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Abstract
Effective cancer immunotherapy depends on the body’s ability to generate tumor antigen-presenting
cells and tumor-reactive effector lymphocytes. As the most potent antigen presenting cells (APCs),
dendritic cells (DCs) are capable of sensitizing T cells to new and recall antigens. Clinical trials of
antigen-pulsed autologous DCs have been conducted in patients with a number of hematological and
solid cancers, including malignant melanoma, lymphoma, myeloma, and non-small cell lung cancer.
These studies suggest that antigen-loaded DC vaccination is a potentially safe and effective cancer
therapy. However, the clinical results have been variable. Since the elderly are preferentially affected
by diseases targeted by DC-directed immunotherapy, it is quite striking that few studies to date have
focused on the effect of aging on DC function, a key aspect of optimal immunotherapy design in an
aging population. In the present paper, we will discuss the consequences of aging on murine bone
marrow-derived DC function and their use in cancer immunotherapy.
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Introduction
Dendritic cells (DCs) are specialized and potent antigen presenting cells (APCs) that are critical
for the initiation of in vivo T cell responses, including sensitization of MHC-restricted T cells,
development of T-cell-dependent antibody production and induction of immunological
tolerance [27]. They are derived from pluripotent hematopoietic progenitor cells in the bone
marrow (BM) and comprise a system of leukocytes widely distributed in all tissues, particularly
in those that provide an environmental interface. Both myeloid and lymphoid precursors can
give rise to DCs. The heterogeneity of these cells was emphasized by the identification of
several different subtypes, including Langerhans cells, interstitial DCs, interdigitating DCs,
follicular DCs, plasmacytoid DCs, and veiled DCs from blood and lymph nodes. Although the
ability to stimulate naïve T cell proliferation appears to be shared between these various DC
subsets, their diverse anatomic locations indicate that they have distinct strategies for
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differentiation and regulation of function [28] and represent a control point for the onset of
immunity.

Dendritic Cells exist primarily in two distinct phenotypic forms. Immature DCs (iDCs) are
able to circulate through peripheral tissues and sample soluble antigen (Ag) and possibly
necrotic or apoptotic cells. These DCs express few co-stimulatory molecules and are unable
to prime T cell responses. Once DCs begin to process and present antigen they “mature” into
a more stellate shape characterized by reduced ability to ingest Ag and enhance T cell
costimulatory capacity. Activation and subsequent migration of DCs from non-lymphoid tissue
to regional lymph nodes has been demonstrated to be early steps occurring during inflammatory
reactions and an important step in the development of a cell-mediated immune response against
a number of pathogens. Mature DCs (tDCs) achieve migratory potential by upregulating
chemokine receptors CCR7 and CD62L, and downregulating chemokines and chemokine
receptors associated with tissue retention. This allows DC translocation via lymphatic vessels
to the regional lymph node where the Ag-pulsed DCs interact with their cognate T lymphocytes.
Since naïve T cells also express CCR7, the nodal chemokines orchestrate the co-localization
of Ag-presenting DCs with T cells, increasing the likelihood of DC-T cell interaction and thus
T cell priming [14,23]. Activation of naïve T cells requires the cooperation of DCs expressing
surface MHC molecules and costimulatory molecules. Accessory molecules on DCs are
required to ensure that T cells will differentiate into effector cells. Thus, DC function involves
three components that occur in sequence: an acquisition step during which Ag is internalized
and undergoes proteolytic cleavage; a sensitization step during which DCs develop the capacity
to induce a response in T lymphocytes and migrate to regional draining lymph nodes; and an
interaction step during which DCs activate Ag-specific cytotoxic T cells (CTLs), which have
the capacity to eliminate tumor cells.

The incidence of cancer increases exponentially with aging [4]. It is well established that the
immune system undergoes characteristic changes, termed immunosenescence, in both human
and animal models with advancing age. Age-dependent modulation of immunological
mechanisms and functions involves both the adaptive and innate immune system [17,29]. In
particular, aging may affect antitumor immune response. Several mechanisms involved in the
decline of immune functions have been elucidated. It has been shown that the proliferation and
the cytotoxicity of T cells, the cytokine secretion, and the capacity to mount humoral or cell-
mediated responses against novel antigens, are all impaired in old age [3,6,17,21]. Attempts
to correlate these defects to disease process or clinical outcome have largely been unsuccessful,
suggesting that other supporting members of the immune system or the coordinated effect of
immune cell deregulation may be responsible for the age-associated defect in antitumor
immune responsiveness.

The unique ability of DCs to induce and sustain primary immune responses makes them prime
candidates in vaccination protocols in cancer therapy [13]. Despite the critical role of DCs in
immune reactions, surprisingly little is known about the effect of aging on these powerful
APCs. Although there are many reports demonstrating that vaccination with DCs loaded with
the appropriate tumor-associated Ags can induce protective/rejection-immune responses in
animal models [5,20,22], the results of human clinical trials involving tumor-Ag-pulsed ex
vivo derived-DC vaccination for the treatment of advanced malignancies have been variable.
Indeed, the successful eradication of established tumors through DC immunotherapy remains
a rarity and continues to pose an urgent challenge [16,19]. Based on the fact that most
preclinical models test young animals, whereas most common cancers develop in older
patients, we and a limited number of investigators have considered the potential explanation
that an intrinsic functional defect(s) exists in aged DCs.
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Dendritic cells and antitumor immunity
There have been relatively few reports examining the effect of aging on DC antitumor activity
(reviewed in [2,26]). We recently analyzed the ability of bone-marrow derived CD11c + CD4
− CD8− DCs, obtained from young (3–6 months) and old (21–24 months) C57BL/6 mice, to
induce regression of preestablished tumors in vivo [11]. Using the B16-OVA melanoma model,
where the B16 melanoma cells have been made to express the chicken Ag ovalbumin (OVA)
[8], we established subcutaneous (s.c.) B16-OVA tumors in the right flanks of young C57BL/
6 mice. After six days, the mice were injected in their left flanks with either saline buffer or 2
× 106 OVA-peptide(257–264) (SIINF-ELK) pulsed DCs (PP-DCs) and their tumor growth
monitored over time (Fig. 1a). We found that the Ag-pulsed old DCs have impaired in vivo
antitumor activity. Thus, the mean tumor size (at day 19) in mice receiving the young DCs
(173.3 ± 39.2 mm2) is significantly smaller than those receiving old PP-DCs (compared to
454.2 ± 27.5, Fig. 1b).

Recent studies have demonstrated that aging may also indirectly affect DCs through the aging
microenvironment. Shi et al. [25] reported that old mice immunized with bone marrow-derived
young DCs pulsed with OVA lived significantly shorter lifespan after challenge with MO4
tumor cells as compared to equally treated young mice. Another report by Sharma et al. [24]
demonstrated that the efficacy of autologous DC vaccines from aged mice in inducing in vivo
anti-tumor immune response in a prostate tumor model of mice was impaired. To study the
influence of the aged microenvironment in our tumor model, young-derived DC vaccines were
injected into young and old tumor-bearing hosts. We found that the efficacy of young PP-DCs
in old mice was reduced by two fold in comparison to young mice receiving the same DCs
(data not shown). These results clearly indicate that young DC-based vaccination in aged mice
was undermined, suggesting that indeed the aging microenvironment affects the DC anti-tumor
response as well. Further studies will be needed to determine the exact contribution of the aged
environment on DC reduced immunosurveillance. Interestingly, in the same paper Sharma et
al. demonstrated that alterations in the co-stimulatory environment in aged mice could play a
role in this phenomenon by describing that the in vivo co-administration of anti-OX-40 or
anti-4-1-BB monoclonal antibodies resulted in normalization of antitumor response by aged
DC.

Dendritic cell and T cell interaction
To generate cytotoxic killer cells, DCs have to present antigenic peptides-MHC class I
molecule complex to CD8-expressing T cells. To investigate whether impaired OVA-peptide
presentation to T cells by old DCs could account for the observed reduction in antitumor activity
in our melanoma model, we compared in vitro the ability of young and old DCs to stimulate
the proliferation of CD8+ T cells isolated from OVA TCR transgenic mice (OT-I). Day 5
purified CD11c+ iDCs from young and old mice were pulsed with OVA-peptide(257–264), and
co-cultured with syngeneic OVA-specific microbead-purified T cells. We found that old iDCs
were less effective than young DCs at stimulating syngeneic T cell proliferation [12]. Using
fluorescent-labeled OVA-peptide(257–264), we demonstrated that this was not due to impaired
uptake and presentation into MHC Class I molecules [12]. It has been demonstrated that the
generation and activation of antitumor long term memory CD8+ T cells need the presence of
Ag-specific CD4+ T-helper cells [7,15]. We have shown that induction of Ag-specific CD4+
T cell in vitro proliferation was also impaired with aging [11]. Importantly, using the pentamer
H2-Kb-SIINFELK technology, we reported that the frequency of splenic Ag-specific CD8+ T
cells isolated from B16-OVA tumor-bearing mice decreased by more than 2.5-fold in mice
that received the old PP-DC vaccine, compared to mice receiving the young PP-DC vaccine
(0.39 ± 0.1 vs. 1.04 ± 0.22; P < 0.025) (Fig. 2). Interestingly, we found that the effector functions
on a per cell basis of those T cells, after old DC stimulation were largely intact [12]. In addition,
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the influx of CD8+ T cells into s.c. tumors of the old-derived DC immunized group decreased
significantly by 20% [12]. This suggests that impaired in vivo Ag-specific T cell induction per
se by aged DCs could explain the reduced inhibition of tumor growth observed in mice
vaccinated with old PP-DCs.

In recent years, DC-specific/intracellular adhesion molecule type 3-grabbing, non integrin
(DC-SIGN), a member of the type II C-type lectin family exclusively expressed on APCs, has
been identified as having a co-stimulatory function in T-cell activation. DC-SIGN mediates
transient adhesion with T cells by binding with high affinity to inter-cellular adhesion
molecule-3 (ICAM-3) [9,10], enabling DCs to interact with a large number of resting T cells.
When we compared young and old iDCs, before and after OVA peptide pulsing, we did not
find any significant age-related differences in the expression of MHC class I or II molecules
and selected co-stimulatory molecules, including CD80, CD86, CD40 and CD54. However,
we observed a significant decrease in the expression of DC-SIGN in aged DCs [11,12]. A
similar age-associated reduction in the expression of DC-SIGN was also observed on freshly
isolated splenic CD11c + DCs (unpublished data). Because antibodies against DC-SIGN have
been shown to reduce human T-cell proliferation [9,18], it is reasonable to speculate that
efficient priming of T cells could be affected by the lower expression of DC-SIGN observed
in aged DCs. We are currently investigating the significance of DC-SIGN in the regulation of
T cell activation, as well as the possible involvement of other molecules in this process.

Dendritic cell migration and trafficking
Migration of DCs to the secondary lymphoid organs is essential for the cells to exert T cell
regulatory function. It is therefore plausible that decreased DC migratory function may play a
role in the age-dependent decline in DC anti-tumor function. in vivo DC trafficking was
examined by labeling young and old tDCs with CFSE and CMPTX dyes, respectively, and an
equal ratio of labeled young and old DCs were injected into the footpad of young mice. We
reported that the vigor of DC migration and subsequent influx of bone marrow derived-DC
into draining lymph nodes is also impacted by aging [12]. We also showed that aged DCs have
impaired capacity to migrate in vitro in response to the chemokine SLC. This was not due to
a defect in CCR7 surface protein expression, but rather by a defect in signal transduction as
demonstrated by comparison with the pattern of tyrosine phosphorylation from SLC-stimulated
young and old DCs obtained under identical conditions [12]. This result is consistent with the
recent publication by Agrawal et al. [1], in which the authors reported that despite similar levels
of expression of CCR7, monocyte-derived myeloid LPS-stimulated DCs obtained from elderly
subjects have impaired in the in vitro migration towards MIP-3β, another CCR7 ligand. They
attributed their results to defects in the downstream signaling pathway, possibly in the PI3K
pathway. However, the exact mechanism is unknown and further studies will be needed to
unravel it. We found that although the impaired in vivo migration of aged DCs can be restored
to a level comparable to that seen in young DCs by increasing the quantity of cells injected,
the age-associated impairment in tumor surveillance as defined by tumor growth (Fig. 3b) and
Ag-specific T cell induction [12] remains, suggesting that DC migration through CCR7-CCL21
interaction is not the primary mechanism for the observed aging defects.

Conclusions
Among the inherent changes of aging that may favor cancer development, impairment of
antitumor immune mechanisms may represent a crucial event. The number of studies utilizing
dendritic cell based therapies for cancer is expanding exponentially. With a powerful antigen-
presentation capability, DCs have the potential to overcome tumor tolerance and promote a
vigorous antitumor immune response. In order to optimize this approach, multiple strategies
have been devised to enhance immunopotency of therapeutic DCs. Although, DCs have been
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extensively characterized on a molecular and cellular level, few studies have specifically
addressed the topic of DCs and aging anti-tumor response. Our research findings may thus
provide a valid explanation for the discordance between the promising pre-clinical data in
young animals and the relatively poor efficacy of DC cancer immunotherapy in human clinical
trials involving older cancer patients. The improved characterization of aging DC defects in
tumor immunotherapy should allow us to devise means to optimize the antitumor response in
older cancer patients.
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Fig. 1.
Treatment of established tumor. a Vaccination protocol. B6 mice were given 1 × 105 viable
B16-OVA melanoma cells s.c. in the right flank. Six days later, when the tumor size reaches
3–4 mm in diameter, young and old OVA-peptide(257–264) pulsed-DCs (PP-DCs), or PBS were
injected once s.c. in the left flank. iDCs purified from recombinant mouse GM-CSF and IL-4
stimulated old and young bone marrow cells were pulsed with OVA-peptide at 10 μg/ml for 6
h. b Graph showing tumor growth over time. These data are representative of three experiments
with similar results, and are reported as the mean tumor area ±SEM of five or six mice per
group. *P < 0.001: young PP-DCs versus PBS control, old PP-DCs versus PBS control; **
P < 0.0005: young PP-DCs versus old PP-DCs. Copyright (c) The Gerontological Society of
America. Reproduced by permission of the publisher [11]
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Fig. 2.
In vivo detection of OVA-specific CD8+ T cells by MHC pentamer staining. Day 7 tumor-
bearing B6 mice were vaccinated with young or old OVA PP-DCs. Seven days later, total
splenocytes were stained for CD8-RPE Alexa Fluor 647 and OVA-Pent-PE. A representative
figure of FACScan plots depicting the percentage of OVA-specific CD8+ T cells is shown.
Reprint with permission [12]
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Fig. 3.
In vivo lymph node DC migration in aging. a Groups of young mice (n = 3) received 50 μl of
equal numbers (2 × 106) of CMPTX-labeled young DC and CFSE-labeled old LPS-stimulated
DCs into their footpad hind. Popliteal draining LNs were excised 24 h later and the frequency
of DC/node was assessed by fluorescent microscopy. b Effect of increasing number of old DCs
on tumor growth. Day-6 tumor-bearing mice were treated with 2 × 106 young PP-DCs (1×), 2
× 106 old PP-DCs (1×) or 4 × 106 old PP-DCs (2×) or saline (DPBS), and tumor size measured
7 days later (n = 6 tumors per treatment group). Adapted from [12]

Grolleau-Julius et al. Page 9

Cancer Immunol Immunother. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


