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Abstract Immune suppression remains a consistent

obstacle to successful anti-tumor immune responses. As

tumors develop, they create a microenvironment that not

only supports tumor growth and metastasis but also reduces

potential adaptive immunity to tumor antigens. Among the

many components of this tumor microenvironment is a

population of dendritic cells which exert profound immune

suppressive effects on T cells. In this review, we discuss our

recent findings related to these tumor-associated dendritic

cells and how targeting them may serve to generate more

durable anti-tumor immune responses.
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Immune tolerance, suppression, and tumors

One of the unique features of the immune system is its

exquisite ability to discriminate between self and non-self

antigens. Immune tolerance sets a balance between

immunity to foreign antigens and immunity to self-antigens

[1, 2]. Immune tolerance starts in the thymus, where most

self-reactive T cells are eliminated, and because thymic

selection is imperfect, it continues in the periphery. As a

result, the repertoire of T cells with the capacity to rec-

ognize tumor antigens is somewhat restricted [3]. Most

potential tumor antigens are ‘‘self,’’ non-mutated epitopes,

and therefore, overcoming this balance may require

induction of an immune response analogous to autoim-

munity [4].

As tumors develop, they ‘‘work hard’’ to evade recog-

nition by the immune system, essentially creating a tolerant

microenvironment. This commonly involves down-regula-

tion of MHC expression which renders them insensitive to

T cells but may paradoxically increase susceptibility to

NK cells. In addition, tumors can secrete factors that sup-

press T cell responsiveness. This includes the expression of

immune suppressive or anti-inflammatory cytokines such as

TGF-b and IL-10 as well as enzymes that catabolize amino

acids that are critical for T cell effector functions (e.g.,

arginase and indoleamine-2,3-dioxygenase, IDO) [5–7].

Another trick that tumors use to escape the adaptive

immune response is recruiting or converting inflammatory

cells that suppress T cell responses. This includes regulatory

T (Treg) cells, myeloid-derived suppressor cells (MDSC),

and tolerogenic dendritic cells (DC) [8]. These cells use a

variety of mechanisms to inhibit T cells in both lymphoid

tissues and in the tumor microenvironment (TME).

T cell tolerance to tumor antigens

It has been well documented that despite efficient priming,

T cells often lose their responsiveness to tumor antigens

[8, 9]. This may include a variety of mechanisms includ-

ing cross-presentation of tumor antigens, suppression by

regulatory T cells, or suppression by the factors described
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above. In any event, the TME represents a formidable

barrier to maintaining T cell effector functions.

Previously, we reported that tumor-specific CD8? T

cells that enter into a developing tumor rapidly become

tolerized (Fig. 1a). Using the TRansgenic Adenocarcinoma

of the Mouse Prostate (TRAMP) model [10], we observed

that CD8? T cells specific for the TRAMP tumor antigen,

SV40 T antigen (Tag), rapidly lost their ability to secrete

IFN-c and display reduced cytolytic ability, both are key

features of T cell tolerance [9]. This loss of function was

dependent on tumor infiltration as restricting T cells from

leaving the lymph node using FTY720 (Fingolimod�, a

sphingosine-1-phosphate receptor agonist), allowed reten-

tion of these effector functions, yet the small number of

cells that escaped FTY720 and trafficked to the prostate

were tolerized [11].

Similarly striking was our observation that the tumor-

specific CD8? T cells also acquired the ability to suppress

other T cells [11]. Again, infiltration into the tumor was

required for the induction of this activity (Fig. 1a). These

CD8 suppressor cells could reduce the proliferative

response of both CD4? and C8? T cells in a TGF-b-

dependent mechanism. Of interest was our observation that

only a small subfraction of the tumor-infiltrating CD8? T

cells expressed FOXP3, the transcription factor previously

associated with suppressive activity in natural regulatory T

(Treg) cells. Thus, it is not clear whether FOXP3 directs

suppression in TRAMP tumor-infiltrating CD8? T cells,

and this is currently under investigation in our laboratory.

In a separate study, we reported that provision of tumor-

specific CD4? T cell help can alter tolerization of CD8? T

cells [11]. A single co-transfer of the CD4? T cells along

with the CD8? T cells delayed tolerization, while repeated

delivery of CD4? T cells (every 5 days) was capable of

preventing CD8? T cell tolerization. The CD8? T cells

isolated from ‘‘co-transferred’’ mice also had reduced

suppressive function. The retained effector function was

associated with reduced tumor burden. Our initial studies

suggested that the CD4? T cells entered into the devel-

oping tumor microenvironment and altered the resident

antigen-presenting cells (APCs), making them more

immune-stimulatory [12]. These findings led us to identify

the population of cells responsible for tolerization of the

T cells within the TME (Fig. 1b).

Tumor-associated dendritic cells tolerize T cells

by a FOXO3-dependent mechanism

Upon examination of the leukocytes that infiltrate TRAMP

tumors, we noted a population of DC with a phenotype

consistent with plasmacytoid DC [13]. These tumor-asso-

ciated DC (TADC) were B220?, CD317?, CD11cdim, and

expressed low levels of the costimulatory ligands CD80

and CD86 and CD40. In addition, they expressed genes

classically associated with immune suppression in tumors,

including PD-L1, arginase (ARG), and IDO (Fig. 1a).

These TADC represented approximately 30% of the total

CD45? cells and could be depleted using an antibody

directed against CD317. Interestingly, a phenotypically

similar population of pDC was found in the prostate of

wild-type (WT) mice, although as described below, their

function was profoundly different.

Based on the previous reports suggesting an immune

suppressive role for pDC, we tested whether elimination of

the TADC would lead to enhanced responsiveness of

tumor-infiltrating T cells. When the tumor-specific CD8? T

cells were transplanted into TRAMP mice depleted of

TADC, they retained effector function and had reduced

suppressive activity, and the tumor burden was reduced.

These findings suggested that the TADC were at least in

part responsible for tolerization of the tumor-infiltrating

T cells.

To test directly whether the TADC could tolerize

T cells, we developed an in vitro assay that would assess the

immune suppressive function of the TADC. Highly enri-

ched TADC were co-cultured with T cells and their cog-

nate antigen. Several days later, the T cells were re-isolated

and tested for their secondary response to antigen as pre-

sented by competent APCs. Using this assay, we observed

that only the TRAMP TADC, and not WT prostatic pDC,

could tolerize T cells. Not surprisingly, the TADC induced
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Fig. 1 Tumor-associated dendritic cells regulate T cell responsive-

ness in the tumor microenvironment. a The prostatic tumor micro-

environment (TME) contains a variety of inflammatory cells that

contribute to immune suppression. Tumor-associated dendritic cells

(TADCs) tolerize CD8? T cells that enter the TME in a FOXO3-

dependent mechanism. Induction of this tolerogenic behavior by

TADCs may be mediated by Treg cells, mast cells, or tumor-derived

factors. b Provision of tumor-specific CD4? T cells alters the TME

and prevents tolerization of CD8? T cells. This is in part mediated by

the activation of TADC and down-regulation of FOXO3 expression

by TADC
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suppressive activity in the CD8? T cells, as well. Taken

together with the depletion studies, these findings directly

implicated TADC as a potent immune suppressive cell

population within the TRAMP TME (Fig. 1a).

In parallel studies, we identified a similar population of

pDC in human prostate tissues [13]. The human pDC were

CD11c-, CD123?, and also expressed low levels of

costimulatory ligands CD80 and CD86 and elevated levels

of IDO. We reported that the pDC isolated from prostate

tumor tissues were also able to tolerize peripheral blood

T cells and induce suppressive activity. Thus, TADC in

prostate tumors represent a potential target for enhancing

immune responsiveness to tumor antigens.

To identify the mechanism by which these TADC to-

lerize T cells, we performed microarray-based gene

expression analyses. While many genes were up-regulated

in the TADCs, including those associated with immune

suppression in tumors (IDO, ARG, TGF-b, PD-L1, etc.),

one gene that appeared as over-represented among the

human and mouse TADC relative to control pDC popula-

tions was the transcription factorFoxo3. Both mRNA and

protein levels of FOXO3 were elevated eightfold to tenfold

in TADC [13]. FOXO3 was initially described as tumor

suppressor that regulates expression of genes associated

with cell cycle progression and survival; subsequent studies

demonstrated its involvement in stress responses and lon-

gevity [14]. More recent reports have suggested FOXO3 to

have an anti-inflammatory function, as it negatively regu-

lated NF-jB activity and was implicated in regulating DC

stimulatory activity [15].

Based on these functions, we tested whether silencing

FOXO3 in TADC would reverse their tolerogenic behavior

[13]. Using Foxo3-specific siRNAs, we observed that in

both human and murine TADC, FOXO3 was critical for

suppressive activity, and targeting FOXO3 led to more

immune stimulatory function of the TADC. This was

reflected in a down-regulation of ARG, IDO, and TGF-b
and up-regulation of CD80 and IL-6 [13]. While a similar

population of FOXO3? TADC was noted in B16 mela-

noma tumors, the TADC isolated from B16 tumors grow-

ing in Foxo3-/- mice were not tolerogenic, confirming a

critical role for FOXO3 in the development of suppressive

activity [13]. We believe these findings all support the

identification of FOXO3 as another putative immunoreg-

ulatory gene product that can be targeted to enhance

immunity to tumor antigens.

What’s left to learn and how do we use it?

Our data, along with many other studies, demonstrate that

the TME is a difficult place to maintain tumor immunity.

A variety of cell populations have been identified to

contribute to the immune suppressive environment. Some

cells are recruited to the TME from the periphery. This

includes Treg cells, tumor-associated macrophages

(TAMs), and MDSC [8, 16, 17]. Our identification of a

suppressive population of TADC and a similar population

of pDC in non-cancerous tissue suggests that as tumors

develop, resident pDC are modified to become more sup-

pressive. This may be the result of a variety of different cell

populations that reside in the developing tumor. We

believe it is critical to identify the signals that are involved

in the development of these immune suppressive TADCs.

One possibility is that transformed prostatic epithelium

expresses factors that can alter prostate-resident pDCs.

This may include cytokines, chemokines, enzymes that

catabolize critical nutrients for maintaining pDC immune

stimulatory function, or other factors that alter pDC func-

tion [18]. By using tumor cell culture supernatants and co-

culture systems employing DCs and tumor cells, we are

attempting to identify both secreted factors and intercel-

lular interactions that convert DCs into immune suppres-

sive, TADC-like cells. Identifying these mechanisms and

approaches that inhibit them will enable us to alter the

TME and generate more productive anti-tumor immune

responses.

Another possibility is that the developing tumor recruits

cells that convert pDCs into an immune suppressive phe-

notype. Previously, Hedrick and colleagues reported that

CTLA-4, an inhibitory receptor expressed by activated

T cells and Treg cells, can reverse signal through CD80/86

in DC and up-regulate FOXO3 expression [19]. This may

be yet another suppressive mechanism by which Treg cells

control tumor immunity. In fact, TRAMP and human

prostate tumors are reported to be heavily infiltrated by

Treg cells [20–22], so confirming this mechanism will

further support a role for Treg cells in retarding T cell

responses to tumor antigens and the importance of target-

ing this cell population.

In addition, other leukocyte populations may regulate

FOXO3 expression and TADC function. This includes

mast cells, which have been reported to be increased in

many cancers and were recently suggested to regulate

TRAMP tumor development [23–25]. Mast cells have

unique and pleiotropic effects that both support and inhibit

inflammatory and immune responses, including regulation

of tolerance to alloantigens [26–28]. Understanding how

mast cells might contribute to the development of TADC

suppressive functions will again reveal novel approaches to

elicit more durable tumor immunity.

Similarly, it is important to understand how FOXO3

regulates this suppressive effect. As a transcription factor,

it may control the expression of genes that induce or

mediate the tolerogenicity of TADC. A BLAST search of

the 50 untranslated region of IDO and TGF-b revealed that
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both genes contain FOXO consensus binding motifs.

Therefore, on-going studies will examine whether FOXO3

alters the transcriptional landscape of dendritic cells, and if

so, which genes are critical to conferring immune sup-

pressive behavior to the TADC. Alternatively, FOXO3

may alter existing signaling cascades. Previously, it was

reported that FOXO3 can regulate NF-jB function by an as

yet unidentified mechanism [15]. Thus, FOXO3 may also

serve to regulate proinflammatory cascades, leaving the

TADC crippled in immune stimulatory functions and by

default, tolerogenic. By identifying these additional regu-

latory pathways, we may reveal novel ways to re-program

TADCs and restore their immunogenicity.

Conclusions

Our studies have identified a novel population of dendritic

cells that exerts profound immune suppressive activity

[29]. These TADC exploit a transcription factor, FOXO3,

to tolerize T cells and induce suppressive activity. Tar-

geting this inhibitory pathway will provide a novel avenue

for therapeutic enhancement of immunity to tumor anti-

gens. One could envision employing FOXO3 blockade

with current vaccine strategies, such as the recently FDA-

approved vaccine, Provenge� [30]. Alternatively, approa-

ches that diminish the expression of FOXO3 by TADC in

situ, in combination with T cell-based therapies, would also

provide enhanced responses to tumor antigens. In addition,

on-going studies aimed at elucidating the mechanism by

which the TME induces FOXO3 expression, as well as

mechanisms by which FOXO3 exerts this suppressive

activity, will provide a greater array of therapeutic options.

Thus, combinatorial approaches that target multiple

immune suppressive pathways will, in all likelihood, pro-

vide durable immunity and hold the most promise for

successful immune-based therapies for cancer.
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