Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 1943-1948, March 1997
Medical Sciences

Antigen presentation in retroviral vector-mediated gene

transfer in vivo

ELIZABETH S. SONG*T, VIRGINIA LEE*, CHARLES D. SURH¥, ANDREA LYNN*, DUANE BRUMM*, DOUGLAS J. JOLLY*,

JoHN F. WARNER*$, AND SUNIL CHADA*

*Department of Immunobiology, Chiron Technology-Center for Gene Therapy, 11055 Roselle Street, San Diego, CA 92121; and ¥Department of Immunology,

The Scripps Research Institute, 10666 North Torrey Pines Road, La Jolla, CA 92037

Communicated by William Rutter, University of California, San Francisco, CA, December 5, 1996 (received for review June 7, 1996)

ABSTRACT We have examined mechanisms involved in
gene transfer, protein expression, and antigen presentation
after direct administration of retroviral vectors using a vari-
ety of antigen systems. We have identified transduced infil-
trating cells at the injection site, and the majority of the
infiltrating cells were of the monocyte/macrophage lineage.
We found that the splenic dendritic cell fraction contained
proviral DNA, expressed antigenic proteins, and was able to
present antigens efficiently to the immune system. Further-
more, the dendritic cell fractions from retroviral vector-
immunized mice were able to prime naive T cells in vitro, and
adoptive transfer of in vitro-transduced dendritic cell fractions
elicited antigen-specific cytotoxic T lymphocytes. These data
suggest a role for dendritic cells in induction of immune
responses elicited by retroviral vector-mediated gene transfer.

We have developed Moloney murine leukemia virus-based
retroviral vectors encoding therapeutic genes and have been
studying the induction of immune responses mediated by these
retroviral vectors. We have demonstrated that successful in-
duction of immune responses could be achieved in mice (1),
nonhuman primates (2), and humans (3), by injection of ex vivo
vector-transduced autologous fibroblasts. These studies led us
to investigate whether immune responses could be elicited by
direct administration of retroviral vector by intramuscular
injection. We have recently demonstrated induction of im-
mune responses after direct administration of retroviral vec-
tors intramuscularly in mice, rhesus monkeys, and baboons (4).

Direct injection of retroviral vector offers several advan-
tages over the ex vivo approach, primarily the elimination of
the extensive efforts involved in generating autologous ex vivo
fibroblast cell lines for each patient. With the ex vivo approach,
the target antigen is exclusively expressed by transduced
fibroblasts; however, direct administration of retroviral vectors
can lead to the transduction of cells near the injection site as
well as those cells residing in tissues to which vector can be
transported. Consequently, it was not clear which cells were
transduced by the retroviral vector, and which cells were
responsible for presentation of retroviral vector-encoded an-
tigens. In this paper, we have attempted to identify the
vector-transduced cells and cells capable of presenting antigen
to delineate mechanisms for induction of immune responses
after direct injection of retroviral vectors.

We have used retroviral vectors encoding HIV env/rev, E.
coli B-galactosidase (B-gal), chicken ovalbumin, and firefly
luciferase to identify the subsets of cells involved in antigen
presentation and induction of immune responses. These four
different antigen systems were used to verify that the mech-
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anisms of in vivo transduction and induction of immune
responses are comparable among retroviral vectors derived
from the same packaging cell line and backbone construct
regardless of the specific antigen they encode. Furthermore,
each of these retroviral vectors offers unique advantages, such
as the availability of extremely sensitive detection systems or
antibodies suitable for immunohistochemistry. Using these
assays, we not only detected cells belonging to each of these
subsets, but have also estimated their relative numbers. In this
paper, we discuss the implications of these data in conjunction
with the potential mechanisms of antigen presentation follow-
ing direct administration of retroviral vector.

MATERIALS AND METHODS

Retroviral Vectors. The nonreplicating, amphotropic mu-
rine retroviral vectors encoding HIV IIIB env/rev (N2-
IIIBenv), bacterial B-gal (N2-B-gal), firefly luciferase (N2-
luci), and chicken ovalbumin (N2-ova) were used. Generation
of retroviral vector backbone and production of high titer
vectors [>1 X 107 colony-forming units (cfu)/ml] were de-
scribed previously (4, 5). Purified, formulated high titer ret-
roviral vector preparations were used in all experiments.

Immunizations, in Vitro Cytotoxic T Lymphocyte (CTL)
Induction, and Cytotoxicity Assays. Six- to eight-week-old
female BALB/c (H-29) or C57BL/6 (H-2°) mice from Harlan-
Sprague—Dawley were used in all experiments. On days 1, 4,
and 7, mice were injected intramuscularly in both gastrocne-
mius muscles with 100 wl each of retroviral vector. For
adoptive transfer experiments, BC-env fibroblasts stably trans-
duced with N2-IIIBenv, or ex vivo-transduced dendritic cell
fractions, were injected once intraperitoneally to naive recip-
ient mice. One week later, spleens were harvested, and spleno-
cyte fractions were mixed with irradiated stimulators at a 50:1
ratio and assayed 7 days later as described (4).

Immunohistochemistry. Antibodies to the following leuko-
cyte markers were used: CD4 (6), CDS (7), B220 (8), macro-
phages (9), activated macrophages (10), and dendritic cells
(11-13). Muscles from injection sites were excised and rapidly
frozen. Cryostat sections at 5-6 um were cut, air dried, and
fixed in acetone for 5 min. The sections were incubated with
previously titrated optimal concentrations of antibodies di-
luted in TBS (pH 7.4) for 60 min, washed in TBS, and
incubated with biotinylated anti-rat or rabbit IgG (Jackson
ImmunoResearch) for 30 min. The sections were then incu-
bated with streptavidin-conjugated alkaline phosphatase
(Jackson ImmunoResearch) for 30 min, and the bound alka-
line phosphatase was detected with the substrate Fast-violet.

Abbreviations: CTL, cytotoxic T lymphocyte; cfu, colony-forming

units; X-Gal, 5-bromo-4-chloro-3-indosyl B-galactopyranoside; B-gal,
B-galactosidase.
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The sections were lightly counterstained with Meyer’s hema-
toxylin and were photographed (X200) as described (14).

Splenocyte Fractionation by Percoll Density Gradients.
Splenocytes from naive or immunized mice were fractionated
into B cells, T cells, macrophages, and dendritic cells by the
method described previously (15) and/or sorting by a fluores-
cence-activated cell sorter (FACS). Resulting B cells, T cells,
and macrophage fractions were shown to be homogenous as
determined by their representative marker profiles of B220,
Thy-1.2, and F4/80, respectively. The cell fractions that adhere
to plastic immediately after the cell isolation, but not after
overnight culturing, are mostly dendritic cells, as determined
by staining with several dendritic cell antibodies, NLDC-145,
33D1, and N418, although these cells can include B220* B cells
(up to 20%) and F4 /80" monocyte/macrophages (up to 30%).
No Thy-1.2-positive cells were detected from dendritic cell
fractions by FACS analysis.

PCRs, 5-Bromo-4-chloro-3-indosyl 3-galactopyranoside (X-
Gal) Staining, and B3.Z Assays. Cells from lymph nodes and
spleen fractions were processed according to the method previ-
ously described (16, 17). Briefly, 500 ng of DNA in a 10-ul aliquot
was run in each PCR using the following primers: NEO-47
(5'-CAA GAT GGA TTG CAC GCA GG) and NEO-48 (5'-
CCC GCT CAG AAG AAC TCG TC). The reaction products
were Southern blotted and analyzed with a digoxygenin-labeled
probe for the presence of neomycin-resistance gene sequence.
Copy numbers were estimated by comparison to the positive
controls, with numbers between 1 and 1 X 10 copies per reaction.

For X-Gal staining, cultures were fixed with 2% formalde-
hyde for 5 min at room temperature, followed by washing with
PBS. The cells were overlayed with a solution of 1 mg/ml
X-Gal/5 mM potassium ferrocyanide/5SmM potassium ferri-
cyanide/2 mM MgCl,. The plates were examined microscop-
ically for the presence of LacZ-expressing (blue) cells after an
overnight incubation at 37°C.

B3.Z cells are T cell hybridomas that recognize chicken
ovalbumin in the context of H-2K" molecules (18, 19). They
contain a plasmid containing the bacterial LacZ gene fused to
the minimal promoter of the human interleukin 2 gene and,
therefore, are LacZ-inducible upon antigenic stimulation.
Antigen-presenting cells are either cells transfected with
ovalbumin genes or fractionated splenocytes from ovalbumin
retroviral vector-immunized mice. Individual cultures contain-
ing 5 X 10°B3.Z cells and 1 X 107 antigen-presenting cells were
incubated overnight in 12-well cultures followed by X-Gal
staining to assess the level of B3.Z activation. The numbers of
antigen-presenting cells in each fraction were estimated from
the standard curve generated from cultures containing known
numbers of EL4 cells transfected with ovalbumin genes,
E.G7-OVA cells.

Ex Vivo Transduction of the Dendritic Cell Fraction and
Adoptive Transfer. Naive mice were Kkilled, and the dendritic
cell fraction was prepared as described above and put into
media containing granulocyte/macrophage colony-stimulat-
ing factor (500 units/ml) and interleukin 4 (1000 units/ml).
DA/KT-1, the producer cell line for N2-I1IBenv, was seeded
in transwells (Corning Costar) with a pore size of 0.45 um,
which does not allow any leakage of producer cells across the
membrane. The dendritic cell fraction was added to low
adherence tissue culture wells (Corning Costar) and transwells
containing DA/KT-1 were placed above the dendritic cell
fraction. After 3 days of cocultivation, the recovered cells were
washed three times with PBS before injection into naive
recipient mice. Spleens from recipient mice were harvested 7
days later and assayed for cytotoxicity as described above.

RESULTS

Infiltrating Leukocytes at the Injection Sites Are Trans-
duced with Retroviral Vector. We were interested in defining
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the types of cells that are transduced after direct administra-
tion of retroviral vectors in muscle and examined the injection
sites by immunohistochemistry. Mice were immunized in the
gastrocnemius muscles with a retroviral vector encoding
chicken ovalbumin (N2-ova, a total of 2.4 X 107 cfu per
mouse). We selected ovalbumin as the primary system to
analyze the injection sites because of the availability of anti-
bodies suitable for immunohistochemistry. We also utilized
HIV env/rev retroviral vector (N2-11IBenv) and Escherichia
coli B-gal retroviral vector (N2-B-gal) systems to verify the
phenotypes of the infiltrating cells obtained using N2-ova (data
not shown).

After three injections, mice were killed and injection site
muscles were cryosectioned and analyzed by immunohisto-
chemistry using antibodies against ovalbumin and a variety of
leukocyte markers (Fig. 1). We found a large number of
infiltrating cells in the endomesium near the injection site, and
some of the infiltrating mononuclear cells expressed ovalbu-
min proteins (Fig. 1 a—c). Expression of retroviral vector-
encoded proteins in infiltrating cells was further confirmed
from cells recovered from muscles injected with retroviral
vectors encoding luciferase (N2-luci) and ovalbumin (N2-ova)
by luciferase assays and B3.Z assays, respectively, as described
in Materials and Methods (data not shown).

Next, we examined the phenotypes of the infiltrating cells
using antibodies against several lymphocyte markers to ad-
dress which cells were potential effectors of immune responses
(Fig. 1 d—f). We found that a significant number of CD4* cells
and few B cells infiltrated the injection sites. In agreement with
this result was the presence of prominent CD45 staining in
adjacent sections (data not shown). In this particular experi-
ment, we also found some CD8" infiltrating cells. However, in
many other experiments using N2-ova, N2-IIIBenv, and N2-
B-gal, we generally observed minimal, if any, infiltration of the
CD8" cells at the injection sites. This relative absence of CD8*
cells at the injection site agrees with reported absence of CTL
in nonlymphoid organs during immune response (20). None-
theless, the absence of CD8* cells is particularly interesting
since the spleens from these mice demonstrated consistently
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FiG. 1. Immunohistochemistry examination of the injection site.
Mice were injected with either N2-ova or N2-IIIBenv intramuscularly
in both legs on days 1, 4, and 7, and were killed on day 10. The following
antibodies were used to stain serial sections: anti-ovalbumin (a),
normal rabbit serum (b), anti-ovalbumin (c), anti-CD4 (d), B220 (e),
anti-CD8 (f), F4/80 (g), N418 (h), and NLDC-145 (i). (a, b, and d—i)
Sections from N2-ova-injected animals. (¢) Section from an N2-
I1IBenv-injected animal. The sections shown in a and ¢ were mounted
adjacent to each other on a single slide and processed simultaneously
to assess background levels of the anti-ovalbumin antibodies against
retroviral vector-injected muscles. We also examined the intradermal
route of injection that induces comparable immune responses, and
again the injection site showed comparable infiltration with the same
phenotypes of cells present (data not shown).
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positive CTL responses against the antigenic protein encoded
by the corresponding retroviral vector.

Finally, we examined the phenotypes of the infiltrating cells
using antibodies against various monocyte/macrophage and
dendritic cell markers to address infiltration of potential
antigen-presenting cells (Fig. 1 g—i). F4/80* monocyte/
macrophages were identified as the most prominent infiltrating
cells at the injection sites. Consistent with the presence of
monocyte/macrophages and B cells was our observance of
prominent major histocompatibility complex class II staining
in adjacent sections (data not shown). Many of the F4/80*
cells were activated, as determined by their strong staining
using the N418 antibody directed against CD11c, commonly
expressed on activated monocyte/macrophages and dendritic
cells (10). However, the majority of N418* cells appear to be
of the monocyte/macrophage lineage since the dendritic cell-
specific markers, NLDC-145 and MIDC-§, detected only a few
cells (Fig. 1i and data not shown).

Splenic Dendritic Cell Fractions Contain Cells That Ex-
press Retroviral Vector-Encoded Proteins. Previously, biolo-
calization studies using DNA isolated from whole organs
indicated that PCR signals were detected sporadically in spleen
and lymph nodes (16, 17). In addition, several studies suggest
that tumor-specific T cells are primed by bone marrow-derived
cells in the lymphoid organs rather than by tumor itself (21,
22). Therefore, we decided to investigate proviral DNA inte-
gration, protein expression, and antigen presentation in the
leukocyte populations from lymph nodes and spleens.

The limited sensitivity of PCR using DNA isolated from
whole organs led us to investigate PCR from fractionated
spleen cells, based on the assumption that each splenocyte
population might be transduced disproportionately (see Dis-
cussion). Splenocytes from mice immunized with retroviral
vectors were pooled and fractionated into B cells, T cells,
macrophages, and dendritic cell fractions as described in
Materials and Methods. Spleens from mice immunized with
N2-luci (6 X 107 total cfu per mouse) were fractionated and
analyzed by PCR using primers specific for the neomycin-
resistance marker, a sequence common to all our retroviral
vectors. A positive PCR signal was detected in the dendritic
cell fraction and not in any other splenocyte fraction. Quan-
titative PCR was performed on the dendritic cell fraction, and
the frequency of positive cells was estimated as 1 copy per 500
ng of genomic DNA, which corresponds to 1 copy per 7.5 X 104
cells. From this result, the minimal number of proviral DNA-
containing cells per spleen, consisting of 1 X 108 cells, was
estimated to be 1300 (Table 1). Furthermore, we were able to
detect luciferase activity in the same dendritic cell fractions.

Because we detected proviral DNA and luciferase activity in
splenocytes, we wished to analyze vector-derived protein ex-

Table 1. Estimated frequencies of cells per spleen

Models*
Cell type Luciferase B-gal Ovalbumin
Provirus-containing 1300 (0.0013) N/A N/A

Protein-expressing
Experiment 1 N/A
Experiment 2

20007 (0.0020) N/A
24007 (0.0024)
16007 (0.0016)

800% (0.0008)

Antigen-presenting N/A N/A 300 (0.0003)

Three model systems used to estimate the frequencies of each subset
of cells were compared. A total of 2-6 X 107 cfu was injected in each
mouse. All mice were injected with an identical regimen. N/A, not
available.

*Values are the number of transduced splenocytes per mouse; num-
bers in parentheses indicate the percentage of the spleen.

T“Dendritic” cells.

#Monocytes/macrophages.
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pression in detail. BALB/c mice were injected three times with
N»-B-gal (4 X 107 total cfu per mouse), and transduced cells
were directly visualized by X-Gal staining. The spleens were
pooled and fractionated as described above, followed by X-Gal
staining. In agreement with the PCR data, the dendritic cell
fraction showed B-gal-positive cells at a frequency of 2000—
2400 cells per mouse spleen (Table 1). In another experiment,
dendritic cell fractions were sorted into dendritic cells, B cells,
and monocytes by double staining with B220 and F4/80
antibodies, followed by X-Gal staining to estimate number of
B-gal-expressing cells in each cell type. Among these cells
expressing B-gal, we found approximately 800 monocytes
(B220~/F4/80") and 1600 dendritic cells (B220~/F4/807). In
addition, the macrophage fractions and cells from inguinal and
popliteal lymph nodes of these mice also showed some X-Gal
staining, although the numbers were greatly reduced com-
pared with the dendritic cell fraction. The B and T cell
fractions from N2-B-gal-immunized mice and all the cell
fractions from N2-IIIBenv-immunized mice were negative by
X-Gal staining.

Dendritic Cell Fraction from Retroviral Vector-Immunized
Mice Can Present Antigens. Because we demonstrated the
presence of protein-expressing cells in the dendritic cell frac-
tions, we then wished to estimate the frequency of antigen-
presenting cells among these protein-expressing cells. We used
N2-ova in these experiments to take advantage of the unique
B3.Z cell line, which produces B-gal upon recognition of the
ovalbumin peptide in the context of H-2K® major histocom-
patibility complex molecules (18, 19). C57BL/6 mice were
injected with N2-ova, and their pooled spleens were fraction-
ated into B, T, macrophage, and dendritic cell fractions. The
potential antigen-presenting cells were incubated overnight
with B3.Z cells, and these cultures were then stained with
X-Gal to estimate the level of B3.Z activation. Unfractionated
splenocytes, the dendritic cell fraction, and occasionally, mac-
rophages were able to induce B-gal production in B3.Z cells
and, therefore, appeared to present antigen after direct vector
administration. When B3.Z cells were incubated with spleno-
cyte fractions from N2-IIIBenv-immunized mice, no B-gal
activity was observed.

To estimate the relative abundance of ovalbumin peptide-
presenting cells, a standard curve was generated from the
frequency of activated blue B3.Z cells incubated with increas-
ing numbers of E.G7-OVA cells, an EL4 thymoma cell line
expressing the ovalbumin gene (Fig. 2). In the experiment
shown, 1.25 X 105 B3.Z cells were activated after incubation
with 5 X 10° E.G7-OVA cells, and this ratio was maintained
throughout a wide range of numbers of antigen-presenting
cells. The number of antigen-presenting cells in the dendritic
cell fraction was estimated by comparison to this standard
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F1G. 2. Estimation of antigen-presenting cells. The numbers of
activated B.3Z cells observed after incubation with the indicated
numbers of E.G7-OVA cells mixed with EL4 cells are shown. Total
number of cells from EL4 and E.G7-OVA mixtures were 5 X 10°
throughout the titration range.
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curve, and an average of about 300 antigen-presenting cells per
spleen were detected from animals injected with a total of
2.4 X 107 cfu of N2-ova per mouse (Table 1). Pooled spleno-
cytes from these mice contained ovalbumin-specific CTLs and
gave 40% lysis in CTL assays at a 100:1 effector-to-target cell
ratio (data not shown).

Dendritic Cell Fraction Contains Antigen-Presenting Cells
That Can Prime Naive T Cells in Vitro. The above data
indicated that the dendritic cell fraction from retroviral vector-
immunized animals was capable of presenting antigenic pep-
tides. Furthermore, it is well documented that dendritic cells
pulsed with antigenic proteins or peptides can efficiently prime
immune responses against viral and tumor antigens (23-28).
Therefore, we wished to further examine the dendritic cell
fractions from retroviral vector-immunized animals by evalu-
ating their ability to prime naive spleens in vitro. Mice were
immunized with N2-I1IBenv, which appears to induce the most
vigorous T cell responses among our different retroviral
vectors. The splenocytes were fractionated into three groups;
B + T cells, macrophages, and dendritic cell fractions. Naive
littermates were similarly processed into three groups. Frac-
tions from immunized and naive animals were mixed to
reconstitute typical splenocyte populations consisting of B +
T cells, dendritic cell fractions, and macrophages (Fig. 3).
Pooled unfractionated splenocytes from immunized animals
were included as a positive control. In addition, splenocytes
from mice immunized intraperitoneally with BC-env cells,
syngeneic cells expressing HIV env/rev proteins, were in-
cluded as another positive control.

The first four combinations included B + T cell fractions
from immunized mice and were able to stimulate T cells,
presumably because they have already been primed in vivo. We
did not separate out B cells from the B + T cell fraction since
the B cells from N2-ova-immunized mice did not contain any
antigenic peptide-presenting cells, as judged from the B3.Z
assays (see above). Only the dendritic cell fraction was able to
induce in vitro priming of naive B + T cell populations (Fig. 3,
lane 6). In contrast, the mature macrophage fractions, i.e.,
those cells that were adherent to plastic, were unable to prime
naive splenocytes (Fig. 3, lane 7), although in the previous
experiments, we found a small percentage of macrophages that
were able to present ovalbumin peptides to B3.Z cells.

These data demonstrate that the dendritic cell fraction
contains antigen-presenting cells that can initiate cytotoxic T
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F1G. 3. In vitro induction of immune responses by dendritic cell
fractions from retroviral vector-immunized mice. Five mice were
immunized with retroviral vectors encoding N2-IIIBenv by three
injections, and their B + T cells, dendritic cells, and macrophage
fractions were prepared as described in Materials and Methods. Five
littermates were processed in an analogous manner. Each of the
reconstituted splenocyte cultures contains B + T cells (4 X 107),
dendritic cells (1 X 107), and macrophage (6 X 10°) fractions and
irradiated stimulators (1/50 of total responders). + and —, Fractions
from immunized or naive mice, respectively. Each set of bars repre-
sents net CTL lysis at effector-to-target cell ratios from 100, 30, 10, 3,
and 1.
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cell priming in vitro. Dendritic cells were previously identified
as the only population of cells that can initiate immune
responses in vitro (29-32). Therefore, we reasoned that al-
though the dendritic cell fraction contains other cell types such
as B cells and monocytes, retroviral vector administration
probably results in the transduction of dendritic cells.

Ex Vivo-Transduced Dendritic Cell Fraction Can Elicit T
Cell Responses in Naive Recipients. The above data suggest
that the in vivo-transduced dendritic cell fraction is responsible
for inducing cytotoxic T cell priming in vivo and in vitro. To
extend this finding, we further examined the role of these cells
by using ex vivo transduction (Fig. 4). We attempted to
simulate the in vivo transduction of dendritic cells and mac-
rophages after direct vector administration by injecting the ex
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Fi1G. 4. Adoptive transfer of immune responses by ex vivo-
transduced dendritic cell fractions. (4) CTL responses from naive
recipients of ex vivo-transduced dendritic and monocyte cells examined
by adoptive transfer. A total of 1 X 10° cells were injected per naive
recipient. The splenocytes from two individual recipient mice were
tested in a standard CTL assay using BC-env (® and 0) and BC/B-gal
(~ and O) targets. Macrophage cultures processed in a similar fashion
did not elicit CTL activity. (B) Comparison between fibroblast and
dendritic cells in inducing immune responses. Naive recipient mice
were injected once intraperitoneally with either BC-env (three mice
each per dose) or in vitro transduced dendritic cell fractions (nine mice
total) as described above. Each symbol represents an individual
animal. Net CTL lysis at effector-to-target cell ratios of 100 was plotted
against the estimated number of cells expressing antigen. The number
of dendritic cells expressing HIV env/rev was estimated from lucif-
erase expression assays. Mice that registered 15% net lysis were
considered to be positive for induction of immune responses. At
fibroblast doses below 1 X 104, there were three mice per group whose
symbols overlap.
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vivo-transduced dendritic cell fraction. From naive mice, we
separated low density cell fractions and then removed most of
the contaminating B cells by an initial adherence step. The
remaining cells containing the dendritic cell fraction were
incubated with a cocktail of cytokines to promote cell division
as described (33, 34). The proliferating cells were transduced
with N2-IIIBenv using transwell cultures as described in Ma-
terials and Methods. Cells remaining after 3 days of cocultiva-
tion were examined by FACS analysis and were found to be
mainly dendritic cells and monocytes (>85%). Aliquots from
the transduced dendritic cell fraction were injected intraperi-
toneally into naive hosts, and 1 week later, CTL assays were
initiated. The recipient mice generated CTL responses, con-
firming the role of these cells in in vivo induction of immune
responses (Fig. 4A4).

Because any cell can presumably induce immune responses
by the ex vivo method if given enough quantity or if injected in
the region of an appropriate lymphoid organ (35), it is
important to assess the relative efficacy of the transduced
dendritic cell fraction as compared with other cell types.
Therefore, the ability of the transduced dendritic cell fraction
to induce CTL responses was compared with that of syngeneic
fibroblasts expressing the same antigen and administered using
identical injection routes and schedules. The transduction
efficiency of the dendritic cell fraction is estimated to be at
least 0.1%, based on N2-luci transduction. Specifically, a
parallel preparation of the dendritic cell fraction was trans-
duced with N2-luci using an identical protocol. The resulting
cells were assayed for luciferase activity and were compared
with signals from luciferase-expressing fibroblast cells normal-
ized based on protein content. Based on this transduction
efficiency, the recipient mice in the adoptive transfer experi-
ments received an average of 5 X 102 transduced cells from a
total of 5 X 10° injected cells. As shown in Fig. 4B, the levels
of CTL response induced by these ex vivo-transduced dendritic
cell fractions are comparable to those by injection of 3 X 10*
to 1 X 10° BC-env fibroblasts expressing the same antigens.
From this calculation, a single transduced cell from the den-
dritic cell fraction is equivalent to 60-200 fibroblasts in the
induction of CTL responses, although we cannot exclude the
possibility that less efficient antigen presentation by fibroblasts
reflects differences in trafficking to lymphoid organs.

DISCUSSION

In this paper, we have shown that antigen presentation after
direct administration of retroviral vectors can be mediated by
cells found in splenic dendritic cell fractions. We envision a
mechanism wherein the cells that ultimately get transduced at
the injection site might have been initially recruited by the
inflammatory reaction caused by needle injury. In support of
this idea, we found that mice injected with needles without any
injectate or injected with the formulation buffer used in
retroviral vector preparations showed reduced but comparable
patterns of leukocyte infiltration. After transduction, the cells
are likely to drain through the lymph nodes to the spleen to
present antigen. However, we cannot exclude trafficking of the
retroviral vectors to lymphoid organs followed by transduction
in situ. A similar mechanism for induction of immune re-
sponses by naked DNA-mediated gene transfer has also been
proposed (36). In agreement with our observation, it was
recently reported that cells of hematopoietic origin are essen-
tial for induction of CTL and antibody after naked DNA
immunization (37, 38).

To traverse different antigen systems and to estimate the
number of splenocytes in each group of impacted cells, we used
vectors with similar titers and identical injection regimens. In
the analyses, we made the following assumptions. (i) All
aspects of transduction, protein expression, and antigen pre-
sentation are comparable among the different model antigen

Proc. Natl. Acad. Sci. USA 94 (1997) 1947

systems used. (ii) Transduction frequency is proportional to
the total colony-forming units injected regardless of the pro-
tein encoded by the retroviral vector. (iif) All proviral DNA-
containing cells can express proteins.

The cells containing proviral DNA can be detected by PCR
of DNA from various sources such as whole organs, purified
cell populations, or in situ from tissue sections. In our previous
biolocalization studies using DNA from whole organs, we
injected a total of 2 X 10° cfu of N2-IIIBenv retroviral vector
per mouse and found sporadic PCR signals in spleen (16, 17).
The numbers of N2-IIIBenv-transduced cells from these stud-
ies can be estimated by extrapolating from the numbers of
B-gal-expressing cells in N2-B-gal-injected mice. Because 2000
B-gal-positive cells per spleen were found from mice injected
with a total of 4 X 107 cfu of N2-B-gal, we can estimate that
there were approximately 100 HIV env/rev-expressing cells in
our previous biolocalization experiments. We estimate the
sensitivity of PCR detection to be approximately 1 positive cell
per 1 X 105 cells, i.e. at least 1000 transduced cells from an
average spleen of 1 X 103 cells are required to register a
positive PCR signal. Therefore, an amount of 100 HIV env/
rev-transduced cells, corresponding to a transduction fre-
quency of 0.1 positive cell per 1 X 105, is believed to be below
the threshold of PCR detection.

In this paper, we have attempted to increase the probability
of detecting PCR signals by using 6 X 107 cfu per mouse, which
should increase the frequency of protein-expressing cells in the
spleen to 3 cells per 1 X 10°. Furthermore, we also fractionated
the splenocytes, expecting different subpopulations to be
transduced disproportionately. Indeed, we were able to detect
cells containing proviral DNA in the dendritic cell fraction, at
a frequency of 1.3 cells per 1 X 10°. The fact that PCR signals
were detected only in the dendritic cell fraction suggests that
this fraction must be preferentially transduced in retroviral
vector-injected animals and, indeed, that splenocyte fraction-
ation was necessary to detect PCR signals.

Among the cells containing proviral DNA, some will express
proteins, which can be detected by histochemistry, immuno-
histochemistry, or luciferase assays. Using N2-B-gal, we have
also found other protein-expressing cells, primarily myofibers
(data not shown). Although we cannot exclude the contribu-
tion of transduced myofibers to induction of immune re-
sponses, the long-term persistence of protein expression in
transduced myofibers (>200 days) as well as their low cell
surface expression of major histocompatibility complex and
accessory molecules render them an unlikely candidate for
induction of immune responses. Furthermore, this notion is
supported by the lack of CD8™ cell infiltration in the injection
site.

Nonetheless, we had to consider the fact that these four
different model systems are not always comparable in express-
ing proteins or inducing immune responses. For example, the
intracellular locations of these antigens are all distinct, such
that it is not clear whether ovalbumin, a secreted protein, is
processed comparably to B-gal, a cytoplasmic protein. Indeed,
we have found several discrepancies in protein expression
between these two antigens. Although muscle fibers are the
most prominently transduced tissue in N2-B-gal-injected ani-
mals, we have yet to find strongly stained fibers in N2-ova-
injected animals. Conversely, we detected very few transduced
infiltrating cells from N2-B-gal-injected animals, despite sim-
ilar degrees of infiltration, yet we found considerable numbers
of ovalbumin-stained cells in N2-ova-injected animals by im-
munohistochemistry. This discrepancy between ovalbumin
and B-gal systems might be due to the fact that secreted
ovalbumin could be phagocytosed by infiltrating cells. If so,
this group of cells may represent a distinct class of antigen-
presenting cells that present antigen acquired through phago-
cytosis without expressing the protein.
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The estimation of the numbers of cells in each group has
limitations other than extrapolation among different retroviral
vector systems. First, the estimated numbers are derived from
spleens of retroviral vector-injected animals harvested at one
specific time, i.e., 3 days after the last injection. Therefore, the
estimated numbers will probably fluctuate relative to the
migration of the transduced cells to and from the spleen, and
the kinetics and strength of the incipient immune responses. In
addition, since the number of antigen-presenting cells in the
spleen of retroviral vector-injected mice was estimated from a
standard curve generated using ovalbumin-expressing thy-
moma cells (E.G7-OVA) in B3.Z assays (Fig. 2), it is impos-
sible to assess whether the E.G7-OVA cells are equivalent in
their capacity for antigen presentation compared with spleno-
cytes.

Itis of great interest to define the precise phenotypes of cells
transduced by retroviral vectors, of those expressing antigens,
and of those that contribute to antigen presentation. In the
current study, the low yield of the dendritic cell fraction and
subsequent transduction efficiency, together with difficulties
in maintaining in vitro cultures, prevented us from investigating
this issue beyond the data shown in Table 1. In addition,
various cells belonging to dendritic and monocyte/macro-
phage lineages were shown by others to express relatively
ill-defined and temporally changing cell surface markers (15,
39, 40). This made it difficult to precisely define the pheno-
types of cells involved in antigen presentation. Therefore, the
cells in the dendritic cell fraction are likely, but may not be, the
only cells involved in antigen presentation. Nonetheless, we
feel that the methods used in this paper are the first attempts
at this type of in vivo quantitation of tranduced cells, and the
results illustrate the rarity of in vivo antigen-presenting cells.
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