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E

ffective protective or therapeutic vaccination remains a
significant clinical problem for many infectious diseases;
for example, AIDS (1). Vaccination has also been proposed as a highly specific and nontoxic cancer treatment, but,
again, effective protocols await development (2). Dendritic cells
(DC)3 are the natural initiators of an immune response, so effective
vaccination requires mobilization of DC to present Ag (3). For
example, DNA vaccination probably results in both gene and Ag
uptake by DC and also activation of DC, as DNA stimulates Tolllike receptors (4). Adoptively transferred DC have been shown to
be highly effective cellular adjuvants in mice, stimulating protective T cell responses against pathogens and tumors (5, 6). A similar
approach is being applied to human tumor immunotherapy (7–9).
In these protocols the DC must be in some way engineered to
present specific Ags. This could be achieved by loading the DC
with exogenous protein Ag, but delivery of Ag genes to DC is also
an attractive idea, because it might allow long term, high level
presentation of the endogenously expressed Ag. In addition, endogenous presentation allows more efficient loading of antigenic
peptides onto MHC class I molecules.
The development of recombinant viral vector systems for gene
therapy has prompted examination of their efficacy in gene delivery to DC and in direct immunization. Adenovirus vectors were
shown to deliver Ag genes to human (10) or mouse (11) DC in
vitro. The endogenously synthesized Ag was efficiently presented
to CD8⫹ T cells; however pre-existing immunity to viral proteins
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expressed by the vector prevented effective immunization (11).
Retroviral vectors based on murine leukemia virus (MLV) have
also been used to express Ags in human DC, which could be efficiently presented to CD8⫹ T cells (12–14). However, MLVbased vectors only infect dividing cells, so the human DC had to
be generated from CD34⫹ hemopoietic progenitor cells. Injection
of MLV-based vector into mice could stimulate immunity (15) and
resulted in some transduction of DC, but at low efficiency (16).
Like retroviral vectors, lentiviral vectors based on HIV-1 do not
encode any viral proteins. This eliminates problems of pre-existing
immunity and avoids competition in the generation of anti-vector
vs anti-transgene CTL. Lentiviral vectors can infect nondividing,
human peripheral blood-derived DC, and transduced human DC expressing antigenic peptides can stimulate specific CTL responses in
vitro (17, 18). An advantage of lentiviral vectors is that they do not
activate DC constitutively, like adenoviral vectors (19), or block their
activation, like herpes simplex viral vectors (20). Previous studies
have used lentiviral vectors expressing a tumor Ag to infect mouse
DC in vitro before injection, and CTL responses (18) and tumor protection were established in the mice (21). Direct injection of lentiviruses in mice has been reported to transduce APCs and B cells in
spleen (22) and DC in a draining lymph node (23). Direct injection of
lentiviral vectors expressing peptide epitopes or a HLA-Cw3 transgene in HLA-A2 transgenic mice has been shown to induce lytic
activity against peptide-pulsed targets (24) and peptide or transgenespecific CTL responses (23).
Our aim was to develop HIV-1-based vectors that efficiently
expressed a tumor Ag in mouse DC. As an Ag we chose NYESO-1 (25), a cytoplasmic protein (26) expressed in melanoma
and other tumors. NY-ESO-1 is highly immunogenic, eliciting a
spontaneous immune response in 50% of patients with NY-ESO1-expressing cancers (reviewed in Ref. 27). NY-ESO-1 elicits a
combined Ab and T cell response (28). Several epitopes of NYESO-1 presented by HLA class II molecules (29 –32) and HLA
class I molecules (28, 33, 34) have been identified. Previous work
from our group has shown that priming of HLA-A2 (A2) transgenic mice with plasmid DNA and recombinant vaccinia virus
encoding the A2-restricted epitope NY-ESO-1157–165 elicits a
strong NY-ESO-1157–165-specific CTL response (35).
0022-1767/04/$02.00
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Lentiviral vectors can efficiently transduce a variety of nondividing cells, including APCs. We assessed the immunogenicity of a
lentiviral vector encoding the melanoma Ag NY-ESO-1 in HLA-A2 transgenic mice. Direct i.v. injection of NY-ESO-1 lentivirus
induced NY-ESO-1157–165-specific CD8ⴙ cells, detected ex vivo with an A2/H-2Kb chimeric class I tetramer. These NY-ESO-1157–
ⴙ
165-specific CD8
cells could be expanded by boosting with an NY-ESO-1 vaccinia virus and could kill NY-ESO-1157–165 peptidepulsed targets in vivo. Such direct lentiviral vector injection was similar in potency to the injection of in vitro-transduced dendritic
cells (DC). In addition, human monocyte-derived DC transduced by the NY-ESO-1 lentivirus stimulated an NY-ESO-1157–165specific specific CTL clone. These data suggest that direct lentiviral transduction of DC in vivo might provide a powerful immunotherapeutic strategy. The Journal of Immunology, 2004, 172: 1582–1587.
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Materials and Methods
Lentiviral vector production
The green fluorescence protein (GFP)-expressing HIV vector pHRSINCSGW was provided by A. Thrasher (Institute of Child Health, London,
U.K.) (36). In pHRSIN-NY, an NY-ESO-1 cDNA replaces GFP. To make
virus, 293T cells were cotransfected with pHRSIN-NY, pCMVR8.91, and
pMDG plasmids (37) as previously described (38). Unenveloped NY-ESO1-lentivirus was produced by transfection without pMDG. Culture supernatants were concentrated by ultracentrifugation. Titers were determined
on 293T cells by measurement of GFP or NY-ESO-1-expression, using a
FACScan and CellQuest software (BD Biosciences, Mountain View, CA).
NY-ESO-1 was detected in cells fixed with 4% paraformaldehyde and
permeabilized in 0.1% saponin using an anti-NY-ESO-1 Ab (gift from Dr.
G. Spagnoli, University Hospital, Basel, Switzerland) (26) and goat antimouse Texas Red conjugate (Molecular Probes, Eugene, OR).

Infection of .45 cells and immunoblotting analysis

Transduction of DC
Mouse DC were prepared from bone marrow as previously described (39).
Human monocytes were isolated with CD14 beads (Miltenyi Biotec, Auburn, CA) and differentiated into DC in RPMI 1640 with 10% FCS, IL-4
(50 ng/ml), and GM-CSF (1000 U/ml). Day 4 –5 immature human or murine DCs were transduced with GFP-, NY-ESO-1-, or NY-ESO-1-noEnv
lentiviruses at MOI 40. DCs were analyzed for GFP, NY-ESO-1, CD11c
(BD PharMingen, San Diego, CA), and CD1a (eBioscience, San Diego,
CA) expression after 5 days by fluorescence microscopy (Axiovert 100
(Zeiss, Oberkocken, Germany) with a MRC 1024 Confocal (Bio-Rad, Hercules, CA)) or FACScan. Mouse DC were cultured for 4 days after transduction and incubated with 20 g/ml CpG, to induce maturation before
injection. Human DC were cultured for 4 days after transduction, then
matured by cultivation with CD40 ligand-expressing J558L cells (gift from
Dr. P. Lane, Birmingham, U.K.) before use in an ELISPOT assay. In some
experiments mouse DC were purified from splenocytes using CD11c microbeads (Miltenyi Biotec). DNA was extracted using the QIAamp DNA
Mini Kit (Qiagen, Hilden, Germany). Detection of the enhanced GFP sequence was conducted by nested PCR using enhanced GFP-specific primers and Ex-Taq (Takara, Ohtsu, Japan). Primer pair F1 and R1 was used for
the first reaction with 0.4 g of the total cellular DNA as a template. Primer
pair F2 and R2 was used for the second reaction with 4 l of the first PCR
reactions as template: F1, atggtgagcaagggcgaggagctg; R1, tagtggttgtcggg
cagcagcacg; F2, ggtggtgcccatcctggtcgag; and R2, tgctggtagtggtcggcgagctgc.

Mice and immunization
HHD mice (40) were immunized by injecting lentiviral vectors or bone
marrow-derived DC transduced with lentiviral vectors suspended in PBS
into the tail vein. Blood samples were taken 8 days after immunization.

FIGURE 1. GFP expression after lentiviral transduction of mouse DC cultures (A) or 9 days after lentiviral injection in the tail vein (B). B, CD11c⫹ cells
purified from the spleen of a typical mouse; 0.3 and
0.4% of CD11c⫹ cells expressed GFP after injection
of duplicate mice. C, Two mice were injected in the
tail vein with 8 ⫻ 108 293T i.u. of GFP lentiviruses
(GFP1 and GFP2). Control groups were injected with
either PBS (uninf) or an equivalent amount of nonenveloped GFP lentivirus particles (no-Env1 and noEnv2). Six days later, spleens were removed and
CD11c-positive (DC) and -negative (non-DC) cells
were isolated. The GFP sequence was detected by
nested PCR as described in Materials and Methods.

Some mice were primed with plasmid DNA encoding full-length
NY-ESO-1 or boosted by injecting 106 PFU recombinant vaccinia virus
encoding full-length NY-ESO-1 into the tail vein. PBL were prepared
from blood samples using RBC lysis buffer (Invitrogen, Carlsbad, CA).
Cells were resuspended in RPMI 1640 (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% FCS. PBL samples were stained with NY-ESO-1
tetramer for 20 min at 37°C, then cells were costained with anti-CD8-␣
(Caltag Laboratories, Burlingame, CA), washed, and analyzed on a
FACSCalibur using CellQuest software (BD Biosciences).

CTL killing, ELISPOT assay
The human HLA-A2.01 (A2)-positive B cell line .45 transduced with lentiviruses (see above) was labeled with 51Cr and incubated with a CTL clone
specific for the A2-restricted NY-ESO-1 epitope 157–165 (41). Specific lysis
was determined according to this formula: ((experimental release ⫺ spontaneous release)/(total release ⫺ spontaneous release)) ⫻ 100. Transduced human DC (104; see above) were incubated with 102 NY-ESO-1157–165-specific
CTL clone in anti-IFN-␥ (MabTech, Nacka, Sweden)-coated ELISPOT plates
(Millipore, Watford, U.K.). Plates were developed according to the manufacturer’s directions.

In vivo killing assay
Freshly isolated splenocytes from HHD mice were incubated in RPMI
1640 medium with 1 M peptide for 2 h and labeled with CFSE (Molecular Probes, Eugene, OR). Labeled cells were injected at 107 cells/mouse
into the tail vein with a control population without peptide that had been
labeled with a different concentration of CFSE. Disappearance of peptide/
fluorochrome-labeled cells was tracked using FACS analysis of freshly
isolated PBL 5 h after the injection. The level of specific cytotoxicity was
calculated relative to the labeled unpulsed population using the following
calculation: 100 ⫻ (100 ⫺ (percentage pulsed/percentage unpulsed)).
WinMDI 2.8 software (J. Trotter, The Scripps Institute, La Jolla, CA;
http://facs.scripps.edu) and CellQuest 3.3 software (BD Biosciences) were
used to analyze the FACS data.

Results
Transduction of mouse DC ex vivo and in vivo
The HIV-1-based vector pHRSIN-CSGW was developed for high
level, sustained transgene expression in human hemopoietic stem
cells and their progeny (36). Fig. 1A shows that this vector transduced mouse bone marrow-derived DC cultures. Preferential GFP
expression in the CD11c⫹ cells was seen, with up to 50% of
CD11c⫹ cells expressing GFP. Transduction in vivo was then examined by injection of 5 ⫻ 107 293T infectious units (i.u.) in the
tail vein, followed by analysis of GFP expression in spleen cells.
Fig. 1B demonstrates that CD11c⫹ GFP⫹ cells were also detected
in vivo (a typical mouse is shown); 0.3 and 0.4% of CD11c⫹ cells
purified from spleen expressed GFP after 9 days in duplicate experiments. A similar percentage of GFP⫹/CD11c⫹ cells was detected in spleen between 5 and 12 days after GFP lentiviral vector
injection (data not shown). The CD11c⫹ cells were transduced by
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Cells from the EBV-transformed, HLA-A2⫹ B cell line .45 were infected
with GFP- or NY-ESO-1-expressing vector at MOI 20. Two weeks later,
when ⬎90% of the cells were positive for NY-ESO-1 expression, total
protein was separated on a 12% denaturing SDS-polyacrylamide gel. Expression of NY-ESO-1 was detected with the anti-NY-ESO-1 Ab and goat
anti-mouse HRP (Harlan, Indianapolis, IN).

1583

1584
the lentiviral vector, as demonstrated by the detection of GFP
DNA in these cells (Fig. 1C). Injection of a control vector preparation without viral envelope did not result in GFP DNA detection (Fig. 1C). A previous study injected a higher dose of an essentially identical lentiviral vector in the tail vein of mice and
demonstrated long term transduction of both APCs and B cells in
spleen (22). It is therefore likely that CD11c⫺ B cells are also
transduced in our experiments. Injection of a lentiviral vector in
the footpad transduced DC in the draining lymph node (23).
Direct immunization with lentiviral vector
To address whether in vivo transduction resulted in the induction
of Ag-specific CTL, HLA-A2 transgenic (HHD) mice were injected with escalating doses of lentiviral vector encoding the tumor
testis Ag NY-ESO-1. CTL responses were monitored in the blood

DIRECT IMMUNIZATION WITH LENTIVIRAL VECTORS
by staining of PBL with a chimeric A2Kb/peptide tetramer (35, 42)
(Fig. 2). At the highest dose, NY-ESO-1157–165-specific CD8⫹
cells could be detected in peripheral blood after injection; typical
mice and a summary are shown in Fig. 2A. When the same group
of animals was boosted with NY-ESO-1 recombinant vaccinia virus, NY-ESO-1157–165-specific CD8⫹ cells could be detected in all
three groups of mice (Fig. 2A). Control mice injected with NYESO-1 vaccinia alone or mice boosted with irrelevant vaccinia
virus showed only a weak NY-ESO-1157–165-specific response
(mean responses, 0.025% CD8⫹ cells after NY-ESO-1 vaccinia
alone, 0.25% CD8⫹ cells after NY-ESO-1 lentivirus, followed by
irrelevant vaccinia virus). The NY-ESO-1157–165-specific CD8⫹
cells induced by lentiviral vector priming were effective CTL, as
demonstrated by their ability to kill NY-ESO-1157–165 peptidepulsed target cells in vivo (Fig. 2B).
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FIGURE 2. A, NY-ESO-1157–165-specific CD8⫹ cells 8 days after injection of the number of lentiviruses shown and 8 days after boosting of the same
mice with NY-ESO-1 vaccinia viruses. Typical mice from a group of three are shown, with the mean response of each group. B, Detection of NY-ESO1157–165 peptide-pulsed splenocytes (R2) and unpulsed splenocytes (R3) 5 h after injection into immunized mice.
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Discussion

FIGURE 3. NY-ESO-1157–165-specific CD8⫹ cells in peripheral blood
of HHD mice 8 days after injection of 106 DC, transduced as indicated, and
8 days after boosting of the same mice with 106 NY-ESO-1 vaccinia viruses. Typical mice from a group of three are shown, with the mean response of each group.

Immunization with ex vivo-transduced DC
Direct injection of 5 ⫻ 105 (293T i.u.) lentiviruses was able to
prime an effective response. We therefore examined the efficiency
of NY-ESO-1 lentiviral vector-transduced DC as immunogens.
Because human and mouse DC are relatively refractory to lentiviral vector transduction, 4 ⫻ 107 i.u. were required to infect
⬃50% of 106 mouse DC. As a control, unenveloped virus was also
used in a mock infection of DC, as phagocytic DC can ingest and
present proteins from lentiviral vector preparations. Fig. 3 shows
that NY-ESO-1157–165-specific CD8⫹ cells could be detected in
peripheral blood of mice that received NY-ESO-1-transduced DC.
This response could also be boosted with NY-ESO-1 vaccinia virus (Fig. 3). The boosted response after priming by transduced DC
was not substantially higher than boosted responses after direct
vector injection.
NY-ESO-1 presentation by lentiviral vector-transduced human B
cells and DC
To show that this approach might ultimately be used in clinical
settings, we wanted to demonstrate that the NY-ESO-1 lentivirus
could induce NY-ESO-1157–165 peptide presentation in human
APC. The human EBV-transformed B cell line .45 was transduced
with NY-ESO-1 lentivirus. Expression of NY-ESO-1 was detected
by Western blot (Fig. 4A), and FACS analysis showed that ⬃90%
of cells were NY-ESO-1-positive by intracellular staining (data not
shown). NY-ESO-1157–165 peptide presentation by the B cells was

We compared immunization with lentiviral vectors expressing an
Ag used either to modify DC ex vivo or to transduce DC and other
cells in situ after i.v. injection. Both routes of immunization resulted in priming of an immune response that could be boosted
with vaccinia virus expressing NY-ESO-1. Injection of as few as
5 ⫻ 105 (293T i.u.) NY-ESO-1 lentiviruses could prime an NYESO-1157–165-specific CD8⫹ T cell response. This response to a
relatively low dose is encouraging if vaccination in larger animal
models or the clinic is considered, as production of sufficient lentiviral vector would be feasible. A recent study in a similar mouse
model, but with different Ags, reported up to 10% Ag-specific
CD8⫹ cells after a single immunization of 5 ⫻ 107 lentiviruses
(23). This stronger response is probably due to the Ags expressed,
a human HLA-Cw3 or Cw3 or Melan-A peptides, as injection of
5 ⫻ 105 transduced DC expressing these Ags induced up to 5%
Ag-specific CD8⫹ cells (23). Our data demonstrate that lentiviruses may also be used in a heterologous prime/boost strategy to
elicit CTL responses to weakly antigenic and/or subdominant tumor Ags (35).
Lentiviral vectors are attractive for prime/boost protocols because there are no pre-existing neutralizing Abs to heterologous
envelopes, such as VSV-G, that might inhibit CTL priming (45).
Furthermore, as the vector encodes only the immunizing Ag, transduced APC will not express viral proteins that might inhibit priming due to competition by CTL at the APC (46). Heterologous
prime/boost may be more efficient than homologous boost with
lentivirus, as pre-existing anti lentiviral vector responses have been
shown to inhibit immunization (22). Clearly, lentiviral vector
safety will require rigorous testing before clinical trials, as there is
potential for similar insertional mutagenesis to that seen with retroviral vectors (47). However, transduction of nondividing DCs is
likely to be less oncogenic than transduction of rapidly proliferating hemopoietic stem cells; targeting vector to DCs may also enhance its safety. Although it is clear from our data that DC transduced ex vivo can prime an immune response, we cannot be sure
that the CD11c⫹ cells transduced after i.v. injection are the cells
responsible for immune stimulation. Again, surface or transcriptional targeting of NY-ESO-1 expression to DC will resolve this
question.
HIV-1 itself infects DC in vitro and in patients, which may serve
as a reservoir of infected cells (48), and also traffics to lymphoid
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demonstrated in a 51Cr release assay using an NY-ESO-1157–165specific, HLA-A2-restricted CTL clone (Fig. 4A). We then used
the NY-ESO-1 lentiviral vector to transduce human HLA-A2⫹,
monocyte-derived DC, using a protocol that we previously reported
can transduce up to 30% of DC without affecting their viability
or ability to mature (38). Fig. 4B shows cytoplasmic expression of
NY-ESO-1 in ⬃30% of the transduced CD1a⫹ DC. To demonstrate
that the transduced DC could present an epitope from the cytoplasmic
NY-ESO-1 protein, we used an NY-ESO-1157–165-specific CTL
clone isolated by tetramer sorting from peripheral blood of a melanoma patient. Fig. 4C shows that the transduced DC could stimulate IFN-␥ secretion by this NY-ESO-1157–165-specific CTL
clone in an ELISPOT assay. These data show that both immature
and mature DC stably modified to express a cytoplasmic protein
can present an epitope from that protein to CD8⫹ T cells. Previous
reports using lentiviral vectors (17) or varicella-zoster virus
(VSV)-G-pseudotyped HIV-1 (43, 44) to modify human DC have
examined presentation of CTL epitopes engineered for secretion
into the endoplasmic reticulum (17, 18) or HIV-1 Gag that buds
from the cell (43, 44).
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tissue bound to the DC surface (49). To evade the immune response, wild-type HIV-1 has been reported to modulate DC function by a number of strategies, including Nef and Tat induction of
cytokine and chemokine production in the absence of maturation
(50, 51). It has been proposed that this serves to attract T cells,
permitting HIV-1 transmission from DC without stimulating an
immune response. HIV-1 viruses deleted in envelope (44) or envelope Nef, Vif, Vpr, and Vpu (43) and pseudotyped with VSV-G
have been shown to infect DC in vitro and stimulate Gag-specific
T cells. The lentiviral vectors we used in this study are further
deleted for Tat, Rev, and HIV-1 Gag and Pol proteins, which will
increase their immune stimulatory potential and focus the immune
response on the NY-ESO-1 transgene. Indeed, the coding capacity
of the lentiviral vectors will allow us to express potentially immunostimulatory molecules together with the Ag gene in future
studies.
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of IFN-␥ release by an NY-ESO-1157–165-specific CTL clone by the transduced DC was determined in an ELISPOT assay. Well A, DC plus NY-ESO1157–165 peptide; wells B and C, duplicate wells of transduced DC (C).

The Journal of Immunology

36. Demaison, C., K. Parsley, G. Brouns, M. Scherr, K. Battmer, C. Kinnon,
M. Grez, and A. J. Thrasher. 2002. High-level transduction and gene expression
in hematopoietic repopulating cells using a human immunodeficiency [correction
of imunodeficiency] virus type 1-based lentiviral vector containing an internal
spleen focus forming virus promoter. Hum. Gene Ther. 13:803.
37. Zufferey, R., D. Nagy, R. J. Mandel, L. Naldini, and D. Trono. 1997. Multiply
attenuated lentiviral vector achieves efficient gene delivery in vivo. Nat. Biotechnol. 15:871.
38. Neil, S., F. Martin, Y. Ikeda, and M. Collins. 2001. Postentry restriction to human
immunodeficiency virus-based vector transduction in human monocytes. J. Virol.
75:5448.
39. Inaba, K., M. Inaba, M. Deguchi, K. Hagi, R. Yasumizu, S. Ikehara,
S. Muramatsu, and R. M. Steinman. 1993. Granulocytes, macrophages, and dendritic cells arise from a common major histocompatibility complex class II-negative progenitor in mouse bone marrow. Proc. Natl. Acad. Sci. USA 90:3038.
40. Firat, H., F. Garcia-Pons, S. Tourdot, S. Pascolo, A. Scardino, Z. Garcia,
M. L. Michel, R. W. Jack, G. Jung, K. Kosmatopoulos, et al. 1999. H-2 class I
knockout, HLA-A2.1-transgenic mice: a versatile animal model for preclinical
evaluation of antitumor immunotherapeutic strategies. Eur. J. Immunol. 29:3112.
41. Chen, J. L., P. R. Dunbar, U. Gileadi, E. Jager, S. Gnjatic, Y. Nagata, E. Stockert,
D. L. Panicali, Y. T. Chen, A. Knuth, et al. 2000. Identification of NY-ESO-1
peptide analogues capable of improved stimulation of tumor-reactive CTL. J. Immunol. 165:948.
42. Choi, E. M., M. Palmowski, J. Chen, and V. Cerundolo. 2002. The use of chimeric A2K(b) tetramers to monitor HLA A2 immune responses in HLA A2
transgenic mice. J. Immunol. Methods 268:35.
43. Gruber, A., J. Kan-Mitchell, K. L. Kuhen, T. Mukai, and F. Wong-Staal. 2000.
Dendritic cells transduced by multiply deleted HIV-1 vectors exhibit normal phenotypes and functions and elicit an HIV-specific cytotoxic T-lymphocyte response in vitro. Blood 96:1327.
44. Granelli-Piperno, A., L. Zhong, P. Haslett, J. Jacobson, and R. M. Steinman.
2000. Dendritic cells, infected with vesicular stomatitis virus-pseudotyped
HIV-1, present viral antigens to CD4⫹ and CD8⫹ T cells from HIV-1-infected
individuals. J. Immunol. 165:6620.
45. Sharpe, S., N. Polyanskaya, M. Dennis, G. Sutter, T. Hanke, V. Erfle, V. Hirsch,
and M. Cranage. 2001. Induction of simian immunodeficiency virus (SIV)-specific CTL in rhesus macaques by vaccination with modified vaccinia virus Ankara
expressing SIV transgenes: influence of pre-existing anti-vector immunity.
J. Gen. Virol. 82:2215.
46. Kedl, R. M., W. A. Rees, D. A. Hildeman, B. Schaefer, T. Mitchell, J. Kappler,
and P. Marrack. 2000. T cells compete for access to antigen-bearing antigenpresenting cells. J. Exp. Med. 192:1105.
47. Hacein-Bey-Abina, S., C. von Kalle, M. Schmidt, F. Le Deist, N. Wulffraat,
E. McIntyre, I. Radford, J. L. Villeval, C. C. Fraser, M. Cavazzana-Calvo, et al.
2003. A serious adverse event after successful gene therapy for X-linked severe
combined immunodeficiency. N. Engl. J. Med. 348:255.
48. Knight, S. C., S. E. Macatonia, and S. Patterson. 1990. HIV I infection of dendritic cells. Int. Rev. Immunol. 6:163.
49. Steinman, R. M. 2000. DC-SIGN: a guide to some mysteries of dendritic cells.
Cell 100:491.
50. Messmer, D., J. M. Jacque, C. Santisteban, C. Bristow, S. Y. Han,
L. Villamide-Herrera, E. Mehlhop, P. A. Marx, R. M. Steinman, A. Gettie, et al.
2002. Endogenously expressed nef uncouples cytokine and chemokine production from membrane phenotypic maturation in dendritic cells. J. Immunol.
169:4172.
51. Izmailova, E., F. M. Bertley, Q. Huang, N. Makori, C. J. Miller, R. A. Young, and
A. Aldovini. 2003. HIV-1 Tat reprograms immature dendritic cells to express
chemoattractants for activated T cells and macrophages. Nat. Med. 9:191.

Downloaded from http://www.jimmunol.org/ by guest on April 10, 2021

21. Metharom, P., K. A. Ellem, C. Schmidt, and M. Q. Wei. 2001. Lentiviral vectormediated tyrosinase-related protein 2 gene transfer to dendritic cells for the therapy of melanoma. Hum. Gene Ther. 12:2203.
22. VandenDriessche, T., L. Thorrez, L. Naldini, A. Follenzi, L. Moons,
Z. Berneman, D. Collen, and M. K. Chuah. 2002. Lentiviral vectors containing
the human immunodeficiency virus type-1 central polypurine tract can efficiently
transduce nondividing hepatocytes and antigen-presenting cells in vivo. Blood
100:813.
23. Esslinger, C., L. Chapatte, D. Finke, I. Miconnet, P. Guillaume, F. Levy, and
H. R. MacDonald. 2003. In vivo administration of a lentiviral vaccine targets DCs
and induces efficient CD8⫹ T cell responses. J. Clin. Invest. 111:1673.
24. Firat, H., V. Zennou, F. Garcia-Pons, F. Ginhoux, M. Cochet, O. Danos,
F. A. Lemonnier, P. Langlade-Demoyen, and P. Charneau. 2002. Use of a lentiviral flap vector for induction of CTL immunity against melanoma: perspectives
for immunotherapy. J. Gene Med. 4:38.
25. Chen, Y. T., M. J. Scanlan, U. Sahin, O. Tureci, A. O. Gure, S. Tsang,
B. Williamson, E. Stockert, M. Pfreundschuh, and L. J. Old. 1997. A testicular
antigen aberrantly expressed in human cancers detected by autologous antibody
screening. Proc. Natl. Acad. Sci. USA 94:1914.
26. Schultz-Thater, E., C. Noppen, F. Gudat, U. Durmuller, P. Zajac, T. Kocher,
M. Heberer, and G. C. Spagnoli. 2000. NY-ESO-1 tumour associated antigen is
a cytoplasmic protein detectable by specific monoclonal antibodies in cell lines
and clinical specimens. Br. J. Cancer 83:204.
27. Jager, D., E. Jager, and A. Knuth. 2001. Immune responses to tumour antigens:
implications for antigen specific immunotherapy of cancer. J. Clin. Pathol.
54:669.
28. Jager, E., Y. T. Chen, J. W. Drijfhout, J. Karbach, M. Ringhoffer, D. Jager,
M. Arand, H. Wada, Y. Noguchi, E. Stockert, et al. 1998. Simultaneous humoral
and cellular immune response against cancer-testis antigen NY-ESO-1: definition
of human histocompatibility leukocyte antigen (HLA)-A2-binding peptide
epitopes. J. Exp. Med. 187:265.
29. Jager, E., D. Jager, J. Karbach, Y. T. Chen, G. Ritter, Y. Nagata, S. Gnjatic,
E. Stockert, M. Arand, L. J. Old, et al. 2000. Identification of NY-ESO-1 epitopes
presented by human histocompatibility antigen (HLA)-DRB4*0101– 0103 and
recognized by CD4⫹ T lymphocytes of patients with NY-ESO-1-expressing melanoma. J. Exp. Med. 191:625.
30. Zarour, H. M., W. J. Storkus, V. Brusic, E. Williams, and J. M. Kirkwood. 2000.
NY-ESO-1 encodes DRB1*0401-restricted epitopes recognized by melanomareactive CD4⫹ T cells. Cancer Res. 60:4946.
31. Zeng, G., C. E. Touloukian, X. Wang, N. P. Restifo, S. A. Rosenberg, and
R. F. Wang. 2000. Identification of CD4⫹ T cell epitopes from NY-ESO-1 presented by HLA-DR molecules. J. Immunol. 165:1153.
32. Zeng, G., X. Wang, P. F. Robbins, S. A. Rosenberg, and R. F. Wang. 2001. CD4⫹
T cell recognition of MHC class II-restricted epitopes from NY-ESO-1 presented
by a prevalent HLA DP4 allele: association with NY-ESO-1 antibody production.
Proc. Natl. Acad. Sci. USA 98:3964.
33. Valmori, D., V. Dutoit, D. Lienard, D. Rimoldi, M. J. Pittet, P. Champagne,
K. Ellefsen, U. Sahin, D. Speiser, F. Lejeune, et al. 2000. Naturally occurring
human lymphocyte antigen-A2 restricted CD8⫹ T-cell response to the cancer
testis antigen NY-ESO-1 in melanoma patients. Cancer Res. 60:4499.
34. Gnjatic, S., Y. Nagata, E. Jager, E. Stockert, S. Shankara, B. L. Roberts,
G. P. Mazzara, S. Y. Lee, P. R. Dunbar, B. Dupont, et al. 2000. Strategy for
monitoring T cell responses to NY-ESO-1 in patients with any HLA class I allele.
Proc. Natl. Acad. Sci. USA 97:10917.
35. Palmowski, M. J., E. M. Choi, I. F. Hermans, S. C. Gilbert, J. L. Chen, U. Gileadi,
M. Salio, A. Van Pel, S. Man, E. Bonin, et al. 2002. Competition between CTL
narrows the immune response induced by prime-boost vaccination protocols.
J. Immunol. 168:4391.

1587

