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The Immunogenicity of Dendritic Cell-Based Vaccines Is Not
Hampered by Doxorubicin and Melphalan Administration1
Anna Casati,2 Valérie S. Zimmermann,2 Fabio Benigni,3 Maria T. S. Bertilaccio,
Matteo Bellone, and Anna Mondino4
Immunization of cancer patients is most effective in tumor-free conditions or in the presence of minimal residual disease. In the
attempt to develop new strategies able to control tumor recurrence while allowing the development of protective immunity, we
have investigated the immunogenic potential of two distinct vaccine formulations when provided alone or upon single and repeated
treatment with chemotherapeutics drugs. Vaccine-induced T cell responses were first investigated by tracing Ag-specific T cell
responses in mice bearing detectable frequencies of Ag-specific TCR transgenic CD4 and CD8 T cells. These studies indicated that
immunization with peptide-pulsed dendritic cells and soluble Ag plus adjuvant elicited a comparable expansion and differentiation
of CD4 and CD8 effector cells in the peripheral lymphoid tissues when provided alone or shortly after Doxorubicin or Melphalan
administration. We also analyzed the potency of the combined vaccination in transgenic adenocarcinoma mouse prostate mice,
which develop spontaneous prostate cancer. Dendritic cell-based vaccination elicited potent tumor-specific cytotoxic responses in
mice bearing prostate intraepithelial neoplasia both in the absence and in the presence of Doxorubicin. Together our results
indicate that Doxorubicin- or Melphalan-based chemotherapy and Ag-specific vaccination can be combined for adjuvant treatments of cancer patients. The Journal of Immunology, 2005, 174: 3317–3325.

C

onventional anti-cancer therapies (surgery and radio- and
chemotherapy) have gained a considerable clinical success over the past years. Because of limitations imposed
by the given current treatments, tumor-free survival is not always
accomplished. For instance, surgery and radiotherapy are quite effective in the treatment of localized tumors, but they usually play
a palliative role in the treatment of disseminated diseases. Chemotherapy in these cases is the treatment of choice, but severe toxic
effects toward normal tissues often limit its use. The identification
of tumor-specific Ag, tumor-specific lymphocytes, and tumor-specific T cell responses in cancer patients led to the development of
immunotherapies aimed at augmenting antitumor immune responses. Studies mostly performed in preclinical studies have indicated that both active and adoptive immunotherapies are quite
effective against small tumor burdens, but seem to be incapable of
controlling large tumor masses (1, 2). The results generated in
clinical trials supported these findings and suggest that immunotherapy is most effective in adjuvant settings (3, 4).
Together the available information indicates that both conventional treatment and immunotherapeutic strategies might benefit
from combined treatments aimed at controlling tumor growth,
while allowing vaccine-induced immune responses to develop and
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eliminate the minimal residual disease. The major limitation for
combining antiblastic chemotherapy and immunotherapy is that
cytotoxic drugs are generally regarded as immunosuppressive because of toxicity to the dividing immune cells in the bone marrow
and peripheral lymphoid tissues (5). However, certain chemotherapeutic agents have shown immunomodulatory activities (6), and
several combined approaches have already been attempted. For
instance, chemotherapy has been proven to enhance the efficacy of
tumor cell vaccines and immune cytokines, and to favor the activity of adoptively transferred tumor-specific T cells (7–18). A
number of mechanisms have been proposed for the chemotherapytriggered enhancement of immunotherapy response. For instance,
chemotherapy may favor tumor cell death, and by that enhance
tumor-Ag cross-presentation in vivo (19). Furthermore, drug-induced myelosuppression may induce the production of cytokines
favoring homeostatic proliferation, and/or inhibit the activity of T
regulatory cells (7, 10).
Although supporting the feasibility of combining chemotherapy
and immunotherapy, previous studies did not provide qualitative
and quantitative information on vaccine-induced T cell responses
during chemotherapy administration. Thus, in this study, we have
quantified by ex vivo flow cytometry analyses the potency of Agspecific vaccination when performed in combination with antiblastic chemotherapy in different animal models that allow the tracing
of Ag-specific CD4 and CD8 T cell responses in the context of
peripheral lymphoid tissues. In the first animal model, we took
advantage of the adoptive transfer (AT)5 of traceable population of
OVA-specific TCR transgenic (Tg) CD4 and CD8 T cells (20). We
measured the expansion and differentiation of T lymphocytes by
flow cytometry analyses and functional assays performed on cells
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obtained from the peripheral lymphoid tissues of AT mice vaccinated in the absence or in the presence of antiblastic chemotherapy. In the second animal model, which allows the tracing of endogenous CD4 T cells specific for the model Ag Leishmania
receptor for activated C kinase (LACK) (21), we investigated the
possibility to perform vaccination upon repeated cycles of chemotherapy. Finally, we traced tumor-specific cytotoxicity in transgenic adenocarcinoma mouse prostate (TRAMP) mice. TRAMP
mice are transgenic for the SV40 large T Ag (Tag) under the control of the rat probasin regulatory element. In the periphery, Tag is
selectively expressed in prostate epithelial cells under the influence
of sexual hormones (22). TRAMP mice remain Tag negative and
healthy until puberty (i.e., wk 4 –5) and then progressively develop
mouse prostate intraepithelial neoplasia (mPIN) and invasive carcinoma of epithelial origin (23). In this model, the immune response against Tag has been well characterized, and it is dominated by CTLs specific for the sequence 404 – 411 (24, 25). At 7
wk of age, TRAMP mice are partially tolerant against Tag, but a
Tag-specific CTL response can be induced by vaccination with
peptide-pulsed dendritic cells (DC) (26).
As model vaccination strategies, we chose cell-associated (peptide-pulsed DC) and soluble (Ag plus adjuvant) Ag formulation.
These can induce potent Ag- and tumor-specific CD4 and CD8 T
cell responses in preclinical animal models, and are currently accepted for clinical trials (27–34).
Doxorubicin (DOXO) and Melphalan (MEL) were chosen as
model chemotherapeutic agents, because of their different mechanism
of action and because of their use in both preclinical and clinical
studies (35). DOXO is a member of the anthracyclin family, known to
exert cytotoxicity by a number of intracellular reactions, which
include free radical formation, DNA intercalation, inhibition of topoisomerase II, disturbance of helicase function, and inhibition of signal
transduction (36). It is used as a single agent, and also in combination
with other chemotherapeutic agents (37). In humans, DOXO is mostly
used at 45– 60 mg/m2 every 3– 4 wk, at lower dosage every week or
as continuous infusion (35). Mice tolerate higher doses of this drug,
and DOXO has been demonstrated to reduce tumor growth at the dose
of 4 –15 mg/kg (14, 36, 38). MEL is an alkylating agent believed to
exert its cytotoxic effects through the covalent linkage of alkyl groups
to DNA. This leads to cross-linking of DNA strands or appearance of
breaks into the DNA that hampers normal DNA replication and cell
division. MEL is used at 8 mg/m2 in patients and at 2.5 mg/kg in
mouse models (35, 39). The most relevant side effects for these two
drugs are myelosuppression, alopecia, mucositis, and pulmonary fibrosis. Depending on the schedule of administration, DOXO has also
been shown to induce cardiomyopathy (35).
Our results indicate that a single administration of DOXO or
MEL, as well as the repeated administration of DOXO before vaccine injection, did not hamper the immunogenicity of peptidepulsed DC and soluble Ag vaccine formulations, and that potent T
cell responses to the model Ags OVA and LACK and to the tumorassociated Ag Tag IV were indeed induced by the combined strategy. These data support the introduction of combined therapies in
the adjuvant treatment of cancer patients.

Materials and Methods
Mice, cells, and reagents
Eight- to 10-wk-old C57BL/6 (Ly-5.2⫹) and BALB/c mice were purchased
from Charles River Laboratories. The TCR Tg mice DO11.10 (40) and
OT-I (41) mice were bred to the homozygous condition. DO11.10 mice
express a Tg ␣␤ TCR specific for the OVA-derived peptide (OVAp) 323–
339 presented in the context of I-Ad molecules. OT-I mice express a Tg
V␣2V␤5 TCR specific for the OVAp257–264 presented in the context of
H-2b molecules. The OT-I mice were further bred with congenic Ly-5.1⫹
C57BL/6 mice (H-2b) to distinguish donor CD8⫹ T cells from host cells

after their AT into Ly-5.2⫹ C57BL/6 (H-2b) recipients, as similarly described elsewhere (42). The frequency of Tg T cells in these mice was
analyzed by flow cytometry analysis, which indicated that up to 97% of
Ly-5.1⫹ CD8⫹ T cells expressed the V␣2 V␤5 Tg TCR (data not shown).
The 16.2␤ mice were previously described (21). T cells from these mice
express a TCR transgenic ␤-chain derived from a LACK-specific hybridoma, and exhibit an increased frequency of LACK-specific CD4 T cells
(21). Heterozygous TRAMP mice on a pure C57BL/6 background were
typed for Tag expression by PCR-based screening assay, as described in
具www.jax.org典. All mice were housed and bred in a specific pathogen-free
animal facility, treated in accordance with the European Union guidelines,
and with the approval of the Institutional Ethical Committee.
All of the in vivo experiments were performed according to the Interdisciplinary Principles and Guidelines for the Use of Animal in Research,
Marketing, and Education, and approved by Ethical Committee of the San
Raffaele Scientific Institute.
DOXO (Pharmacia & Upjohn) was diluted in sterile 0.9% NaCl and was
injected i.v. (6 mg/kg body weight). MEL (Alkeran) was diluted in PBS
and injected i.v. (2.5 mg/kg). Chicken OVA was obtained from SigmaAldrich. The synthetic OVAp323–339 (CD4 restricted) or OVAp257–264
(CD8 restricted) were obtained from EspiKem. The Tag IV 404 – 411 peptide was obtained from Research Genetics. All of the mAb used in the
study (with the exception of the KJ1-26 mAb, which was obtained from
Caltag Laboratories) were obtained from BD Pharmingen.

Adoptive transfer
Single cell suspensions of spleen and lymph nodes (LN) derived from
DO11.10 or OT-I mice were prepared as previously described (20, 42).
Flow cytometry was used to determinate the percentage of DO11.10 and
OT-I Tg cells. A total of 2.5–5 ⫻ 106 Tg CD4 or CD8 T cells was resuspended in 300 l of PBS and injected in the tail vein of BALB/c or
C57BL/6 recipient mice, respectively.

Immunization
Recipient mice were immunized s.c. in two sites with 100 g of chicken
OVA, dissolved in 100 l of PBS, and emulsified with 100 l of CFA.
In the indicated experiments, mice were s.c. vaccinated in the right
flank by injecting 2 ⫻ 105 peptide-pulsed DC resuspended in 100 l of
PBS. DC were prepared from bone marrow, as previously described
(34). Briefly, bone marrow-derived cells were cultured with recombinant GM-CSF and IL-4 for 7 days. Thereafter, nonadherent cells were
stimulated with 1 g/ml LPS for 8 h and then incubated for 1 h at 37°C with
2 M synthetic peptides OVAp323–339, OVAp257–264, or Tag IV404 – 411.
Before injection into the mice, DC were characterized by flow cytometry
after staining with anti-CD11c, I-A/I-E, CD80, CD86, and anti-CD40
mAbs. Generally, CD11c⫹ cells represented 80% of the preparation and
expressed a mature phenotype (data not shown) (34).

Flow cytometry analysis
Mice were sacrificed, and the blood, the peripheral LN (axiliar, brachial,
and inguinal), and the spleen were collected by retro-orbital bleeding and
surgical resection. LN and spleen were homogenized into a single cell
suspension, while blood cells were isolated by Lympholyte (Cedarlane
Laboratories) gradients. The cells were then incubated with a blocking
buffer (5% rat serum and 95% culture supernatant of 2.4G2 anti-FcR mAbproducing hybridoma cells) for 20 min to saturate the FcRs. Viable lymphocyte counts were obtained by trypan blue exclusion. The frequency of
lymphocytes was determined by flow cytometry analysis after staining of
the cells with anti-CD4, anti-CD8, and anti-B220 mAb. The identity of the
lymphocyte subpopulation was further confirmed by additional staining
with anti-CD3 (CD3⫹CD4⫹; CD3⫹CD8⫹) and anti-CD19 mAb
(CD19⫹B220⫹) (data not shown). Tg DO11.10 T cells were detected by
staining with anti-CD4 mAb, and with the anti-clonotypic KJ1-26 mAb. Tg
OT-I T cells were detected after staining with anti-CD8 and anti-Ly-5.1
mAb. The total number of DO11.10 and OT-I T cells was calculated by
multiplying the total number of viable cells (obtained by counting viable
cells by trypan blue exclusion) by the percentage of CD4⫹, KJ1-26⫹, or
CD8⫹, Ly-5.1⫹ cells obtained by flow cytometry. In selected experiments,
the phenotype of the cells was determined after staining with anti-CD44,
anti-CD45RB, anti-CD62L, and anti-CD25 mAb. One thousand CD4⫹,
KJ1-26⫹, or CD8⫹, Ly-5.1⫹ T cells were generally collected (FACSCalibur; BD Biosciences) and analyzed using the CellQuest software.
In some experiments, intracellular cytokine levels were determined, as
previously described (43). Briefly, 106 LN or spleen cells derived from
control and immunized AT mice were stimulated with 5 ⫻ 106 syngeneic
splenocytes previously pulsed with the relevant OVAp (2 M). After 2 h
in culture at 37°C, brefeldin A (5 g/ml) was added. After an additional
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2 h, the cells were stained with either anti-CD4 and KJ1-26 mAb, or with
anti-CD8 and Ly-5.1 mAb, fixed in 2% formaldehyde, and permeabilized
in PBS containing 2% FCS, 0.5% saponin, 2% rat serum, and 0.2% sodium
azide. The cells were then stained with anti-IL-2 and anti-IFN-␥ mAb in
permeabilization buffer. One thousand CD4⫹, KJ1-26⫹, or CD8⫹, Ly 5.1⫹
events were generally collected.
LACK-specific T cells were identified in 16.2␤ mice by staining with
I-Ad/LACK fluorescent multimers (21). I-Ad/LACK multimers were obtained by incubating I-Ad/LACK dimers (3 g/sample) with Alexa 488coupled protein A (Molecular Probes; 0.3 g/sample) in PBS for 30 min at
room temperature. Free protein A binding sites were saturated by the addition of total IgG (1 g/sample). A total of 6 ⫻ 105 LN cells was first
incubated with a blocking buffer (5% rat serum and 95% culture supernatant of 2.4G2 anti-FcR mAb-producing hybridoma cells) for 20 min to
saturate the Fc receptors and then stained with I-Ad/LACK multimers for
1 h on ice in PBS supplemented with 0.5% BSA. Thereafter, the cells were
stained with PE- or PerCP-labeled anti-CD4 and anti-CD44 mAb and with
allophycocyanin-labeled anti-CD8a, anti-CD11b, anti-B220 mAb (BD
Pharmingen). TOPRO-3 (1 nM final; Molecular Probes) was added to the
sample just before flow cytometry analysis to discriminate viable and dead
cells. CD8a⫹, CD11b⫹, B220⫹, TOPRO⫹ cells were excluded by electronic gating during the acquisition. A total of 50 –100 ⫻ 103 CD4⫹ T cells
was acquired using a FACSCalibur flow cytometer (BD Biosciences). To
determine the frequency of LACK-specific cytokine-producing cells, 1 ⫻
106 LN cells were cultured with unpulsed or LACK peptide-pulsed splenocytes derived from D011.10 TCR Tg mice for 4 h. During the last 2 h,
brefeldin A (10 g/ml; Sigma-Aldrich) was added to the cultures. Cells
were then stained with anti-CD4 mAb and anti-KJ1-26 mAb (to exclude
splenic DO11.10 CD4 T cells), fixed, permeabilized, and further stained
with anti-IL-2 and anti-IFN-␥ mAb. Cytokine release was determined in
CD4⫹, KJ1-26⫺ cells by flow cytometry.
The significance of differences between the experimental groups was
tested by statistical analysis with an unpaired two-tailed Student’s t test.

ELISA
Anti-OVA Abs were detected in the serum of mice 15 days after immunization, as previously described (44). Briefly, chicken OVA (20 g/ml in
PBS) was coated on 96-well plates. The plates were then blocked with
PBS-BSA 1% and washed with PBS-Tween 20 0.05%. Thereafter, diluted
serum samples were added and incubated overnight at 4°C. OVA-specific
IgG were detected with HRP-conjugated anti-mouse IgG1 or IgG2a (Valter
Occhiena). The reaction was developed by the addition of o-phenylenediamine and quantified at 490 nm.
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drug administration. DOXO and MEL were, respectively, used at
6 mg/kg (14, 36, 38) and 2.5 mg/kg (39). At these doses, DOXO
and MEL have antitumor activity and are well tolerated by the
mice (35). The frequency of CD4, CD8, and B cells was determined in the LN, in the spleen, and in the blood at different time
points by flow cytometry analysis. Twelve, 24 (data not shown),
and 48 h (Fig. 1) after drug injection, the numbers of CD4, CD8,
and B cells were found to be reduced in the blood of DOXOtreated mice (Fig. 1C). In contrast, the number of cells in the LN
and the spleen appeared to be unchanged at all the times (Fig. 1, A
and B). Similarly, the administration of MEL appeared to be tolerated by the lymphoid tissues, as shown by the normal representation of CD4⫹, CD8⫹, and B220⫹ lymphocytes (Fig. 1, D–F).
Because the amount of active DOXO has been reported to halve 3
and 30 h after i.v. administration (35), we set out to avoid peak
plasma concentration of the drugs and vaccinated mice 48 h after
DOXO and MEL injection in all subsequent experiments. A similar administration schedule was previously adopted for cyclophosphamide and paclitaxel (7, 14).
DOXO administration does not prevent Ag-induced CD4 T cell
expansion and differentiation
To trace vaccine-induced Ag-specific T cell responses, we took
advantage of the AT of TCR Tg T cells (20). A representative
experiment is reported in Fig. 2. TCR Tg T cells were derived from
DO11.10 and OT-I TCR Tg mice, and adoptively transferred into
the tail vein of syngenic BALB/c (Fig. 2, A and B) and congenic
C57BL/6 mice (Fig. 2, C and D), respectively. Adoptively transferred DO11.10 cells were traced after staining with anti-CD4 and
anti-TCR (KJ1-26) mAbs, while adoptively transferred OT-I cells
were traced after staining with anti-CD8 and anti-Ly-5.1 mAbs.

In vivo cytotoxic assay
The in vivo cytotoxic activity of OT-1 T cells was determined, as previously described (34). Briefly, 20 ⫻ 106 C57BL/6-Ly-5.2 spleen cells were
resuspended in 1 ml of PBS and labeled with the CFSE fluorescent dye at
the final concentrations of 0.125 M (CFSEdim) or 1.25 M (CFSEbright)
for 8 min at room temperature. Thereafter, the reaction was blocked by the
addition of an equal volume of FCS. The cells were washed extensively
with RPMI 1640 –10% FCS, and resuspended at 20 –30 ⫻ 106 cells/ml.
The CFSEbright cells were pulsed with OVAp257–264 (10 g/ml) for 1 h at
37°C. Thereafter, the cells were washed, and an equal number of CFSEbright
-pulsed and CFSEdim-unpulsed cells (5–10 ⫻ 106 cells) was injected in
the tail vein of control or vaccinated adoptively transferred mice. Sixteen
hours later, the mice were sacrificed, and the presence of CFSE⫹ cells in
LN and spleen was quantified by flow cytometry.

In vitro cytotoxicity assay
Splenocytes were restimulated in vitro (34) in the presence of 1 M Tag IV
peptide. Day 5 blasts were tested for cytolytic activity in a standard 4-h
51
Cr release assay, as previously described (34), using as targets RMA cells
(45) left unpulsed or pulsed with 10 M Tag IV. 51Cr release of target cells
alone was always ⬍25% of maximal 51Cr release (target cells in 0.25 M
HCl). LU were determined as the number of effector cells capable of killing
50% (LU-50) of target cells, and were expressed/106.

Results
Effect of DOXO and MEL administration on lymphocyte counts
The possibility to combine active vaccination with antiblastic chemotherapy relies on the absence of severe effects of the chemotherapeutic agents on the immune cell representation in secondary
lymphoid tissues. Thus, we set to determine the effect of DOXO
and MEL administration on lymphocyte distribution shortly after

FIGURE 1. Effect of DOXO and MEL on the cellular composition of
LN, spleen, and blood. BALB/c mice received an i.v. injection of PBS (f)
or DOXO (6 mg/kg) (䡺; A–C) or MEL (2.5 mg/kg) (D–F). Forty-eight
hours after drug injection, the mice were sacrificed, and cells derived from
the LN (A and D), the spleen (B and E), and the blood (C and F) were
analyzed by flow cytometry after staining with anti-CD4, anti-CD8, and
anti-B220 mAb. The percentage of positive cells was multiplied by the
total number of viable cells to obtain the total CD4, CD8, and B220 cell
number that is reported in A, B, D, and E. In C and F, the number of
lymphocytes obtained from 150 l of blood was expressed as percentage
of control (untreated mice). Each point is the average of six mice analyzed
in two independent experiments.
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FIGURE 2. Visualization of Ag-specific CD4 and CD8 T cell responses. A and B, Five million CD4 T cells recovered from DO11.10 TCR
Tg donor mice were labeled with CFSE and transferred via tail vein injection in syngenic BALB/c recipient mice. C and D, Five million CD8 T
cells recovered from Ly-5.1⫹ OT-I TCR Tg donor mice were labeled with
CFSE and transferred via tail vein injection in Ly-5.2⫹ congenic C57BL/6
recipient mice. Twenty-four hours after the transfer of the cells, mice were
either left untreated (AT) or immunized with bone marrow-derived, LPSmatured, and OVAp-pulsed DC (DC-OVA). LN cells were recovered and
analyzed by flow cytometry after staining with anti-CD4 and KJ1-26 mAb
(A and B) or with anti-CD8 and anti-Ly-5.1 mAb (C and D). The frequency
and the CFSE content of CD4⫹, KJ1-26⫹ (A and B), or CD8⫹, Ly-5.1⫹ (C
and D) T cells within the viable lymphocyte gate are reported in the figure.

Immunization of AT mice with OVAp323–339- or OVAp257–264pulsed LPS-matured bone marrow-derived DC resulted in an increase in the frequency (Fig. 2) and total number (Figs. 3 and 4) of
OVA-specific CD4⫹, KJ1-26⫹, and CD8⫹, Ly-5.1⫹ T cells. The
increased frequency was attributable to Ag-induced clonal expansion, as demonstrated by CFSE dilution of TCR Tg T cells upon
DC-OVA injection (Fig. 2, B and D).
We thus investigated the effect of DOXO administration on Agdriven T cell responses. First, we analyzed CD4 T cell activation. To
this aim, recipients of DO11.10 T cells were either left untreated or
treated with DOXO, and then vaccinated with either control or
OVAp323–339-pulsed LPS-matured bone marrow-derived DC (34).
LNs draining the site of DC injection were recovered 5 and 15 days
after vaccination, and analyzed for the presence of DO11.10 T cells
by flow cytometry after staining with anti-CD4 and KJ1-26 mAb (Fig.
3). Five days after immunization, a similar frequency of CD4⫹,
KJ1-26⫹ T cells increased in size in DC-OVA and DOXO/DC-OVA
mice, showing that T cell activation occurred to similar extent in the
absence or in the presence of DOXO administration (not shown).
Furthermore, both the frequency (Fig. 3A) and the total number (Fig.
3B) of Tg CD4 T cells increased, and soon after decreased to similar
extents with indistinguishable kinetics in immunized mice. Thus,
while the frequency of CD4⫹, KJ1-26⫹ T cells 5 days after immunization raised to 0.70 ⫾ 0.28% and 1.05 ⫾ 0.45% in DC-OVA- and
DOXO/DC-OVA-immunized mice, respectively, at 15 days it was
0.20 ⫾ 0.12% and 0.16 ⫾ 0.03%, respectively. This indicated that the
administration of DOXO did not alter either the expansion or the
contraction of the Ag-specific T cell population following Ag
encounter.
The surface and functional phenotype of DC-primed T cells was
next investigated. LN cells were stained with anti-CD4, KJ1-26,

FIGURE 3. CD4 T cells expand and differentiate to DC-OVA and
OVA/CFA vaccination during DOXO administration. BALB/c mice were
adoptively transferred with DO11.10 TCR Tg T cells, as described in Fig.
2. Twenty-four hours after cell transfer, a group of mice received an i.v.
injection of DOXO (6 mg/kg). After an additional 48 h, control and
DOXO-treated mice were immunized with either OVAp323–339-pulsed
LPS-matured bone marrow-derived DC (DC-OVA; A–E) or OVA/CFA
(OVA; F and G). Cells were recovered 5 and 15 days after immunization
from the LN draining the site of vaccine injection and analyzed by flow
cytometry after staining with anti-CD4 and KJ1-26 mAb. Mean percentages (A) and mean total numbers (B and F) ⫾ SD of CD4⫹, KJ1-26⫹ T
cells calculated over 8 (day 5) and 6 (day 15) mice analyzed are reported.
C, LN cells were recovered from DC, DC-OVA, or DOXO/DC-OVA mice
5 and 15 days after DC challenge. The cells were restimulated with
OVAp323–339-pulsed splenocytes for 4 h at 37°C and examined for IL-2 and
IFN-␥ contents by intracellular staining after surface marking with antiCD4 and KJ1-26 mAbs. Representative dot plots reporting cytokine production of restimulated cells after gating on CD4⫹, KJ1-26⫹ T cells are
shown. The percentages indicated in the plot refer to CD4⫹, KJ1-26⫹,
IL-2⫹ cells. Percentage (D) and total number (E) of CD4⫹, KJ1-26⫹,
IL-2⫹ cells calculated with the data obtained from three independent mice
are reported (u, DC; f, DC-OVA; 䡺, DOXO/DC-OVA). These data are
representative of two independent experiments performed with at least
three mice per group. F, Mean total numbers ⫾ SD of CD4⫹, KJ1-26⫹ T
cells calculated over 6 –12 mice analyzed are reported. G, The presence of
OVA-specific IgG1 (diamonds) and IgG2a (circles) Abs in the preimmune
serum (squares) and immune of OVA (filled symbols) and DOXO/OVA
(open symbols) mice was determined in blood samples by ELISA 15 days
after immunization. The experiment reported in the figure refers to one of
five similar independent experiments.

anti-CD44, anti-CD25, anti-CD45 RB, and anti-CD62L mAb, and
analyzed by flow cytometry. Comparable frequencies of CD4⫹,
KJ1-26⫹ T cells derived from 5 or 15 days immunized DC-OVA
and DOXO/DC-OVA mice up-regulated CD44 and CD25 and
down-regulated CD45RB and CD62L as compared with CD4⫹,
KJ1-26⫹ T cells derived from control (DC) mice (data not shown).
LN cells were then restimulated in vitro with unpulsed (data not
shown) or OVAp323–339-pulsed syngeneic splenocytes. Intracellular IL-2 and IFN-␥ (Fig. 3C) or IL-4 (data not shown) release was
determined by intracytoplasmic staining after surface labeling of
the cells with anti-CD4 and KJ1-26 mAbs. In the absence of Ag
restimulation, cytokine production was undetectable (data not
shown). Following Ag restimulation, a fraction of CD4⫹, KJ1-26⫹
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DO11.10 AT mice were treated with DOXO, and immunized 48 h
later with OVA in CFA. Tg T cells were then recovered from the
LN of immunized mice and analyzed by flow cytometry after
staining with anti-CD4 and KJ1-26 mAb (Fig. 3F) or restimulated
and analyzed for intracellular cytokine contents (data not shown).
Comparable CD4 T cell expansion (Fig. 3F) and differentiation
(data not shown) were measured in OVA- and DOXO/OVA-immunized mice. We also measured the presence of anti-OVA Ab in
the sera of immunized mice by ELISA (Fig. 3G), as additional
measure of T and B cell function. Immunization of the mice resulted in the appearance of OVA-specific IgG1 and IgG2a, whose
production was not inhibited by DOXO administration.
Together these results indicated that vaccine-induced CD4 T
cell responses could be elicited when vaccination was performed
shortly after DOXO administration.
CD8 T cell priming occurs in the presence of DOXO
administration

FIGURE 4. CD8 T cells proliferate and differentiate in response to DCOVA and OVA/CFA immunization despite DOXO administration. OT-I T
cells were transferred via tail injection in congenic C57BL/6 mice, as described in Fig. 2. Twenty-four hours later, a group of mice received DOXO
i.v. (6 mg/kg). After an additional 48 h, mice were immunized with unpulsed DC (DC) or with OVAp257–264-pulsed DC (DC-OVA and DOXO/
DC-OVA) (A–F) or with OVA/CFA (OVA) (G and H). Mice were then
sacrificed at the indicated times after immunization, and LN cells were
analyzed by flow cytometry after staining with anti-CD8 and anti-Ly-5.1
mAb. Mean percentages ⫾ SD (A) and total numbers ⫾ SD (B) of CD8⫹,
Ly-5.1⫹ T cells in draining LN of three mice per group are shown. The
experiment is representative of three independent experiments. C, E, and F,
LN cells derived from DC-, DC-OVA-, and DOXO/DC-OVA-immunized
mice were restimulated with OVAp257–264-pulsed splenocytes. The cells
were then surface stained with anti-CD8, anti-Ly-5.1 mAb, fixed, permeabilized, and further stained with anti-IFN-␥ mAb. Representative dot plots
are shown in C after gating on CD8⫹ T cell. The percentages reported in
the plots refer to IFN-␥-producing cells within the CD8⫹, Ly-5.1⫹ population. The graphics in E and F, respectively, report the percentage and
total number of CD8⫹, Ly-5.1⫹, IFN-␥⫹ cells in DC (u), DC-OVA (f),
and DOXO/DC-OVA (䡺) mice. D, On day 4 after immunization, a mixture
of CFSEbright-labeled, OVAp257–264-pulsed, and CFSEdim-labeled, unpulsed spleen cells was injected in the tail vein. Sixteen hours later, cells
from LN were examined by FACS. Histograms depict the relative frequency of OVAp257–264-pulsed CFSEbright target cells and unpulsed CFSEdim cells, derived from one of three similar animals. G, Total numbers ⫾
SD of CD8⫹, Ly-5.1⫹ T cells derived from OVA- and DOXO/OVAtreated mice calculated over six mice per time point (analyzed in two
independent experiments) are reported. H, Total number of CD8⫹, Ly5.1⫹, IFN-␥⫹ T cells in AT (u), OVA (f), and DOXO/OVA (䡺) mice.

T cells recovered from DC-OVA- and DOXO/DC-OVA-treated
mice, but not from control DC-primed mice, produced IL-2. The
frequency of CD4⫹, KJ1-26⫹ T cells capable of producing IL-2
was comparable in DC-OVA- and DOXO/DC-OVA-immunized
mice (Fig. 3, D and E). The total number of IL-2-secreting cells
was maximal after 5 days, and declined to similar extents by day
15. IFN-␥ was mostly undetectable at any time in all groups of
mice (Fig. 3C), as was IL-4 (data not shown).
We next investigated whether DOXO could be combined to a
different vaccination strategy, such as Ag in adjuvant. To this aim,

Protective immune responses require both CD4 and CD8 effector
lymphocytes. Although CD4 T cells are required for proper CD8
T cell priming and the induction of CD8 T cell memory and for
providing cell help to B cells and to cells of the innate response,
CD8 T cells are primarily responsible for rejection of tumor cells
(46). Thus, we felt it was important to investigate whether chemotherapy could hamper vaccine-induced CD8 T cell responses.
We then investigated the effect of DOXO on DC-induced CD8
T cell responses in mice adoptively transferred with traceable
numbers of OT-I TCR Tg T cells (as depicted in Fig. 2B). Mice
were either left untreated (AT) or treated with DOXO. Forty-eight
hours later, mice were vaccinated with either control or OVAp257–
264-pulsed LPS-matured bone marrow-derived DC. LN draining
the site of DC injection were recovered 4 and 10 days upon vaccination and analyzed for the presence of CD8⫹, Ly-5.1⫹ T cells
by flow cytometry after staining with anti-CD8 and anti-Ly-5.1
mAb (Fig. 4). Four days after immunization, a similar frequency of
CD8⫹, Ly-5.1⫹ T cells was found to be larger in size and to have
up-regulated the surface expression of CD44 in DC/OVA and
DOXO-DC/OVA (data not shown). This indicated that, as shown
for CD4, also in the case of CD8, previous administration of
DOXO does not prevent T cell activation. Furthermore, both the
frequency (Fig. 4A) and the total number (Fig. 4B) of Tg CD8⫹,
Ly-5.1⫹ T cells changed to similar extent and with comparable
kinetics in DC/OVA and DOXO-DC/OVA mice. Thus, while the
frequency of CD8⫹, Ly-5.1⫹ T cells in the LN of DC-OVA was
3.23 ⫾ 1.4% and 0.63 ⫾ 0.16% 4 and 10 days after immunization,
it was 7.96 ⫾ 2.16% and 1.42 ⫾ 0.51% in the LN DOXO/DCOVA mice, respectively.
The ability of DC-primed CD8⫹, Ly-5.1⫹ T cells to exert effector function was then further determined. As in the case of CD4
T cells, similar frequencies of CD8⫹, Ly-5.1⫹ T cells up-regulated
the expression of CD44 and down-regulated CD45RB or CD62L
in OVA and DOXO/OVA mice (data not shown). The ability of
CD8 T cells to produce IFN-␥ was then determined upon ex vivo
Ag (OVAp257–264) restimulation and intracellular staining. Only
background levels of intracellular IFN-␥ were detected in the absence of restimulation (data not shown), and in Ag-restimulated LN
cultures derived from control (DC-primed) mice. Ag restimulation of
LN cells derived from either DC-OVA- or DOXO/DC-OVA-primed
mice elicited IFN-␥ production by the vast majority of the CD8⫹,
Ly-5.1⫹ T cells (72.7 ⫾ 14.9% and 74.2 ⫾ 24.2% at day 5, and
45.1 ⫾ 10.7% and 56.1 ⫾ 0.8% at day 10, respectively) (Fig. 4, C and
E). Moreover, also, the total numbers of IFN-␥-producing CD8⫹, Ly5.1⫹ T cells in cultures derived from DC-OVA-immunized mice were
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comparable to the one found in the LN cultures derived from DOXO/
DC-OVA-immunized mice (Fig. 4F).
As an independent measure for effector function, the cytotoxic
activity of CD8 T cells was investigated by in vivo cytotoxic assay
(34, 47). CFSEbright splenocytes were pulsed with the CD8-restricted OVAp and injected together with equal numbers of CFSEdim-unpulsed cells into AT mice and into DC-OVA and DOXO/
DC-OVA mice (Fig. 4D). Sixteen hours later, the LN and the
spleen of these mice were harvested and analyzed by flow cytometry for CFSE⫹ cells. Although both CFSEbright and CFSEdim cells
could be found in equal proportion in the lymphoid organs of control mice, CFSEbright cells were only barely detectable in the LN of
DC-OVA- and DOXO/DC-OVA-immunized mice, indicating
comparable OVA-specific cytotoxic activity.
Similar results were obtained using soluble Ag in CFA as vaccine. Thus, comparable CD8 T cell expansion (Fig. 4G), IFN-␥
production (Fig. 4H), and cytotoxic activities (data not shown)
were measured in adoptively transferred OVA- and DOXO/OVAimmunized mice. Together these data indicated that DOXO administration 48 h before vaccination did not prevent vaccine-induced CD8 T cell activation, proliferation, and differentiation.
MEL-based chemotherapy does not prevent T cell priming
To investigate whether, in addition to DOXO, other chemotherapeutic agents could be combined to vaccination strategies, we analyzed the effect of MEL on DC (Fig. 5)- and Ag (data not shown)mediated CD4 and CD8 T cell priming. As in the case of DOXO,
we choose to first treat the mice with MEL, and 48 h later to
immunize the mice. Thus, DO11.10 and OT-I AT mice were
treated with MEL and 48 h later immunized with OVAp323–339- or
OVAp257–264-pulsed DC, respectively. LN cells were then recovered from immunized mice and analyzed by flow cytometry after
staining with anti-CD4 and KJ1-26 mAb or with anti-CD8 and
Ly-5.1 mAb. Both the frequency (data not shown) and the total
number of CD4⫹, KJ1-26⫹ (Fig. 5A) and CD8⫹, Ly-5.1⫹ (Fig.
5C) T cells increased to similar extent and with indistinguishable
kinetics in the peripheral LN and the spleen (data not shown) of
mice immunized in the absence or in the presence of previous
MEL administration. Furthermore, increase in cell size, up-regulation of CD44 (data not shown), and ex vivo OVA-induced cytokine releases was comparable on cells derived from DC-OVAand MEL-DC-OVA-treated mice (Fig. 5, B and D). Finally, comparable cytotoxic activity was detected in mice vaccinated with
DC-OVA in the absence or in the presence of MEL (Fig. 5E).
Together these data indicate that the administration of MEL before
DC vaccination does not hamper the vaccine immunogenicity.
Multiple rounds of DOXO administration do not impair DCinduced T cell priming
Chemotherapeutic regimens usually require multiple administration of the drug, which could have a more profound effect on the
development of vaccine-induced immune responses. To address
this point, we took advantage of 16.2␤ TCR transgenic mice,
which bear a detectable frequency of CD4 T cells specific for the
model Ag LACK (21). Thus, at difference with the AT model, in
this model we can trace an endogenous and renewable population
of Ag-specific T cells (21).
To mimic the repeated cycle of chemotherapy performed in human infusion (35), 16.2␤ mice received an i.v. injection of DOXO
(6 mg/kg) once per week for 3 consecutive wk. A group of mice
received control (PBS) injections. Forty-eight hours after the last
administration, mice were vaccinated with unpulsed and LACKpulsed DC. Six days after immunization, the LNs and the spleen
were recovered, counted, and analyzed by flow cytometry after

FIGURE 5. MEL does not prevent T cells priming when administered
48 h before vaccination. BALB/c and C57BL/6 mice were adoptively
transferred with DO11.10 (A) and OT-I (B) TCR Tg T cells. Twenty-four
hours after cell transfer, a group of mice received an i.v. injection of MEL
(2.5 mg/kg). After an additional 48 h, mice were immunized with unpulsed
(DC) or OVA323–339-pulsed DC (DC-OVA; A and B) or OVAp257–264pulsed DC (DC-OVA; C–E). LN cells were recovered and analyzed by
flow cytometry after staining with anti-CD4 and KJ1-26 mAb (A and B) or
with anti-CD8 and anti-Ly-5.1 mAb (C and D). The mean percentages and
mean total number ⫾ SD of CD4⫹, KJ1-26⫹ T cells and CD8⫹, Ly-5.1⫹
T cells derived from three mice per group are reported in A and C, respectively. LN cells were also restimulated in vitro with OVAp, and intracellular cytokine release was determined, as described in Fig. 4 and this figure.
Representative dot plot of data obtained at 15 and 10 days after vaccination
is depicted (B and D). The frequencies ⫾ SD of IL-2⫹ (B) and of IFN-␥⫹
(D) cells within the CD4⫹, KJ1-26⫹ T cells and CD8⫹, Ly-5.1⫹ population
are reported. E, The in vivo OVAp257–264-specific cytotoxic activity of
mice vaccinated 10 days before was determined, as described in D. The
percentage ⫾ SD of specific lysis is reported. Four independent experiments were performed with comparable results.

staining with anti-CD4, anti-CD8, and anti-B220 mAb. Although
the frequency of B220 and CD45 precursors was decreased in the
bone marrow of treated mice, and the total number of CD4⫹,
CD8⫹, and B220⫹ lymphocytes in the spleen of DOXO-treated
mice was 50% of the one of control mice, no differences were
observed in the peripheral LN (data not shown). The LN draining
the site of DC injection were thus analyzed for the presence of
LACK-specific T cells after staining with fluorescent peptide
MHC class II multimers (I-Ad/LACK) (21) and with anti-CD4 and
anti-CD44 (Fig. 6A). DC-LACK injection resulted in comparable
activation and enrichments for LACK-specific T cells. Thus, by 6
days after immunization, the total number of CD4⫹, I-Ad/LACK⫹
T cells in DC, DOXO3, DC-LACK, and DOXO3/DC-LACK was,
respectively, 18.58 ⫾ 1.45 ⫻ 103, 21.6 ⫾ 14.28 ⫻ 103, 150.96 ⫾
3.31 ⫻ 103, and 139.07 ⫾ 6.73 ⫻ 103. Moreover, LN cells were
restimulated in vitro with unpulsed (data not shown), LACKpulsed DO11.10 syngeneic splenocytes and intracellular IL-2 and
IFN-␥ (Fig. 6B), or IL-4 (data not shown) release was determined
by intracytoplasmic staining. In the absence of Ag restimulation,
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FIGURE 6. Repeated DOXO administration does not impair DC-induced CD4 T cell responses. The 16.2␤ mice were treated with DOXO
once per week for 3 consecutive wk. Forty-eight hours after the last injection, control and DOXO-treated mice were challenged with unpulsed (DC)
or LACK-pulsed (DC-LACK) LPS-matured bone marrow-derived DC. Six
days later, draining LN were recovered and cells were stained with I-Ad/
LACK multimers, anti-CD4, anti-CD44, anti-B220, anti-CD8a, antiCD11b mAb, and with TOPRO-3, and analyzed by flow cytometry. A,
Representative flow cytometry profiles are shown after gating on viable
CD4⫹, B220⫺, CD8⫺, CD11b⫺, TOPRO-3⫺ cells. The frequency ⫾ SD of
I-Ad/LACK⫹ CD4⫹ cells calculated over three mice per group is indicated.
B, LN cells were stimulated in vitro with unpulsed or LACK-pulsed
DO11.10 splenocytes. Thereafter, the cells were stained with anti-CD4
mAb and KJ1-26 mAb (to exclude DO11.10 T cells), fixed, permeabilized,
further stained with anti-IL-2 and anti-IFN-␥ mAb, and analyzed by flow
cytometry. Representative dot plots showing IL-2 and IFN-␥ production by
CD4⫹, KJ1-26⫺ T cells are shown. The frequency ⫾ SD of cytokineproducing cells calculated with three mice per group is reported. One additional experiment was performed with comparable results.

cytokine production was undetectable (data not shown). Upon Ag
restimulation, a similar frequency (Fig. 6B) and total number (data
not shown) of CD4⫹ T cells recovered from DC-LACK- and
DOXO/DC-LACK-treated mice produced IL-2 and/or IFN-␥.
This finding indicates that vaccination can be combined to chemotherapy, even after repeated cycles of DOXO administration.
DOXO and DC vaccination can be combined in spontaneously
developing tumor TRAMP mice
We then investigated whether DOXO and vaccination could be
combined to elicit CD8 T cells specific for a tumor-specific Ag in
mice developing a tumor disease. To this aim, we used 7-wk-old
TRAMP mice bearing mPIN (22, 26, 48), and DOXO, which although not a drug of first choice, is currently used in association with
other drugs to treat androgen-independent prostate cancer (49, 50).
Seven-week-old TRAMP mice were thus treated with DOXO,
and 48 h later received a s.c. injection of Tag-pulsed DC. As control, wild-type (WT) littermates were vaccinated with Tag-pulsed
DC. One week later, animals were killed, and their genital apparatus was collected for morphology and histology examination. As
expected (48), the genital organs of TRAMP and WT mice did not
differ macroscopically (data not shown). Conversely, scattered foci
of mPIN (i.e., cells with nuclear elongation, altered nucleus-tocytoplasm ratio, and micropapillary projections) were evident at
H&E staining only in TRAMP mice. Expression of Tag had a dim
and patchy distribution in TRAMP mice and nicely overlapped
pathologic foci (data not shown). Splenocytes from vaccinated
mice were stimulated in vitro with Tag, and tested 5 days later in
51
Cr release assays (Fig. 7). As expected, a strong cytolytic activity
against Tag-pulsed RMA target cells was found in cultured splenocytes from WT mice (Fig. 7A) and from TRAMP mice (Fig. 7B),
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FIGURE 7. DOXO does not reduce the immunogenic potential of DC
vaccination in tumor-bearing mice. Seven-week-old WT (A) and TRAMP
male littermates either left untreated (B) or treated 48 h before with DOXO
(C) were challenged with 2 ⫻ 105 Tag IV-pulsed DCs. After 1 wk, the mice
were sacrificed and splenocytes were stimulated in vitro with Tag IV. Five
days later, the cultures were harvested and tested in 51Cr release assays
against unpulsed (diamonds) or Tag IV404 – 411-pulsed (squares) RMA cells.
The percentage (mean ⫾ SD of triplicates) of the specific lysis at the
indicated E:T ratio of individual mice is shown. The numbers in the graphs
refer to the LU-50. Two independent experiments were performed with
comparable results.

although the lytic activity, measured by LU-50, was consistently
lower in vaccinated TRAMP mice when compared with WT mice
(26). Previous administration of DOXO did not hamper the ability
of DC-Tag to prime a potent CTL response. Indeed, the mean
LU-50 ⫾ SD of DC- and DOXO/DC-Tag-vaccinated mice was
30.95 ⫾ 9.12 and 39.65 ⫾ 4.87, respectively (Fig. 7, B and C).
This indicated that antiblastic chemotherapy is able to elicit a potent T cell response even in mice developing prostate cancer and
partially tolerant to the tumor-associated Ag.

Discussion
In this study, we have investigated whether the administration of
antiblastic chemotherapy impairs the immunogenicity of Ag-specific vaccination. This is an important issue in cancer treatment for
the development of combined therapies able to control tumor
growth, while allowing vaccine-induced immune responses.
Although the feasibility of combining chemotherapy and immunotherapy in tumor-bearing mice was supported by the findings that
combined treatments in several cases ameliorated antitumor protection (7–10, 13, 16, 19), quantitative and qualitative information on
vaccine-induced T cell responses were missing. In this study, we have
analyzed vaccine-induced Ag-specific T cell responses at the single
cell level in mice subjected to antiblastic chemotherapy.
Our experiments indicated that at the concentration used in these
studies, chosen because well tolerated and capable of antitumor
activity (35), DOXO and MEL did not perturb the normal distribution of the major lymphocyte subsets in peripheral lymphoid
organs. Indeed, while a moderate effect was observed in the blood
within the first 48 h after drug administration, a normal lymphocyte distribution was revealed at the time of sacrifice. We reasoned
that the reduction in lymphocyte counts mostly seen in the blood
could be explained by peak plasma concentration, which halves 3
and 30 h after i.v. administration (35). The toxic effect, however,
was rapidly lost, allowing the re-establishment of a normal repertoire of lymphocyte in the peripheral lymphoid tissues soon after a
single administration of DOXO or MEL. This is important in light
of the administration of the combined therapy to patients with
minimal residual disease, better managed by a tight therapeutic
schedule. Repeated administration of DOXO also did not significantly affect the lymphocyte distribution in the LN. It is interesting
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that while the number of B and T cells was reduced in the bone
marrow and in the spleen of mice treated with three cycles of
DOXO, lymphocytes were normally represented in the LN. Even
though similar studies will have to be confirmed in patients, these
results indicate that in the absence of other concomitant factors, the
immune system remains competent to respond to vaccination after
single or multiple administrations of DOXO- and MEL-mediated
antiblastic chemotherapy.
To obtain quantitative and qualitative information on T cell responses induced by the combination of chemotherapy and immunotherapy, we used three different animal models that allow tracing of Ag-specific T cell function in peripheral lymphoid organs.
In the first model, we took advantage of the AT of traceable population of DO11.10 or OT-I TCR Tg T cells specific for the model
Ag OVA and addressed whether vaccination could be performed
shortly after antiblastic chemotherapy. AT mice were immunized with
OVA either as a cell-associated Ag (OVAp-pulsed DC) or as a
soluble recombinant Ag plus adjuvant (CFA). Comparable CD4 and
CD8 T cell activation was detected in the LN draining the site of
DC-OVA and OVA immunization, whether the vaccine was provided
in the absence or in the presence of previous DOXO or MEL
administration. Thus, a similar frequency of OVA-specific cells increased in size (indicative of active T cell proliferation in vivo) and
expressed augmented levels of CD44, CD25, and down-regulated
CD45RB and CD62L shortly after immunization. Furthermore, a
comparable frequency of OVA-specific T cells acquired effector
function, as revealed by the ability of the cells to produce cytokines
upon Ag restimulation in vitro or to lyse peptide-pulsed target cells in
vivo. Thus, the administration of DOXO or MEL in close proximity
to either DC-OVA or OVA vaccination does not hamper Ag presentation and T cell activation in the peripheral lymphoid tissue.
Ag-induced T cell clonal activation in vivo results in clonal proliferation, clonal differentiation, and clonal contraction (51). Our
results indicate that DOXO and MEL administration did not hamper
either of these phases. Indeed, both the frequency and the total number
of Ag-specific T cells peaked within 1 wk and returned to baseline
levels by 2 wk after vaccination in either control or chemotherapytreated mice. This indicated that the kinetics of clonal expansion and
clonal contraction are comparable in the absence or in the presence of
DOXO and MEL. Furthermore, a similar frequency of CD4 T cells
capable of OVA-specific IL-2 secretion, and of CD8 T cells capable
of OVA-specific IFN-␥ secretion, and cytotoxicity were found in
control and DOXO- or MEL-vaccinated mice. Finally, anti-OVA Ab
were detected in both OVA- and DOXO/OVA-treated mice, suggesting that DOXO did not hamper CD4 helper function or plasma cell
differentiation in vivo. In this model system, OVA was more potent
than DC-OVA in inducing CD4 T cell expansion. This is most likely
due to the different amount of Ag being presented to naive T cells, and
to the different Ag persistence. Indeed, while vaccination with Ag in
CFA results in long-term Ag persistence (52), peptide-pulsed DC
elicit transient T cell activation shortly after s.c. injection (53, 54) (our
unpublished data). Despite these differences, DOXO and MEL failed
to hamper DC-based vaccination, and comparable CD4 and CD8 T
cell clonal expansion and differentiation were observed in mice
immunized with peptide-loaded DC regardless of DOXO and MEL
administration. This was a critical point that needed to be addressed
because DC vaccination is one of the most potent vaccines in eliciting
T cell priming in vivo (31) and currently used in clinical trials (55).
In the second animal model, we addressed whether vaccination
could be performed after repeated administration of DOXO. This
was important to determine, because most chemotherapeutic regimens require multiple administration of the drug. The model system we used allowed tracing of endogenous and renewable population of Ag-specific CD4 T cells (21), and thus we were able to

take into consideration also possible effects due to bone marrow
toxicity. Our experiments indicate that vaccination of untreated
mice and of mice treated for 3 consecutive wk with DOXO elicited
comparable CD4 T cell responses, in terms of proliferation and
differentiation. Together with the findings obtained in the AT
model, these data strongly support the possibility that the peripheral lymphoid tissues remain competent to respond to DC and
soluble Ag vaccination after the recent administration of a single
or repeated cycle of chemotherapy.
Finally, we determined the immunogenicity of Ag-pulsed DC
vaccine combined to antiblastic chemotherapy in the TRAMP
mouse model of tumor disease. TRAMP mice develop spontaneous prostate cancer because of the expression of SV40 Tag Ag, and
allow tracing of CTL specific for the tumor-expressed Tag Ag
(22). We have used 7-wk-old TRAMP mice, which all have mPIN
(26, 48), and are partially tolerant to Tag (22), but are still able to
respond to DC-mediated vaccination (26). The administration of
DOXO and DC-Tag vaccines in close proximity did not prevent
the ability of Tag-pulsed DC to prime potent Tag-specific CTLs.
These data thus indicate that the combination of DOXO and DCbased vaccination can be performed despite the presence of partial
T cell tolerance and of a developing tumor. Experiments are now
ongoing in TRAMP mice to evaluate the therapeutic efficacy of the
combined vaccination. These will determine whether the combination of chemotherapy and vaccination should be considered also
a therapeutic, rather than only an adjuvant strategy.
The possibility to combine antiblastic therapy with Ag-specific
vaccination is most likely not restricted to the chemotherapeutic
agents used in this study. Indeed, previous reports indicated that the
administration of cyclophosphamide enhanced the therapeutic efficacy of passive and active immunotherapy (8 –10, 13), while gemcitabine enhanced anti-CD40 mAb immunotherapy in vivo (16, 19). The
ability of these drugs to enhance immune responses to tumor was in
some cases attributed to the elimination of suppressor T cells (7),
while in other to the increase in tumor-Ag cross-presentation (16, 19).
Although not statistically significant, in many of our experiments,
administration of either DOXO or MEL before vaccination enhanced
vaccine-induced T cell clonal expansion. Preliminary analyses indicated that, at difference with cyclophosphamide (8 –10, 13), neither
DOXO nor MEL changed the frequency of CD4⫹, CD25⫹ T cells,
among which are found lymphocytes with suppressive activity (56). It
is, however, possible that a synergistic effect is only revealed in the
presence of a sizable tumor. Experiments are being performed in
TRAMP mice to address this possibility.
In conclusion, our results demonstrate that DOXO and MEL
administration can be combined with Ag-specific vaccination without
adverse effect. These data provide the rationale for attempting the
combined therapy in the adjuvant treatment of cancer patients.
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