antigens
in each patient. The approach bypasses the requirement
for defined HLA-alleles and for the expression of com-
mon tumor antigens by the tumors. Moreover, the pro-
teins encoded by the transfected tumor-mRNA will be
subject to the natural peptide-processing and epitope
selection in the DCs. To date, we have focused on malig-
nant melanoma. The tumor-mRNA concept is, however,
applicable to any cancer form and may prove particu-
larly useful in the more rare cancer forms, where com-
mon tumor antigens have not been identified [23].

Recently, we evaluated the melanoma DC-vaccine
in a phase I/II trial on 22 patients with advanced dis-
ease [24]. No serious side effects were observed. This
was the first study employing RNA-transfected DCs
for melanoma therapy. In other cancer forms, eight
RNA/DC-trials have been reported [22], and T cell
responses have been demonstrated in 2/4 trials that
have used autologous tumor-RNA [25, 26]. In the mel-
anoma vaccine study, we observed T cell responses
against transfected antigens in 9/19 patients evaluable
by T cell assays and in 8/18 patients evaluable by DTH
[24]. We also observed considerable reactivity to
mock-transfected DCs after vaccination.

Here, we report a follow-up study that was per-
formed to characterize interesting T-cell responses
and to investigate the effect of long-term booster vac-
cinations. Two patients were selected for continued
vaccine therapy, based on promising immune response
data and a favorable clinical development. Their
immunological and clinical responses were followed by
long-term monitoring, and extended immunological
investigations were performed. The studies included
experiments on T cell clones and CD4*/CD8" T cell
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subsets, as well as extensive characterization of the
cytokine profiles. The findings reported here suggest
that the vaccine recruits multiple T cell clones, specific
to transfected or non-transfected antigens. Both CD4*
and CD8" T cell responses are elicited. Interestingly,
we observe non-conventional cytokine profiles that
resemble mixed Th1/Th2-patterns. The long-term data
demonstrate sustained T cell responses and suggest an
enhancing effect of continued booster vaccinations.

Materials and methods
Patients

Patients M03 (female, age 32) and M19 (male, age 44)
were both included in the previously reported RNA/
DC vaccine trial [24]. The study was approved by the
Norwegian Medicines Agency, the Norwegian Depart-
ment of Health (Gene Therapy Board), the Regional
Committee for Medical Research Ethics and the
Hospital Internal Review Board. It was performed in
compliance with the World Medical Association Dec-
laration of Helsinki. Written informed consent was
obtained from the patients.

Production of mRNA -transfected DCs

Tumor samples were preserved on “RNA Later” solu-
tion (Sigma-Aldrich, St. Louis, MO, USA). Tumor-
RNA extraction and -evaluation was performed as pre-
viously described [21]. DCs were generated as described
earlier [21, 27]. Briefly, monocytes obtained from leuka-
pheresis products were cultured for 5 days with granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)
and interleukin-4 (IL-4). The resulting immature DCs
were transfected with tumor-mRNA by square wave
electroporation [21, 28] and then cultured for 2 days
with cytokines facilitating maturation (IL-1B, IL-6,
tumor necrosis factor oo (TNFa) and prostaglandin E,).
To obtain adequate control DCs, a fraction of the DCs
was mock-transfected, i.e. electroporated without
mRNA. The DC phenotype was evaluated by flow
cytometry, as previously described [21]. The DCs from
patients M03 and M19 had a mature DC phenotype,
expressing HLA class II (=96%), CD86 (=97%) and
CD83 (=94%), but not CD14 (<3%). The DC viability
was >85%, as assessed by trypan blue staining.

Clinical monitoring

Adverse events were recorded and graded according
to the NCI-common toxicity criteria, as previously
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reported [24]. Only minor side effects were observed,
with no treatment related grade III-IV toxicity. Objec-
tive tumor response was assessed by clinical examina-
tion and CT scans prior to start of vaccination and after
3 months. The tumor response was classified according
to the Response Evaluation Criteria in Solid Tumors
(RECIST) [29].

T cell cultures and assays

Peripheral blood mononuclear cells (PBMCs) were
obtained prior to the four standard vaccinations, after
S weeks and after 13 weeks. PBMCs were also obtained
before each booster vaccination, and after 2 weeks. The
PBMCs were isolated and frozen as previously
described [24]. Thawed PBMCs were stimulated twice
in vitro with tDCs (not with mockDCs) and cultured as
described earlier [24].

T cell proliferation assays (*H Thymidine) were per-
formed as previously described [21] on freshly thawed
PBMC:s and after one and two in vitro stimulations.
The T cells were tested in duplicates (only T cell
clones), triplicates or hexaplicates. Irradiated tDCs and
mock-transfected DC controls (mockDCs) were used
as APCs. Negative controls with T cells only were
included.

Interferon-y (IFNy) ELISPOT was performed as
described earlier [21], on PBMCs not previously
stimulated in vitro. The assay was used to estimate
the frequency of responding T cells in peripheral
blood. Responder T cells were seeded as duplicates
at three different concentrations and stimulated with
tDCs or mockDCs. Negative controls with T cells
only were included. The spots were enumerated
using an automated ELISPOT counter (Carl Zeiss
Vision, Oberkochen, Germany) at The National
Hospital, Oslo.

Supernatants were harvested from duplicate (only T
cell clones) or triplicate T cell cultures and analyzed by
Bioplex assays (Bio-Rad Laboratories, Hercules, CA,
USA), according to the manufacturers protocol. The
supernatants were harvested at day 2 (T cell clones),
day 3 (pre-stimulated T cells) or day 5 (freshly thawed
PBMCs). The analyzes included IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12, IL-13, IFNy, TNFa, GM-CSF and macro-
phage inflammatory protein 1§ (MIP-1p).

Isolation of CD4* or CD8" T cells and blockage
of HLA class I or II

CDS8* T cells were isolated by positive selection using
Dynabeads coated with antiCD8 (Dynal, Oslo, Nor-
way). CD4* T cells were isolated by depletion of

CD8" cells. The following monoclonal antibodies
(mAbs) were used in blocking experiments, each at
10 pg/ml: W6/32: anti-HLA class I (hybridoma cells
from American Type Culture Collection, Rockville,
MD, USA); anti-HLA-DR (Becton Dickinson);
FN81: anti-HLA-DQ and 22C1: anti-HLA-DP (gift
from Dr. S. Funderud, The Norwegian Radium Hos-
pital).

T cell clones

T cell clones were generated from post vaccination T
cells, after one in vitro pre-stimulation with tDCs. Lim-
iting dilution seeding was performed (0.2/1/5 T cells/
well), and the T cells were stimulated with irradiated
(30 Gy) allogeneic PBMCs (10° ¢/ml), PHA (1 pg/ml)
and IL-2 (10 U/ml). The T cell clones were tested in
proliferation and Bioplex assays, for response to stimu-
lation by tDCs and mockDCs. The relative index (RI)
between T +tDC and T + mockDC was calculated,
and the clones were considered to be tDC-specific if
RI> 3.

T cell receptor (TCR) clonotype mapping

Denaturing gradient gel electrophoresis (DGGE) sep-
arates DNA-molecules that encode different TCRs by
exploiting their different sequence-related properties.
The applied gel contains an increasing concentration of
denaturants. During electropheresis, a DNA molecule
will initially move through the gel with a constant
velocity determined by its size. However, at a certain
level in the gel, a concentration of denaturant is
reached that causes the molecule to unwind and be
retarded. Molecules that differ in one or more nucleo-
tide positions will usually unwind at different concen-
trations. Thus, DNA molecules representing different
TCRs can be separated [30-32]. If TCR-cDNA is
synthesized from a culture comprising several T cell
clones, each clone will appear as a distinct band on the
gel.

To examine the present clones, we first snap-froze
the cells in dry pellets by use of liquid nitrogen. RNA
was extracted from the pellets using the NucleoSpin
RNA II (Macherey-Nagel, Germany). cDNA synthesis
and quantization of cDNA in each sample were carried
out as previously described [32]. The quantization of
TCR cDNA in each sample and the PCR were also
performed as previously described [33]. cDNA was
amplified using a primer panel for the 24 Vf region
families of the TCR, in DNA fragments suitable for
DGGE. Ten microlitre aliquots were electrophoresed
in agarose gel stained with EtBr and visualized in UV
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light. For DGGE, 10 pl aliquots were loaded onto a
denaturing gradient gel. This gel contained 6% poly-
acrylamide and a gradient of urea and formamide from
20 to 80%. The products were separated by electro-
phoresis at 160 V for 4.5 h in 1x TAE buffer kept at a
constant temperature of 58°C. After electrophoresis,
the gel was stained with SYBR® Green 1 (Molecular
Probes, Oregon, USA) and visualized using the FLA-
3000 fluorescence detection system (FUIJI film, Science
Imaging Scandinavia, Sweden).

Statistical analysis

To determine if a T cell response was tDC-specific, we
compared the T cell proliferation counts/ELISPOT
counts/cytokine secretion elicited by tDCs, by mock-
DCs and by T cells only. For statistical analysis of T
cell proliferation assays and Bioplex assays, we applied
One-way ANOVA, followed by Student Newman
Keuls (SNK) test (SPSS for Windows, SPSS Inc.). In
the ELISPOT assays, the different T cell concentra-
tions were analyzed together by Two-way ANOVA
(SPSS), followed by SNK test. A response was consid-
ered significant only if P < 0,05. The proliferation/ELI-
SPOT counts are displayed as mean counts per minute
(cpm)/mean spots per well & standard error of the
mean (SEM). All P-values given are two-tailed, exact
values.

Results
Responses in patient M19 after booster vaccinations

The history of patient M19 is summarized in Fig. 1,
including disease development, standard treatment
and DC-therapy. The patient initially received four
weekly tDC-vaccines, as previously reported [24]. In
blood samples obtained at week 5, we demonstrated T
cell proliferation that was specific to tDC-stimulation,
compared to mockDC-controls (Fig.2a) [24]. More-
over, tDC-specific responses were demonstrated in
delayed-type hypersensitivity (DTH) recordings and
IFNy ELISPOT assays [24]. No responses were
observed prior to vaccination. After 3 months, the T
cell responses were still detectable, but appeared less
strong (Fig. 2a) [24].

To obtain an enhanced and prolonged response, the
patient was given five booster vaccinations over a
period of 23 months from the first vaccine (Fig. 1). No
significant side effects were observed. At start of vacci-
nation, the patient had stage IV melanoma with
pulmonary metastases (AJCC category M1B) and
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evidence of disease progression (Fig. 1). During DC-
therapy, some of the pulmonary metastases remained
stable, though overall, there was moderate disease
progression (Fig. 1). The patient remained in a good
general condition throughout the 23 months of DC-
vaccination. Thereafter, he developed general disease
progression. The patient survived for 31 months after
study entry, i.e. 41 months after progression to stage IV
disease (Fig. 1).

As shown in Fig. 2a, we demonstrated tDC-specific
T cell responses after all four booster vaccines that
could be assessed. There were no samples available for
testing after boost number five. Interestingly, moderate
T cell responses were detected even in samples
obtained prior to boosts ## 2, 3 and 4. As these three
samples were obtained 3-9 months after the last previ-
ous booster vaccine (Fig.1), the results provided
evidence of sustained T cell responses. Further, the
proliferation counts generally increased after boost
(Fig. 2a and data not shown).

CD4" and CDS8* T cell responses in patient M19

CD4" and CD8" T cells were isolated from post-
vaccination PBMCs (week 5) and tested in prolifera-
tion assays. The results demonstrated tDC-specific
responses for both CD4" (Fig. 2b) and CD8" T cells
(Fig. 2c). The responses were blocked by mAbs against
HLA class II and I, respectively. We moreover tested
CD4* T cells obtained after boost #1, i.e. 5 months
later. These assays also demonstrated CD4" T cell
responses that were blocked by mAbs against HLA
class II (data not shown).

Cytokine profiles of patient M19-responses

Supernatants from T cell cultures were analyzed in
Bioplex cytokine assays. The results demonstrated
tDC-specific cytokine secretion both after the initial
four-vaccine sequence and after each of the four
booster vaccinations (Table 1, Fig.3 and data not
shown). A wide range of cytokines were detected,
including IFNy, TNFa, IL-5, IL-13 and MIP-1B. Gener-
ally, we observed a mixed Th1/Th2-profile. Parallel
assays were performed with T cells obtained before
and after boost #4. These assays demonstrated a sus-
tained cytokine response prior to boost, but also
increased secretion of multiple cytokines after boost
(Fig. 3a,b). The results thus supported the findings in
the proliferation assays (Fig.2a). Interestingly, we
detected no IFNy secretion before boost #4, but high
amounts after the boost. The secretion of IL-10 did not
increase (Fig. 3a). This resulted in a more Th1-directed
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Fig.1 Clinical history and DC-vaccination for patients M03 and
M19. The overall disease development (RECIST criteria) is indi-
cated by white and black stretches at the horizontal timeline.
White stretches represent stable disease, black stretches represent
progressive disease. Below the timeline is indicated all systemic
therapy, including conventional chemotherapy and DC-vaccina-
tion. The circles above the timeline represent individual tumors.
The points of disease progression to new AJCC categories are
annotated (stage III, stage IV, M1A, M1B, M1C). As indicated,
both patients had progressive disease at start of vaccination (RE-
CIST criteria). In patient M03 the evaluation at study entry dem-
onstrated new nodal and subcutaneous lesions, located in the
axilles, neck and abdomen. In patient M19 were detected new

profile after boost. Experiments on CD4* T cells dem-
onstrated that these cells produced a wide range of
Th1l- and Th2-cytokines, and that the secretion was
successfully blocked by mAbs to HLA class II
(Fig. 3c).

pulmonary and subcutaneous metastases. The clinical evaluation
after 3 months (3 months eval) demonstrated a mixed tumor
response in patient M03, as some tumors regressed while other
tumors were stable or progressed. In patient M19, the pre-exist-
ing pulmonary metastases were stable, but a new pulmonary
lesion appeared. Two different DC-vaccines were made for pa-
tient M03, based on RNA from different tumor biopsies. The first
vaccine was administered intradermally as four weekly injections,
and a booster vaccine after 4 months. The second vaccine was
administered as four weekly intranodal injections, 9 months after
start of vaccination. Patient M19 received all vaccines intrader-
mally and was given five booster injections after the standard four
weekly vaccinations

We reasoned that repeated in vitro T cell stimula-
tions may not merely enhance the pre-existing in
vivo response, but may also distort the cytokine
profile. Where possible, we therefore compared the
cytokine responses in freshly thawed T cells with
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Fig.2 a T cell proliferation
responses in patient M19.

T cells were obtained before
start of vaccination (week 0;
TO), after the initial four
vaccines (T5), after 13 weeks
(T13), and before and after
booster vaccines. The patient
received five booster vaccina-
tions, after 6 months
(Boostl), 15 months
(Boost2), 18 months
(Boost3), 21 months (Boost4)
and 23 months (Boost5). No
samples were available after
Boost5. The T cells were test-
ed for proliferation to stimula-
tion by tDCs and mockDC-
controls. The figure shows the
proliferation data for samples
previously stimulated twice in
vitro with tDCs. The columns
represent delta (A) cpm of

(T +tDC) — (T + mockDC).
Error bars, SEM for delta
values. A response was
considered tDC-specific if the
proliferation to tDCs was
significantly (P < 0,05) higher
than in the controls. The sta-
tistical analysis demonstrated
specific proliferation in all as-
says shown, except for TO and
pre Boostl. Assays on T cells
not previously stimulated in
vitro demonstrated specific
responses in T5- and post-
Boost3 samples (not TO or
pre-Boost 3; data not shown).
b, ¢ CD4" and CD8" T cell
responses (patient M19).
CD4* and CD8" T cells were
isolated from post-vaccination
PBMCs (week 5) and tested
for proliferation to tDCs and
mockDC-controls. The T cells
(T) were not pre-stimulated in
vitro. Blockage experiments
were performed with mAbs
specific for HLA class I or
class IT (aHLA I or aHLA 1I).
The statistical analysis indi-
cated tDC-specific prolifera-
tion and successful blockage
(P < 0.05) for both CD4" (b)
and CD8" T cells (¢). Col-
umns, mean cpm. Error bars
SEM
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T cells pre-stimulated twice in vitro (Table 1). As
expected, the secretion of most cytokines was
enhanced after in vitro pre-stimulations. The secretion
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of IL-2 was however lost. Interestingly, secretion of IL-4
and IL-10, both associated with tumor tolerance, was
not detected in T cells not cultured in vitro.
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Table 1 Cytokine secretion (patient M19)

#Prestim IFNy TNFo MIP-1p3

tDC mockDC tDC mockDC tDC mockDC

T5 0 28 0 33 0 1,472 481
T5 2 303 14 21 32 13,295 5,951
PostB3 0 30 0 27 0 3,747 1812
PostB3 2 156 0 49 9.0 12,932 4,193

#Prestim IL-2 1L-4 1L-5

tDC mockDC tDC mockDC tDC mockDC

TS5 0 77 28 0 0 37 13
T5 2 0 0 104 36 7,398 3,464
PostB3 0 27 0 0 0 6,374 1,559
PostB3 2 0 0 313 82 17,889 6,059

#Prestim IL-10 1L-13 GM-CSF

tDC mockDC tDC mockDC tDC mockDC

™S 0 0 0 135 32 76 0

TS 2 351 125 22,634 13,122 233 96
PostB3 0 0 0 29,766 9,078 212 42
PostB3 2 505 156 38,620 17,369 428 141

Cytokine concentrations measured by Bioplex (patient M19). T
cells were stimulated with tDCs or mockDCs. Table 1 includes
data from post-vaccination T cells ontained at week 5 (T5) and af-
ter boost #3 (postB3). The tests were performed with T cells pre-
viously stimulated (prestim) twice in vitro with tDCs and with T
cells not prestim in vitro. Supernatants were collected from tripli-
cate cell cultures, each supernatant kept separate through T cell
stimulation and Bioplex assays. Table 1 displays mean concentra-
tions (pg/ml). Background levels in T cell only cultures were
generally low and have been substracted. Bold font indicates
significantly higher concentration after stimulation with tDCs
than mockDC-controls (P < 0.05)

Patient M03: immunological and clinical responses

Patient M03 responded clinically by developing a
mixed tumor response after the four standard vaccines
[24]. At inclusion, she had stage IV melanoma with vis-
ceral metastases (AJCC category M1C) and evidence
of disease progression (Fig. 1). The clinical evaluation
3 months after vaccination demonstrated total regres-
sion of a subcutaneous tumor and partial regression of
a lymph node tumor (Fig. 1). The two visceral metasta-
ses remained stable, while a second lymph node tumor
progressed. Interestingly, we noted pain and inflamma-
tory signs in the regressing tumors. The immuno-moni-
toring demonstrated tDC-specific T cell responses that
developed after vaccination. The T cell responses were
observed both in DTH-recordings, T cell proliferation
assays (Fig. 4a) and IFNy ELISPOT assays [24].
Patient M(03 was given a booster vaccine after
3.5 months (Fig. 1), and in vitro T cell assays were per-
formed on PBMC:s collected two weeks after the boost.
The results demonstrated a tDC-specific T cell response,

both in proliferation and IFNy ELISPOT assays
(Fig. 4a,b). The responses were evident without the
requirement of in vitro pre-stimulations. The ELISPOT
data suggested a tDC-specific responder frequency in
peripheral blood of approximately 1/4,500 T cells.

T cell clones from patient M03

T cell clones from patient M03 were generated from
post-vaccination samples. As shown in Fig. 4c, the
clones originated from T cells with a significant tDC-
specific response, but also considerable mockDC-reac-
tivity. Limiting dilution seeding was performed. From
5,000 wells we obtained 207 T cell clones, and 98 clones
were tested for proliferation to tDCs and mockDCs.
Interestingly, we observed that the T cell clones could
be divided into three groups (Fig. 5). The first group of
36 clones (Fig. 5a,b) proliferated specifically to tDC-
stimulation and not to the mock DC controls (SI > 3,0).
The second group (11 clones; Fig. 5c) proliferated
equally well to both tDCs and mockDCs (>5,000 cpm;
SI < 2,0). The third group (47 clones) was non-respon-
sive, generally with proliferation counts below 500 cpm
(data not shown). Only two T cell clones, #9 and #71,
did not fit directly into these groups due to intermedi-
ate proliferation SI's between 2 and 3. The cytokine
assays (see below) suggested that clone #71 (CD8")
was tDC-specific and that clone #9 (CD4") was
mockDC-reactive. Two non-proliferative CD8" T cell
clones were also shown to be tDC-specific in the cyto-
kine assays. In all, we demonstrated a tDC-specific
response for 7 CD8* and 32 CD4* T cell clones, i.e. for
40% of all clones tested. The observed proliferation
counts suggested that these clones differed substan-
tially with regard to proliferative capacity (Fig. 5b).
Among all 207 clones generated, a ratio of 40% specific
clones would suggest that about 80-85 clones were
tDC-specific.

The finding of tDC-specific and mockDC-reactive T
cell clones provided an interesting perspective on our
previous data. In the preclinical evaluation and the
clinical trial, we tested T cell bulk cultures that will
have included multiple T cell clones. We repeatedly
observed substantial T cell reactivity to mockDC-stim-
ulation, tending to obscure the tDC-specific compo-
nent of the response [21, 24]. The T cell clones made it
possible to study the two components apart from each
other. The results demonstrate that some clones prolif-
erate exclusively to tDCs, i.e. to transfected antigens.
Other clones proliferate to both tDCs and mockDCs,
i.e. to non-transfected antigens. In the T cell bulk pro-
liferation tests, the most proliferative clones will domi-
nate the readout. Among the T cell clones from patient
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Fig. 3 a, b Bioplex cytokine
assays (patient M19). T cells
obtained before and after

a 500

B T+HDC
J T+mockDC

boost 4 were stimulated with
tDCs or mockDC-controls.
The concentration of multiple

cytokines was measured in su-
pernatants from triplicate cell
cultures. The columns in a, b
represent mean cytokine con-
centration after stimulation
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with tDCs or mockDCs.
There was no detectable cyto-
kine secretion in T cell only
controls. ¢ Cytokine produc-
tion by CD4* T cells and effect
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MO03, the highest proliferation counts were observed in
the mockDC-reactive group (Fig. 5b, c). Accordingly,
even though the majority (39/51) of the reactive T cell
clones were tDC-specific, a considerable mockDC-
response would appear in a T cell bulk assay (Fig. 4c).
The relationship between the T cell clone and bulk
responses was further illustrated by tests on a mixture
of 50 T cell clones pooled together (Fig.5b). As
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expected, we then observed a two-component
response, closely mimicking the previous T cell bulk
responses.

Cytokine profiles of T cell clones

We characterized the cytokine profiles of the T cell
clones in Bioplex assays. The results supported the
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findings in the proliferation tests. First, we demon-
strated tDC-specific cytokine production (T + tDC/
T + mockDC > 3) for all 36 T cell clones with a specific
proliferation response (Fig.6). Second, we demon-
strated mockDC-induced cytokine secretion for all
clones that proliferated to mockDC-stimulation (data
not shown).

<« Fig.4 aT cell proliferation assays for patient M03. T cells were
obtained prior to start of vaccination (week0; T0), after the initial
four vaccines (T5) and before/after booster vaccination. The data
shown represent proliferation assays performed with T cells not
previously stimulated in vitro. The T cells were tested for re-
sponse to stimulation by tDCs or mockDC-controls. Statistical
analysis demonstrated tDC-specific responses (P < 0.05) in all as-
says shown. Columns, mean cpm from triplicates. Error bars
SEM. b IFNy-ELISPOT after booster vaccination (patient M03).
T cells obtained after booster vaccination were tested for re-
sponse to tDC- or mockDC-stimulation. Statistical analysis
demonstrated a tDC-specific response (P < 0.05). The T cells had
not been pre-stimulated in vitro. Columns, mean spots/well from
duplicates. Error bars SEM. ¢ Proliferation of T cells used for the
generation of T cell clones. The assay shown represents prolifer-
ation of post-vaccination T cells (week5) that had been pre-stim-
ulated once in vitro with tDCs. The assay was seeded at the day
when this T cell culture was used for limiting dilution cloning. Sta-
tistical analysis demonstrated significantly higher proliferation to
tDCs than mockDCs (P < 0.05). Columns, mean cpm from tripli-
cates. Error bars SEM

Figure 6 shows the secretion of key Thl- and Th2-
cytokines by all 39 tDC-specific T cell clones. A wide
variety of cytokine patterns is observed, both with
regard to the range of cytokines and the level of secre-
tion. In Fig. 6a and b, the T cell clones are ranked
according to the secretion of IFNy (Thl) and IL-5
(Th2), respectively. As demonstrated, most clones do
not exhibit classical Th1- or Th2-profiles. Generally,
the clones that produce high amounts of Th1-cytokines
(IFNy, TNFa and IL-2) also produce more Th2-cyto-
kines (IL-4, IL-5, TL-10, IL-13). Even the CD8" T cell
clones secrete both Thl- and Th2-cytokines (Fig. 6).
Interestingly, several clones secreting high levels of the
Th2-cytokines IL-5 and IL-13 secrete no IL-4 or IL-10
(e.g. #115, #124, #133). To a certain extent, the cyto-
kine levels still correlate more strongly within the Th1-
and Th2-groups than between the two groups. For
instance, the secretion of IFNy, TNFa and IL-2 corre-
late more strongly than the secretion of IFNy and IL-5.
The proinflammatory chemokine MIP-1B was pro-
duced by all clones tested (Fig. 6). Most clones also
secreted IL-6 and GM-CSF, while the levels of 1L-12
were generally low (data not shown).

TCR clonotype mapping

The T cell clones were generated by conventional lim-
iting dilution seeding, but it is well known that such
“clones” are not always derived from a single cell. We
therefore decided to examine whether the broad Th1/
Th2-profiles represented truly monoclonal T cell cul-
tures. Eleven out of the 39 specific clones had survived
in culture and were available for TCR clonotype map-
ping. The results demonstrated amplification of only a
single VP region for clones #3, #4, #18, #58, and #126,
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a finding that strongly suggests mono-clonality. Fur-
ther, as two or more clones expressing the same V3
region would not be distinguished by simple agarose
gel electrophoresis, the individual PCR products were
analyzed by DGGE. By this analysis, different clones
can be distinguished because they form bands at sepa-
rate positions in the gel (see Materials and methods).
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The results demonstrated only a single distinct band in
the gel for each T cell clone, strongly supporting the
notion of monoclonality (data not shown). Table 2
shows the V-regions and cytokine profiles for the five
clones that were confirmed to be derived from single
cell cultures. Interestingly, broad Th1/Th2 cytokine
patterns are observed even for these clones.
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The TCR clonotype mapping demonstrated 10
different T cell clones among the 11 clones analyzed
(Table 2 and data not shown). This finding clearly sug-
gests that most of the 39 specific T cell clones from
patient M03 were not sister-clones, but had different T
cell receptors. The proliferation and cytokine data also
suggested that the clones were highly diverse. These
results are of particular interest as the vaccine was
designed to recruit multiple T cell clones. Moreover, it
should be recalled that 96% of the seeded wells did not
give T cell clones, and that the clones surviving in vitro
probably represent only part of the in vivo diversity.

DC-vaccine and melanoma cell line from a second
metastasis

Though some of the tumors in patient M03 regressed
after the initial vaccinations, other metastases persisted
or progressed (Fig.1). Based on mRNA extracted
from a non-regressing tumor, we produced a second
DC-vaccine that was given 9 months after the first
vaccinations (Fig. 1). No significant side effects were
observed, but the patient eventually developed pro-
gressive disease. She survived for 23 months after start
of vaccination, i.e. 51 months after progression to stage
IV disease (Fig. 1). An autologous melanoma cell line
was established from the second metastasis. The mela-
noma line was cultured with IFNy and was then shown
to express HLA class I and class II by flow cytometry
(data not shown). Eight of the described tDC-specific
T cell clones were still available for testing. We found
that none of these clones proliferated to stimulation by
the melanoma cell line. Moreover, none of the T cell
clones proliferated to stimulation with the new tDCs,
that were based on the same metastasis as the cell line.
The data therefore suggested that the non-regressing
metastasis had escaped the T cell response because it
did not express the antigens recognized. We had not
established melanoma lines from the tumor samples
used in the first M03-vaccine or the vaccine for patient
M19.

Discussion

The individualized RNA/DC-vaccine was designed to
elicit a broad T cell response against the unique spec-
trum of tumor antigens in each patient. Here, we have
demonstrated both CD4" and CD8" T cell responses
and reported T-cell clone data suggesting that the
vaccine recruits multiple T cell clones. Moreover, the
results depict a two-component immune response,
directed against transfected and non-transfected anti-

gens. The observed cytokine profiles do not fit into a
classical Th1/Th2-delineation. Interestingly, even mono-
clonal T cell cultures are found to secrete a mixture
of Th1l- and Th2-cytokines. The implications of these
findings are discussed below.

In the follow-up of patient M19, we demonstrated
specific T cell responses throughout the 21-months
period for immunological monitoring (Fig.2a). We
have also observed sustained T cell activity in 3-months
samples from patient M03 (Fig. 4) and other patients in
the melanoma study [24], as well as in a recent vaccine
trial on prostate cancer patients [8]. In the latter vac-
cine trial, we employed autologous DCs transfected
with allogeneic tumor-mRNA. The sustained T cell
responses may be of clinical significance. Effective can-
cer therapy will not merely require a strong initial
immune response, but will also depend on prolonged
T cell activity and on memory T cells able to respond
to a tumor relapse. Both proliferation and Bioplex data
suggested that the response in patient M19 was
enhanced by booster vaccination. In peptide vaccine
studies, we have also observed that continued vaccina-
tion appears important for establishing a durable
response ([34] and unpublished). Monthly booster
vaccinations have therefore been implemented in our
ongoing DC- and peptide vaccine trials.

Most peptide vaccines are designed to stimulate
CD8* T cells, and it is argued that the failure to recruit
CD4* T cells may explain the limited clinical efficacy
reported in many vaccine trials [15]. In particular, the
activation of CD4" T cells appears necessary for estab-
lishing CD8" T cell memory [35, 36]. There have been
raised doubts over the ability of RNA-transfected DCs
to induce CD4" T-cell responses. The RNA is trans-
fected into cytosol, and conventionally it has been
assumed that cytosolic proteins are only presented on
HLA class I [37, 38]. To improve presentation on HLA
class II, DCs have been transfected with mRNA-con-
structs that include a sorting signal of the lysosome-
associated protein LAMP-1. Promising data have been
obtained in several experimental models [39, 40], and a
recent clinical trial has indicated that both CD4" and
CD8" T cell responses may be enhanced by the inclu-
sion of LAMP-1 [41]. Interestingly, this finding may
reflect that improved activation of CD4* cells aug-
ments the CD8" T cell response.

In the present RNA/DC-vaccine study, we did not
use specific tools to improve the presentation on HLA
class II, but still demonstrated both CD4* and CD8" T-
cell responses. Similar responses have been reported
from in vitro studies conducted by other groups,
including investigations by Miiller et al. [42, 43] using
unmodified tumor-RNA from cancer cell lines. Several
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<« Fig. 6 Cytokine secretion by tDC-specific T cell clones. The T

cell clones from patient M03 were stimulated with tDCs or mock-
DC controls, and the concentration of multiple cytokines was
measured in supernatants by Bioplex. The supernatants were
collected from duplicate cell cultures, each supernatant kept
separate through T cell stimulation and Bioplex assays. All 39
tDC-specific T cell clones are included. The figure displays mean
concentrations (pg/ml) measured for seven conventional Thl/
Th2 cytokines and the chemokine MIP-1§ after stimulation with
tDCs. In all clones, tDC-specific cytokine responses were demon-
strated (T + tDC/T + mockDC > 3). T cell clones #i# 3, 52, 61, 66,
71, 103 and 124 were CD8*. The other clones were CD4". a The
clones are ranked based on the secretion of IFNy(Th1). The rank-
ing in b is based on the Th2-cytokine IL-5

mechanisms may explain why the transfected antigens
are presented on HLA class II, without the require-
ment of additional sorting signals. First, immature DCs
have a considerable ability to engulf antigen. If the
DCs are transfected prior to maturation, like in our
studies, some proteins may be secreted and engulfed
by the DCs, and then enter the classical pathway for
presentation on HLA class II. Proteins that are incor-
porated into the cell membrane may also enter this
pathway. Second, there is increasing evidence that
cytosolic proteins are presented on HLA class II with-
out first being secreted, e.g. after uptake in autophago-
somes [44-47]. The second mechanism implies that
even peptides from permanently intracellular proteins
may be presented to CD4" T cells. In any case, the rela-
tive effectiveness of presentation on HLA class I and
class II remains unclear, not at least in vivo. Here, we
found that 32 out of 39 tDC-specific T cell clones were

CD4". The apparent dominance of CD4" compared to
CD8* T cell clones may not reflect the in vivo situation,
as CD4" T cells are more easily grown in vitro. The
applied cloning protocol, e.g. the moderate IL-2 con-
centration (10 U/ml), was not optimized for CD8" T
cells. However, the data clearly indicate that antigen
presentation on HLA class II is effective in vivo in the
present vaccine protocol. In ongoing studies, we inves-
tigate weather this also applies to DCs transfected after
maturation. An elegant study from Gerold Schuler’s
group has indicated that this procedure may lead to
improved CD8" T cell responses [48]. The implications
for antigen presentation on HLA class II, however,
await clarification.

We observed considerable T cell reactivity to
mockDC-stimulation, both in the preclinical evalua-
tion and the melanoma and prostate cancer trials [8,
21, 24]. The nature of this reactivity was not clear.
Mature DCs may exert non-specific T cell stimulation
through co-stimulatory molecules and cytokines. It
was therefore conceivable that the reactivity to mock-
DCs could be substantial even among tDC-specific
cells. However, in the experiments reported here,
we observe no evident mockDC-background among
tDC-specific clones. The mockDC-response most
likely represents an autologous mixed lymphocyte
reaction (AMLR). Mature DCs are considered to
be potent initiators of AMLR [49, 50]. Alternatively,
the reactive T cells may recognize foreign antigens
engulfed by the DCs ex vivo. As no FCS or human
serum was present in our DC cultures, candidate anti-

Table 2 T cell clones (patient M03)—characteristics and cytokine profiles

Clone# T cell receptor Prolif®  IFNy® TNFo MIP-1 GM-CSF
characterisation® Acpm
tDC  mockDC tDC mockDC tDC mockDC tDC mockDC

3 CD8 Monoclonal V1 10,581 62 20 0 0 10,319 2,653 0 3.0
4 CD4 Monoclonal V6 21,291 214 33 53 10 >40,000 6,897 116 9.5
18 CD4 Monoclonal V38 12,513 64 0 6.6 0 787 79 106 0
58 CD4 Monoclonal V5 2,569 19 0 8.6 22 5,239 1,527 55 0
126 CD4 Monoclonal V24 30,171 1,059 65 94 4.9 23,817 840 464 7.0
Clone#  IL-2 1L-4 IL-5 IL-6 IL-10 IL-13

tDC  mockDC tDC mockDC tDC mockDC tDC mockDC tDC mockDC tDC mockDC
3 54 23 0 0 120 13 0 0 153 17 635 56
4 42 13 0 0 296 0 346 80 207 22 4250 87
18 9 0 8.2 1.9 306 0 303 20 7.8 0 1,648 89
58 54 0 34 0 6.1 0 0 0 53 11 74 12.3
126 157 0 4.5 0 848 23 521 55 34 0 5475 461

2T cell clones were demonstrated to be monoclonal by denaturing gradient gel electrophoresis. V§ variable B-region of the T cell recep-

tor

b Counts (cpm) from T cell proliferation assays (Fig. 5). ACpm Delta (T+tDC)—(T+mockDC)

°T cell clones were stimulated with tDCs or mockDCs. The concentration (pg/ml) of multiple cytokines was measured in Bioplex assays.
Background levels in T cell only controls were generally low and have been substracted
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gens would be derived from supplemented cytokines
or proteins in the DC medium. In any case, the
mockDC-response may exert an important regulatory
influence on the tDC-specific response. Both sets of T
cell clones will be recruited in the same lymph nodes.
The clones may thus interact through parakrine cyto-
kine stimulation and may also compete for important
growth factors like IL-2.

In the present vaccine approach, we have focused
on establishing an individualized therapy, rather than
identifying or studying common tumor antigens. The
vaccine antigens are unknown, and it is essential not to
over-interpret the finding of a tDC-specific response.
The transfected mRNA will include both antigens
expressed by the tumor cells themselves and antigens
expressed by stromal cells, endothelial cells and infil-
trating cells in the tumor. However, all transfected
antigens are expressed in the tumor tissue of each
patient. Moreover, even stromal and endothelial anti-
gens may be associated with tumor growth [51]. Inter-
estingly, we observed spontaneous pre-vaccination
responses to transfected antigens in three of the trial
patients [24]. One of these patients had a history of
protracted stable disease, despite widespread meta-
stases. In our view, these pre-vaccination responses
strongly suggest that the RNA/DC-vaccine includes
antigens relevant to the anti-tumor response.

A favorable clinical development was observed for
patients M03 and M19, including regression of some of
the tumors in M03 (Fig. 1). The two patients belonged
to prognostic categories M1C (M03) and M1B (M19)
at start of vaccination, but survived for another 23 and
31 months, respectively. In contrast, among all mela-
noma patients treated at our hospital in the same
period, the median survival was 4 months in category
MIC and 8 months in category M1B [24]. We also
observed prolonged survival among other immunologi-
cal responders in the phase I/I1 trial [24]. Clearly, there
is no basis for concluding that the prolonged survival
was caused by the vaccine. In cancer immunotherapy,
however, there is a need to investigate what makes an
immune response clinically effective, and immunologi-
cal data from patients like M03 and M19 provide inter-
esting leads. It is thus interesting that the favorable
clinical development in these patients was associated
with sustained immune responses, stimulation of multi-
ple T cell clones and recruitment of both CD4* and
CD8" T cells.

Thl-type cytokine responses are generally believed
to be desirable for tumor eradication. Here, we
observed mixed Th1/Th2 patterns, but limited secre-
tion of the key Th2-cytokines IL-4 and IL-10. For
patient M19, the IL-4/IL-10 secretion may have been
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purely an in vitro phenomenon (Table1), and in
patient M03, the IL-4 production was negligible in
most clones (Fig.6). A broad Th1/Th2 profile, but
without IL-4 and IL-10, was moreover observed for
patient MO5 in the clinical trial. This patient developed
vitiligo and survived for 37 months after start of vacci-
nation [24]. We also detected similar cytokine patterns
in the preclinical in vitro evaluation [21]. The clinical
implications of this non-classic cytokine profile have
not been extensively studied. In most vaccine trials,
cytokine measurements have included only IFNy and/
or IL-4/IL-10 [7, 20, 26, 52]. By this method, several of
the Th1/Th2 cultures from our patients would have
been designated as Thl. Thus, our data suggest that
clinical effects attributed to Thl-responses may in some
cases be the result of mixed Th1/Th2-responses.

In the present DC-vaccine, it was conceivable that
the broad cytokine responses reflected the activation of
different T cell clones, caused by a wide spectrum of
vaccine antigens. However, a mixed Th1/Th2-profile
was observed even for most T cell clones from MO03,
including cultures that were confirmed to be monoclo-
nal (Table 2). The classical Th1/Th2 delineation has
recently been questioned by several research groups
[53-55]. To a large extent, the dichotomy is based on
studies in mice models [56]. It is known that human T-
cell cultures may be manipulated in vitro into Thl- or
Th2-differentiation by addition of certain cytokines,
but the physiological setting is clearly different. Anti-
tumor responses may also differ from other inflammatory
conditions. At present, we look into these questions in
ongoing vaccine trials.

IFNy ELISPOT is widely used for immunological
monitoring in clinical trials. In our peptide vaccine
studies, however, we have repeatedly observed that
this assay may be negative even in patients with strong
T cell responses (unpublished). It should be recalled
that an IFNy ELISPOT will only detect T cell clones
that secrete IFNy at concentrations above the level of
detection. However, T cells that are IFNy"¢/IFNy'*"
should also be monitored after cancer immunotherapy.
Proliferation assays represent a sensitive screening
method, at least for responses that include CD4* T
cells, but the readout is dominated by the most prolif-
erative clones. ELISPOT assays are attractive as they
provide information on the frequency of responding T
cells. However, in the initial screening, we believe that
IFNy may not be the best cytokine. Our data suggest
that a MIP-18 ELISPOT would be more sensitive. All
39 specific clones from patient M03 secreted MIP-13
(Fig. 6), and the concentrations were generally high
(>280 pg/ml). Interestingly, recent data suggest that
MIP-1B (and MIP-1a) plays an important role in
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attracting CD8" T cells to sites of DC-CD4" T cell
interaction [57]. Regarding IFNy, four clones from
patient M03 were negative and another ten clones
secreted less than 50 pg/ml. Four of these T cell clones
were CD8*. We also observed in the preclinical evalua-
tion that tDC-specific CD8" T cells proliferated and
secreted MIP-1B, but did not secrete IFNy [21]. Possi-
bly, IFNy-measurements should rather be performed
as a second analysis on identified MIP-1B responders,
together with analyzes of other key cytokines.

We conclude that the individualized RNA/DC-vac-
cine is able to induce sustained T cell responses against
antigens encoded by the transfected tumor-mRNA.
Both CD4* and CD8"* T cells are stimulated, and the
responses appear to be enhanced by continued booster
vaccination. The T cell clones from patient M03 clearly
depict a two-component response, against transfected
and non-transfected antigens. Importantly, the 39 tDC-
specific T cell clones were highly diverse. This finding
suggests that the DC-vaccine has recruited a wide
range of T cell clones, and thus supports the rationale
for using total autologous tumor-RNA. A favorable
clinical development was observed both in patient
MO3 and patient M19. Interestingly, this development
was associated with broad-spectrum and/or sustained
T cell responses. The observed cytokine profiles sug-
gest that the classic Th1/Th2 dichotomy is not valid for
the immune response. A mixed Thl/Th2-profile is
observed, even for T cell clones that are confirmed to
be derived from a single cell. The reported vaccine
responses were obtained in advanced stage IV mela-
noma patients, likely to have a compromised immune
system. In our view, the results warrant further investi-
gations. A phase II trial, combining chemotherapy and
RNA/DC-vaccination, has recently been initiated in
patients with stage III melanoma disease.
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