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Recruitment and expansion of dendritic cells
In vivo potentiate the immunogenicity
of plasmid DNA vaccines
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DCs are critical for priming adaptive immune responses to foreign antigens. However, the utility of harness-
ing these cells in vivo to optimize the immunogenicity of vaccines has not been fully explored. Here we inves-
tigate a novel vaccine approach that involves delivering synergistic signals that both recruit and expand DC
populations at the site of antigen production. Intramuscular injection of an unadjuvanted HIV-1 envelope
(env) DNA vaccine recruited few DCs to the injection site and elicited low-frequency, env-specific immune
responses in mice. Coadministration of plasmids encoding the chemokine macrophage inflammatory pro-
tein-1a (MIP-10) and the DC-specific growth factor fms-like tyrosine kinase 3 ligand with the DNA vaccine
resulted in the recruitment, expansion, and activation of large numbers of DCs at the site of inoculation.
Consistent with these findings, coadministration of these plasmid cytokines also markedly augmented DNA
vaccine-elicited cellular and humoral immune responses and increased protective efficacy against challenge
with recombinant vaccinia virus. These data suggest that the availability of mature DCs at the site of inocula-
tion is a critical rate-limiting factor for DNA vaccine immunogenicity. Synergistic recruitment and expan-
sion of DCs in vivo may prove a practical strategy for overcoming this limitation and potentiating immune

responses to vaccines as well as other immunotherapeutic strategies.

Introduction
DCs are professional antigen-presenting cells that play a central
role in priming immune responses to foreign antigens. Follow-
ing activation by lipopolysaccharide, cytokines, or other stimuli,
immature DCs upregulate expression of MHC and costimulatory
molecules and develop into mature DCs that prime T lymphocytes
with extraordinary efficiency (1, 2). This process effectively initiates
immune responses against invading pathogens. However, vaccines
may be limited by inadequate numbers of DCs at the site of antigen
production to prime immune responses with optimal efficiency.

Plasmid DNA vaccines may be particularly dependent on the
availability of DCs for initiating immune responses. DNA vac-
cines have been shown to elicit immune responses to a diversity
of antigens (3, 4), but their immunogenicity has proven quite lim-
ited. High doses of DNA vaccines are typically required to elicit
potent immune responses in mice, and the immunogenicity of
DNA vaccines in humans has been marginal to date (5-7). Strate-
gies to augment the immunogenicity of DNA vaccines are there-
fore being actively developed (8-11). However, the mechanism of
immune priming and the factors that limit the immunogenicity of
DNA vaccines remain poorly characterized.

Following intramuscular injection of a plasmid DNA vaccine
in mice, expression of the encoded antigen occurs primarily in
transfected myocytes at the site of inoculation (3). Myocytes lack

Nonstandard abbreviations used: env, envelope; Flt3L, fms-like tyrosine kinase 3
ligand; MIP-1a, macrophage inflammatory protein-1lct.
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expression of MHC class II and costimulatory molecules and thus
would not be expected to prime T lymphocytes directly. Instead,
immune priming likely occurs by DCs (12-15) that presumably
migrate to the site of DNA inoculation in response to inflamma-
tory or chemotactic signals following vaccination (16-19). These
DCs are thought to present antigen by cross-presentation of
extracellular antigen or following direct transfection of plasmid
DNA (13, 20, 21). However, DCs are found only in small numbers
and typically exhibit functionally immature phenotypes in non-
specific inflammatory infiltrates. Thus, it is likely that presenta-
tion of vaccine-derived antigen to the immune system is an inef-
ficient process that is limited by the availability of functionally
mature DCs at the site of inoculation.

In this study, we explored the ability of DC-specific chemotactic
and growth factors, specifically plasmid macrophage inflamma-
tory protein-lo. (MIP-1a) and plasmid fms-like tyrosine kinase
3 ligand (FIt3L), to mobilize DCs in vivo and to augment the
immunogenicity of plasmid DNA vaccines. We have previously
shown that the plasmid chemokine MIP-1a. is able to recruit lim-
ited numbers of immature DCs to the site of inoculation in mice
(22, 23). FIt3L is a potent DC-specific growth factor that has been
reported to expand and to mature DCs in both mice and humans
(24, 25). We therefore reasoned that these signals might exert syn-
ergistic combined effects. However, the combination of DC-spe-
cific chemotactic and growth factors has not, to our knowledge,
previously been investigated. We show here that coadministering
plasmid MIP-1o and plasmid FIt3L with DNA vaccines resulted in
a dramatic recruitment and expansion of DCs at the site of anti-
gen production and afforded a substantial augmentation of DNA
vaccine immunogenicity and protective efficacy. These studies
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Figure 1

Histopathology of injection sites. BALB/c mice (n = 4 per group) were
immunized intramuscularly with (A) saline; (B) gp120 DNA vaccine
alone; or gp120 DNA vaccine with (C) plasmid FIt3L, (D) plasmid MIP-1c,
or (E) both plasmid FIt3L and plasmid MIP-1c. We injected 50 ug of
each plasmid with sufficient sham plasmid to keep the total DNA dose
per mouse constant. Muscle sections (5 um thick) were stained with
H&E on day 7 following immunization. Magnification, x20.

demonstrate the potential of harnessing DCs in vivo to enhance
vaccine-elicited immune responses.

Results

Plasmid MIP-1o. and plasmid Flt3L recruit and expand DCs at the site of
inoculation. We initiated studies to determine whether codeliver-
ing DC-specific chemotactic and growth factors with a plasmid
DNA vaccine would lead to increased recruitment and expansion
of DCs at the site of vaccine inoculation. We therefore assessed
the extent and nature of local cellular inflammartory infiltrates fol-
lowing intramuscular injection of plasmid DNA vaccines with or
without plasmids expressing MIP-1o. and Flt3L. Groups of BALB/c
mice (n = 4 per group) were immunized intramuscularly with
sterile saline or 50 ug plasmid DNA vaccine expressing HIV-1 IIIB
envelope (env) gp120 (16). Certain DNA vaccinated groups were
coimmunized with 50 ug plasmid Flt3L, 50 ug plasmid MIP-1a,
or both 50 pug plasmid MIP-1o and 50 ug plasmid Fle3L. Sufficient
sham plasmid was included to keep the total dose of DNA per
animal constant. The injected muscles were excised on day 7 fol-
lowing immunization, and 5 pm serial sections were examined for
the presence of local cellular inflammatory infiltrates. As shown
in Figure 1, small infiltrates were observed following injection of
the DNA vaccine alone. Coimmunization of plasmid Flt3L with
the DNA vaccine resulted in slightly larger clusters of inflamma-
tory cells. In contrast, large cellular infiltrates were recruited by
plasmid MIP-1a or the combination of both plasmid cytokines.
Quantitation of these inflammartory infiltrates demonstrated that
coadministration of both plasmid cytokines resulted in a greater
than 10-fold increase in recruitment of inflammatory cells as com-
pared with the DNA vaccine alone.

We next assessed the nature of these cellular infiltrates by single-
color immunohistochemistry. As depicted in Figure 2A, none of
these sections stained positively for CD3, indicating that the infil-
trates contained few CD3* T lymphocytes. In contrast, as shown
in Figure 2B, we observed substantial differences in CD11b stain-
ing among these sections, reflecting variable numbers of CD11b*
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macrophages or DCs recruited by the various vaccine regimens.
Muscle sections from mice immunized with the DNA vaccine alone
contained few CD11b* cells. Plasmid Flt3L recruited limited num-
bers of additional CD11b" cells, indicating small but distinct pop-
ulations of antigen-presenting cells within heterogeneous cellular
infiltrates. Plasmid MIP-1a and the combination of both plasmid
cytokines recruited large infiltrates consisting predominantly of
CD11b" cells, suggesting that plasmid MIP-1a exerted a specific
chemotactic effect that recruited antigen-presenting cells at the site
of inoculation. CD11b is also expressed on NK cells and granulo-
cytes, but we suspect that these cells were not present in large num-
bers based on subsequently demonstrated staining patterns.

The extent of DC recruitment in these sections using mAbs
specific for the DC-specific markers S100 and CD83 is shown in
Figure 2, C and D. The DNA vaccine alone recruited few S100*
DCs to the injection site. In contrast, moderate numbers of S100*
DCs were recruited by plasmid Flt3L alone and plasmid MIP-1a
alone. Staining for the DC maturation marker CD83 was low to
moderate in these sections, indicating that these DCs had a pre-
dominantly immature phenotype. Interestingly, the combination
of both plasmid cytokines resulted in massive infiltrates of S100*
DCs that also exhibited high levels of CD83 expression. All sec-
tions showed minimal staining for the macrophage-specific mark-
er F4/80 (data not shown).

We further investigated the activation state of the DCs recruited
by these vaccine modalities by assessing MHC class IT and CD80
expression. As shown in Figure 2, E and F, the cells recruited by
plasmid Flt3L alone or plasmid MIP-1a alone exhibited low to
moderate levels of MHC class IT and CD80 expression. In contrast,
cellular infiltrates recruited by the combination of both plasmid
cytokines exhibited high levels of MHC class II and CD80 expres-
sion, consistent with a highly activated phenotype. Staining of these
sections with an isotype control mAb was negative (Figure 2G).

To analyze these cellular infiltrates in greater detail, we excised
muscles from similarly immunized mice on day 7 after injection
(n = 8 per group), homogenized the tissue, and digested it with
collagenase and trypsin. Cell suspensions were then assessed for
DCs by staining with mAbs and 4-color flow cytometric analy-
sis. As shown in Figure 3A, the total cells extracted from muscles
injected with plasmid MIP-1a or both plasmid cytokines was
5-fold compared to the total cells extracted from muscles injected
with the DNA vaccine alone. As depicted in Figure 3B, the number
of gated CD3-CD19- class II'CD11c¢* DCs and activated CD80M
DCs extracted from muscles injected with plasmid MIP-1a was
5- and 6-fold, respectively, compared with the number of cells
extracted from muscles injected with the DNA vaccine alone. Inter-
estingly, the number of DCs and activated CD80" DCs extracted
from muscles injected with both plasmid cytokines was 16- and
27-fold, respectively, compared with the number of cells extracted
from muscles injected with the DNA vaccine alone; this is consis-
tent with the results observed in the immunohistochemistry stud-
ies. These data demonstrate that plasmid MIP-1a and plasmid
Flt3L exerted synergistic effects that substantially exceeded their
additive individual effects.

The large numbers of DCs found in muscles injected with both
plasmid cytokines reflected not only a larger number of infiltrating
cells, but also a higher percentage of DCs (32%) in these infiltrates
as compared with the infiltrates observed in the other groups (6-8%)
(Figure 3C). Moreover, 77% of DCs extracted from muscles injected
with both plasmid cytokines exhibited high levels of CD80 expres-
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sion as compared with 60% from muscles injected with plasmid
MIP-1a, 51% from muscles injected with plasmid Flt3L, and 41%
from muscles injected with the DNA vaccine alone (Figure 3D).
These results demonstrate that plasmid MIP-1a alone was more
effective than plasmid Flt3L alone in recruiting DCs to the injection
site. When these plasmid cytokines were administered together, it
is likely that plasmid Flt3L expanded and matured the DC popula-
tions recruited by plasmid MIP-1a, thereby resulting in large num-
bers of mature DCs at the site of inoculation. We observed similar
recruitment and activation of DCs when the plasmid cytokines were
inoculated without the DNA vaccine (data not shown).

Recruitment of DCs augments
DNA vaccine immunogenicity. We
hypothesized that the recruit-
ment, expansion, and matura-
tion of large numbers of DCs
at the site of inoculation would
likely enhance antigen presen-
tation and immune responses
elicited by the DNA vaccine.
To explore this possibility, we
immunized groups of mice (n =8
per group) with sham plasmid;
the gp120 DNA vaccine alone;
or the gp120 DNA vaccine with
plasmid MIP-1a,, plasmid Fle3L,
or the combination of both
plasmid cytokines. We injected
50 ug of each plasmid with suf-
ficient sham plasmid to keep
the total dose of DNA per ani-
mal constant.

Vaccine-elicited CD8" T lym-
phocyte responses specific for
the immunodominant H-2Dd-
restricted P18 epitope (RGP-
GRAFVTI) (26) were assessed
at various time points follow-
ing immunization by tetramer
binding to CD8* T lymphocytes
isolated from peripheral blood
(16, 22, 27). As demonstrated
in Figure 4A, following a single
injection of the unadjuvant-
ed gp120 DNA vaccine, mice
developed peak tetramer” CD8*
T lymphocyte responses of 1.3%
on day 10 following immuniza-
tion. These responses declined
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Figure 2
Immunohistochemistry of injec-
tion sites. The muscle sections
(5 wm thick) from the vaccinated
mice described in Figure 1 were
stained with mAbs specific for
murine (A) CD3, (B) CD11b, (C)
$100, (D) CD83, (E) MHC class
I, (F) CD80, or (G) and isotype
control. Magnification, x20.
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to 0.4% by day 28. Addition of plasmid Flt3L had minimal effects
on the kinetics or magnitudes of these responses. In contrast, mice
that received the DNA vaccine with plasmid MIP-1a developed
higher peak tetramer* CD8* T lymphocyte responses of 3.4% on
day 10 following immunization. However, this augmentation was
transient, and by day 28, memory tetramer* CD8* T lymphocyte
responses in these mice were indistinguishable from those elicited
by the unadjuvanted DNA vaccine. Administering higher doses of
plasmid MIP-1a did not further augment these responses (data
not shown). Importantly, mice that received the DNA vaccine
with both plasmid cytokines developed peak tetramer®* CD8" T
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lymphocyte responses of 6.1% on day 10 and maintained memory
responses of 1.3% by day 28. These responses were significantly
higher than those elicited by the unadjuvanted DNA vaccine
(5- and 3-fold, respectively; P < 0.001 comparing groups on day 10
or day 28 using analyses of variance with Bonferroni adjustments
to account for multiple comparisons). Tetramer” CD8* T lympho-
cyte responses in lymph nodes were comparable with the responses
observed in peripheral blood (data not shown). Thus, coadminis-
tration of the combination of plasmid MIP-1a and plasmid Flt3L
resulted in a synergistic and durable enhancement of DNA vac-
cine-elicited CD8" T lymphocyte responses.

Vaccine-elicited cellular immune responses were also assessed
by IFN-y ELISPOT assays using splenocytes harvested on day 28
following immunization and stimulated with a pool of overlap-
ping env peptides or the P18 epitope peptide. As shown in Fig-
ure 4B, vaccine-elicited ELISPOT responses were not detectably
augmented by plasmid Flt3L alone or plasmid MIP-1a alone.
Consistent with the tetramer binding assays, mice that received
the DNA vaccine with both plasmid cytokines exhibited substan-
tially increased env-specific and P18-specific ELISPOT respons-
es as compared with mice that received the DNA vaccine alone
(P < 0.001). As demonstrated in Figure 4C, env-specific antibody
responses as measured by ELISA were also significantly augment-
ed by these plasmid cytokines (P < 0.01). These data show that
the recruitment, expansion, and activation of DCs at the site of

+FI3L  +MIP-1at +MIP-10/
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Figure 3

Analysis of DCs extracted from injected muscles. BALB/c
mice were immunized as described in Figure 1. On day 7 fol-
lowing immunization, muscles were excised, homogenized,
and digested with collagenase and trypsin (n = 8 per group).
Cell suspensions were analyzed by 4-color flow cytometry,
and DCs were defined as gated CD3-CD19-class II*CD11c*
cells. (A) Mean total number of extracted cells and (B) mean
total number of extracted DCs and CD80" DCs per muscle
are shown. (C) Percentage of total extracted cells that were
DCs and (D) percentage of DCs that were CD80" are also
shown. In all samples, less than 5% of the cells were CD3*
or CD19+* lymphocytes.

FIt3L

+MIP-1o +MIP-10/

FIt3L

inoculation using plasmid MIP-1a and plasmid Flt3L markedly
enhanced the magnitude and durability of DNA vaccine-elicited
cellular and humoral immune responses.

To explore the generalizability of the adjuvant effects of plasmid
MIP-10 and plasmid Flt3L, we assessed cellular immune responses
elicited by the HIV-1 env gp120 DNA vaccine in BALB/c mice and
by the SIVmac239 gag DNA vaccine in C57BL/6 mice. As shown in
Figure 5A, coadministration of these plasmid cytokines augment-
ed both pooled peptide and dominant epitope-specific ELISPOT
responses in both systems using unfractionated splenocytes, dem-
onstrating that the observed adjuvant effects were neither anti-
gen-specific nor strain-specific. Moreover, as depicted in Figure
5B, these plasmid cytokines augmented both CD8" and CD4*
T lymphocyte responses as measured by ELISPOT assays using
fractionated splenocyte populations from BALB/c mice.

We next assessed the ability of these primary immune responses
to expand following reexposure to antigen. Groups of mice were
primed as described in the previous experiment with the gp120
DNA vaccine alone or with plasmid FIt3L, plasmid MIP-1a,
or both plasmid cytokines. At week 6 following primary immu-
nization, all groups of vaccinated mice were given booster
immunizations of 50 ug gp120 DNA vaccine alone to expand
the memory T lymphocyte responses primed by the various vac-
cine regimens. As shown in Figure 6A, mice primed with the
unadjuvanted DNA vaccine developed peak secondary tetramer*
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Immunogenicity of MIP-10/FIt3L—augmented DNA vaccines. BALB/c mice (n = 8 per group) were immunized with sham plasmid; the gp120 DNA
vaccine alone; or the gp120 DNA vaccine with plasmid FIt3L, plasmid MIP-1a., or the combination of both plasmid cytokines. We injected 50 ug of
each plasmid with sufficient sham plasmid to keep the total DNA dose per mouse constant. Vaccine-elicited immune responses were assessed
by (A) D9/P18 tetramer binding to CD8+ T lymphocytes, (B) env-pooled peptide and P18 epitope peptide-specific ELISPOT assays, and (C)
gp120-specific ELISAs. The ELISPOT and ELISA assays were performed on day 28 following immunization. SFCs, spot forming cells.
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CD8" T lymphocyte responses of 10.2% on day 10 following the
booster immunization. These responses were not detectably aug-
mented by plasmid FIt3L and were only marginally enhanced by
including plasmid MIP-1a in the priming regimen. Strikingly,
mice that were primed with the DNA vaccine with both plasmid
MIP-1o and plasmid FIt3L exhibited peak tetramer® CD8" T
lymphocyte responses of 34.9% following the booster immu-
nization, demonstrating the substantial potential of memory
CD8" T lymphocytes in these mice to expand rapidly following a
booster immunization. As depicted in Figure 6B, substituting a
plasmid expressing the costimulatory molecule CD40L in place
of plasmid FIt3L abrogated these adjuvant effects. Thus, plasmid
MIP-1a required plasmid FIt3L for synergy, presumably reflect-
ing the ability of FIt3L to expand and mature DCs.

Mechanistic studies of plasmid MIP-10. and plasmid FIt3L adjuvanticity.
We sought to investigate in greater detail the mechanism of adju-
vanticity of plasmid MIP-1o and plasmid Flt3L. We hypothesized
that these plasmid cytokines function by exerting local effects and
in particular by recruiting, expanding, and activating DCs at the
site of inoculation and antigen production. We first assessed the
effects of separating the DNA vaccine and the plasmid cytokines
into different muscle groups. Mice were immunized with either 50
ug gp120 DNA vaccine and 50 ug of each plasmid cytokine mixed
together and delivered equally in both legs, or 50 ug gp120 DNA
vaccine in the left leg and 50 ug of each plasmid cytokine in the
right leg. Interestingly, as shown in Figure 7A, anatomic separa-
tion of the DNA vaccine and the plasmid cytokines completely
abrogated the adjuvanticity of plasmid MIP-1c. and plasmid Flt3L.
Thus, these plasmid cytokines exerted predominantly local effects
at the site of antigen production.

Figure 6

Secondary responses following cytokine-augmented DNA vaccine
priming and DNA vaccine booster immunization. BALB/c mice (n = 4
per group) were primed with 50 ug gp120 DNA vaccine with or with-
out (A) plasmid MIP-1a. and plasmid FIt3L or (B) plasmid MIP-1a. and
plasmid CD40L. At week 6 following immunization, all mice were given
booster immunizations of 50 ug gp120 DNA vaccine. Vaccine-elicited
cellular immune responses were assessed by D4/P18 tetramer binding
to CD8* T lymphocytes following the booster immunization.
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Figure 5

Generalizability of MIP-1a/FIt3L—augmented DNA vaccines. (A) BALB/c
mice or C57BL/6 mice were immunized, respectively, with 50 ug HIV
env gp120 DNA vaccine or 50 pug SIV gag DNA vaccine, each with
or without plasmid MIP-1a and plasmid FIt3L. ELISPOT assays were
performed using pooled env peptides and the P18 epitope peptide for
the env-vaccinated mice, or pooled gag peptides and the AL11 epitope
peptide for the gag-vaccinated mice. (B) ELISPOT assays were per-
formed using splenocytes from env-vaccinated BALB/c mice depleted
of CD4+ or CD8* T lymphocytes.

We next assessed the effects of disrupting the chemokine gradient
established by intramuscular injection of plasmid MIP-1a by admin-
istering high-dose, systemic MIP-1a protein. Since chemotaxis is
dependent on an intact chemokine gradient rather than absolute
chemokine concentrations, we hypothesized that disrupting the
chemokine gradient would effectively block DC recruitment and
abrogate the adjuvanticity of these plasmid cytokines. Mice were
immunized with the gp120 DNA vaccine alone or mixed with
plasmid MIP-1a and plasmid Flt3L and also received daily injec-
tions of either saline or 1 ug recombinant MIP-1a. protein adminis-
tered i.v. and i.p. We estimate that this dose of recombinant cytokine
exceeded the amount expressed by the plasmid by more than 1,000-
fold (28). High-dose systemic administration of murine MIP-1a pro-
tein reduced DC recruitment by more than 90% (data not shown).
Accordingly, as shown in Figure 7B, inhibiting DC recruitment also
markedly suppressed the adjuvanticity of these plasmid cytokines.
These data confirm that the adjuvanticity of plasmid MIP-1a. and
plasmid Flt3L required active DC recruitment to the site of inocula-
tion by an intact chemokine gradient.

Intramuscular administration of unadjuvanted DNA vaccines typ-
ically requires high doses (50 ug) and large injection volumes (50 ul)
to elicit immune responses in mice. The nonspecific inflammation
that occurs at the site of inoculation as a result of these injection
parameters likely provides a limited number of antigen-presenting
cells that are able to prime low-frequency immune responses. Con-
sistent with prior studies (17), we found that lowering the vaccine
dose or the injection volume substantially reduced this inflam-
mation (data not shown) and abrogated vaccine-elicited immune
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mice primed with the unadjuvanted DNA
vaccine. Importantly, as shown in Figure 8B,
the MIP-10,/Flt3L-augmented DNA vaccine
afforded a 2.1 log reduction of vaccinia virus
titers in ovaries harvested on day 7 following
challenge as compared with sham-vaccinated
mice (P < 0.001 comparing groups using anal-
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In contrast, the unadjuvanted DNA vaccine
afforded only a 0.5 log reduction in vaccinia
virus titers as compared with sham-vaccinat-
ed mice, reflecting the high stringency of this
viral challenge (P > 0.05). Thus, the MIP-1a/
Fle3L-augmented DNA vaccine elicited high-
er pre-challenge primary CD8* T lymphocyte
responses, higher post-challenge anamnestic
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Figure 7

Mechanistic studies for plasmid MIP-1c. and plasmid FIt3L. (A) BALB/c mice were immunized
intramuscularly with sham plasmid, gp120 DNA vaccine alone, gp120 DNA vaccine mixed
with plasmid MIP-1a and plasmid FIt3L (delivered equally in both legs), or gp120 DNA vac-
cine in the left leg (L) and plasmid MIP-1a and plasmid FIt3L in the right leg (R). (B) Mice

MIP-1o/FiEL prot.ec'tivev efficacy against a recombinzfnt
vaccinia virus challenge as compared with
the unadjuvanted DNA vaccine. These stud-
ies confirm the functional significance of
the enhanced immunogenicity afforded by

plasmid MIP-1a and plasmid Fle3L.

were immunized with the gp120 DNA vaccine, with or without plasmid MIP-1a and plasmid

FIt3L, and received daily i.v. and i.p. injections of saline, 1 ug human MIP-1a protein (hu
MIP-1a), or 1 ug murine MIP-1a protein (mu MIP-1a) for 3 days. ND, not done. (C) Mice were
immunized with the gp120 DNA vaccine with or without plasmid MIP-1o. and plasmid FIt3L
at doses of 50 ug, 5 ug, or 0.5 ug of each plasmid in 50-ul injection volumes. (D) Mice were
immunized with the gp120 DNA vaccine with or without plasmid MIP-1a. and plasmid FIt3L at
doses of 50 ug of each plasmid in 50-ul or 15-ul injection volumes. Vaccine-elicited cellular
immune responses were assessed by D¥/P18 tetramer binding to CD8+ T lymphocytes on

day 10 following immunization.

responses, depicted in Figure 7, C and D. Interestingly, lowering the
dose of the MIP-10,/Flt3L-augmented DNA vaccine from 50 pg to
5 ug of each plasmid or lowering the injection volume from 50 ul
to 15 wl had minimal effects on vaccine-elicited tetramer* CD8" T
lymphocyte responses. These data suggest that specific chemotaxis
of DCs was substantially more effective than nonspecific inflam-
mation in recruiting DCs to the site of inoculation and in priming
immune responses under these limiting conditions.

Recruitment of DCs enhances the protective efficacy of DNA vaccines.
To confirm the functional significance of the DNA vaccine-elic-
ited immune responses, we assessed the protective efficacy of these
various vaccine regimens against challenge with recombinant vac-
cinia virus expressing HIV-1 IIIB env. Groups of mice (n = 4 per
group) were immunized with sham plasmid, the gp120 DNA vac-
cine, or the gp120 DNA vaccine with plasmid MIP-1a and plasmid
Flt3L. We administered 50 ug of each plasmid with sufficient
sham plasmid to keep the total DNA dose per animal constant.
Primary vaccine-elicited tetramer® CD8"* T lymphocyte responses
were similar to those shown in Figure 4A, and memory responses
were unchanged from week 4 to week 12 following immunization.
At week 12, mice were challenged i.p. with 10”7 PFU recombinant
replication-competent vaccinia expressing HIV-1 env IIIB.

Following challenge, we observed anamnestic tetramer* CD8* T
lymphocyte responses in the DNA vaccinated mice as compared
with the mice that received the sham plasmid (Figure 8A). Second-
ary responses were substantially higher in the mice primed with
the MIP-10/Flt3L-augmented DNA vaccine as compared with
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Discussion

DCs serve a critical role in priming immune
responses to foreign antigens. It should there-
fore be possible to harness these professional
antigen-presenting cells in vivo to increase the
immunogenicity of vaccines. In this study, we
demonstrate that a novel strategy involving
both recruitment and expansion of DCs at
the site of inoculation using the combination
of plasmid MIP-1c. and plasmid FIt3L resulted in a synergistic aug-
mentation of the immunogenicity and protective efficacy of DNA
vaccines in mice. Plasmid MIP-1a alone recruited limited num-
bers of functionally immature DCs to the site of inoculation and
afforded only a transient enhancement of vaccine immunogenicity.
Plasmid Flt3L alone was inefficient at mobilizing DCs and exerted
no detectable effects on vaccine immunogenicity.

These data are consistent with a model in which plasmid MIP-1a.
recruits DCs to the site of inoculation, and plasmid Flt3L triggers
the expansion and maturation of these MIP-1a-recruited DCs.
However, we cannot exclude the possibility that plasmid Flt3L
may also contribute to chemotaxis of DCs, given the pleiotropic
effects of this cytokine (24, 25). In fact, prior studies have shown
that systemic administration of high doses of purified Flt3L pro-
tein effectively mobilize DCs in vivo (24). The minimal effects of
plasmid FIt3L alone in the present study likely reflected the local
and relatively low cytokine expression from plasmid FIt3L. Regard-
less of the precise mechanism, it is clear that the combination of
both plasmid MIP-1a and plasmid Flt3L was substantially more
effective than either plasmid cytokine alone in augmenting DNA
vaccine-elicited immune responses.

Our laboratory and others have previously shown that plasmid
GM-CSF, plasmid MIP-1a, and other plasmid chemokines can
recruit antigen-presenting cells to the site of inoculation and
increase vaccine-elicited immune responses in mice (16, 18, 22, 23,
29-34). The present study extends these observations by demon-
strating that combining a DC-specific chemotactic signal with a
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Recombinant vaccinia virus challenge. BALB/c mice (n = 4 per group)
were immunized intramuscularly with sham plasmid, gp120 DNA vac-
cine, or gp120 DNA vaccine with plasmid FIt3L and plasmid MIP-1a.. At
week 12 following immunization, mice were challenged i.p. with 107 PFU
recombinant vaccinia virus expressing HIV-1 env IlIB. (A) Anamnestic
immune responses were assessed by DI/P18 tetramer binding to CD8*
T lymphocytes following challenge. (B) Vaccinia virus titers (PFU) were
assessed in ovaries harvested on day 7 following challenge.

DC-specific expansion and maturation signal results in dramatic
and synergistic local effects at the injection site. These studies sug-
gest that both the number and the maturation state of locally avail-
able DCs are important in determining the immunogenicity of
DNA vaccines. The importance of locally recruited DCs is further
underscored by the observation that the adjuvanticity of the plasmid
cytokines could be abrogated by ablating the chemokine gradientin
vivo or by delivering them at a site that is anatomically distant from
the DNA vaccine (Figure 7, A and B). These data demonstrate that
efficient DC recruitment required an intact chemokine gradient and
that optimal immune priming required functionally mature DCs in
close proximity to vaccine-derived antigen.

The capacity of a vaccine to elicit high-frequency immune
responses is critically dependent on the efficient presentation of
antigen to T lymphocytes. This may be particularly important for
DNA vaccines, which typically express low amounts of antigen that
are largely restricted to the local site of inoculation (3, 12, 28). It
should therefore not be surprising that the recruitment, expansion,
and maturation of large numbers of DCs at the site of antigen pro-
duction markedly enhance the immunogenicity of DNA vaccines.
We speculate that DCs acquire antigen at the local injection site
and then migrate to draining lymph nodes where they prime naive
T lymphocytes (17). This possibility is supported by the observation
that T lymphocytes were not found in large numbers in muscle sec-
tions (Figure 2A). However, additional detailed studies are clearly
required to determine the precise cell trafficking pathways associ-
ated with priming immune responses to DNA vaccines.

Our data show that the availability of mature DCs at the site
of inoculation may be a critical rate-limiting factor for eliciting
high-frequency immune responses to DNA vaccines. Although the
present studies were performed in mice, we hypothesize that the
immunogenicity of DNA vaccines and perhaps subunit vaccines
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may similarly be limited by the lack of mature DCs at the site of
inoculation in humans. Clinical trials of DNA vaccines utilize sub-
stantially lower relative vaccine doses and injection volumes than
typical studies in mice after adjusting for body weight. Thus, it
is likely that DNA vaccination in humans results in insufficient
local inflammation and recruitment of antigen-presenting cells
to prime high-frequency immune responses. Coadministration
of DC-specific cytokines may prove particularly useful in this
setting, since these molecules afforded potent adjuvant effects
in mice immunized with limited vaccine doses and injection vol-
umes. Although the practical utility of this strategy will require
data from clinical trials, we predict that this strategy of harness-
ing DCs in vivo will prove effective for both vaccines and other
immunotherapeutic interventions.

Methods
Plasmids, mice, and immunizations. BALB/c or C57BL/6 mice (6-8 weeks old)
were purchased from Charles River Laboratories. Mice were injected intra-
muscularly with the empty VRC-2000 plasmid (Vaccine Research Center,
NIH) or the same plasmid expressing HIV-1 IIIB env gp120, SIVmac239
gag, murine MIP-1o, murine full-length FIt3L, or murine CD40L. The
VRC-2000 plasmid includes a cytomegalovirus (CMV) promoter and
enhancer element, a bovine growth hormone (BGH) polyadenylation
signal, and a kanamycin resistance gene. Cytokine expression from the
various plasmid cytokines was assessed by transient transfection of 1 ug
DNA in 10° 293T cells followed by ELISA analysis of culture superna-
tants after 48 hours essentially as described (28). Expression from all the
plasmid cytokines was efficient and comparable (50-100 ng/ml). Mice
received a single inoculation of 50 ug DNA in a 50 ul injection volume in
the quadriceps muscles unless otherwise noted. All studies with mice were
approved by the Institutional Animal Care and Use Committee (IACUC)
of Beth Israel Deaconess Medical Center.

Histopathology. Injected murine quadriceps muscles were excised 7 days
after immunization and frozen immediately in OCT medium in a dry ice
and methanol bath. Frozen muscles were cut into approximately 1,000
serial sections of 5 um thickness, air dried, and fixed for 10 minutes in
100% acetone. Fixed sections were stained with H&E before dehydra-
tion, mounting, and examination for the presence and extent of cellular
inflammatory infiltrates.

Immunohistochemistry. Acetone-fixed S-um sections were first treated
with 0.5% hydrogen peroxide in PBS for 15 minutes to quench endoge-
nous peroxidase. The sections were then washed with PBS, and free biotin
was blocked using the avidin/biotin blocking system (Vector Laborato-
ries). Sections were then incubated with the primary antibodies at room
temperature for 1 hour. Monoclonal antibodies were labeled with biotin
and were specific for CD3 (145-2C11; BD Biosciences — Pharmingen),
CD11b (M1/70; Insight Biotechnology), S100 (4C4.9; Kamiya Biomedical
Co.), CD83 (Michel17; Biocarta US), F4/80 (A3-1; Serotec), MHC class II
(M5/114.15.2; Insight Biotechnology), and CD80 (16-10A1; Insight Bio-
technology). Isotype control antibodies were also utilized (BD Biosciences
— Pharmingen). After incubation, the slides were washed 3 times with PBS
and then developed with the Vectastain Elite ABC kit and Vector DAB sub-
strate (Vector Laboratories). After substrate development, the sections were
washed in water and counterstained with hematoxylin. Slides were rinsed
in water, and coverslips were mounted using histomount (Dako).

Extraction and analysis of infiltrating DCs. Quadriceps muscles from
immunized mice were harvested, minced, and incubated with digestion
buffer (Hanks’ Balanced Salt Solution [Gibco], supplemented with 0.5%
collagenase, 0.2% BSA, and 0.025% trypsin) for 30 minutes at 37°C with
vortexing every 5 minutes to facilitate tissue dissociation. Cell suspen-
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sions were filtered, washed twice with PBS containing 2% FBS, and stained
with FITC-labeled MHC class II (2G9; BD Biosciences — Pharmingen),
phycoerythrin-labeled CD11c (HL3; BD Biosciences — Pharmingen),
PerCP-CyS.5-labeled CD3 (145-2C11; BD Biosciences — Pharmingen),
PerCP-CyS.5-labeled CD19 (1D3; BD Biosciences — Pharmingen), and
APC-labeled CD80 (16-10A1; eBioscience). Cell suspensions were then
washed in PBS containing 2% FBS and fixed in 0.5 ml PBS containing 1.5%
paraformaldehyde. Samples were analyzed by 4-color flow cytometry on
a FACSCalibur (BD Biosciences — Pharmingen). Gated CD3-CD19- class
II*CD11c* DCs were quantitated and assessed for CD80 expression.
Tetramer staining. Tetrameric H-2D4 complexes folded around the HIV-1
IIIB V3 loop optimal P18 epitope peptide (P18-110; RGPGRAFVTI) were
prepared and utilized to stain P18-specific CD8" T lymphocytes isolated
from peripheral blood essentially as described (16, 26, 27). Mouse blood
was collected in RPMI 1640 containing 40 U/ml heparin. Following lysis of
the RBCs, 0.1 ug of PE-labeled D4/P18 tetramer in conjunction with APC-
labeled anti-CD8a mAb (Ly-2; Caltag) was utilized to stain P18-specific
CD8" T lymphocytes. The cells were washed in PBS containing 2% FBS
and fixed in 0.5 ml PBS containing 1.5% paraformaldehyde. Samples were
analyzed by 2-color flow cytometry on a FACSCalibur (BD Biosciences —
Pharmingen). Gated CD8* T lymphocytes were examined for staining with
the D4/P18 tetramer. CD8" T lymphocytes from naive mice were utilized as
negative controls and exhibited less than 0.1% tetramer staining.
ELISPOT. ELISPOT assays were utilized to assess IFN-y production by
splenocytes from vaccinated mice essentially as described (16). The P18
epitope peptide (RGPGRAFVTI) and a pool of overlapping 15 amino
acid peptides derived from HIV-1 env IIIB gp120 (Centralised Facility for
AIDS Reagents) were utilized for env-vaccinated mice. The AL11 epitope
peptide (AAVKNWMTQTL) and a pool of overlapping peptides derived
from SIVmac239 gag (AIDS Research and Reference Reagent Program)
were utilized for gag-vaccinated mice. We coated 96-well multiscreen
plates (Millipore) overnight with 100 ul/well of 10 ug/ml rat anti-mouse
IEN-y (BD Biosciences — Pharmingen) in PBS, and then washed them with
endotoxin-free Dulbecco’s PBS (Invitrogen) containing 0.25% Tween-20
(Sigma-Aldrich) and blocked them with PBS containing 5% FBS for 2
hours at 37°C. The plates were washed 3 times with Dulbecco’s PBS con-
taining 0.25% Tween-20, rinsed with RPMI 1640 containing 10% FBS,
and incubated in triplicate with 5 x 10° splenocytes per well in a 100 ul
reaction volume containing 2 ug/ml peptide. For studies utilizing the
peptide pools, each peptide in the pool was present at 2 ug/ml. Following
an 18-hour incubation, the plates were washed 9 times with Dulbecco’s
PBS containing 0.25% Tween-20 and once with distilled water. The plates
were then incubated for 2 hours with 75 ul/well of 5 ug/ml biotinylated rat
anti-mouse IFN-y (BD Biosciences — Pharmingen), washed 6 times with
Coulter Wash (Coulter Corp.), and incubated for 2 hours with a 1:500 dilu-
tion of streptavidin-AP (Southern Biotechnology Associates). Following 5
washes with Coulter Wash and 1 with PBS, the plates were developed with
nitro blue tetrazolium 5-bromo-4-chloro-3-indolyl-phosphate chromogen
(NBT/BCIP chromogen; Pierce Biotechnology), stopped by washing with
tap water, air dried, and read using an ELISPOT reader (Hitech Instru-
ments). For depletion studies, splenocytes were incubated with magnetic
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microbeads coated with anti-CD4 (L3T4) or anti-CD8 (Ly-2) mAbs (Milt-
enyi Biotec) and separated using MiniMACS columns prior to performing
the ELISPOT assay. Cell depletions were more than 95% efficient.

ELISA. Serum anti-gp120 antibody titers from immunized mice were
measured by a direct ELISA (16). We coated 96-well plates overnight with
100 ul/well of 1 ug/ml recombinant HIV-1 env IIIB gp120 (Intracel) in PBS,
and then blocked them for 2 hours with PBS containing 2% BSA and 0.05%
Tween-20. Sera were then added in serial dilutions and incubated for 1
hour. The plates were washed 3 times with PBS containing 0.05% Tween-20
and incubated for 1 hour with a 1:2000 dilution of a peroxidase-conju-
gated affinity-purified rabbit anti-mouse IgG secondary antibody (Jack-
son Laboratories) to detect total gp120-specific IgG. The plates were then
washed 3 times, developed with tetramethylbenzidine (TMB; Kirkegaard &
Perry Laboratories), stopped with 1% HCI, and analyzed at 450 nm with a
Dynatech MR5000 ELISA plate reader (Dynatech).

Vaccinia virus challenge. Vaccinated mice were challenged i.p. with 107 PFU
replication-competent vaccinia-HIV-1 env ITIB gp160 (BH-10; Therion Bio-
logics) in 100 ul sterile PBS. On day 7 following challenge, ovaries were har-
vested and homogenized by 3 freeze-thaw cycles and vigorous vortexing.
The homogenate was trypsinized for 30 minutes at 37°C. COS-7 cells were
plated in 6-well plates at a density of 5 x 10° cells per well and incubated
overnight. Cell monolayers were then infected with log dilutions of the
homogenate in media. After 2 days, vaccinia virus plaques were visualized
by staining with 0.1% crystal violet and 20% ethanol.

Statistical analyses. Immunologic data are presented as means with stan-
dard errors. Statistical analyses were performed with GraphPad Prism
version 4.01 (GraphPad Software Inc.). Comparisons of mean responses
among groups of mice were performed by ANOVA with Bonferroni adjust-
ments to account for multiple comparisons. P values of less than 0.05 were

considered significant.
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