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Lentivectors stimulate potent immune responses to antigen transgenes and are being developed as novel
genetic vaccines. To improve safety while retaining efficacy, we constructed a lentivector in which transgene
expression was restricted to antigen-presenting cells using the mouse dectin-2 gene promoter. This lentivector
expressed a green fluorescent protein (GFP) transgene in mouse bone marrow-derived dendritic cell cultures
and in human skin-derived Langerhans and dermal dendritic cells. In mice GFP expression was detected in
splenic dectin-2� cells after intravenous injection and in CD11c� dendritic cells in the draining lymph node
after subcutaneous injection. A dectin-2 lentivector encoding the human melanoma antigen NY-ESO-1 primed
an NY-ESO-1-specific CD8� T-cell response in HLA-A2 transgenic mice and stimulated a CD4� T-cell
response to a newly identified NY-ESO-1 epitope presented by H2 I-Ab. As immunization with the optimal dose
of the dectin-2 lentivector was similar to that stimulated by a lentivector containing a strong constitutive viral
promoter, targeting antigen expression to dendritic cells can provide a safe and effective vaccine.

Dectin-2 is a C-type lectin-like receptor encoded in the nat-
ural killer complex of C-type lectin genes (4, 17). Dectin-2 is
expressed on cells of the myeloid lineage (41); it recognizes
high-mannose structures (28) and acts as a pattern recognition
receptor for fungi (37). Injection of soluble dectin-2 can block
UV radiation-induced tolerance, perhaps by interaction of
dectin-2 with a ligand on T cells (3).

A 3.2-kb promoter fragment from the dectin-2 gene has
been used to drive a luciferase reporter system in transgenic
mice (8). The highest luciferase expression was observed in
skin; within the epidermis expression was restricted to the
potent antigen-presenting cells, Langerhans cells (LC) (8).
Considerably lower levels of luciferase were detected in splenic
dendritic cells (DC) and peritoneal macrophages (8). Activa-
tion of DC and macrophages increased luciferase expression to
20% of that seen in LC (7). There is some discrepancy between
promoter activity and expression of murine dectin-2, detected
using a monoclonal antibody. The endogenous protein was
found in LC and some tissue macrophages and DC; the highest
levels were observed on activated, inflammatory monocytes
(41).

There is currently much interest in the development of im-

munization strategies that target antigens to antigen-present-
ing cells in vivo to improve vaccine efficacy (reviewed in ref-
erence 40). Because of its tissue distribution, dectin-2 has been
considered a potential molecular target on antigen-presenting
cells. Subcutaneous injection of a dectin-2 antibody results in
the labeling of a subset of CD11c� DC in the draining lymph
node (LN) (9). Injection of an antigen coupled to the same
antibody with poly(I � C) as an adjuvant stimulates a potent
CD8� T-cell response, equivalent to that obtained with an
antibody directed against the classic DC targeting molecule
CD205 (9). The 3.2-kb dectin-2 gene promoter fragment has
also been used to drive green fluorescent protein (GFP) ex-
pression in a DNA vaccine construct. After delivery to mouse
skin by gene gun, expression of GFP was detected in LC in the
skin and in DC in the draining LN; antibody and T-cell re-
sponses to GFP were stimulated (31).

We along with others have shown that recombinant viruses
based on human immunodeficiency virus type 1 ([HIV-1] len-
tivectors), engineered to encode antigens, stimulate potent
T-cell immunity (15, 16, 23, 34, 36). He and colleagues dem-
onstrated that lentivectors transduce skin DC after cutaneous
injection; these cells then migrate to the LN and can stimulate
CD8� T cells ex vivo (23). However, this study did not monitor
transduction of other cells by the lentivector. To investigate
whether antigen expression in antigen-presenting cells is suf-
ficient for stimulation of an immune response, we constructed
a lentivector with antigen gene expression restricted to these
cells using the 3.2-kb dectin-2 promoter fragment. After injec-
tion of a lentivector with a constitutive promoter (spleen focus-
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forming virus [SFFV] long terminal repeat) driving GFP ex-
pression, GFP� keratinocytes, DC, T cells, and B cells were
detected. However, the dectin-2 promoter lentivector re-
stricted GFP expression to CD11c� DC after subcutaneous
injection. Dectin-2 and SFFV lentivectors encoding the human
melanoma antigen NY-ESO-1 stimulated similar CD8� and
CD4� T-cell responses in HLA-A2 transgenic mice. These
data demonstrate that antigen expression in DC is responsible
for the potent immune response stimulated by lentivectors.
Restricting transcriptional activity to nondividing antigen-pre-
senting cells reduces the potential risk of cell transformation
following lentivector integration.

MATERIALS AND METHODS

Lentiviral vector production. The HIV-1-based vector pHRSIN-CSGW was
kindly provided by A. Thrasher and is described in Demaison et al. (14). This
vector contains the SFFV-driven GFP expression cassette (yielding the SFFV-
GFP lentivector). We then subcloned the NY-ESO-1 tumor antigen into the
BamHI-NotI site to replace GFP (yielding SFFV-ESO). For the dectin-2-driven
constructs, we subcloned the dectin-2 gene promoter (3.2-kb mouse dectin-2
gene promoter in a pG3L-basic plasmid) into the EcoRI-BamHI site to replace
SFFV (yielding the DEC-GFP lentivector). We again subcloned the NY-ESO-1
tumor antigen into the BamHI-NotI site to replace GFP (yielding DEC-ESO).
To obtain virus, 293T cells were cotransfected with the vector plasmid, alongside
the packaging (pCMV8.91, where CMV is cytomegalovirus) and envelope—
either pMDG or phCMV-envFriend (gift from T. Heidmann, Institut Gustave
Roussy, Villejuif, France)—plasmids as previously described (43). Viral super-
natants were concentrated by ultracentrifugation. Vector titers were determined
by infecting 293T cells and performing TaqMan PCR, giving the number of
copies of the transgene integrated per cell. Primer and probe sequences (prim-
ers, TGTGTGCCCGTCTGTTGTGT and GAGTCCTGCGTCGAGAGAGC;
probe, CAGTGGCGCCCGAACAGGGA) specific to the HIV-1 packaging sig-
nal (�) were used. Titers of GFP vectors were also determined by fluorescence-
activated cell sorting (FACS). The concentrations of Friend-pseudotyped virus
and vesicular stomatitis virus protein G (VSV-G) used in comparisons were also
determined by measuring the amount of HIV reverse transcriptase using an
enzyme-linked immunosorbent assay kit (Roche).

Cell cultures and lentiviral infections. 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) plus 10% heat-inactivated fetal calf serum
(FCS; PAA Laboratories) at 37°C and 10% CO2. NIH 3T3 cells were cultured in
RPMI 1640 medium (Invitrogen) with 10% FCS and maintained at 37°C and 5%
CO2. For lentiviral infection 293T and NIH 3T3 cells were plated at 2 � 105

cells/well in 24-well plates and infected with virus for 18 h. GFP expression was
detected 3 days later by cytometric fluorescence (FACS) analysis.

Murine DC were obtained from bone marrow by culturing cells in Iscove’s
modified Dulbecco’s medium with 10% FCS and 40 ng/ml of recombinant mouse
granulocyte-macrophage colony-stimulating factor (GM-CSF; Peprotech), as
previously described (26). Immature DC were harvested on day 5 of culture,
replated at 5 � 105 cells/well in 24-well plates and infected with lentivirus at a
multiplicity of infection (MOI) of 10 for 18 h. GFP expression was detected 6
days later by FACS.

Human skin was obtained from mammoplasty patients with informed consent
and local ethical approval from the Northumberland and North Tyneside Re-
search Ethics Committee. Skin was cut with a skin graft knife at 250 �m and
incubated with 1 mg/ml dispase for 60 min at 37°C. Epidermal and dermal sheets
were separated and incubated for a further 60 h in RPMI medium with 10% FCS
and 500 U/ml GM-CSF (Sagramostim clinical grade; Berlex). Migratory LC and
dermal DC (dDC) were harvested from the fluid phase. Typically these prepa-
rations contain 60 to 80% LC or dDC. LC or dDC (2 � 105) were infected with
lentivirus at an MOI of 60 in a minimum volume (100 to 200 �l) for 60 min at
37°C. Fresh medium containing 500 U/ml GM-CSF was added, and the cells were
transferred to a 48-well plate. A further 200 �l of medium was added on day 2,
and 200 �l was replaced again on day 4. Cells were analyzed on day 6 postin-
fection after staining with anti-human HLA-DR-phycoerythrin (PE)-labeled an-
tibody (BD Pharmingen) on a FACSCalibur instrument using FlowJo (Tree-
Star).

To examine the GFP expression in murine skin ex vivo, ear skin was obtained
from C57BL/6 mice, and the epidermal sheet was separated. The epidermal
sheet was placed in a culture dish and incubated for 8 h with virus solution (5 �

105 IU). Culture medium was then added, and infected tissue was incubated for
2 days. The epidermal sheet was examined for GFP expression using confocal
microscopy.

In vivo transduction experiments. Eight-week-old C57BL/6 mice (Harlan,
United Kingdom) received phosphate-buffered saline (PBS) or 3 � 108 IU of
SFFV-GFP or DEC-GFP lentivector by injection in the tail vein (intravenous) or
by subcutaneous injection (footpad and base of tail). Analysis of GFP expression
was performed 10 days later in spleen cells from mice injected intravenously and
5 days later in cells from the draining LNs from mice injected subcutaneously.
Cell suspensions were obtained after incubation with collagenase-D (Worthing-
ton). CD11c-positive- and CD11c-negative-enriched cell fractions from spleen or
LNs were obtained using CD11c magnetic cell sorting beads (Miltenyi Biotech),
according to manufacturer’s instructions. Cells from both fractions were stained
with fluorescent antibodies specific to surface markers for phenotypic character-
ization of GFP-positive cells by FACS. Antibodies used were CD11c-PE, I-Ab-
biotin, CD3-biotin, CD19-PE (eBioscience), CD8�-allophycocyanin (APC),
DEC205-biotin, (BD Bioscience), and dectin-2-biotin (kind gift from Philip Tay-
lor, School of Medicine, Cardiff, United Kingdom [3]). Streptavidin-conjugated
APC or peridinin chlorophyll protein (eBioscience) was used as a secondary
reagent for biotin-conjugated antibodies. Cells (106/sample) were stained for 30
min on ice, washed, and analyzed on a FACS LSR instrument using CellQuest
software (BD Bioscience). At least 150,000 events/sample were acquired.

Immunizations. Adult transgenic mice expressing the �1 and �2 domains of
the human HLA-A2 molecule (HHD) crossed onto the C57BL/6 background
were obtained from F. Lemonier (18) and bred at our animal facilities.

Mice were immunized with SFFV-ESO, DEC-ESO, or DEC-GFP lentivectors
(see legend to Fig. 4 for doses), and control mice received PBS, by either
intravenous or subcutaneous injection. In some experiments mice received a
boost immunization of recombinant vaccinia virus expressing NY-ESO-1 (ESO-
vaccinia at 2 � 106 PFU/mouse, intravenously) 3 weeks after first immunization.

To identify the major histocompatibility complex class II (MHC-II) H-2b-
restricted NY-ESO-1 epitope, recognized by CD4� T cells, HHD mice were
immunized twice, 14 days apart, with a DNA vaccine encoding full-length NY-
ESO-1.

Pentamer staining. Blood samples were collected 8 days after boost, and red
blood cells were lysed with red blood cell lysis buffer (Gentra Systems). Cells
were washed and incubated along with APC-conjugated HLA-A201-Kb-ESO-
157 pentamers (ProImmune, United Kingdom) for 10 min, at room temperature.
After washes cells were incubated with anti-mouse CD8-fluorescein isothiocya-
nate for 20 min on ice and then washed. Samples were analyzed by flow cytom-
etry (150,000 events/sample were acquired) on a FACS LSR instrument using
Cell-Quest software (BD Bioscience).

ELISPOT assays. Gamma interferon (IFN-�) production by spleen cells was
measured 12 days after the first immunization or boost. Enzyme-linked immu-
nospot (ELISPOT) plates (Millipore) were coated with anti-IFN-� antibody (BD
Pharmingen) overnight at 4°C. Serial dilutions of total spleen cells (pool of 2 to
3 mice/group) in RPMI 1640 medium supplemented with 5% heat-inactivated
FCS were incubated in duplicates, in either the presence of the HLA-A*0201-
restricted ESO peptide comprised of residues 157 to 165 (ESO-1157–165; SLLM
WITQV; ProImmune) or medium. To measure the class II response to NY-
ESO-1, cells were incubated with the H-2b-restricted ESO-186-99 peptide (RLL
EFYLAMPFATP; ProImmune). Cells were cultured for 20 h, and the assay was
developed following the manufacturer’s instructions. Spots were counted using
AID ELISPOT counter and software (Germany).

RESULTS

In order to target lentivector gene expression to antigen-
presenting cells, we replaced the SFFV promoter in the len-
tivector CSGW (14) with a 3.2-kb promoter fragment from the
mouse dectin-2 gene (8) (Fig. 1A). Lentivectors with the SFFV
or dectin-2 promoter driving GFP expression were then used
to infect mouse (NIH 3T3) or human (293T) cell lines. While
integration of both lentivector genomes was detected, the dec-
tin-2 gene promoter gave very little GFP expression (Fig. 1B).
However, the dectin-2 gene promoter expressed GFP in mouse
bone marrow-derived DC (Fig. 1C) at a high level; the mean
fluorescence intensity (MFI) of the infected cells was 54% of
that obtained with the strong SFFV viral promoter. The len-
tivector with the mouse dectin-2 gene promoter also expressed
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GFP in human skin-derived LC, and to a lesser extent in
human skin-derived dDC (Fig. 1D). The GFP expression de-
tected after transduction with vector that was heat treated to
inactivate reverse transcriptase must be due to expression from
the vector genomic RNA in the absence of reverse transcrip-
tion, as reported for retroviral vectors (19). GFP protein up-
take by the cells cannot explain this fluorescence as there was
no GFP in the dectin-2 vector preparation since the promoter
is inactive in 293T cells (Fig. 1B). This expression of GFP
driven by the dectin-2 gene promoter in LC is in agreement
with the observation that human dectin-2 mRNA is detected in
LC (20).

We next examined cell specificity of the dectin-2 gene pro-
moter in vivo. Following subcutaneous injection a small num-
ber of epidermal cells around the injection site are exposed to
the lentivector. To examine promoter specificity we therefore
infected murine skin ex vivo, using separated epidermal sheets.
Figure 2A shows that SFFV lentivector expressed GFP in most
cells within the sheet, including keratinocytes, whereas the
dectin-2 promoter expression was restricted to a very small
number of cells that we hypothesize are antigen-presenting
cells. The lentivectors were then injected subcutaneously, and
transduction of cells in the draining lymph nodes was analyzed.
Both vectors transduced CD11c� cells (Fig. 2B). The SFFV
lentivector but not the dectin-2 lentivector also transduced B
cells and some T cells in the CD11c� fraction (Fig. 2B). We
then analyzed which cells within the CD11c� population were
transduced by the two lentivectors, based on DEC205 and
CD8� expression. Figure 2C shows that both vectors transduce
the DEC205� CD8�� population (Fig. 2C, region R1), which
are skin-derived DC including LC and dDC (23). Both vectors
also transduce the DEC205� CD8�� population and the
CD8�� population (Fig. 2C, regions R2 and R3), which are
DC subsets resident in the LNs (23). This suggests that, after
subcutaneous injection, the lentivectors transduce some skin-
derived DC, either within the skin or after they have migrated
to the LN. The lentivectors also traffic to the LN where they
infect LN-resident cells; the dectin-2 gene promoter restricts
GFP expression to CD11c� DC.

To further examine the cell specificity of the dectin-2 gene

FIG. 1. Lentiviral vectors, transgene expression in vitro. (A) Len-
tiviral vector (pHRSINCSGW) expressing GFP under the SFFV pro-
moter was used as a control. Experimental vectors were made by
replacing SFFV with the dectin-2 gene promoter and GFP with NY-
ESO-1 antigen. cPPT, central polypurine tract; WPRE, woodchuck
hepatitis virus posttranscriptional regulatory element; LTR, long ter-
minal repeat; RRE, Rev response element. (B) Human 293T cells and
murine NIH 3T3 cells were transduced (MOI of 1) with SFFV-GFP or
DEC-GFP lentivectors, and GFP expression was analyzed by FACS
72 h postinfection (solid profiles); nontransduced cells are shown as
empty profiles. Numbers indicate percentage of transduced cells, MFI
values, and the number of copies of transgene per cell (as determined
by TaqMan PCR). (C) Bone marrow-derived DC (BM-DC) were

transduced with SFFV-GFP or DEC-GFP lentivectors (MOI of 10),
stained with anti-CD11c-PE antibody on day 6 postinfection, and then
analyzed for GFP expression by FACS. Cell surface staining shows that
95% of the cell population was CD11c�. Numbers in the upper right
quadrants indicate the percentage of GFP-expressing cells among the
CD11c� cells, with MFI values for GFP as 4,161 and 2,256 for the
SFFV and dectin-2 promoters, respectively. This is a representative
result out of four experiments performed. (D) Lentiviral transduction
of primary human LC and dDC. Both cell populations were charac-
terized by surface staining with cell-specific makers. The LC were
CD45� DR� CD1a� Langerin� CD14� and the dDCs were CD45�

DR� CD1alow CD14� (not shown). Only DR staining is shown for the
sake of simplicity. Cells were transduced with SFFV-GFP or DEC-
GFP lentivectors (MOI of 60), and GFP expression was detected by
FACS after gating on forward-scatter high HLA-DR� cells in the
preparation. Comparison of uninfected controls and cells exposed to
heat-inactivated virus (HI) and live virus are shown. Numbers indicate
percentages of transduced cells and MFI values. This experiment was
performed 3 times with similar results. FSC, forward scatter; SSC, side
scatter.
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promoter in vivo, we also analyzed spleen cells for GFP ex-
pression after lentivector injection. We enriched DC from
spleen on the basis of CD11c expression and found that GFP
expression from the dectin-2 lentivector was restricted to
CD11c�-enriched cells (�75% CD11c�) (Fig. 3A). The SFFV
lentivector expressed GFP in both CD11c� and CD11c�

(�96% CD11c�) cell populations, although a higher percent-
age of CD11c� cells were GFP positive (Fig. 3A). Interest-
ingly, both vectors mainly expressed GFP in the dectin-2-pos-
itive subset of CD11c� cells, which constitutes only 7% of the
CD11c� cells, with the dectin-2 lentivector expressing GFP
essentially only in cells that expressed endogenous dectin-2
(Fig. 3B). This suggests that this dectin-2� subset may prefer-
entially interact with blood-borne viruses. Figure 3A shows
that within the CD11c�-enriched fraction, both lentivectors
expressed GFP in the CD11chi/MHC-IIhi subset (myeloid DC),
in the CD11clo/MHC-IIhi subset (also F4/80�, macrophages
[data not shown]) and in the CD11clo/MHC-IIlo subset (plas-
macytoid DC and possibly DC precursors [32]). Within the
CD11c� fraction the SFFV lentivector transduced mainly B
cells, as previously reported (36, 42) (Fig. 3A).

To examine whether antigen expression in dectin-2� cells
could induce an immune response, we constructed lentivectors
in which the SFFV promoter or the dectin-2 promoter drove
expression of the human tumor antigen NY-ESO-1 (11). NY-
ESO-1 is a promising cancer vaccine antigen; it is expressed in
many human tumors and elicits potent antitumor immune re-
sponses in preclinical and clinical trials (reviewed in reference
21). We previously reported that the SFFV lentivector is ef-
fective in priming a CD8� T-cell response to the NY-ESO-
1157–165 presented on HLA-A2 in HHD transgenic mice (34).
We therefore injected various doses of either NY-ESO-1 len-
tivector or a control lentivector with the dectin-2 gene pro-
moter driving GFP expression subcutaneously in HHD mice
and then boosted the response by intravenous injection of
vaccinia virus expressing NY-ESO-1. To ensure optimal bind-
ing of mouse CD8 molecules to HLA-A2 molecules and stain-
ing of high- and low-affinity T cells, the frequency of NY-ESO-
1157–165-specific CD8� T cells was measured using an HLA-A2Kb
pentamer (12, 13). Figure 4A shows that the two NY-ESO-1
lentivectors stimulated expansion of NY-ESO-1157–165-specific
CD8� T cells in peripheral blood in a similar manner. Optimal
expansion occurred after injection of 107 infectious units followed
by boosting with vaccinia virus expression NY-ESO-1.

We also examined the number of T cells within spleens from
the immunized mice that released IFN-� in response to the
NY-ESO-1157–165 peptide in an ex vivo ELISPOT assay. Figure
4B again shows a similar response to the two NY-ESO-1 len-
tivectors. At the highest dose of 108 infectious units, there was
a decrease in NY-ESO-1157–165-specific CD8� T cells detected
by pentamer in peripheral blood but not in the NY-ESO-1157–165-
specific CD8� T cells detected by ELISPOT in spleen. Subcu-
taneous injection was more effective in the induction of NY-

FIG. 2. Transgene expression following subcutaneous injection.
(A). The epidermal sheet obtained from mouse ear skin was treated in
vitro with lentivectors, and skin was analyzed for GFP expression 48 h
later. (B). Transgene expression in LN. Mice were injected subcuta-
neously with PBS (control) or SFFV-GFP or DEC-GFP lentivector.
Five days later, LNs were collected, cells were pooled (n 	 3 mice/
group), and CD11c�- and CD11c�-enriched cell fractions were ob-
tained using CD11c microbeads. Cells from each fraction were ana-
lyzed for GFP expression by FACS after staining with specific
antibodies. The CD11c� fraction was stained with anti-CD11c anti-
body and region R1 was established. GFP� cells in the CD11c fraction
were then analyzed within the R1 region. Cells from the CD11c�

fraction were stained for B- and T-cell markers (anti-CD19 or anti-
CD3 antibodies, respectively), and analysis of GFP� cells in each
group was performed after gating in the corresponding population.
(C). LN DC were costained with anti-CD11c, anti-DEC205, and anti-
CD8� antibodies, and three DC subsets were identified, as shown in

the diagram. Analysis of GFP expression within each region was then
performed. Numbers indicate the percentages of transduced cells and
the MFI values. At least 30,000 events per sample were analyzed. This
experiment was repeated twice with similar results. SSC, side scatter.
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FIG. 3. Transgene expression in spleen following intravenous injection. Mice were injected intravenously with PBS (control) or SFFV-GFP or
DEC-GFP lentivector. Spleen cells were collected and pooled (10 days postinfection; n 	 2 mice/group), and CD11c� cells were isolated using
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ESO-1157–165-specific CD8� T cells detected by ELISPOT in
spleen than intravenous injection (Fig. 4B) and in the induc-
tion of NY-ESO-1157–165-specific CD8� T cells detected by
pentamer in peripheral blood (data not shown). We also de-
tected significant expansion of NY-ESO-1157–165-specific
CD8� T cells in spleen following a single subcutaneous lenti-
vector immunization (Fig. 4B). A 1 log higher dose of lenti-
vector was needed to induce equivalent responses to those
seen in the prime/boost protocol (Fig. 4B). Again, both pro-
moters were effective though maximal response to the SFFV
lentivector was achieved at a lower dose.

We recently reported that preparations of lentivectors
pseudotyped with VSV-G can contain envelope structures con-
taminated with plasmid DNA (35). These contaminants cause
type 1 IFN release from plasmacytoid DC in a Toll-like recep-
tor 9-dependent manner (35). To examine whether this re-
sponse was involved in lentivector vaccination, we also immu-
nized HHD mice subcutaneously with SSFV and dectin-2
lentivectors pseudotyped with a gammaretroviral envelope that
does not cause type 1 IFN release from plasmacytoid DC (35).
For these experiments viruses were quantitated by reverse
transcriptase measurement to avoid problems with the differ-
ent infectivity levels of the envelopes on the cells used in the
TaqMan PCR assay. For VSV-G-pseudotyped lentivector, 150
ng of reverse transcriptase was equivalent to approximately
5 � 107 TaqMan infectious units. Figure 4C shows that
pseudotyping the SFFV or dectin-2 lentivectors with a Friend
gammaretroviral envelope did not affect their ability to induce
NY-ESO-1157–165-specific CD8� T cells, demonstrating that
VSV-G/plasmid contaminants are not involved in the response
to lentivectors following subcutaneous immunization.

In order to monitor the CD4� T-cell response to NY-ESO-1
vaccination in HHD mice, an epitope of NY-ESO-1 presented
by H2 I-Ab was identified. The region of NY-ESO-1 containing
an epitope recognized by CD4� T cells was initially mapped on
the basis of the help it provided in raising an immune response
to the HLA-A2-restricted epitope (ESO-1157–165) within the
same gene. Immunization of HLA-A2-expressing mice with
incremental deletions of the NY-ESO-1 gene, which contained
the A2 epitope, identified a region of the gene encoding amino
acids 32 to 100 which provides help to the CD8� HLA*02-
restricted response (data not shown). 21-mer peptides span-
ning this region were then screened in an IFN-� ELISPOT
recall assay using splenocytes from mice immunized with plas-
mid DNA encoding the full-length NY-ESO-1 gene. The pep-
tide spanning amino acids 79 to 99 was the only one to be
recognized in this assay (Fig. 5A, peptide 27) and depletion of
CD4� cells abolished this recognition (data not shown). A

series of overlapping 14-mer peptides focused the identifica-
tion of the helper epitope further to amino acids 86 to 89 (Fig.
5B, peptide 14). Subcutaneous injection of both the SFFV
lentivector and the dectin-2 lentivector also stimulated expan-
sion of cells in spleen that recognized the C57BL/6 CD4�

T-cell epitope NY-ESO-186–99 in an ex vivo ELISPOT assay
(Fig. 5C). This response was observed with either the VSV-G
envelope or a Friend gammaretroviral envelope (Fig. 5C). The
maximal response to the SFFV lentivector was again achieved
at a lower dose (Fig. 5C). Thus, restricting NY-ESO-1 expres-
sion to antigen-presenting cells does not impair its ability to
stimulate a CD4� T-cell response, which will be critical for
effective antitumor immunity.

DISCUSSION

Our results show that a lentivector that restricts antigen
expression to the dectin-2� subset of cells is effective in the
induction of cellular immunity. Immunization at lower len-
tivector doses was obtained with the viral SFFV promoter,
probably because it drives a higher level of gene expression, as
we observed with GFP lentivectors. Dectin-2 lentivector injec-
tion in the tail vein results in the transduction of macrophages
and DC in spleen, whereas subcutaneous injection results in
transduction of CD11c� DC. Subcutaneous injection results in
more effective immunization. The same dectin-2 gene pro-
moter has also been used in gene gun-mediated delivery of
plasmid DNA, and in this case it also induced cellular immune
responses (31). A similar result was obtained when the DC-
specific fascin promoter was used in gene gun-mediated im-
munization (39). In this case the authors showed that the fascin
promoter induced a Th1 immune response, whereas a consti-
tutive CMV promoter led to a Th2 response (39). However,
the CD11c promoter was ineffective compared to the CMV
promoter or the keratinocyte-specific K14 promoter in another
gene gun vaccination study (24). Perhaps the efficacy of a
particular promoter depends on its precise pattern or level of
expression. The selection of the most effective vector for hu-
man immunization will probably require direct comparison of
promoters in phase I clinical trials.

Our results show that lentivector injection subcutaneously
transduces both skin-derived DC and also LN-resident DC. A
previous report has shown that cell-sorted skin-derived DC
form the most potent antigen-presenting subset after cutane-
ous lentivector immunization (23). This is in contrast to results
with other viral vectors or leishmania infection, where LN-
resident DC are critical for priming CD8� T cells (1, 5, 6, 25,
38). Transduction of the LN-resident DC by lentivectors may

CD11c microbeads. Transgene expression in both CD11c�- and CD11c�-enriched cell fractions was analyzed by FACS after costaining for cell
surface-specific markers as indicated. The CD11c� fraction contains �75% CD11c� cells, the CD11c� fraction is �96% CD11c�. The table shows
the percentage of GFP� cells in three subpopulations of cells within the CD11c� cell fraction, according to their CD11c and MHC-II expression
levels (as defined in panel A) and within the CD11C� fraction after costaining with anti-CD19 and anti-CD3 antibodies. The CD11clo/MHC-IIhi

population includes autofluorescent and F4/80� cells, consistent with the description for spleen macrophages. (B) Surface expression of dectin-2
protein in GFP� cells in the CD11c� fraction. Cells were stained with CD11c, MHC-II, and dectin-2 antibodies, and region R1 was established
according to CD11c and MHC-II� staining. GFP� cells within R1 were then gated (R2), and the percentage of dectin-2-expressing cells in R2 (i.e.,
GFP�) was determined. Numbers represent the percentage of positive cells for the marker expressed in the x axis and the MFI value. Overall,
dectin-2� cells in the CD11c� fraction in all three groups corresponded to �7% of the CD11c� population. The data represent one out of five
experiments performed with similar results. SSC, side scatter.
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FIG. 4. NY-ESO-specific CD8� T-cell responses after immunization with lentivectors. (A and B) HHD mice were immunized subcutaneously
or intravenously with PBS, DEC-GFP, SFFV-ESO, or DEC-ESO VSV-G lentivectors. Lentivector doses per mouse are indicated. Some mice
received an intravenous boost with ESO-vaccinia virus. (A) CD8� T-cell response measured by pentamers (day 8 after boost) in the blood of mice
that were immunized subcutaneously and boosted. Numbers indicate the percentages of T cells responding to the HLA-A201Kb-ESO-157
pentamers within the CD8� population. Data are from one mouse out of two per group. (B) T cells were tested in an ELISPOT IFN-� assay 12
days after immunization or boost. Spleen cells were pooled (n 	 2/group), and incubated in duplicates, either with the HLA-A021-restricted
ESO-1157–165 peptide (black bars) or medium only (white bars). Standard error bars represent the mean count from duplicate wells. One
representative experiment out of three is shown. s.c., subcutaneous; i.v., intravenous. (C) HHD mice were immunized subcutaneously with
Friend-pseudotyped lentivectors carrying the ESO peptide, and spleen cells were tested in an ELISPOT IFN-� assay 12 days later. Spleen cells were
pooled (n 	 3/group), and incubated with the HLA-A021-restricted ESO-1157–165 peptide. Values are the means 
 standard error of duplicate
wells after subtraction of background values of cells incubated with medium only.
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depend on trafficking of the virus to the LN by skin-derived
DC, as has been demonstrated for herpes simplex virus (2).

A number of studies have shown that direct lentivector im-
munization is particularly effective in the induction of antitu-
mor immunity (10, 15, 23, 27, 36). Therefore, we propose that
this approach should be tested in phase I clinical trials for the
treatment of appropriate patients, such as those with meta-
static melanoma. This approach is more practical for treatment
of large numbers of patients than the costly and time-consum-
ing ex vivo expansion of autologous DC. Insertional mutagen-
esis is probably the main risk in using an integrating vector,
such as a lentivector. When the related retroviral vectors were
used to transduce hematopoietic stem cells for the treatment
of X-linked severe combined immunodeficiency, three patients
developed leukemia following retroviral activation of the
LMO2 oncogene (22). In another clinical trial for X-linked
chronic granulomatous disease clonal expansion of cells with a
retroviral insertion in the Evi1 locus was reported (33).

The enhancer within the retroviral long terminal repeat is
likely responsible for activation of adjacent cellular genes in
these clinical trials. However, in a cell culture test system,
Modlich and colleagues have demonstrated that a retroviral
vector with enhancer-deleted long terminal repeats and the
SFFV as a strong internal promoter can cause Evi1 up-regu-
lation (29). While retroviral vectors are oncogenic in a mouse
model, lentivectors with an internal phosphoglycerate kinase
promoter are not, within the sensitivity of the assay, but this
obviously does not extend to other lentivectors or higher doses
(30). It will therefore be advantageous in future clinical trials
to identify promoters that are active only in nondividing, ter-
minally differentiated cells. In this respect the use of a DC-
specific promoter in lentivector vaccination trials may be use-
ful. We have shown here that the mouse dectin-2 gene
promoter is active in human LC and skin DC, and this is a
therefore a good candidate for inclusion in a clinical vaccine.
Its oncogenicity will clearly need to be tested in preclinical
models before this step. However, the fact that it is effective at
relatively low lentivector doses in the mouse model is encour-
aging as limiting vector dose is one strategy to reduce the risk
of oncogenesis.

Our experiments provide some new information on the role
of dectin-2 itself. Strikingly, intravenous injection of lentivec-
tors, even those with the nonspecific SFFV promoter, results in
preferential transduction of the dectin-2� subset of cells in
spleen. Whether this is a direct effect of dectin-2 interaction
with high-mannose sugars present on the viral envelope, more
efficient access of lentivector to these cells, or a higher posten-
try permissivity of this subset to lentivector remains to be
determined. The experiments do, however, demonstrate that
the dectin-2� subset of cells can act as potent antigen-present-
ing cells.
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FIG. 5. CD4� response to NY-ESO-1 in HLA-A2 transgenic mice.
(A) Splenocytes from HHD mice immunized with a DNA vaccine
encoding full-length NY-ESO-1 were screened in an ELISPOT IFN-�
recall assay with overlapping 21-mer peptides. Values are the number
of spots per the indicated number of splenocytes. (B) Splenocytes from
HHD mice immunized with a DNA vaccine encoding full-length NY-
ESO-1 were screened in an ELISPOT IFN-� recall assay with over-
lapping 14-mer peptides. Numbers along the x axis represent the pep-
tides, whose sequences are given below the graph. Numbers along the
x axis represent the peptides; the sequences of critical peptides are
below the graph. (C) HHD mice were immunized subcutaneously with
PBS or the indicated dose of VSV-G or Friend-pseudoptyped lentivec-
tors, and 12 days later cells were tested in an ELISPOT IFN-� assay.
Spleen cells were pooled (n 	 2/group) and incubated in duplicate in
either the presence or absence of the ESO-186–99 peptide (peptide 14).
Values are the means 
 standard error of duplicate wells after sub-
traction of background values of cells incubated with medium only.
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