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Studies demonstrating the ability of in vitro generated dendritic cells (DCs) to
successfully mediate anti-tumor efficacy when used as therapeutic vaccines suggest that
treatments capable of promoting in situ DC-mediated cross-priming events may exhibit at least a
comparable degree of clinical effectiveness. As a result, I assessed whether optimizing the
number of DCs within the tumor microenvironment would improve the cross-priming of tumorreactive T cells, resulting in improved therapeutic benefit. I observed that the treatment of
CMS4-bearing BALB/c mice with the combination of Flt3 ligand (FL) and GM-CSF for five
sequential days is sufficient to optimize the number of tumor-infiltrating DCs and to result in the
enhanced systemic priming of tumor-specific CD8+ T cells that are consequently recruited into
the tumor microenvironment. Despite these preferred immunologic endpoints, combinational FL
and GM-CSF treatment failed to impact the growth of established CMS4, RENCA or CT26
tumors. The observation that large numbers of CD4+ T cells also infiltrate tumors in mice
treated with combinations of FL and GM-CSF prompted me to explore whether CD4+ regulatory
T cells might play an active role in mediating the suppression of co-infiltrating tumor-specific
CD8+ T cells. Indeed, I found that nearly half of the tumor-associated CD4+ T cells expressed
the Foxp3 protein and significantly suppressed the proliferation of naïve allo-reactive CD4+ T
cells and the IFN-γ production by tumor-specific CD8+ T cells in vitro. Moreover, I found that
combinational FL and GM-CSF treatment induced significant expansion of Foxp3+CD4+ T cells
in the spleens of treated animals, regardless of tumor-bearing status.
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Consistent with the

suppressive effects of tumor-associated CD4+ T cells on combined FL and GM-CSF-based
therapy, the in vivo depletion of CD4+ T cells resulted in a marked inhibition of tumor growth in
treated mice that was dependent on the presence of CD8+ T cells.

My findings have important

implications in cancer therapy as they demonstrate that suppression mediated by regulatory T
cells can present a major roadblock for the successful implementation of immunotherapeutic
approaches to treat cancers.
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1.

INTRODUCTION

1.1.

Dendritic Cells

The ability of the immune system to provide antigen-specific protective immunity is
dependent on its capacity to appropriately recognize antigens and orchestrate the activation of
the necessary effector cells. This recognition is dependent on the antigen’s uptake, processing
and presentation by professional antigen presenting cells (APCs). Though dendritic cells (DCs),
B-cells, and macrophages can serve as APCs both in vivo and in vitro, DCs have been identified
as having the unique and most potent capacity in priming antigen-specific naïve T lymphocytes
(1, 2). DCs are far more efficient than other APCs in stimulating T cells because of their ability
to express high levels of major histocompatibility complex (MHC)-peptide complexes and costimulatory molecules, to secrete high levels of stimulatory cytokines and to form stable clusters
with T cells (1, 2). Since T cell priming occurs in secondary lymphoid organs, such as the spleen
and the lymph nodes, DCs further serve the essential role of antigen transporting cells by
conveying antigens from their “residence” in peripheral tissues of the body to the T cell rich
areas of the regional lymphoid organs.

The recognition of peptides presented in the context of

major histocompatibility complex (MHC) molecules on the DC surface by T lymphocytes that
express the T cell receptor (TCR) specific for the peptides leads to T cell activation,
proliferation, and subsequent differentiation into effector and/or memory cells that are suitably
equipped to carry out their immune defense duty. As a result, DCs play a central function in
initiating the immune system’s response required to defend and cleanse the body from the
dangers posed by diverse bacterial, viral, parasitic or fungal infections, as well as other diseases,
such as cancer. However, in addition to their protective role against pathogens and cancer, DCs
1

are also responsible for antigen presentation that results in the undesired activation of the
immune system in cases of autoimmunity, allergy, and graft rejection.

1.1.1.

Subsets

Dendritic cells are scarcely (<1%) found cells that are identified by their characteristic
morphology of hair-like cytoplasmic projections—called dendrites—extending from their plasma
membrane surfaces (3). They are a heterogeneous population of cells found in different areas of
the body: in non-lymphoid tissues, such as the skin, in lymphoid tissues, such as the spleen,
lymph node, and Peyer’s patches, in interstitial spaces of organs, such as the heart and kidney,
and in afferent lymph and peripheral blood (3). DCs may be identified by different names based
on their anatomic localization.

DCs that are resident in the epidermal layer of the skin are

known as Langerhans’ cells and they migrate to the regional lymph nodes when induced by
inflammation or infection. DCs that are found in the blood or are in the process of migrating to
lymph nodes through the afferent lymph are termed veiled cells because of their “extensively
ruffled membrane” (3). DCs that are localized in the T cell rich regions of lymphoid organs are
called interdigitating cells.
Murine DCs are identified by their surface expression of CD11c in combination with
CD8α, DEC-205 (CD205), CD4 and CD11b markers. Based on the expression of these markers,
the heterogeneity of DC populations found in the mouse varies among the thymus, spleen, and
lymph nodes. Though the level of CD8αα expression is widely variable, mouse thymus appears
to contain a major homogenous population of CD8α+CD205+CD11b− DCs and a minor
population of B220+CD11cmedium cells known as plasmacytoid dendritic cells, pDCs (4, 5). The
spleen contains B220+CD11cintermediate/low pDCs (6-8), CD8α+CD205+CD11b− (previously
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known as “lymphoid” DCs) and CD8α−CD205−CD11b+ (previously known as “myeloid” DCs)
DC subsets although the CD8αα−CD205−CD11b+ DCs are further divided into two populations
that are either positive or negative for the CD4 molecule (9, 10). In addition to these DC subsets
in

the

spleen,

most

lymph

nodes

also

contain

dendritic

cells

that

are

CD4−CD8α−CD205lowCD11b+ (11). Apart from other lymph nodes, subcutaneous lymph nodes
further contain a DC population that is CD8α-/low CD4−CD205HighCD11b+, which is considered
to be Langerhans’ cells that have migrated from the epidermis via the lymphatics (11). In
addition to the DC subsets described above, lymph nodes draining certain internal organs, such
as the lung, (but not subcutaneous or mesenteric lymph nodes) contain DCs that are
CD4−CD8α−CD205+ CD11b− (12). In humans, two general populations of dendritic cells can
be identified in the blood based on the expression of the CD11c and CD123 molecule on their
cell surface. DCs that have a monocytoid appearance and are CD11c+CD123low are called
“myeloid” DC (or DC1) while those that exhibit antibody-producing plasma cell-like
morphology and are CD4+CD11c−CD123High are called “plasmacytoid” DC (or DC2) (13, 14).

1.1.2.

Origin and Development

Despite their phenotypic heterogeneity, all known DC lineages in vivo are believed to be
derived from hematopoietic progenitors in the bone marrow and migrate to peripheral tissues via
the blood. Traditionally, murine DCs were subdivided into at least two general populations
based on precursor origin and cell surface phenotypes: “lymphoid” and “myeloid”. “Lymphoid”
DCs were thought to share a common lymphoid-committed precursor with T-, B-, and natural
killer (NK) cells (15, 16). This was because the earliest ‘low-CD4’ T cell precursors isolated
from adult mouse thymus were shown to give rise to T-, B-, and dendritic cells but not myeloid
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cells when transferred into irradiated mice (15). Further, only DCs and T cells continue to be
generated upon the transfer of the next down stream CD4−CD8−CD44+CD25+ precursor
population suggesting that lymphoid DCs might be more closely related with T cells than with B
or NK cells (16). On the contrary, “myeloid” DC subsets were so-called because they were
shown to be derived from myeloid-committed progenitors that also had the capability to give rise
to granulocytes and macrophages (17). However, this broad classification for murine DCs is no
longer accepted to indicate hematopoietic origin since it has recently been demonstrated that
both “lymphoid” and “myeloid” DCs can arise from both myeloid and lymphoid progenitors
within the bone marrow (18, 19).

Additional recent studies have also shown that early

precursors for all DC subtypes are found within fms-like tyrosine kinase-3 (Flt-3) receptor
expressing precursor populations within the bone marrow regardless of their common lymphoid
or common myeloid lineage origin (20, 21).

In these studies, it was shown that the

administration of Flt-3 ligand (FL) results in the expansion of both conventional dendritic cells
(CD8α+ and CD8α− DC) and plasmacytoid pre-dendritic cells (p-preDC) from the bone marrow
Flt3+ myeloid and lymphoid precursor populations (20, 21) although the lymphoid precursors
were the most efficient precursors for the generation of DCs (21). Even though surface markers
are important in distinguishing DC subset populations, there seems to be some plasticity in terms
of their expression on the surface of the DCs during their differentiation from precursors to
immature DCs to terminally differentiated mature DCs (22). Some studies suggest that as DCs
mature, they might gain the expression of the CD8α molecule, thus making it a marker of
maturation rather than lineage specification (23-25). For example, Merad et al. showed that
CD8α− Langerhans’ cells generated in vitro from a CD8 wild-type mouse and injected into the
skin of a CD8α knockout mouse upregulated CD8α expression when they reached the draining
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lymph node (24). Martinez del Hoyo et al. also showed that intravenously-injected, highlypurified splenic CD8α− DCs upregulated CD8α, CD205, and CD24 expression while downregulating CD11b, F4/80, and CD4 expression (23).
In vitro, murine CD8α−B220−CD11b+ DCs can be generated from bone marrow and
peripheral blood mononuclear cells (PBMC) in the presence of granulocyte-macrophage colony
stimulating factor (GM-CSF) or GM-CSF and interleukin-4 (IL-4) (26, 27). Plasmacytoid DCs
can be generated from bone marrow cells in the presence of Flt3 ligand (25, 28), which
upregulate CD8α when treated with interferon-α (IFN-α) or lipopolysaccharide (LPS) during the
final 24 hours of culture (25, 28). In humans, myeloid DCs can be generated from peripheral
blood monocytes with GM-CSF and IL-4 (29, 30) or from bone marrow or umbilical-cord blood
CD34+ hematopoietic progenitor cells cultured in the presence of GM-CSF and TNF-α (31).
Large numbers of plasmacytoid DC can also be generated from CD34+ hematopoietic stem cells
by the synergistic effect of Flt3-L and thrombopoietin (32).

1.1.3.

Recruitment and Migration

Dendritic cell recruitment into peripheral tissues and secondary lymphoid organs is
regulated by chemokines. Chemokines are low molecular weight (8-10 kDa) proteins that direct
the migration and chemotaxis of cells that express the G-protein coupled receptors towards
cells/tissues that express those chemokines. They are generally classified into two functional
groups: inflammatory and lymphoid (33). Inflammatory chemokines, such as RANTES (CCL5)
and MIP-1α (CCL3), are not normally expressed in normal tissues but can be induced during
tissue injury or infection in order to recruit cellular infiltrates to those sites (33). In contrast,
lymphoid chemokines, such as MIP-3β (CCL19) and SLC (CCL21) are constitutively expressed
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within lymphoid organs and are involved in lymphocyte trafficking and the maintenance of
lymphoid organ structure (33). During their different stages of differentiation, DCs may express
varying sets of chemokine receptors on their cell surface and thus be responsive to different
chemokine gradients.

Immature DCs express “inflammatory” chemokine receptors, such as

CCR5, CCR2, CCR6, CXCR1, and CXCR2, and are recruited to inflamed tissues in response to
inflammatory chemokines released by non-immune cells, such as keratinocytes in the skin, due
to tissue injury or infectious assault (34). As immature DCs are induced to mature due to
exposure to inflammatory cytokines, such as TNF-α, and microbial products, such as LPS, the
expression of CCR5 is down-regulated while the expression of CCR7 is up-regulated (35-38).
CCL19 and CCL21, the two chemokine ligands of CCR7 expressed on mature DC, are involved
in mediating DC migration from inflamed tissues to lymph nodes and to their co-localization
with T cells (35-38). In addition to maturation status differences, DC migration patterns might
also differ based on the type of the DC subset. Colvin et al have reported that mature CD8α+
DCs appear to be inferior compared to mature CD8α− DCs in their ability to migrate in vitro to
the CC chemokines CCL19 and CCL21 (39).

Further, a recent study has shown that

plasmacytoid DC exhibit a distinct trafficking pathway that differs from conventional (CD8α+
and CD8α−) DCs in that they can enter lymph nodes directly from the blood and not through the
afferent lymphatics (40). This entry was shown to occur through transmigration across high
endothelial venules (HEVs) in a CXCL9- and E-selectin-dependent manner (40).
In addition to inflammation- and infection-induced migration, DC also undergo steady-state
migration into lymph nodes under normal, non-inflammatory conditions and may contribute to
immune tolerance to self antigens (41). The upregulation of CCR7 on immature DC—without
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inducing maturation by the upregulation of MHC class II or CD86 molecules— following uptake
of apoptotic cells might play a role in the migration of “tolerogenic” DC to lymph nodes (42).

1.1.4.

Antigen Capture

Immature DCs are uniquely equipped to sample the tissue environment of their residence
and to acquire antigens that can be presented to T cells in lymphoid organs. To this end, DCs
employ a variety of mechanisms to capture and internalize antigens for processing and
presentation on MHC class I and/or class II molecules. In a constitutive process known as
macropinocytosis, immature DCs can continuously acquire soluble proteins and fluid from the
external environment (43). DCs can ingest large particulate antigens, such as bacteria (17),
viruses or virus-like particles (44) and intracellular parasites (45), in a process known as
phagocytosis.

DCs can also employ receptor-mediated uptake for the internalization of

exogenous antigens. DC endocytic receptors include C-type lectin receptors, such as mannose
receptor and DEC-205, for glycosylated protein uptake (46, 47), immunoglobulin Fc receptors
(Fcγ I and II) for uptake of antigen-antibody immune complexes (48), and scavenger receptors,
such as CD91 and LOX-1, for capturing heat shock proteins (HSPs) and associated peptides or
proteins (49, 50).
Furthermore, immature DCs possess the capacity to obtain cell-associated antigens
directly from other cells. Harshyne et al have demonstrated that DCs can acquire cellular
material from live non-apoptotic cells, including other DCs, by a membrane “nibbling” process
that appears to be mediated by a class A scavenger receptor (51, 52). Apoptotic and necrotic
cells can also be taken up by DCs (53, 54) via the αvβ3 or αvβ5 integrins and CD36 receptors
(55, 56). Recently, it has been reported that DCs can induce apoptosis of tumor cells via
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multiple cytotoxic TNF family ligands—TNF, lymphotoxin-α1β2, Fas ligand, and/or TNFrelated apoptosis inducing ligand (57, 58)—and enhance cross-presentation of tumor-associated
antigens (59).

DCs have also been shown to efficiently take up exosomes—60-90-nm

membrane vesicles—constitutively released by tumor cells, and to capture the tumor antigens
contained in these structures (60). Immature DCs generated in vitro express abundant empty
MHC class II molecules on their cell surfaces that do not appear to contain bound peptides (61).
These empty MHC II molecules are stable at physiological temperature and are receptive to
exogenous peptide binding, allowing for the collection of peptides directly from the extracellular
medium for presentation to T cells without internalization or further processing (61). The
peptides that are loaded on the empty molecules are believed to be released to the extracellular
medium due to cellular lysis or to be generated at sites of inflammation by proteases released by
DCs, macrophages and/or granulocytes that process intact proteins into peptides outside of cells
(61, 62). However, many of the antigen capture mechanisms described above were demonstrated
to occur in in vitro settings and it is not yet clear which mechanisms actually contribute to DC
antigen presentation function in vivo.

1.1.5.

Antigen Processing

Once DCs have acquired antigens, they process them for presentation to CD4+ and/or
CD8+ T cells. Since CD8+ and CD4+ T cells recognition is dependent on peptides presented in
the context of MHC class I and II molecules, respectively, acquired antigens are processed in the
following two major pathways for loading onto the corresponding MHC molecules.
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1.1.5.1.

MHC Class I Antigen Processing Pathway

DCs process endogenous antigens—synthesized within DCs themselves—in a TAP
(transporter associated with antigen presentation) dependent processing pathway for “direct
presentation” of antigens to CD8+ T cells, also generally termed cytotoxic T lymphocytes
(CTLs). Since most cells can also process endogenously synthesized proteins for presentation on
their cell surface, direct presentation is not unique to DCs. However, DCs can also capture and
process exogenous antigens (such as bacterial, viral, or tumor antigens) into the MHC class I
pathway via a process called “cross-presentation” or “cross-priming” (63). Even though crosspresentation has been reported to occur in B cells, endothelial cells, and macrophages, the major
cell type involved in this process is the DC (63).
The first step in the direct presentation pathway is the processing of endogenouslyproduced proteins into peptide fragments by the proteasome in an ATP- and ubiquitin-dependent
mechanism. These peptides, generated in the cytosol, are then transported into the endoplasmic
reticulum (ER) through ATP-dependent TAP proteins located in the ER membrane. Newlysynthesized MHC class I molecules are retained in the ER in a partially folded state in a
coordinated process that involves the accessory proteins calnexin, calreticulin, and tapasin (64).
However, their folding gets completed once peptides that have been translocated by the TAP
complex into the ER bind to their peptide-binding cleft and stabilize the assembly of the α
(heavy) chain with the invariant β2-microglobulin (light) chain (64). MHC class I-peptide
complexes are then competent to exit the ER and to be transported to the cell surface through the
Golgi apparatus. In normal, uninfected DCs, peptides derived from self-proteins are involved in
the folding and thus are presented at the cell surface. However, when DCs are infected with
pathogens that replicate in the cytosol (65) or exogenous antigen is introduced directly into their
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cytosol (66), in addition to self peptides, peptides derived from pathogens or introduced antigens
will also bind to MHC class I molecules in the ER and ultimately be presented at the cell surface.
The mechanisms involved in DC cross-presentation are not yet as clear as that for direct
presentation described above. Recent studies suggest that cross-presentation may occur in a
compartment resulting from the fusing of ER-derived vesicles with phagosomes containing
phagocytosed extracellular antigen(s) (67-69). These ER-phagosome compartments are selfsufficient for antigen presentation in that they contain nascent MHC class I molecules, TAP, and
the accessory proteins (calreticulin calnexin, and ERp57) involved in peptide loading (67-69). It
appears that the targeting of newly-synthesized, empty MHC class I molecules to the phagosome
is dependent on a tyrosine residue in the cytoplasmic tail of the molecules since crosspresentation (but not direct presentation) is affected by tyrosine mutation (70).

The

compartments also contain a protein complex known as Sec61 that seems to play the important
role of translocating the phagocytosed antigens from the ER-phagosome compartments into the
cytosol for proteosomal degradation into peptides (67, 71). These peptides are then transported
back into ER-phagosome compartments through the membrane-associated TAP complex (6769).

1.1.5.2.

MHC Class II Antigen Processing Pathway

The function of this processing pathway is the presentation of exogenous antigens and
microorganisms acquired from the extracellular milieu by macropinocytosis, phagocytosis, and
receptor-mediated endocytosis. These internalized antigens are contained within vesicles called
phagosomes (or endosomes) and fuse with lysosomes—vesicles that contain acid proteases—to
form vesicles called phagolysosomes. During the formation of phagolysosomes, the pH of the
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vesicles decreases and results in the activation of the acid proteases, which function optimally at
low pH (72). The activated proteases, such as cathepsin S, then degrade the internalized protein
antigens contained in vesicles into peptide fragments that can be loaded onto MHC class II
molecules (72). MHC class II molecules are synthesized in the rough ER but are typically
prevented from binding peptide by the Invariant chain (Ii) that binds in the peptide binding
groove of MHC class II molecules (73). The Ii also plays the additional role of directing the
vesicles containing the MHC class II molecules to the endosomal pathway that results in their
fusion with phagolysosomes (73).

This fusion results in the cleavage of the Ii into short

fragments by proteases, such as cathepsin S, to allow for peptide binding to the MHC class II
molecules in what are called MHC class II compartments (MIIC) (74). Since Ii cleavage leaves
it’s residual small peptide fragment called CLIP (class II-associated invariant-chain peptide) in
the peptide binding groove, CLIP removal and antigenic peptide binding is catalyzed by an MHC
class II-like molecule called H-2M in mice (HLA-DM in humans) (75). It is not yet known
whether H-2M removes the CLIP directly out of the groove or induces a conformational change
in the MHC class II molecule that allows for CLIP to fall out of the groove. Finally, the MHC
class II-peptide complexes are transported to the plasma membrane for recognition by CD4+ T
cells. This transport to the cell surface appears to occur via tubular endosomes extending
intracellularly and polarizing toward the interacting T cell (76, 77).
In addition to the two major protein processing pathways, DCs also possess the capability
to process and present endogenous (such as sphingolipids and phosphatidylinositols) or
pathogen-derived (such as mycolic fatty acids expressed by Mycobacterium tuberculosis) lipid
antigens on MHC class I-like CD1 molecules (78). Mouse DCs express one CD1 protein (i.e.
CD1d) whereas human DCs can express five (i.e. CD1a-e) (79). This processing of fatty acids,
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glycolipids, and lipopeptide antigens for recognition by CD1-restricted CD8+ and CD4+ T cells,
as well as NKT cells, is believed to occur in specialized intracellular compartments similar to
that of MHC class II antigen processing pathway in a TAP-independent manner (78). This CD1
presentation pathway appears to be involved in not only in microbial immunity (80), but also in
anti-tumor immunity (81) and autoimmune diseases (82).

1.1.6.

Maturation

Generally, DCs are found in two functional states: immature and mature DCs. Immature
DCs are highly-efficient at antigen endocytosis, but express low levels of MHC class II, costimulatory (such as CD80, CD86, CD40), and adhesion molecules (such as CD54) on their cell
surfaces. In these DCs, MHC class II molecules are found in intracellular compartments rather
than at the cell surface (83). Thus, immature DCs are comparatively poor at mediating antigen
presentation and co-stimulation and lack strong immunostimulatory potential. On the contrary,
the maturation of DCs is accompanied by the loss of phagocytic/endocytic capability (43), but
increased cell surface expression of MHC class II, co-stimulatory, and adhesion molecules. Upon
maturation, DCs also undergo dramatic morphological changes from being “stellate” in
appearance to having multiple, large processes (dendrites) protruding from their cell body,
yielding an increased surface area on which T cells can sample MHC-presented peptides (2).
The pattern of chemokine receptor expression is also altered upon the maturation of DCs. That
is, the expression of CCR1 and CCR5 is down-regulated and the expression of CCR7 is upregulated (37, 38). In addition to these changes observed at the cell surface, DC maturation is
also marked by the synthesis and secretion of high-levels of cytokines (such as IL-12p70, and
TNF-α) that can regulate the magnitude and functional type of T cell immune responses being
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generated as a consequence of DC-mediated stimulation. However, the profile of cytokine
produced by DCs depends on the type of activating stimuli being used as well as the subtype and
origin of the DC being stimulated (78). For example, in mice, the CD8α+ DCs are the major
producers of IL-12 p70, whereas plasmacytoid DCs are the predominant producers of type I IFN
(IFNα/β) upon stimulation (6, 84, 85). All the changes described above converge to transform
the immature DCs into highly-immunostimulatory mature DCs.
Several stimulatory factors have been shown to induce DC maturation. Microbial and viral
products characterized by pathogen-associated molecular patterns (PAMPs) stimulate DCs by
engaging their pattern-recognition receptors (PRRs), such as Toll-like receptors (TLRs) (86). To
date, DCs have been shown to express ten TLRs (TLR1-TLR10) that differ in their expression
pattern among DC subsets and in their recognition of different sets of ligands (86). For example,
TLR9 mediates the recognition of bacterial and viral DNA containing unmethylated CpG motifs
(87); TLR4 mediates the recognition of LPS (88); and TLR3 mediates the recognition of doublestranded RNA (89). Ligation of TLRs triggers cascades of intracellular signaling pathways that
result in the induction of proinflammatory cytokines, chemokines, type I interferon (IFN-α or -β)
and maturation of DCs (90).
Inflammatory cytokines, including TNF-α (91), IL-1β/-1α (91), and IFN-α (92), have also
been shown to activate DCs by acting through the corresponding receptors expressed by
immature DC.

In addition to microbial stimuli, inflammatory cytokines can also serve as

“danger signals” in inducing increased migration of DCs from peripheral tissues to the lymph
nodes in addition to their undergoing the process of maturation (93, 94). Activation through the
ligation of CD40 molecules is also a strong inducer of DC maturation and immunogenecity both
in vitro (95, 96) and in vivo (97, 98). The ligation of CD40 by either anti-CD40 antibody or
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CD40L has been shown to be very effective in inducing high-level production of bioactive IL12p70 and a marked up-regulation of adhesion and co-stimulatory molecules (95, 96).
Furthermore, activated CD4+ T cells expressing CD40L can activate DCs through CD40 crosslinking (99-101). The ligation of CD40 by CD40L expressed by CD4+ T cells “conditions” DCs
to acquire powerful T cell stimulatory capability (99-101).

In addition to T cell-derived

activation signals, there is also a bi-directional cross-talk between DCs and NK cells in which
DCs can activate NK cells and NK cells in return can induce DC activation and production of IL12 (102, 103). NK cell mediated DC activation seems to be dependent on soluble factors such as
TNF-α and IFN-γ as well as cell contact through surface receptors such as NKp30 in human NK
cells (104). Moreover, Sauter et al have shown that exposure to necrotic tumor cell lines (but not
apoptotic tumor cells or necrotic lysates of primary cells) or their supernatants can provide
maturation signals to DCs (105). Further analysis demonstrated that supernatants isolated from
necrotic tumor cell lines (but not supernatants of primary cells) are enriched in the heat shock
proteins (hsp)70 and gp96, and that purified hsp70 (106) and gp96 induce human DC maturation
(107). The ability of HSPs to activate DCs has also been observed in mice (108), where it was
shown that immunization of mice with gp96 induces DC maturation and their migration to
draining lymph nodes (109). The DC receptors for HSPs have not yet been clearly defined, but
may include CD40 (110) and TLRs (111, 112).
In addition to the immature and mature states of DC described above, Lutz and Schuler
have proposed a stage of DC development that they termed “semi-mature” (113). These “semimature” DCs are MHCIIhigh, costimulationhigh, cytokineslow compared to the “fully mature” DCs
that are MHCIIhigh, costimulationhigh, cytokineshigh (113). This is distinction is necessary to make
because DC activation stimuli yield considerably different impacts on DCs and thus both
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phenotypic changes and IL-12 p70 production associated with the maturation of DCs may not
occur upon stimulation with varying stimuli. Menges et al reported that DCs matured in the
presence of TNF-α and administered in vivo acted in a tolerogenic fashion by inducing CD4+IL10+ regulatory T cells (Tregs) and blocking autoimmune encephalomyelitis (EAE) (114). On the
contrary, the administration of DCs matured in the presence of LPS and anti-CD40 did not block
EAE and resulted in the induction of CD4+ TH1 cells (114). Furthermore, Akbari et al (115) and
McGuirk et al (116) reported the induction of Tregs in vivo by DCs that appear to be mature. In
all three cases, the tolerogenic DCs exhibited high-levels of expression of MHC class II and costimulatory molecules but low/no production of proinflammatory cytokines, such as IL-12 p70,
TNF-α, IL-1β and IL-6 (114, 116, 117). However, these DCs produced the anti-inflammatory
cytokine IL-10 (116, 117).

1.1.7.

T-Cell Priming

In order to be activated to proliferate and differentiate into effector cells, CD8+ and CD4+
T lymphocytes require at least two independent signals delivered by DCs. Signal one is delivered
to T cells through the engagement of their T cell receptor (TCR) by peptide presented in the
context of the appropriate MHC molecules on the surface of DCs. CD8+ T cells are activated by
MHC class I-peptide-complexes where as CD4+ T cells are activated by MHC class II-peptide
complexes. Signal two is provided to T cells by costimulatory molecules expressed on DCs. T
cells express the CD28 molecule that serves as a co-receptor for the CD80 and CD86
costimulatory molecules expressed by DCs. Adhesion molecules, such as ICAM-1 expressed by
DCs and its ligand LFA-1 on T cells, also play a significant role in forming stable interactions
between the DC and T cells. Once a T cell recognizes the peptide presented by the DC and
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receives a signal through the TCR, the TCR-peptide-MHC complexes form a structure known as
the immunological synapse by segregating into discrete areas of the membrane (118). In the
immunological synapse, the TCR-peptide-MHC complexes localize in the central area while
adhesion and costimulatory molecules localize in the peripheral area and form what is known as
supramolecular activation clusters (SMAC) (118). This clustering leads to the activation of
intracellular protein tyrosine kinases that transmit the activation signal downstream of the cell
surface. If a T cell receives signal one but not signal two by the same DC, the T cell generally
fails to be activated and becomes anergic (119). This anergic state is marked by a lack of T cell
responsiveness even when the specific antigen recognized by the TCR is presented on DCs that
are capable of providing signal two (119). In cases where a T cell recognizes peptide with high
avidity on a DC expressing low levels of co-stimulatory molecules, the T cell might undergo a
brief period of proliferation without developing effector function (120, 121). In this case, the T
cell might be deleted or the small numbers that survive stimulation might become anergic (120,
121).
As a result, antigen presented on immature DCs in the absence of activation signals leads to
T cell tolerance rather than immunity (97, 98). Hawiger et al and Bonifaz et al showed that in
vivo antigen delivery to DCs via targeting through the DEC-205 receptor (without DC activation
stimuli) induced transient antigen-specific T cell activation that was followed by the deletion and
unresponsiveness of the activated T cells (97, 98). However, when DC activation was induced
by the co-administration of anti-CD40 agonistic antibody, the outcome of the immune response
was marked by prolonged T cell activation and immunity rather than tolerance (97, 98). Further,
immature DCs can also induce antigen-specific peripheral tolerance by expanding regulatory T
cells that suppress the responses of effector cytotoxic and helper T lymphocytes (122, 123).
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Mahnke et al. reported that DEC-205 targeted delivery of antigen to steady-state DCs led only to
short-lived proliferation of antigen-specific T cells but it also induced CD4+CD25+ T cells with
regulatory properties (123). In another study Dhodapkar et al. reported that immunization of
healthy subjects with antigen-pulsed immature DCs led to the inhibition of antigen-specific
CD8+ T cell effector function and the appearance of antigen-specific IL-10 producing cells (122).
In contrast to the results with immature DCs, injection of mature DCs induced the rapid
expansion of antigen-specific and functional effector CD4+ and CD8+ T cells (124).

In

summary, the maturation of DCs through exposure to activating stimuli results in the
upregulation of MHC-peptide complexes and co-stimulatory and adhesion molecules and leads
to the acquisition of a powerful capacity to prime and stimulate T cell immunity.
In addition to signal 1 and 2, DCs are also known to provide a third signal (i.e. polarization
signal) to responder T cells that directs their functional polarization towards TH1 or TH2 cells
(125, 126). The presence or absence of IL-12p70 production is considered to be the major factor
responsible for the ability of stimulating DCs to drive this helper T cell polarization (125, 126).
The presence of IL-12 polarizes toward TH1, whereas its absence, polarizes toward TH2 (125,
126).

This is likely due to IL-12p70’s known capacity to serve as the most efficient

inducer/enhancer of IFN-γ production, which promotes the growth and differentiation of T helper
precursors into TH1 cells and antagonizes TH2 cell development (127). In mice, CD8α DCs, but
not CD8α− DC or pDC have been shown to be the major producers of bioactive IL-12p70 (84,
85). The in vivo administration of CD8α+ DCs (84) or their dramatic expansion in vivo by Flt3L treatment (128) has been shown to preferentially induce TH1-type immune responses. In
contrast, the in vivo administration of CD8α− DCs (84) or their selective expansion by
polyethylene glycol-modified GM-CSF (128) preferentially induces TH2-type immune
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responses. Consistent with the requirement for the presence of IL-12p70 in TH1 polarization, the
injection of CD8α+ DCs obtained from IL-12-competent but not IL-12-deficient mice induced a
polarized TH1 response when injected into wild-type animals (84).

Furthermore, the

administration of antigen-pulsed CD8α− DCs resulted in the development of TH1 polarized
immune response if recombinant IL-12p70 was co-administered (84). In humans, myeloid DCs
are the major producers of IL-12p70 and these APCs preferentially induce TH1 differentiation,
whereas pDC preferentially drive TH2 responses (129).

1.2.

DC Dysfunction in Cancer

Despite the expression of antigens by tumor cells that can potentially be recognized by T
lymphocytes that are capable of mediating their rejection, many murine and human tumors
continue to grow uncontrolled in the absence of discernable immune responses (130). In light of
the high efficiency of DCs to present exogenous and cell-associated antigens and prime T cells,
several studies have suggested that defects in full DC function in tumor-bearing mice and cancer
patients may contribute to the ability of tumors to escape from immune recognition by interfering
with DC-mediated presentation of tumor associated antigens to tumor-specific T cells (131-133).
Consistent with this view, Gabrilovich et al (131, 132) and others (134, 135) have shown that
when DCs were directly isolated from cancer patients or tumor-bearing mice and compared with
DCs from healthy controls for their ability to simulate peptide-specific CTLs or allogeneic T
cells, they exhibited a significantly reduced antigen presentation and T cell stimulation
capability. However, if T cells were isolated from the same cancer patients or tumor bearing
mice and stimulated with DCs isolated from normal controls, they mounted the same level of T
cell responses as normal control T cells (131, 132). Furthermore, several studies have reported
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that cancer patients and tumor-bearing mice have decreased numbers of mature DCs than normal
controls (131, 136-139). In tumor-bearing mice, the reduction in the number of mature DCs was
observed in the skin, lymph nodes, and spleen (131, 136, 137). In humans, patients with
squamous-cell carcinoma of the head and neck (HNSCC), breast cancer, and lung cancer patients
exhibited dramatically reduced numbers of DCs in their peripheral blood (138, 139). This
decrease was shown to be associated with the stage and duration of the disease, with the surgical
removal of tumors resulting in partial reversal of the observed deleterious effects (138). These
observations suggest that the growth of tumor in vivo might dramatically alter the number and
functionality of DCs in such a way as to shield the tumor from effective immune attack.
Due to the heterogeneity of malignancies, there are a variety of underlying mechanisms by
which tumors can induce DC dysfunction through the production of immunosuppressive factors.
One such mechanism is interference with the normal hematopoietic development of DCs. The
presence of vascular endothelial growth factor (VEGF)(140), IL-10 (141), macrophage colonystimulating factor (M-CSF) (142), gangliosides (143), and IL-6 (135)—all of which have been
shown to be secreted by tumors—dramatically reduce the number of murine or human DCs that
can be generated in vitro from progenitors or precursors isolated from bone marrow or the blood.
In addition, an inverse correlation has been reported between the expression of VEGF and the
density of DCs in gastric adenocarcinoma tissue and in connection decreased numbers of DCs
correlated with poor patient prognosis (144). A second mechanism of DC dysfunction in cancer
is the inhibition of the maturation of DCs. IL-10 and TGF-β (transforming growth factor β) are
two cytokines that have been implicated in down-regulating the expression of the B7 molecules
and thus reducing the ability of DCs to deliver co-stimulatory signals (Signal 2) necessary for
productive activation of T cell immunity (145). Shurin et al. have shown that tumor-derived IL-
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10 can further down-regulate CD40 expression on DCs and preventing them form receiving T
cell-derived maturation signal (146) as well as reducing their resistance to tumor-induced
apoptosis (147). A third mechanism associated with DC dysfunction in cancer appears to
involve interference with IL-12p70 production by DCs. DC stimulation with activation signals
that are known to induce IL-12p70 production, such as CD40 ligation, in the presence of IL-10
results in the lack of bioactive IL-12 production by DCs but can be abrogated by addition of
neutralizing anti-IL-10 antibody (146).

Furthermore, tumor-associated MUC1 glycoprotein

appears to mediate a similar effect by altering the balance of DC production of IL-12p70 and IL10 in favor of DCs expressing an IL-10highIL-12low phenotype (148). The absence of IL-12p70
production, in turn, results in the lack of TH1 lymphocyte priming (149) that is critical for control
of growth or eradication of tumors. A fourth mechanism of DC dysfunction in cancer is the
induction of apoptosis in DCs, leading to deficiencies in tumor associated antigen presentation
either within the tumor microenvironment or in the tissue-draining secondary lymphoid organs.
Gangliosides (150) and as yet unknown tumor-secreted factors (151) have been reported to
induce DC apoptosis.
Consistent with the negative impact the tumor environment can have on DCs, the analysis
of tumor-infiltrating DCs (TIDCs) in tumors in situ has generally revealed that they exhibit an
immature, non-activated DC phenotype. Typically, both rodent and human TIDCs are defective
in expressed or inducible B7 molecules and lack the ability to drive T cell proliferation and
differentiation (133, 152, 153). However, it appears that the effects of tumor-secreted
immunosuppressive factors are limited to immature DCs and that fully-matured DCs seem to be
resistant to these factors (141, 154). Allavena et al. reported that the addition of IL-10 at the
initiation of the culture of human monocytes promoted their irreversible differentiation into
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macrophages, but not into DCs (141). However, when added to already differentiated DCs, IL10 did not induce the differentiation of DC into macrophages (141). In addition, Beissert et al.
demonstrated that in vitro incubation of Langerhans cells in IL-10 before exposure to rGM-CSF
completely inhibited their antigen presentation capacity, whereas neither co-incubation of LC in
IL-10 and GM-CSF (without pre-incubation in IL-10) nor IL-10 treatment after GM-CSF
incubation affected antigen presentation (154). When evaluated for their ability to induce a
secondary immune response in vivo, only the LCs incubated in IL-10 before pulsing with tumorassociated antigen (TAA) significantly inhibited Type-1 delayed-type hypersensitivity responses
(154).
In addition to inducing DC dysfunction, tumors can also employ a variety of other
mechanisms to evade the immune response (155). One such mechanism is the loss/downregulation of MHC class I molecules or the loss/decrease of tumor antigen expression so that
CD8+ CTLs will not be able to recognize and attack the tumors (155, 156). This can result from
genetic alterations of genes encoding the heavy or light chain of the MHC class I molecule,
interference with the antigen processing pathway responsible for loading peptides on nascent
MHC class I molecules in the ER and transporting them to the cell surface, or mutation/loss of
genes that encode tumor antigens during tumor progression (155). However, the absence of
MHC class I expression on the surface of tumor cells can also be a disadvantage to tumors since
it can make them susceptible to NK cell attack because MHC class I molecules serve as ligands
for killer inhibitory receptors (KIRs) expressed by NK cells (157). Another mechanism of
immune evasion is the production of immunosuppressive cytokines, such as TGF-β and IL-10,
by tumors to block the expansion and/or effector function of tumor-specific T cells (155).
Tumors can also affect the effector function of T cells by altering the expression of signal
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transduction molecules within the T cells, including induction of a significant decrease in the
expression of CD3ζ chain or p56lck and p59fyn tyrosine kinases (155, 158). As a result, T cell
internal signaling can be disrupted and lead to decreased tyrosine phospohorylation, calcium
flux, and the translocation of nuclear transcription factors such as NF-kB into the nucleus to
activate various genes, including proliferation and cytokine genes (155, 158). Moreover, some
tumors may express Fas ligand on their cell surface and thus induce apoptosis in activated tumorinfiltrating T lymphocytes that express Fas (155, 159).

1.3.

Role of CD8+ T Cells in Anti-Tumor Immune Responses

CD8+ T cells or cytotoxic T lymphocytes (CTLs) are critical players in the cellular arm of
the adaptive immune response. They recognize short 8-10 amino acid long peptides presented
by MHC class I molecules through their TCR and the co-receptor glycoprotein CD8, which
specifically recognizes and binds to an invariant part of the MHC class I (but not MHC class II)
molecules (160). CTLs mediate their effector function by recognizing, attacking, and lysing
pathogen infected cells, as well as, malignant cells. In their pathogen control role, CTLs provide
protection against bacteria, viruses, and parasites that replicate in the cytoplasm of the host cell,
since these intracellular pathogens are not accessible to antibody-mediated destruction. CTLs
can distinguish cells infected by intracellular pathogens from normal uninfected, cells because
the pathogen’s foreign proteins are processed and presented on the infected cells surface along
with the host’s endogenous proteins (see section 1.1.5.1). In their anti-tumor role, CTLs have
been shown to recognize and lyse tumors and to mediate lesional regression in vivo. Even
though tumors express mainly “self” antigens, CTLs appear to preferentially target malignant
cells (but spare normal neighboring cells) based on molecular changes have been acquired during
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their transformation (130, 161).

Tumor-associated antigens that have been shown to be

recognized by CTLs include (130, 161): 1) Viral antigens: tumors induced by viruses may
express viral antigens and thus present foreign peptides at their cell surface. These antigens are
called tumor-specific antigens (TSA) since they are not present in non-tumor cells. For example,
cervical carcinomas express the antigens E6 and E7 that are derived from the inducing human
papilloma virus (HPV). 2) Caner/testis (CT) antigens: antigens expressed only in tumors with
the exception of normal male germ cells in the testis. These antigens are a result of the
reactivation of genes in tumors that are usually inactive in normal cells. The MAGE, GAGE,
BAGE, and NY-ESO-1 families of proteins are good examples of CT antigens. 3)
Differentiation antigens: represent antigens expressed in tumors from a unique cell type. Most
of the defined differentiation antigens are melanocyte differentiation antigens, such as MART-1,
tyrosinase, and gp100, expressed in nomal melanocytes and melanomas. 4) Widely-expressed
or overexpressed antigens: the genes encoding these antigens are widely expressed in a variety
of normal tissues and in many histologically unrelated tumors. Many of these antigens are
expressed in normal tissues at very low levels while they are overexpressed in tumor cells.
Examples of these antigens include wild type p53 and MUC1. 5) Tumor-specific antigens:
antigens that arise in tumor cells due to mutations of normal genes. Some mutations occur only
in a single tumor while other mutations occur in multiple tumors and may play a role in
carcinogenesis. Examples of these antigens include mutated p53 and H- and K-ras. 6) Fusion
proteins (161): antigens derived from proteins translated from the fusion of distant genes
resulting from chromosomal translocation involved in tumorogenesis. The bcr-abl fusion gene in
chronic myeloid leukemia (CML) is expressed as BCR-ABL fusion protein and is responsible for
both the induction and progression of CML.
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The capture and processing of the above described antigens by DCs is important in
generation of epitopes that can be cross-presented and be recognized by tumor-specific CTLs
(162). Effector CTLs generated in secondary lymphoid organs traffic to the tumor site and lyse
tumors cells via direct cell-to-cell contact based on the recognition of epitopes expressed on
tumors cells, which process endogenously expressed proteins through the MHC class I pathway
(163, 164). Once they come in contact with their antigen-bearing target cells, CTLs can utilize
at least two pathways to kill target cells by inducing them to undergo apoptosis: either the
granule exocytosis pathway or the Fas-mediated pathway (reviewed in(165)).

In the granule

exocytosis pathway, the CTL releases lytic granules that contain perforin, granzymes and
granulysin (only in humans) into the region of contact between the CTL and the target cell.
These cytotoxic granules and their components are synthesized and stored in the cytoplasm by
the CTL when it is activated to proliferate through TCR clustering due to specific-peptide
binding. When the CTL recognizes the target cell in the periphery, it directs the secretion of the
granules only at the antigen-bearing cell due to the reorientation of its cytoskeleton that causes it
to become polarized to the point of contact with the target cell. Upon release from lytic granules,
perforin monomers polymerize to form trans-membrane channels or pores on the target cell’s
plasma membrane. These pores allow the secreted granzymes, such as granzyme B, to enter the
target cell’s cytosol and initiate programmed cell death by cleaving and activating one or more
members of the caspase family of proteases. These activated caspases in the target cells then
cleave additional apoptotic substrates producing a proteolytic cascade that results in DNA
fragmentation and apoptosis. Once apoptosis is induced in a target cell, a single CTL can be
involved in the sequential killing of several other targets by detaching and reorienting its
granules to another region of cell-cell contact. The importance of perforin in CTL mediated anti-
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viral and anti-tumor immunity is highlighted by the absence of cytotoxic activity of CD8+ T
cells from perforin-deficient mice against virus infected cells or fibrosarcoma tumor cells in vitro
(166). In vivo, perforin-deficient mice were significantly more susceptible to the growth of
fibrosarcoma as evidenced by the growth of tumors even when mice were inoculated with doses
of tumor cells that are ten to a hundred times lower than that required to form progressive lesions
in normal mice (166). In tumors that down-regulate MHC class I molecules as a means of
evading immune surveillance, natural killer (NK) cells play a major role in controlling their
growth by employing a similar perforin/granzyme pathway and a death receptor pathway (157).
However, lytic granules in NK cells are pre-formed during their development and can be degranulated immediately upon target cell contact (157).
Even though the granule exocytosis pathway plays a major role in the cytotoxicity of CD8+
effector cells, CTLs also employ the perforin-independent pathway mediated by Fas ligation to
kill target cells (reviewed in (167)). Engagement of Fas expressed on a target cell with Fas
ligand (Fas-L) expressed by CTLs results in the induction of apoptosis in the target cell since Fas
contains what is known as “death domain” in its cytoplasmic tail.

Fas-L induced trimerization

of Fas leads to the recruitment of the adaptor protein FADD (Fas-associated protein with death
domain) that binds via its own death domain to the death domain in Fas. Via its death-effector
domain (DED), FADD then recruits the DED-containing procaspase-8. This results in the
proteolytic cleavage and activation pro-caspase-8 and its release into the cytoplasm. The active
caspase-8 then initiates a cascade of proteolytic cleavage and activation of other members of the
caspase family that carry out the DNA fragmentation and apoptosis process.
While target cell apoptosis plays a major role in CTL effector function, CTLs further
contribute to the immune response via the secretion of immunomodulatory cytokines, including
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IFN-γ, TNF-α, and TNF-β, upon recognition of antigen on target cells (168). IFN-γ is known to
up-regulate the cellular expression of MHC class I molecules and thus enhance antigen
presentation to CD8+ T cells (168, 169). This increases the chance that CTLs will be able to
recognize and attack pathogen infected or malignant cells as target cells during their surveillance
mission (168, 169).

IFN-γ also plays a direct role in inhibiting viral replication and in

activating macrophages (168). The cytokines TNF-α and TNF-β act synergistically with IFN-γ
to activate macrophages and kill target cells expressing TNFR-I (tumor necrosis factor receptorI) (168).

1.4.

Role of CD4+ TH1/TH2 Cells in Anti-Tumor Immune Responses

Most tumors express MHC class I molecules and have the capacity to present tumorderived peptides to CTLs. However, tumors generally fail to express co-stimulatory molecules,
such as B7.1 and B7.2, required for providing signal 2 for the activation of CTLs. Therefore, the
activation of tumor antigen-specific CTLs and their differentiation into effector cells is largely
dependent on DCs that indirectly present (i.e. cross-present) to them exogenous tumor-derived
antigens in conjunction with MHC class I and co-stimulatory molecules (63, 162). This crosspriming of CD8+ T cells by DCs has been demonstrated to require the active participation of
CD4+ T helper cells (99-101). Studies by several groups have shown that the CD4+ T cell
“help” for the initiation of DC-mediated CTL activation is provided via the interaction of CD40
molecules on DCs with CD40 Ligand expressed by activated CD4+ T cells (99-101). Further,
these studies demonstrated that in the absence of CD4+ T cells, the “help” required for CTL
priming could be substituted by engaging CD40 molecules on DCs using anti-CD40 antibodies
or soluble CD40L molecules (99-101).

This interaction between DCs and T cells is a
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bidirectional process and does not require the simultaneous presence of all three cells, i.e. DCs,
CD4+ and CD8+ T cells (99). DCs initially stimulate the antigen-specific CD4+ T cells by
presenting 13 to 23 amino acid long peptides through MHC class II molecules (99, 170). The
activation of CD4+ T cells results in the up-regulation of CD40 ligand (CD40-L) expression on
their cell surface and allows the CD4+ T cells to deliver activating signals back to the DCs (99,
170). The cross-linking of CD40 expressed on DCs by the interacting CD4+ T cell’s CD40-L
results in the “conditioning” of the DC to acquire powerful CTL stimulatory capability including
the up-regulation of co-stimulatory and adhesion molecules, the maintenance of high levels of
MHC-peptide complexes at the cell surface, and the production of significantly high levels of
bioactive interleukin IL-12p70 (95, 96, 99-101).
Depending on their activation condition, precursor CD4+ T helper cells can polarize toward
T helper 1 (TH1) or T helper 2 (TH2) cells that exhibit distinct profiles of cytokine production.
TH1 cells produce IL-2, IFN-γ and tumor necrosis factor-β ((TNF-β) and induce cell-mediated
immunity by activating macrophages or CTLs (reviewed in (171). Activated macrophages more
efficiently kill pathogens localized within their phagosomes while activated CTLs kill tumors or
pathogen infected cells. In contrast, TH2 cells produce IL-4, IL-5, IL-6, IL-10, and IL-13 and
induce humoral immunity by activating B cells. Activated B cells proliferate and differentiate
into plasma cells that secrete antibodies that are involved in mediating the immune response
against extracellular pathogens and parasites as well as in the development of allergic responses.
The exogenous cytokines that are present within the T cell priming microenvironment are critical
in determining the differentiation pathway that a naïve precursor CD4+ T cell will follow (125,
126, 172).

The cytokines IL-12p70 and IFN-γ are involved in inducing naïve T cell

differentiation into TH1 cells whereas IL-4 supports their development into TH2 cells (125, 126,
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172). Once naïve T cells have differentiated into TH1 or TH2 effector cells, they can negatively
regulate the opposing helper T cell’s development. That is, IFN-γ produced by TH1 cells inhibits
TH2 cellular proliferation, while TH1 development is blocked by IL-4 and IL-10 produced by TH2
cells (173).

Further, GATA-3—a transcription factor selectively expressed in TH2 cells—

regulates TH2 cytokine expression and shuts down TH1 development (174) while T-bet—a TH1specific transcription factor—controls the expression of IFN-γ in TH1 cells and represses the
opposing TH2 cell development (175).
CD4+ T cells are important players in efficient and long-lasting CTL mediated anti-tumor
immunity, even though most tumors do not express MHC class II molecules on their cell
surfaces and thus cannot be directly recognized by effector CD4+ T cells. The lack of anti-tumor
immunity in CD4+ T cell knockout or CD4+ T cell-depleted mice that are immunized with
tumor-specific vaccines is strong evidence that CD4+ T cells play a critical role in
mediating/supporting anti-tumor immunity.

For example, Dranoff et al showed that

immunization of a B16 melanoma tumor bearing mice with irradiated tumor cells expressing
murine granulocyte-macrophage colony-stimulating factor (GM-CSF) stimulated potent, longlasting, and specific anti-tumor immunity (176). However, the depletion of CD4+ T cells either
before, or after, vaccination abrogated the development of CD8+ T cell-dependent anti-tumor
systemic immunity (176). “Licensing” DCs that have taken up tumor-derived antigens to more
efficiently activate tumor-specific CTLs is suggested to be the major mechanism by which CD4+
T cells evoke effective anti-tumor immunity (177, 178). Consistent with this “licensing” role of
CD4+ T cells, Diehl et al. showed that systemic treatment with agonist anti-CD40 antibody
(mimicking CD40-L expressed on CD4+ T cells) in vivo converted a tolerogenic CTL-epitopebased peptide vaccine into a strong CTL priming and eradication of established tumors (177).
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Ossendorp et al. also reported that synergistic, long–term anti-tumor protective immune response
was induced against a MHC class II-negative tumor when mice were simultaneously vaccinated
with tumor-specific T helper and CTL epitopes (179). The involvement of CD4+ helper T cells
in CTL-mediated responses does not appear to be at just during the CTL priming phase but also
appears germane in the establishment of CTL memory (180). Once CD8+ T cells are primed to
expand and differentiate into effector cells and traffic to sites of inflammation and clear the
target antigen, many of them die via an apoptotic mechanism, while a few of them survive and
become part of the host’s antigen-specific memory pool (180). These memory T cells can
rapidly re-acquire effector functions to kill tumors or pathogen infected cells as well as secrete
cytokines that contribute to the overall effectiveness of the immune response (180). Consistent
with the importance of CD4+ T cell help in generating a functional CD8+ T cell memory pool,
Shedlock et al. demonstrated that memory CD8+ T cells generated in normal mice mounted a
normal effective recall response when transferred into CD4-knockout mice (181). On the
contrary, the recall response of memory CD8+ T cells generated in CD4-knockout mice and
adoptively-transferred into normal mice was significantly defective (181). Similarly, Sun et al.
found that even though mice lacking CD4+ T cells can generate CTL responses against Listeria
monocytogenes (via direct activation of APCs and bypassing CD4+ T cell-mediated help) and
clear the infection, the memory CTLs generated in the absence of CD4+ T cells were defective in
their ability to respond to secondary challenge with Listeria m. (182). Mechanistically, Janssen
et al. showed that T-cell help for secondary CTL expansion is “programmed” into CD8+ T cells
during the priming phase and the presence of CD4+ T helper cells is not required after priming
(183).
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Subsequently, cytokines produced by effector CD4+ T cells play important roles in
developing anti-tumor immune responses.

IL-2 released by activated CD4+ T cells is an

important cytokine for the recruitment and stimulation of CD8+ T cells. Fearon et al. have
shown that a poorly-immunogenic murine colon cancer, that was transfected to produce IL-2,
induced an anti-tumor response that protected mice from subsequent challenge with the parental
tumor (184). This anti-tumor response occurred, even in the absence of CD4+ T cells, indicating
that their helper role in the immune system can be bypassed by the administration of IL-2 (184).
The IFN-γ produced by TH1 CD4+ T cells is also critical for the development of anti-tumor
immunity and contributes to enhanced antigen processing and presentation in DCs and tumors
cells by up-regulating the expression of several molecules involved in the class I antigen
processing pathway, such as MHC class I molecules, proteasome subunits and TAP (169, 177).
Mumberg et al. have demonstrated that treatment of a MHC class II-negative tumor with antiIFN-γ antibody abrogated the CD4+ T cell-mediated rejection of tumor cells in vivo (185). This
anti-tumor response appears to occur through an indirect mechanism that depends on IFN-γ’s
effect on host but not tumor cells since tumors remain MHC class II negative even after
stimulation with IFN-γ (185). In general, a predominantly TH1-biased immune response by
effector cells appears to be important in controlling tumor growth or mediating regression.
Consistent with this paradigm, Tatsumi et al. reported that CD4+ T cell responses to peptides
derived from the TAA MAGE-6 are highly-skewed toward TH2-type responses without regard to
stage of disease (186). On the contrary, the responses in normal donors and disease-free cancer
patients were either mixed TH1/TH2 or strongly TH1-type responses (186).
Yet, in a few tumors, CD4+ T cells can mediate their anti-tumor function via other effector
pathways that do not involve CTLs (178, 187). Greenberg et al. demonstrated that the adoptive
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transfer of activated CD4+ T cell clones specific for FBL-3 murine leukemia resulted in the
induction of systemic anti-tumor immunity in adult thymectomized, irradiated, and T cell
depleted mice (187). Pardoll and Topalian suggest that this CTL-independent CD4+ T cell
mediated response may involve both tumor-specific TH1 (activating macrophages to release
reactive oxygen intermediates and nitric oxide) and TH2 (recruiting and activating eosinophils to
release toxic granule contents and free radicals) effector pathways that cooperate in tumor
destruction (178). Indeed, activated macrophages and eosinophils have been found to infiltrate
the site of tumor challenge in mice successfully treated with the adoptive transfer of CD4+ but
not CD8+ T cells (178).

1.5.

Role of CD4+ Regulatory T Cells (Tregs) in Anti-Tumor Immune Responses

1.5.1.

Initial Characterization

Compared to the critical helper function of effector CD4+ T cells in conferring CD8+ T
cell-mediated immunity, a small subset of CD4+ T cells known as regulatory T cells (Tregs) is
involved in a paradoxical role of significantly inhibiting or suppressing host immune responses
and inducing immune tolerance (188-190). These Tregs were first characterized as CD25+CD4+
T cells by Sakaguchi et al. based on the observation that the depletion of this subset of CD4+ T
cells leads to a variety of organ-specific autoimmune diseases such as thyroiditis, gastritis, and
insulitis (191). In Sakaguchi et al.’s experiment, when splenic or lymph node CD4+ T cells
isolated from BALB/c nu/+ mice were adoptively transferred into recipient BALB/c athymic
nude (nu/nu) mice, the mice did not develop autoimmune disease (192). In contrast, if the
CD25+ population was first depleted of CD4+ T cells (by treatment with specific mAb and
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complement before the adoptive transfer), all recipient athymic mice spontaneously developed
histologically and serologically evident organ-specific autoimmune diseases similar to those seen
in human organ-specific autoimmune diseases (191). However, the development of autoimmune
disease in CD4+CD25− T cells recipient mice was inhibited when they were reconstituted with
CD4+CD25+ cells suggesting that CD4+CD25+ T cells contribute to the maintenance of selftolerance by down-regulating immune responses directed at self antigens (192). Asano et al.
further confirmed the existence and function of Tregs when they reported that similar
autoimmune diseases evident in thymectomized neonatal mice were the consequence of a
developmental abnormality that reduces or eliminates the CD4+CD25+ T cell subpopulation
from the periphery, leading to the activation of autoreactive T cells primed before the
thymectomy (193). This thymectomy-induced autoimmune disease phenomenon was prevented
when the mice were reconstituted with CD4+CD25+ splenic cells isolated from normal mice
(193).

1.5.2.

Subsets

Tregs recognize self-antigen peptides in the context of MHC class II molecules as
evidenced by the inability of CD4+CD25+ T cells from MHC class II-deficient mice to suppress
responder CD4+ T cells both in vitro or in vivo (194). CD4+ Tregs can be grouped into two
general subpopulations: “naturally-occurring” or “constitutive” Tregs produced in the thymus
and “inducible” or “adaptive” Tregs (i.e. Tr1 and Th3) induced from naïve CD4+ T cells in the
periphery (188-190).
Naturally-occurring Tregs appear to arise in the thymus from the common double-positive
(CD4+CD8+) precursor pool and require the expression of MHC class II-self-peptide complexes
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on cortical thymic epithelium for their selection (194, 195). It has been suggested that since
thymocytes that express a low affinity TCR are not selected to become CD25+ T cells and since
high affinity self-reactive T cells are deleted by the thymus, the decision to commit to a Treg
lineage seems to result from the moderate affinity of the expressed TCR for self-peptide-MHC
class II molecules (195). That is, the TCR avidity that leads to Treg development appears to be
in a range between positive and negative selection (195). In addition, the expression level of the
self-antigen expression appears to be important in determining the level of CD4+CD25+
regulatory T cell formation (195, 196). Jordan et al. demonstrated that if transgenic mice
expressing a TCR specific for hemagglutinin (HA) (TS1 mice) were mated with transgenic mice
expressing HA under the control of a SV40 promoter (HA28 mice), TS1xHA28 mice contain the
same numbers of S1-specific CD4+ T cells as found in TS1 mice (195, 196). However, when
compared to the ~13% of HA-specific CD4+CD25+ Tregs present in TSA mice, ~50% of the
HA-specific CD4+ T cells in TS1xHA28 mice were CD25+ regulatory T cells (195, 196). Treg
development and expansion in vivo also appears to be dependent on the cytokine IL-2, since
mice that are IL-2Rα− (197), IL-2Rβ− (198), or IL-2− (199) deficient develop lethal
lymphoproliferation and autoimmune diseases and lack CD25+CD4+ Tregs (200). As expected,
Almeida et al. showed that the adoptive transfer of normal mice CD25+CD4+ T cells into RAG2-/- chimeras reconstituted with BM cells from IL-2Rα-deficient mice not only blocked the
development of lethal autoimmune disease, but it also stabilized the total number of T cells to a
level similar to that observed in control mice (200).

In addition, B7:CD28 (201) and

CD40:CD40L (202) interactions may play important roles in the homeostasis of CD4+CD25+
Tregs in vivo. Salomon et al. demonstrated that CD4+CD25+ Tregs are detected in markedlyreduced numbers in B7-1/B7-2-deficient and CD28-deficient NOD mice and their absence
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results in the exacerbation of spontaneous diabetes (201). Kumanogoh et al reported that the
CD25+CD45RBlowCD4+ subpopulation is markedly reduced in CD40-deficient mice and T cells
from CD40-deficient mice triggered autoimmune diseases (202).
In addition to the naturally occurring CD4+CD25+ Tregs, IL-10 secreting Tregs, known as
T regulator cell type 1 (Tr1), and TGF-β secreting Tregs, known as T helper 3 (TH3), may be
generated extrathymically and play an important role in the maintenance of peripheral tolerance
(188-190). As previously indicated, these “adaptive” CD4+ Tregs are generally characterized by
their unique cytokine production profile rather than by their expression of distinct cell surface
markers and it is currently not known how these cells are developmentally related to naturally
occurring Tregs (188-190).

Tr1 cells were first generated in vitro by Groux et al. by chronic

stimulation of naïve CD4+ T cells from ovalbumin (OVA) TCR transgenic mice with OVA
peptide and irradiated splenic APCs in the presence IL-10 (203). These Tr1 cells exhibited low
proliferative capacity, produced high levels of IL-10 (but low levels of IL-2 and no IL-4),
suppressed the proliferation of antigen-specific CD4+ T cells, and protected SCID mice from
colitis induced by pathogenic CD4+CD45RBhigh T cells (203). Similarly, human Tr1 cells can
be effectively generated from peripheral blood CD4+T cells after stimulation with allogeneic
monocytes in the presence of exogenous IL-10 (203). TH3 cells were first identified by Chen et
al. who observed that the development of experimental autoimmune encephalomyelitis (EAE)
was suppressed in SJL mice, which are susceptible to EAE after oral adminsitration of myelin
basic protein (MBP) (204). T cell clones isolated from the mesenteric lymph nodes of these SJL
mice produced high levels of TGF-β and variable levels of IL-4 and IL-10, but very low levels
of IFN-γ and IL-2 (204). When transferred in vivo, these TH3 clones cultured in vitro suppressed
EAE induced with MBP in a TGF-β−dependent manner since injection of anti-TFG-β antibody
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reversed their protective ability (204). Likewise, a significant increase in the frequencies of both
MBP and proteolipid protein-specific, TGF-β-secreting T cell lines were found in multiple
sclerosis patients treated with myelin (205). In a different series of experiments, Chen et al.
demonstrated that naive peripheral CD4+CD25−Foxp3− T cells can be converted into
anergic/suppressor cells that express Foxp3, CD25, CD45RB-/low, intracellular CTLA-4, and
membrane bound TGF-β by TCR stimulation in the presence of soluble TGF-β (206). When cotransferred with naïve responder CD4+ transgenic T cells, these TGF-β converted CD4+CD25−
T cells were capable of inhibiting the antigen-specific expansion of the transgenic T cells in vivo
(206).

1.5.3.

Phenotype of Treg Cells

In the periphery, naturally occurring regulatory T cells constitute 5-10% of CD4+ T cells in
both mice (191) and humans (207). Even though Tregs constitutively express the interleukin-2
receptor α (IL-2Rα) chain (i.e. CD25) on their cell surface, this does not represent an absolute
and specific marker for Tregs, since recently activated non-regulatory T effector cells can also
express CD25 (188-190). Likewise, other molecules that are constitutively expressed by Tregs
and which may serve as potential markers for identifying these cells are also commonly
associated with activated and/or memory cells (188-190). One of these molecules is CD45RB
that is expressed at very low levels on Tregs (208). Indeed, Powrie et al. reported that the
reconstitution of SCID mice with splenic CD45RBhighCD4+ T cells leads to the development of
colitis and a lethal wasting disease, while reconstitution with reciprocal CD45RBlow subset or
unfractionated CD4+ T cells did not (208). Most importantly, if CD45RBlowCD4+ T cells were
co-transferred with the CD45RBhighCD4+ T cells, the CD45RBlow cells inhibited the wasting
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disease and colitis (208). Another Treg-asscoiated molecule is cytotoxic T lymphocyte antigen-4
(CTLA-4 or CD152) that is reported to be expressed constitutively on Tregs and induced on
other T cells upon activation (209). Takahashi et al. reported that CTLA-4 expression is limited
to CD4+CD25+ T cells in normal mice and that in vivo blockade of CTLA-4 in normal mice
breaks natural self-tolerance and elicits chronic organ-specific autoimmune diseases (209).
Furthermore, in the presence of anti–CTLA-4 mAb in vitro, the ability of CD25+CD4+ T cells to
suppress antigen-specific and polyclonal T cell activation and proliferation is abrogated (209).
Glucocorticoid-induced TNF receptor family-related gene (GITR) is another marker that is
detectable at very low levels on resting CD4+CD25− T cells, but is expressed at high levels on
the cell surface of non-activated CD4+CD25+ and activated CD4+CD25− T cells (210, 211).
Shimizu et al. demonstrated that when added to a culture of CD25+CD4+ T cells and
CD25−CD4+ T cells in vitro, the agonist anti-GITR mAb (DTA-1) was able to abrogate the
suppression mediated by splenic or thymocytes CD25+CD4+ T cells (210).

The adoptive

transfer of GITRhigh-depleted splenocytes (by treating with DTA-1 and complement) from
BALB/c nu/+ mice to BALB/c nu/nu mice led to the development of autoimmune gastritis in
recipient mice, with disease severity comparable to that observed in mice reconstituted with
CD25-depleted splenocytes (210). Likewise, in vivo administration of DTA-1 mAb induced
autoimmune gastritis in normal BALB/c mice without the in vivo depletion of CD4+CD25+ T
cells that constitutively express the GITR (210).
Yet another marker that appears to be differentially expressed by Tregs and which might
play an important role in regulating the suppressive capabilities of this cell population is the
inducible costimulator (ICOS) moelcule, which is up-regulated on activated T cells and also
found on memory T cells (212). Analysis of low, medium, or high expressors of ICOS from
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secondary lymphoid organs of untreated mice indicates that ICOShigh T cells preferentially
secrete IL-10, ICOSmedium T cells preferentially secrete IL-4, IL-5, and IL-13, and ICOSlow T
cells preferentially secrete IL-2, IL-3, IL-6, and IFN-γ (213). In cases of autoimmunity, ICOS
has been reported to be expressed on CD4+CD25+ T cells localized in the target organ and this
seems essential for delivering signals to Tregs that sustain their function and create an antiinflammatory environment (212). For instance, Herman et al. have reported that CD4+CD25+
cells in the pancreatic tissue of pre-insulitic mice express significantly higher levels of ICOS and
IL-10 transcripts than the homologous cells in the draining lymph nodes (212). Indeed, they
observed that the in vivo blockade of ICOS using anti-ICOS mAb treatment led to a rapid
progression from early insulitis to diabetes by shifting the balance between effector and
regulatory T cells toward effector T cells (212). Further, Greve et al. have demonstrated that
diabetes-resistant Idd5.1 congenic mice developed more severe EAE when compared with NOD
mice and this correlated with higher expression of ICOS and IL-10 production by activated NOD
T cells compared with Idd5.1-derived T cells (214). Likewise, Dong et al. observed that ICOSdeficient mice are extremely sensitive to experimental allergic encephalomyelitis (EAE) when
compared with wild-type mice, even on a genetically-resistant background (215). It has been
suggested that the IL-10 stimulating role of ICOS appears to represent an important factor
involved in regulating Treg function and the induction of T cell tolerance in autoimmunity (213).
Consistent with this hypothesis, Akbari et al. showed that the induction of Treg development by
mature pulmonary DCs isolated from the bronchial lymph nodes of mice exposed to respiratory
allergen required T-cell costimulation via the ICOS−ICOSL pathway (115).
Furthermore, various investigators have reported the variable but constitutive expression of
one or more of the following molecules on natural Tregs: CD62L (L-selectin), CD134 (OX-40),
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CD103 (αε integrin), Neuropilin-1—a receptor involved in axon guidance, angiogenesis, and the
activation of T cells—as well as, the chemokine receptors CCR2 (in mice), CCR4 and CCR8 (in
humans) (211, 216-218).
While no cell surface marker has been identified that uniquely identifies the Treg subset,
the recently-defined intracellular transcription factor Foxp3 appears crucial to Treg development
and function (219-221).

Foxp3 (fork-head box P3) is a member of the diverse winged helix-

forkhead family of transcriptional regulators and has been shown to serve as a master switch in
Treg differentiation and function (219-221). In humans, mutations in the gene encoding Foxp3
leads to a multi-sytem autoimmune disorder known as IPEX (immune dysregulation,
polyendocrinopathy, enteropathy, X-linked inheritance) characterized by symptoms such as
lymphadenopathy, thyroiditis, and early-onset insulin dependent diabetes mellitus (222). Similar
lethal autoimmune disease is observed in scurfy mutant mice (X-linked frameshift mutation in
the gene encoding Foxp3) and in Foxp3-defecient mice and was demonstrated to result from a
deficiency of suppressive function in CD4+CD25+ Tregs, but not from a cell-intrinsic defect in
CD4+CD25− T cells (219, 223). Consistently, the development of autoimmune diseases has
been shown to be inhibited upon the adoptive transfer of CD4+CD25+ but not CD4+CD25− T
cells isolated from normal mice into the Foxp3-deficient mice (219). Fontenot et al. further
demonstrated the requirement of

Foxp3 in Treg development by analyzing the origin of

CD4+CD25+ Tregs in chimeric mice containing bone marrow (BM) from congenic Ly5.1+ mice
mixed at 1:1 ratio with BM from either Foxp3 or Foxp3+ mice (219). They determined that the
CD4+CD25+ Treg population in the Ly5.1+ and Foxp3− chimeras was solely of Ly5.1+ origin,
both in the thymus and lymph nodes, indicating that Foxp3-defecient bone marrow cannot give
rise to Tregs (219). In contrast, in Ly5.1+ and Foxp3+ chimeras, the CD4+CD25+ Tregs were
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equally derived from both Ly5.1+ and Foxp3+ BMs indicating that Foxp3 expression is required
for the development of Tregs (219).
High level expression of Foxp3 both at the mRNA and protein level is detected in
CD4+CD25+ Treg, but not in naïve or newly-activated CD4+CD25− T cells (219-221).
Recently, using mice expressing a GFP-Foxp3 fusion-protein reporter knockin allele (Foxp3gfp
mice), Fontenot et al. demonstrated that Foxp3 expression in vivo is restricted to

T cells only

and that almost all of Foxp3 expressing T cells are CD4+ T cells (~98.52%), with only very
minor expression in a subpopulation of CD8+ (~1.7%), CD4+CD8+ (~0.92%) and CD4CD8 T
cells (~0.74%) (224).

Furthermore, consistent with the higher magnitude of autoimmune

disorder associated with Foxp3 genetic deficiency compared to that caused by CD25+ T cell
depletion, it was shown that regardless of the degree of CD25 expression on the surface of T
cells, the expression of Foxp3 is correlated with suppressor cell activity (224). Consistent with
its role as a Treg specification factor, ectopic expression of Foxp3 in vitro conferred suppressor
function on peripheral CD4+CD25− T cells, permitting them to protect mice from autoimmune
disease upon adoptive transfer (219, 220). Moreover, transgenic mice that overexpress Foxp3
have significantly increased percentages of CD4+CD25+ Tregs (7−10% in normal mice versus
15−20% in Foxp3 transgenic mice lymph nodes) and CD4+CD25− and CD4−CD8+ T cells from
these mice were highly-capable of mediating suppressive activity (221).

1.5.4.

Mechanisms of Treg-mediated immune suppression

CD4+ Tregs can exert their suppressive function by inhibiting the proliferation of, and
cytokine production by, both naïve and effector CD4+ and CD8+ T cells (188-190). In order to
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become suppressive, Tregs require antigen-specific activation or polyclonal TCR stimulation
(225, 226). Interestingly, CD4+CD25+ Tregs exhibit an anergic phenotype in vitro in that they
do not undergo cellular proliferation or produce IL-2 when they are cultured with stimuli, such as
anti-CD3, concanavlin A (ConA), or allogeneic splenic APCs, that are known to provide
powerful activation signals to conventional T cells even when a costimulatory signal is delivered
by anti-CD28 (225, 226). It has been suggested that the basis for this anergic state is the lack of
IL-2 gene transcription in CD4+CD25+ Tregs (227). Consistent with this view, Thronton et al.
demonstrated that the presence of IL-2 or IL-4 is required in addition to a TCR stimulus in order
to generate a strong Treg suppressor activity (228). In their experiments, CD4+CD25+ T cells
exhibited poor survival and minimal induction of suppressor activity when stimulated with antiCD3 antibody alone (228).

However, stimulation of CD4+CD25+ T cells with anti-CD3

antibody in the presence of high-dose IL-2 or IL-4, but not IL-6, IL-7, IL-9, IL-10 or IL-15,
resulted in the proliferation of the CD25+ cells and the induction of potent suppressor function
(228). Even though the nature of the costimulatory signals required for CD4+CD25+ function
remains unknown, Takahashi et al. reported that co-stimulation via CD28 does not appear to be
required in this process, since CD28-deficient CD25+CD4+ T cells exhibit suppressive activity
that is comparable to Tregs isolated from wild-type animals (209). Likewise, Thornton et al.
have shown that anti-CD3 and IL-2 mediated activation of Tregs occurs even when the
interaction of CD28 or CTLA-4 with CD80/CD86 is inhibited, suggesting that CD28/CTLA-4mediated co-stimulation is not required for Treg activation (228). However, the role of CTLA-4
co-stimulation in the induction of Treg suppressor function remains controversial, since
Takahashi et al. reported that the inhibition of proliferation seen in co-cultures of CD4+CD25+
and CD4+CD25− T cells is abrogated in the presence of intact anti-CTLA-4 mAb or its Fab
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fragment (209). On the contrary, CTLA4-deficient CD4+CD25+ Tregs have been shown to
exhibit some degree of suppressive activity in vitro (209). In cases of antigen-specific activation
of CD4+CD25+ Tregs, it appears that the concentration of antigen required for their induction of
suppressive activity is significantly lower (10 to 100-fold) than that required for stimulating
CD4+CD25− T cells (209). Once activated, Tregs suppress CD4+CD25− and CD8+ T cells in
an antigen non-specific manner, that does not require additional stimulation via their TCR (225,
229)
The exact mechanism(s) by which Tregs mediate their suppressive function is still
unknown. However, it appears that depending on the experimental model system and the subset
of the CD4+ regulatory T cell being examined, Tregs may exert their suppression through cellto-cell contact, the production of immunosuppressive cytokines, such as IL-10 and TGF-β, or a
complex coordination of both (188-190). In vitro, CD4+CD25+ Treg suppression seems to be
dependent on direct cell-to-cell contact, but not on immunosuppressive cytokine secretion (225,
226). Both Thornton et al. and Takahashi et al. demonstrated that the physical separation of a
co-culture of CD4+CD25+ Tregs and CD4+CD25− responder T cells in a transwell system
prevented Tregs from suppressing the proliferation of TCR-stimulated responder T cells, even
when 10-fold higher CD4+CD25+ Tregs were used in the experiments (225, 226). The addition
of neutralizing anti-IL-4, anti-IL-10, or anti-TGF-β mAb alone, or in combination, to co-cultures
of CD4+CD25+ Tregs and CD4+CD25− responder T cells failed to abrogate the suppressive
effects of Tregs (225, 226).

Moreover, supernatants of anti-CD3 or ConA stimulated

CD4+CD25+ Tregs did not exhibit any suppressive activity when added to cultures of anti-CD3
stimulated CD4+CD25− T cells (225).

Cell contact-dependent suppression of T cell

proliferation by Tregs appears to result from the inhibition of the production of IL-2 and the
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upregulation of the IL-2 receptor in responder CD4+CD25− T cells (225, 226). Consistent with
this view, the addition of high-doses of exogenous IL-2 or anti-CD28 mAb (to stimulate
responder CD4+CD25−T cells to produce IL-2) to co-cultures of CD4+CD25+ Tregs and
CD4+CD25− responder T cells abrogated Treg suppressive activity and terminated the Treg
anergic state (225, 226). The cell surface molecules that are involved in such cell contactdependent suppression have not been conclusively demonstrated to date. It has been suggested
that in addition to CTLA-4, that GITR expressed by Tregs may also be involved in this
mechanism of suppression (209-211, 230). Shimizu et al. and McHugh et al. showed that the
addition of anti-GITR antibody (DTA-1) abrogated the suppression observed in co-cultures of
CD4+CD25+ Tregs and CD4+CD25− responder T cells without breaking the anergic state of the
CD25+CD4+ T cells (231). Accordingly, Shimizu et al. suggested that since the DTA-1 Fab
fragment was unable to abrogate suppression, and both soluble and plate-bound DTA-1 upregulated NF- B transcription in GITR expressing cells, that the DTA-1 mAb acts agonistically
to actively transduce an anti-suppressive signal into CD25+CD4+ T cells (231). Conversely,
Stephens et al. suggested that the mechanism by which GITR blockade abrogates suppression is
by rendering activated CD25−GITR+ T cells resistant to CD25+CD4+ Treg-mediated
suppression (232). This latter suggestion is based on the observation that upon the addition of
anti-GITR antibody, an increase in T cell proliferation similar to that seen in the presence of
CD4+CD25+ GITR+/+ Tregs is evident, even when CD4+CD25–GITR+/+ T cells were cocultured with CD4+CD25+GITR–/– T cells (232). Similarly, no abrogation of suppression was
observed in co-cultures of CD4+CD25–GITR–/– and CD4+CD25+GITR+/+ T cells when antiGITR antibody was added (232). Even though Thornton et al. had shown that CD4+CD25+ T
cells do not directly regulate DC function (229), others have proposed that the contact-dependent
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suppression by Tregs in vivo is mediated indirectly via modification of DCs (225, 233-236).
Grohmann et al. reported that CTLA-4-Ig (CTLA4-Ig Fc fusion protein) regulates tryptophan
catabolism in dendritic cells and requires B7 expression and autocrine IFN-γ production by the
DCs (233) and Fallarino et al. showed that CD4+CD25+ cells induced tryptophan catabolism in
DCs cells through a CTLA-4-dependent mechanism (234).

Subsequently, Munn et al.

demonstrated that the activation of indoleamine 2,3-dioxygenase (IDO) to its functional state
requires ligation of B7-1/B7-2 molecules on the DCs by CTLA4/CD28 expressed on CD4+ T
cells, but not CD8+ T cells (235). IDO is an enzyme that catabolizes the essential amino acid
tryptophan to kynurenine and other metabolites and allows the DCs that express the active form
of this enzyme to inhibit both CD4+ and CD8+ T cell proliferation via tryptophan depletion
and/or apoptosis induction by tryptophan’s pro-apoptotic metabolites (235). Cederbom et al.
have suggested that CD4+CD25+ Tregs can further mediate their suppression via DCs by
interfering with their antigen presentation capacity and, as a result, the activation of naïve T cells
(236). This was based on the observation that co-culture of DCs with CD4+CD25+ T cells
down-regulates surface expression of the co-stimulatory molecules CD80 and CD86 on the DCs,
which occurs even in the presence of the DC activating anti-CD40 antibody, in a contactdependent but soluble factor-independent manner (236). In addition to the above described
active participation of DCs in Treg suppression, it appears that DCs may play only a passive role
in some cases where Treg suppression mechanisms are evident, since CD4+CD25+ Tregs can
suppress co-cultured CD4+C25− T cells even when the DCs are fixed with paraformaldehyde
(i.e. they are metabolically inactive) (225, 236).
Despite what appears to involve a cell contact-dependent mechanism of suppression in
vitro, Tregs seem to mainly employ cytokine-dependent mechanisms for exerting their
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suppression in vivo, with IL-10 and TGF-β reported to be the two major cytokines that contribute
to their suppressive actitivy (237-241). For example, Asseman et al. reported that the abrogation
of the development of colitis in CD45RBhighCD4+ T cells reconstituted SCID mice by cotransfer of the CD45RBlowCD4+ T cells can be reversed by the in vivo administration of antiTGF-β or anti-IL-10 receptor mAbs (237). Asseman et al. further showed that CD45RBlowCD4+
T cells isolated from IL-10-deficient mice were not able to protect mice from colitis induced by
the pathogenic CD45RBhighCD4+ T cells, and when they were transferred alone, they themselves
induced colitis in the SCID mice (237). Likewise, Kuhn et al. and Berg et al. reported that even
though IL-10-deficient mice exhibit similar numbers of CD45RBlowCD4+ T cells as wild-type
mice, they spontaneously develop enterocolitis and colon cancer that can be prevented in
weanlings and ameliorated in adults by treatment with IL-10 (238, 239). In vitro, cross-linking
of murine CTLA-4 has been reported to induce TGF-β production by CD4+ T cells and when
CTLA-4 was cross-linked in T cells from TGF-β1-defecient mice, their ability to suppress the
proliferation of responder cells is significantly reduced (242). Similar to results abotained for IL10, the in vivo administration of anti- TGF-β1 mAb abrogated the colitis-protective effects of
transferred CD45RBlowCD4+ T cells in CD45RBhighCD4+ T cell reconstituted SCID mice (240).
In addition, even though CD4+CD25+ T cells from TGF-β1-deficient mice can suppress T cell
proliferation in vitro to the same extent as those cells from wild-type mice, CD4+CD25+ T cells
harvested from TGF-β1-deficient mice do not protect Rag-2 knockout recipients of
CD4+CD45RBhigh T cells from developing colitis (241). Despite equivocal reports, TGF-β1 may
also be involved in contact-dependent mechanism(s) of suppression mediated by Tregs (243).
As described earlier, Takahashi et al. and Thornton et al. reported that anti-TGF-β antibody does
not abrogate Treg-mediated suppression in vitro (225, 226).
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In contrast, Nakamura et al.

reported that CD4+CD25+ T cells activated by anti-CD3 Ab and APCs can mediate in vitro
suppression that is abrogated by anti-TGF-β antibody or by physical separation of the Tregs and
the responder cells in transwells (241). They showed that when stimulated by soluble anti-CD3
and APCs, Tregs produce low amounts of soluble TGF-β1, but mainly express surface-bound
TGF-β1, whereas they also produce high-levels of soluble TGF-β1 after optimal stimulation
with either plate-bound anti-CD3 and soluble anti-CD28 or plate-bound anti-CD3, IL-2 and anti–
CTLA-4 (243). Therefore, it has been suggested that contact-dependent suppression mediated by
Tregs occurs through surface bound latent TGF-β1 that becomes active when it binds to one or
more activating proteins (such as thrombospondin-1/αvβ6 integrin) on the surface of responder
CD4+CD25− T cells and requires high-dose, high-affinity anti-TGF-β1antibody to neutralize its
effect (243).

Yet, Barthlott et al. have proposed that competition for shared resources,

independent of specificity, or effector function can serve as one possible mechanism underlying
T cell regulation in vivo (244). This is based on the observation that monoclonal TCR transgenic
T cells that do not possess Treg phenotype or function were able to abrogate wasting disease
induced after transfer of a small number of naive CD45RBhighCD4+ T cells into RAG knockout
mice (244). They demonstrated that the co-transferred transgenic T cells’ ability to regulate the
pathogenic CD45RBhighCD4+ T cells was directly correlated with high homeostatic expansion
potential resulting from a higher avidity for self-peptide-MHC complexes (244). The regulation
of the persistence of Leishmania major in the skin after healing in resistant C57BL/6 mice by
CD4+CD25+ Tregs may represent one example of this mechanism (245). During the stage of
lesion formation and immune clearance of parasites from the dermis, it has been observed that
the ratio of Tregs-to-effector T cells decreases, not due to a decrease in the absolute number of
Tregs, but due almost entirely to the expansion and recruitment of effector T cells into the
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affected sites (245). In contrast, at the onset of the chronic phase of disease, the ratio of Tregsto-effector T cells increases significantly resulting in the suppression of effector cells that leads
to the establishment of chronic disease (245).

1.5.5.

Role of Treg cells in tumor immunity

The role of Tregs in regulating the immune system is not limited to self-tolerance and
autoimmune diseases. They have also been implicated in negative control of other immune
responses in vivo including graft-versus-host disease (GVHD), viral and bacterial infections,
allergy, and tumor immunity (231, 245-249).

Before the characterization of Tregs as

CD4+CD25+ T cells by Sakaguchi et al., the observation that immunogenic tumors grow
progressively in their immunocompetent hosts led some investigators to propose that tumor
growth favors the generation of suppressor cells that block the anti-tumor immune response
initially generated by the host (250). This proposal appeared to be more relevant in cases of
concomitant tumor immunity in which hosts bearing a progressive tumor completely inhibited
the growth of the same tumor inoculated at a distant site (250). Once tumors grew progressively,
reaching a certain critical size, however, even concomitant tumor immunity deteriorated rapidly
(250). Consistent with this proposal, Berendt and North demonstrated that the adoptive transfer
of sensitized T cells from immune hosts leads to the complete rejection of large established
tumors only when the tumors were growing in thymectomized T cell-deficient recipient mice,
but not in normal recipient mice (250). In addition, complete tumor rejection observed in the T
cell deficient mice could be abrogated if splenic T cells isolated from donors with established
tumors, but not from normal donors, were transferred before the tumor-specific T cells were
administered, suggesting a T cell-mediated suppression of the ongoing anti-tumor immune
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response (250). It was further shown that by eliminating tumor-induced suppressor T cells using
cyclophosphamide treatment or sub-lethal whole-body gamma-irradiation of donors with
established tumors—before collecting their splenic T cells for adoptive transfer—, complete
restoration of anti-tumor immunity mediated by passively transferred immune T cells can occur
(251, 252). Moreover, the suppressive splenic T cells were identified as CD4+ T cells based on
anti-L3T4 (i.e. anti-CD4) antibody depletion or anti-mitotic drug (i.e. vinblastine) treatment
studies that selectively eliminated cycling CD4+ T cells (but not non-cycling CD8+ T cells) and
resulted in CD8+ T cell mediated regression of an advanced lymphoma (253, 254).
Once Tregs in vivo were identified as CD4+CD25+ T cells, Shimizu et al. demonstrated
that athymic nude mice that had received syngeneic splenic cells depleted of CD25+ cells at the
same time as transplantation with radiation leukemia cells, exhibited tumor growth for a short
while, but these lesions ultimately regressed and the animals were protected against a secondary
challenge with a higher dose of the same tumor (231). In contrast, all the athymic nude mice that
received whole spleen cells or a 3- -to-1 mixture of CD25− cells and CD4+ T cells (of which
10% are CD25+) died as a result of tumor progression (231). In the in vitro setting, Shimizu et
al. further showed that elimination of CD25+ cells from normal, tumor-unsensitized mice
splenocytes resulted in the expansion of tumor-specific CD8+ T cells (after stimulated with
leukemia cells) and tumor-nonspecific NK-like killer cells (when stimulated with or without
leukemia cells), suggesting that the removal of Tregs enhances NK cell activity in addition to
sensitizing tumor-specific CD8+ CTLs (231). Depending on the immunogenecity of the tumor,
the in vivo depletion of CD25+ T cells by the administration of anti-CD25 antibody before, or no
later than a day after, tumor inoculation has also been shown to result in the in vivo regression of
immunogenic tumors (such as radiation leukemia cells, Meth A, myeloma) or in the significant
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suppression of weakly/poorly immunogenic tumor (such as B16 melanoma or MCA205
fibrosarcoma) growth, thereby allowing longer survival periods without eradicating the tumors
(231, 249, 255). Subsequently, Sutmuller et al. reported that blockade of CTLA-4 expressed by
Tregs or depletion of CD25+ Tregs equally enhanced the therapeutic efficacy of a B16-GM-CSF
tumor cell vaccine directed against the B16 melanoma (256). However, increased frequencies of
CTLs specific for the melanocyte/melanoma differentiation antigen TRP-2 and maximal tumor
rejection was observed when CTLA-4 blockade was combined with the depletion of CD25+
Treg cells, suggesting that CTLA-4 blockade and CD25+ T cell depletion affect alternative
regulatory mechanisms (256).
Not surprisingly, increased numbers of CD4+CD25+ Tregs have been detected in the
peripheral blood, tumor tissue, and/or tumor draining lymph nodes of patients with diverse forms
pf cancer, including: patients with early-stage non-small cell lung cancer (257), late-stage
ovarian cancer (257, 258), pancreas (259), breast adenocarcinoma (259), hepatocellular
carcinoma (260), gastric (261) and esophageal (261) cancers. These CD4+CD25+ Tregs have
been shown to constitutively co-expressed CTLA-4, CD45RO, and/or GITR markers and/or to
secrete the immunosuppressive cytokines IL-10, TGF-β or both (259-262).

Furthermore,

CD4+CD25+ Tregs isolated from cancer patients significantly suppressed the proliferation of
CD4+CD25− cells or IFN-γ secretion of antigen-specific CD8+ T cells in a dose-dependent
manner (259-262). Wolf et al. additionally reported that pre-incubation of CD56+ NK cells with
CD4+CD25+ T cells from cancer patients significantly reduced the ability of the NK cells to lyse
target cells whereas pre-incubation with CD4+CD25− T cells resulted in only a slight decreased
such activity, suggesting that Tregs from cancer patients can be effective inhibitors of NK cellmediated anti-tumor responses (262).
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Consistent with a possible negative contribution to anti-tumor immune responses, Curiel
et al. reported higher frequencies of CD4+CD25+Foxp3+ Tregs in malignant ovarian carcinoma,
that were correlated with a higher risk of death and significantly reduced survival, even after
controlling for stage, surgical removal and other factors known to affect survival (258). For
example, they found that patients with tumor Treg counts of 346 or more per ten high-powered
microscopic field (HPF) experienced a 25.1-fold higher risk of death and a 4.2-fold reduction in
survival compared to those patients with tumor Treg counts of 131 or less per ten HPF (258).
For instance, CD4+CD25+ T cells were undetectable in normal ovarian tissues and only a very
few CD4+CD25+ T cells were found in nonmalignant ascites/tumors, whereas CD4+CD25+ T
cells were found to be enriched in the ascites/tumors of patients with stage III and stage IV
tumors when compared with their blood (258). It appears that human Tregs in later ovarian
cancer stages rarely enter the draining lymph nodes and are preferentially recruited to, and
accumulate at, tumor sites in order to create an anti-inflammatory environment that affords
protection from immune attack (258). The observation that malignant ascites induced significant
migration and transmigration of Tregs in vitro lead Curiel et al. to investigate how these Tregs
are preferentially recruited into the malignant tumor (258). They found out that tumor cells and
tumor-infiltrating macrophages produced the chemokine CCL22 and anti-CCL22 antibody
blocked ascites-induced or recombinant CCL22-mediated Treg chemotaxis in vitro and reduced
in vivo trafficking of human Tregs into human ovarian tumors reconstituted in NOD/SCID mice
(258). Consistently, all tumor Tregs were found to express CCR4, which is a chemokine
receptor for CCL22 and CCL17 (258). As a result, Curiel et al. propose that human tumorassociated Tregs are recruited to the tumor site by the chemokine CCL22 produced by ovarian
tumor cells and tumor-infiltrating macrophages through the CCR4 chemokine receptor (258).
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1.6.

DC-Based Immunotherapy for Cancer

Based on their potent antigen presentation and T cell stimulation capability, DCs have been
widely targeted for use in immunotherapy to enhance the immune system’s ability to recognize
and eliminate tumors. The potential of DCs to present peptides in the context of both MHC class
I and II molecules and activate both the CD4+ T helper cell and CD8+ CTL arm of the adaptive
immune system has provided an additional reason for using these cells to optimize the
therapeutic outcome of immunization against tumor antigens. Generally, the set ups for DC
based therapies have involved generating DCs in vitro, loading them with tumor antigens, and
administering them to the patient/animal, and monitoring the tumor-specific immune response
and its effect on tumor growth (263). The ability to generate large numbers of DCs in vitro from
peripheral blood mononuclear cells and bone marrow cells by culture in cytokines such as GMCSF, IL-4, and TNF-α has helped significantly in allowing their manipulation and use in
sufficient numbers. Several approaches have been used to pulse DCs with tumor antigens by
incubating them with the following sources: 1) irradiated/apoptotic tumor cells, 2) tumor lysates,
3) whole proteins of tumor-associated antigens, 5) peptides eluted from tumor cells or
synthesized based on algorithms for MHC binding motif, 6) tumor RNA, 7) tumor DNA, 8)
tumor-derived exosomes, 9) viral vectors, such as adenovirus, containing cDNA encoding tumorassociated antigens (263). In addition, DCs can be transfected with cytokine genes, such as IL12p70, or matured with activation stimuli, such as CpG motifs, to enhance their antigen
presentation and T cell priming potential (59, 264, 265 ). Several animal studies have reported
the successful use of in vitro generated and tumor-antigen pulsed/cytokine modified DCs to
induce or enhance the anti-tumor response and/or cause complete regression of tumors (59, 60,
266-272). The DC induced anti-tumor immune response appears to be primarily cell-mediated
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since sub-lethally irradiated naive mice can be efficiently protected against a subsequent tumor
challenge by transferring spleen cells, but not sera, from immunized mice (266). Consistently, a
marked upregulation of IFN-γ production has been detected in the draining lymph nodes and
spleens of tumor-bearing mice immunized with tumor-antigen pulsed DCs compared with mice
immunized with DCs alone or DCs pulsed with tumor-irrelevant antigens (59, 266). Moreover,
the protective or therapeutic efficacy of tumor antigen pulsed DCs is significantly hampered by
the depletion of either CD4+ or CD8+ T cells from tumor-bearing mice before the application of
the therapy (59, 266, 268, 270). Immunization with tumor antigen pulsed DCs has also been
shown to have the additional benefit of inducing a protective anti-tumor memory response, in
that, those mice that have rejected their tumors were able to inhibit tumor growth when rechallenged with the same tumor (59, 266, 268, 270).
Even though tumor antigen pulsed DC-based vaccines have shown some degree of efficacy
in animal models, the efficacy of these treatments in human clinical trials as cancer therapies has
been very limited (273). Several studies have demonstrated that it is indeed possible to generate
tumor-specific T cells in vaccinated patients in vivo as detected by sensitive techniques such as
tetramer staining or ELISPOT (273). For example, patients treated with DCs loaded with a
cocktail of peptides derived from melanoma antigens (such as MelanA/MART-1, tyrosinase,
MAGE-3, and gp100) or tumor lysates have exhibited augmented levels of melanoma-specific
CD4+ and CD8+ T in their peripheral blood T cell pool (274-276). Further, the success of DCbased vaccines has been clearly evident in a few patients that developed the autoimmune disease
vitiligo as a side-effect of the activation of melanoma-specific CTLs that cross-reacted with
antigens expressed by normal melanocytes (276).

However, in many clinical trials, the

achievement of clinical responses in terms of tumor regressions and prolonged disease free status
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has been, and remains a significant challenge (273). When taking an aggregate look at several
clinical trials, it appears that vaccination of melanoma patients with DCs pulsed with melanoma
antigens has resulted in a better clinical response rate (9.5% regression) than immunization with
other sources of vaccines such as peptide vaccines, viral vectors, and tumor cells (less than 4.6%
regression) (277). Therefore, additional studies are warranted not only to better harness the great
potential of DCs as antigen presenting cells, but also to maintain the anti-tumor responses
generated by them.
Another DC-based approach that has been employed to generate enhanced anti-tumor
immunity is the generation of DCs in vivo in tumor-bearing hosts by treatment with the cytokine
Flt3 Ligand. Flt3-L has been shown to significantly expand both functionally mature CD8α+
and C8α− CD11c+ DCs in mice and both myeloid and plasmacytoid circulating DCs in humans
(278-280).

Flt3-L tretament induces transient DC expansion in both lymphoid and non-

lymphoid tissues of mice including bone marrow, lymph nodes, spleen, Peyer’s patches, thymus,
liver, and lungs (278, 279). Lynch et al. first showed that daily injections of Flt3-L into mice
bearing syngeneic, methylcholanthrene-induced fibrosarcoma leads to delayed tumor growth
and, in some mice, complete tumor rejection (281). The anti-tumor immunity established in
those mice that successfully rejected their tumors is protective in that the adoptive transfer of
their splencoytes to naïve mice protects recipient animals from a subsequent tumor challenge
(281).

Lynch et al. further demonstrated that the enhanced therapeutic benefit by Flt3-L

treatment appears to result mainly from the activation of tumor-specific CTLs since depletion of
Thy1+ cells or CD8+ T cells (but not CD4+ T cells) from immune splenocytes before adoptive
transfer abrogated their ability to mediate tumor rejection after injection (281). The observation
that the treatment of tumor bearing SCID mice, which lack B and T cells but not NK cells, with
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Flt3-L resulted in slowed tumor growth even though none of the mice rejected their tumors
suggested that NK cells might also contribute to the anti-tumor immune response (281).
However, it is worth noting that the therapeutic effects of Flt3-L treatment appeared to be limited
by the dose of cytokine used for treatment, tumor size at the start of cytokine treatment, and the
duration of the cytokine treatment (281).

Barring these limitations, it is not known why

treatment of many tumor-bearing mice with what appears to represent an optimal dose of Flt3-L
results in very limited efficacy. Even though slowed tumor growth or metastasis has been
observed in murine melanoma, lymphoma, colon adenocarcinoma, and MCA-102 and MCA-205
sarcoma (282-285) bearing mice treated with Flt3-L, many of these tumors are not rejected, and
even in other tumors that are rejected, successfully-treated mice relapse once the therapy is
discontinued, suggesting a failure in the development/maintenance of protective anti-tumor
immune responses (286-288)
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STATEMENT OF THE PROBLEM
Dendritic cells play critical roles in the development and maintenance of antigen-specific
adaptive immune responses.

The unique and potent capability of DCs to cross-present

exogenous and cell-associated antigens and prime naïve CTLs makes them potential targets for
use in immunotherapy to enhance the immune system’s ability to recognize and eliminate
tumors. For instance, the positive correlations of elevated numbers of tumor infiltrating DCs
(TIDCs) with increases in tumor infiltrating lymphocytes (TILs) and improved patient prognosis
or reduction in the establishment of metastatic disease (289-293) circumstantially supports the
ability of constitutive cross-priming by TIDCs to regulate tumor progression. However, I
observed that the treatment of tumor bearing mice with combinations of rFL and rGM promoted
the critical immunological endpoints of enhanced numbers of TIDCs and CD8+ TILs but failed
to show any discernible benefit in terms of inhibiting the progressive growth of tumors in vivo.
Therefore, I closely examined these mice for the functional state of their TIDCs and splenic DCs,
for the existence of activated systemic and tumor-infiltrating tumor-specific CD8+ T cells, and
for the presence of regulatory T cells to assess for possible mechanism(s) to explain the absence
of therapeutic outcome in rFL and rGM treated CMS4 bearing mice.
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2.

Combinational rFlt3-Ligand and rGM-CSF Treatment Promotes Enhanced Tumor
Infiltration by Dendritic Cells and Anti-Tumor CD8+ T Cell Cross-priming, but is
Ineffective as a Therapy

2.1.

ABSTRACT

Dendritic cells (DC) play significant roles in the development and maintenance of antitumor immune responses. Therapeutic recruitment of DC into the tumor microenvironment has
the potential to result in enhanced anti-tumor T cell cross-priming against a broad array of
naturally-processed and -presented tumor-associated antigens. I have observed that the treatment
of BALB/c mice bearing syngeneic CMS4 sarcomas with the combination of recombinant Flt3
ligand (rFL) and recombinant granulocyte-macrophage colony stimulating factor (rGM) for five
sequential days is sufficient to optimize the number of tumor infiltrating DC (TIDC). However,
despite the significant increase in the number of TIDC, the therapeutic benefit of rFL and rGM
treatment is minimal. These TIDC do not exhibit a “suppressed” or “suppressor” phenotype in
vitro and their enhanced numbers in cytokine-treated mice were associated with increased levels
of peripheral anti-tumor CD8+ T effector cells and with an augmented population of CD8+ TIL.
These data suggest that rFL + rGM therapy of murine tumors fails at a mechanistic point that is
downstream of specific T cell priming by therapy-induced TIDC and the recruitment of these T
cells into the tumor microenvironment.
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2.2.

INTRODUCTION

The induction and maintenance of an effective anti-tumor immune response is critically
dependent on dendritic cells (DC). The ability of DC to capture and process tumor-derived
antigens into peptide epitopes recognized by CD4+ and CD8+ T cells and to migrate to
secondary lymphoid organs in order to present these antigens to naïve T cells is essential in
alerting the immune system to combat the assault of pathogens or malignancy (3). Immunogenic
DC are equipped to provide (at least) three signals needed for the activation of naïve T cells and
their development and polarization into specific subsets of effector T cells: peptides complexed
with major histocompatibility complex (MHC) molecules on the surface of DC (i.e. signal 1; ref.
(294)); T cell co-stimulatory molecules, such as CD80 and CD86 (i.e. signal 2; ref. (295)); and
secreted cytokines, such as IL-12 and IL-10, that play important roles in the functional
polarization of activated T cells into Type-1, Type-2 or regulatory type effector cells (i.e. signal
3; refs. (128),(117)). The importance of DC in providing these three coordinate signals to
responder T cells is underscored by defects in immunity when one or more signals are absent
during priming events.

The presentation of peptides by DC without accompanying co-

stimulatory signals has been shown to result in specific T cell deletion and anergy (97). DC that
express high MHC complexes and co-stimulatory molecules but do not produce IL-12p70 have
been shown to be “tolerogenic” or to lack the capability of inducing TH1-type immune responses
that appear critical for the eradication of tumors and intracellular pathogens (113).
Given the central role dendritic cells play in initiating and maintaining antigen-specific
immune responses, it is not surprising that in some diseases, such as cancer, that alterations in
DC development and function are associated with tumor escape from immunosurveillance (140,
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141, 154). Typically, tumor infiltrating dendritic cells (TIDC) have been reported to express low
levels of MHC class II molecules and to lack expression of co-stimulatory molecules (152, 296).
DC isolated from tumor-bearing mice and humans show significantly reduced abilities to activate
peptide-specific CD8+ T cells and to stimulate allogeneic T cells when compared to normal
control DC (131, 132). In contrast, T cells isolated from cancer patients or tumor-bearing mice
and stimulated with DC from normal controls generate normal T cell responses (131, 132),
suggesting that defects in DC-mediated cross-priming of tumor-reactive T cells in situ may be a
major problem for immunotherapy-based approaches in the cancer setting.
In my studies, the treatment of mice bearing syngenic CMS4 (a methylcholanthreneinduced sarcoma) tumors with rFL + rGM results in the recruitment of large numbers of DC
infiltrates into s.c. tumors in vivo, in the absence of discernable therapeutic benefit. TIDC in the
treated mice do not exhibit a phenotype consistent with the induction of T cell anergy or
deletion, and indeed, I noted elevated levels of tumor-specific CD8+ T cells in the spleens of
mice and enhanced CD8+ T cell infiltration into treated tumors in vivo. These data suggest
additional rate-limiting blockade of therapeutic T cell functionality post-priming that must be
circumvented in order to allow for the effective immunotherapy of tumor-bearing animals.
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2.3.

MATERIALS AND METHOD

2.3.1.

Mice

Six- to eight weeks old female BALB/cJ and C57BL/6 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). Animals were maintained in the pathogen-free animal
facility of the Hillman Cancer Center at the University of Pittsburgh Cancer Institute. All animal
work was performed in accordance with an IACUC-approved protocol.

2.3.2.

Tumor Establishment

CMS4, a methylcholanthrene (MCA)-induced sarcoma of BALB/c origin, was cultured in
complete medium (CM) (10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 5 mM Hepes
buffer and 2mM L-glutamine in RPMI-1640 medium, all from Invitrogen Corporation (Carlsbad,
CA). CMS4 expresses H-2Kd class I molecules but it exhibits a negative phenotype for the
CD11c, CD8α, CD11b, B220, CD86, CD80, and I-Ad markers. In vitro cultured CMS4 cells
were tested by IMPACT for known mouse pathogens, such as MPV and Mycoplasma, at the
University of Missouri (St. Louis, MO) and were found to be negative. Cultured CMS4 cells
were washed three times with PBS and 5 x 105 tumor cells were then resuspended in 100 µl of
PBS and injected subcutaneously in the right flank of BALB/cJ mice. CT26, an H-2d N-nitrosoN-methylurethane-(NNMU) induced colon carcinoma cell line, and RENCA, an H-2d renal
adenocarcinoma cell line, were cultured and evaluated in the same way as CMS4 cells. Tumor
growth was monitored every 2-3 days by measuring the width and length of the tumors using a
DigiMax slide caliper (Bel-art Products, Pequannock, NJ) and area calculated as the product of
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these values. Treatment groups included 3-5 mice, as indicated. Data are shown as group mean
± standard deviation.

2.3.3.

Combinational Cytokine Therapy

For in vivo DC expansion, mice were injected with 20 µg each of rFL and rGM (8) for
three to seven consecutive days, as indicated in the text and figure legends. Injections were
administered subcutaneously in the scruff of the neck, with cytokines diluted in a total volume of
100 µl PBS. Both cytokines were the kind gifts of Pharmacia Corporation (St. Louis, MO) or
purified in the laboratory from reagents kindly provided by the same company.

2.3.4.

Analysis of Single-cell Preparations from Tumor and Spleen

Spleens isolated from untreated or rFL + rGM treated mice were placed on nylon cell
strainers, gently mashed using the flat end of a 3-ml syringe plunger, and washed with PBS.
ACK buffer was used to osmotically lyse red blood cells from the cell suspensions prior to
analyses. To prepare tumor cell suspensions, tumors were resected from mice and cut into small
(1-10 mm3) pieces and incubated in complete medium containing 0.01% collagenase, 20

g/ml

DNase, and 30 U/ml Hyaluronidase (all from Sigma, St. Louis, MO) with constant shaking at RT
for 45 minutes. The tumor pieces and the media were then passed through 70

m cell strainers

and the tumor tissue further mashed with a syringe plunger and washed with CM. The cell
suspension was centrifuged at 1300 RPM for 5 minutes, prior to undergoing 2 additional washes
using CM. To isolate total tumor-infiltrating leukocytes (TIL), the cells were resuspended in CM
and underlaid with an equal volume of Lympholyte-M medium (ρ = 1.088 g/ml, Accurate
Chemical and Scientific Corporation, Westbury, NY), then centrifuged at RT for 15 minutes.
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Cells at the gradient interface were collected and washed twice with CM. For isolating CD11c+
DC, spleen or TIL cells were Fc receptor blocked with anti-CD16/32 antibody (BD Pharmingen,
San Diego, CA), incubated with CD11c MicroBeads (Miltenyi Biotec Inc, Auburn, CA) and then
positively selected on MiniMACS magnetic columns per the manufacturer’s instructions.

2.3.5.

Flow Cytometry

Cells are transferred to polypropylene tubes, pelleted by centrifugation and resuspended in
FACS buffer (0.1% BSA and 0.05% sodium azide in PBS). The following antibodies and their
corresponding isotype controls (all purchased from BD-Pharmingen) were used for staining:
biotinylated CD11c, CD8α-PE, CD11b-PE, B220-FITC, CD86-PE, CD80-PE, and I-Ad-FITC.
After adding the appropriate antibody, the cells are incubated in the dark at 4oC for 30 minutes,
then washed twice by centrifugation using FACS buffer. For the detection of apoptosis, FITCconjugated pan caspase inhibitor, Z-VAD-FMK (Promega Corporation, Madison, WI), was used
to stain cells using a protocol identical to that for antibodies above. Cells stained with primary
antibodies were then incubated with Streptavidin-PerCP, washed twice, fixed in 1%
paraformaldehyde and analyzed on a Coulter EPICS XL flow cytometer (Beckman Coulter, Inc.,
Fullerton, CA). Data were analyzed by using WinMDI (The Scripps Research Institute, La Jolla,
CA) or EXPO32 (Beckman Coulter) software.

2.3.6.

Confocal Immunofluorescence Staining and Metamorph Quantitation

Tumor tissue samples were embedded in OCT medium (Tissue-Tek; Sakura Finetechnical
Co, Ltd), frozen and stored at -80oC.

Tissue sections 5-µm thick were then prepared using a

cryostat microtome, mounted on Superfrost Plus (Fisher Scientific, Pittsburgh, PA) slides, and
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stored at -80 oC. For staining, the sections were fixed in 2% paraformaldehyde (Sigma) at room
temperature (RT) for 40 minutes and blocked with normal goat serum for 40 minutes. The
sections were then incubated with unconjugated (CD11c), biotinylated (CD11c, CD3, I-Ad), or
PE-conjugated (CD11b, CD8α, B220) primary antibodies or matching isotype controls (all from
Pharmingen) for 1hr. This was followed by incubation with goat anti-hamster Cy3 (Jackson
ImmunoResearch, West Grove, PA) or streptavidin-Alexa488 (Molecular Probes, Eugene, OR)
for 1 hour. Finally, Hoechst or Sytox Green (Molecular Probes) was applied to stain the nuclei.
Images were acquired using Olympus Provis fluorescence or Olympus Fluoview 500 confocal
microscopes (Olympus, Melville, NY). Isotype control and specific antibody images were taken
using the same level of exposure on the channel settings.
Numbers of CD11c+ DC in tumor sections were quantitated using Metamorph v.6.1
software (Universal Imaging Corp., Downingtown, PA). For each tissue section, both the
CD11c-Cy3 and Sytox Green nuclear staining images were captured sequentially to avoid bleed
through between the channels. For each tissue section, 10 or more images were captured from
non-overlapping image field areas. The threshold settings for CD11c quantitation were set based
on isotype control stained tissues and the count on them was always zero. The percentage of
CD11c+ cells was calculated as follows: (CD11c+ staining count per field/total nuclei count per
field) * 100. For each treatment group, tumor sections from 3-4 mice/cohort were analyzed.

2.3.7.

In Vitro Activation of DC

CD11c MicroBead-selected DCs were resuspended in 200 µl CM containing 5 x 105 cells.
The following concentrations of dendritic cell activation stimuli were used: 10 µg/ml
lipopolysaccharide (LPS from Sigma), 75 µg/ml Staphylococcus aureus Cowan strain I (SAC
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from EMD Biosciences, San Diego, CA) or 100 µg/ml Polyriboinosinic polyribocytidylic acid
(poly (I:C) from Sigma). Each stimulation condition was performed in duplicate wells in 96well plates. The plates were placed in a humidified incubator at 37 oC and 5% CO2 for 24 hours.
At the end of the incubation period, the plates were centrifuged and the cell-free supernatants
were collected in eppendorf tubes and stored frozen at -80 oC until used in ELISA. Data are
shown as mean ± standard deviation of 2-3 independent experiments.

2.3.8.

Analysis of DC stimulation of alloreactive T cells in vitro

H-2d CD11c+ DC isolated from the spleens of untreated normal mice or rFL + rGM treated
tumor bearing mice, or from single cell digests of resected CMS4 tumors were co-cultured with
H-2b CD4+ splenic T cells at DC to T cell ratios of 1:1, 1:10, or 1:100 in 96-well round bottom
plates.

The plates were then incubated at 37oC and 5% CO2 for three days. On the 4th day,

CD4+ T cell proliferation was measured using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5diphenyl tetrazolium bromide, Sigma) assay according to the manufacturer’s procedure. In brief,
MTT solution was added to each well and the plates were returned to the incubator for an
additional 4 hours. After the incubation period, the MTT formazan crystals were dissolved in 0.1
N HCl in anhydrous isopropanol. The absorbance was measured at 570 nm (vs. 690 nm;
background). Data are shown as mean ± standard deviation of 2-3 independent experiments.

2.3.9.

DQ-Ovalbumin Uptake Assay

CD11c+ DC were resuspended at 50 x 103 cells/100 µl of complete medium, with 100 µl of
the cell suspension transferred to each of four polypropylene tubes. DQ-Ovalbumin (Molecular
Probes) was added to two of the tubes at a concentration of 10 µg/ml. One set of tubes (one
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containing and one lacking DQ-Ovalbumin) was placed on ice while a second set of tubes was
incubated at 37 oC for 1 hour. At the end of the incubation period, the cells were washed with
FACS buffer, stained with anti-CD11c antibody, washed, and evaluated immediately by flow
cytometry.

2.3.10.

In Vitro Stimulation (IVS) of C8+ T Cells

CD8+ T cells were isolated by MACS selection from the CD11c-CD4- fraction of
splenocytes or tumor infiltrating leukocytes (TIL). Then, 2 x 105 CD8+ T cells were co-cultured
with 5 x 104 irradiated (100Gy) CMS4 sarcoma cells or 4T1 (H-2d) mammary carcinoma cells in
96-well round bottom plates in a humidified incubator at 37 oC and 5% CO2 for 72 hours. At the
end of the culture period, the plates were centrifuged to pellet the cells and the cell-free
supernatants were collected and stored at -80 οC until IFN-γ ELISAs were performed. Since
tumors from cytokine untreated mice contain only very few infiltrates of CD8+ T cells by day
14, it was not possible to isolate enough cells to perform comparative analysis with CD8+ T cells
isolated from the tumors of rFL + rGM treated mice.

2.3.11.

ELISA

ELISAs were performed using IL-12p70, IL-10, or IFN-γ specific OptEIA ELISA sets
(both from BD-Pharmingen) according to the manufacturer’s instructions. In brief, 96-well flat
bottom plates (Corning Costar, Corning, NY) were coated with 50 µl/well of IL-12p70, IL-10, or
IFN-γ capture antibodies, incubated overnight at 4 oC, washed, blocked with 3% BSA in
PBS/0.05% Tween solution for 1 hour at RT, and washed again. Fifty microliters per well of
recombinant IL-12p70, IL-10, or IFN-γ standards or culture supernatants were added to the
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wells, incubated for 2 hours at RT, then washed. Fifty microliters of a mixture of biotinylated IL12p70, IL-10, or IFN-γ detection antibody and avidin-HRP was then added and incubated for 1
hour at RT, and then plates were washed. Finally, 100 µl/well of substrate solution (1:1 mixture
of H2O2 and tetramethylbenzidine, KPL, Gaithersburg, MD) was added to the plates and
incubated at RT. Chromogen development was stopped by addition of 50 µl of 1M H2SO4 and
the optical absorbance determined at 450 nm (vs. 570 nm; background control) using a
microplate reader (Dynatech Laboratories, Chantilly, VA). Data are shown as mean ± standard
deviation of 3 independent experiments.

2.3.12.

Statistical Analysis

Statistical analyses were performed using an unpaired 2-tailed Student’s T test. SPSS for
windows (SPSS Inc., Chicago, IL) software was used to conduct the analysis. Comparative
differences yielding P-values less than 0.05 were considered significant.
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2.4.

2.4.1.

RESULTS

Combined treatment of mice with rFL + rGM leads to an increase in systemic DC
numbers in vivo

DCs are rare event cell populations in both lymphoid and non-lymphoid tissues. One of my
goals was to define and apply a cytokine treatment regimen capable of expanding optimal
numbers of dendritic cells from their hematopoietic progenitors in the bone marrow and to
subsequently mobilize these cells into tissues. In initial experiments, I treated BALB/cJ mice
with rGM alone, rFL alone, or a combination of the two cytokines and assessed their impact on
the percentage of DC in the spleen. As shown in Fig. 1A, the percentage of CD11c+ DC among
total splenocytes is very low (~2.45%) in control mice that did not receive any cytokine
treatment. This percentage increased to ~5.1% (Fig. 1B) and ~15.25% (Fig. 1C) when the mice
were treated with 20 µg/day of rGM or rFL alone for seven days, respectively. As previous
noted by others (278, 279, 297), rFL as a single agent was superior at inducing the expansion of
DC when compared to rGM alone. However, the highest increase in the number of DC present
in the spleen resulted from the treatment of mice with the combinations of both rFL + rGM
(~24.44%, Fig. 1D). To achieve this level of increase, the mice were treated with 20 µg/ml of
each cytokine for seven consecutive days, as reported by Bjorck (8). The increase in DC
numbers paralleled the general increase in the size of spleens, with the spleens harvested from
mice treated with rFL + rGM being larger than those harvested from mice treated with rFL or
rGM alone (data not shown). When cell suspensions were prepared from the spleens of cytokine
treated and nontreated mice and the total numbers of splenocytes compared, a similar trend for
rank order of organ cellularity was also observed (data not shown). The fold increases in
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cellularity compared to untreated mice were: ~1.3x, ~1.6x, and ~2.7x for spleens from mice
treated with rGM only, rFL only or both cytokines, respectively. Overall, the absolute numbers
of DC in the spleen were increased ~2.7x, ~10x and ~27.9x in mice treated with rGM, rFL or
both cytokines, respectively. These data suggest that in order to maximally increase the number
of DC in vivo, mice should be treated with the combination of rFL + rGM.

2.4.2.

Significantly enhanced infiltration of tumor tissues by DC is observed in mice
treated with both rFL + rGM

Since tumors have been reported to negatively affect DC development and function in situ
(298, 299), I next wished to determine whether cytokine-induced expansion to peripheral
compartments in treated mice would extend to the tumor microenvironment of CMS4-bearing
animals. I treated BALB/cJ mice with established day 7 sarcomas with daily injections of rFL +
rGM using a (initially empirical) 7 day course. On the day following the last cytokine
administration, mice were sacrificed and their resected tumors examined by immunofluorescence
microscopy for CD11c+ DC infiltration.

No cellular staining was observed when isotype

control antibody was used to stain tumor sections from both untreated and cytokine treated mice
(Fig. 2A). As shown in Fig. 2B, there were very few CD11c+ DCs in tumor sections isolated
from mice with untreated CMS4 tumors.

On the contrary, those mice receiving cytokine

treatment displayed high levels of CD11c+ DC infiltration (Fig. 2C). In such tumors, DCs were
distributed throughout the lesion, although it was evident that some areas contained higher focal
densities of DC infiltrates than others.
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2.4.3.

Optimal levels of DC infiltration into the tumor or spleen tissues occur with
slightly different kinetics

The presence of optimal numbers of DC in the tumor microenvironment would be
presumed important for the initiation and maintenance of tumor-reactive T cells in secondary
lymphoid organs, as well as the tumor microenvironment itself (300, 301). Within tumor lesions,
DCs would be envisioned to acquire tumor debris via direct (57, 59) or indirect (53, 54, 302)
killing/death of tumor cells and to consequently cross-present processed tumor antigens to T
cells in the spleen and lymph nodes. Given these considerations, I studied the kinetics of DC
infiltration into the tumor in order to determine a treatment schedule that would allow for
maximal infiltration of established tumors by cytokine-induced DC. Therefore, mice bearing day
7 CMS4 tumors were treated with rFL + rGM 3, 5, or 7 consecutive days and the number of
CD11c+ DC infiltrating the tumors was quantitated using Metamorph software after stained
tissue sections were imaged by confocal microscopy. In parallel, the frequencies of splenic
CD11c+ DC were quantitated by single-cell flow cytometric analysis from these same animals.
As shown in Fig. 3A, the average percentage of TIDC in control, non-cytokine treated mice was
less than 1% of total cells imaged within the tumor microenvironment. In these mice, the highest
level of TIDC infiltration observed per confocal image field was 1.7%. In contrast, the treatment
of CMS4-bearing mice for even three days with rFL + rGM was sufficient to increase the
average percentage of TIDC to 8.4% of total cells in the tumor lesion (range 4.8-11.4%; Fig.
3B). However, the maximal increase in TIDC numbers was observed when mice were treated
with the combined cytokine regimen for five consecutive days (i.e. average of 17.6%, range 2.440.9%; Fig. 3B). Notably, tumor-bearing mice treated for 7 consecutive days did not exhibit
TIDC frequencies that exceeded those observed for the 5-day treatment. Indeed, the overall
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percentage of TIDC in animals treated for 7 days appeared somewhat lower than that of mice
treated for 5 days (average 15.6% vs. 17.6%, respectively, p-value = 0.733), although this level
of TIDC infiltration remained elevated when compared with the 3-day treatment results. These
data suggest that five days of treatment with rFL + rGM is sufficient to optimize the number of
TIDC. The kinetics of DC mobilization into the spleen was however, distinct from that of the
tumor. Average CD11c+ DC frequencies in the spleens of treated animals showed continuous
increases throughout the evaluation process; i.e. 7.9% (3-day treatment), 16.1% (5-day
treatment) and 27% (7-day treatment). Indeed, cytokine treatment for a full seven days was
necessary to achieve an optimal level of CD11c+ DC in the spleen.

2.4.4.

The enhancement of CD8α+ dendritic cells in the spleen of rFL + rGM treated
mice is not mirrored in the tumor

The lack of discernable therapy effect by cytokine co-administration, despite the effective
recruitment of CD11c+ DC into the tumor suggested the performance of several corollary
studies.

First, it is abundantly clear that CD11c+ DCs contain several phenotypic and

functionally distinct subpopulations that have been linked with contrasting states of immunity
(84, 128). These include: CD8α+CD11c+ (previously referred to as “lymphoid”), CD8αCD11c+ (previously referred to as “myeloid”) and B220+CD11clo (“plasmacytoid”) DC (8, 279,
303).
As shown in Fig. 4A, the spleens of untreated, non-tumor bearing mice contained ~23%
CD8α+CD11c+, ~12% B220+CD11clo and ~71% CD11b+CD11c+ DC. Treatment of control
mice with rFL + rGM principally impacted the mobilization/expansion of CD8α+ DC
into/within the spleen (Fig. 4B), with the percentage of CD8a+CD11c+ cells doubling (i.e. ~48%
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vs. ~23% in controls). On the contrary, the relative composition of the B220+ DC subset was
lower in the treated mice (~5% vs. 12% in controls), but this cell population appeared to express
a relatively higher level of the CD11c marker than control B220+ DC. Within the CD11c+ DC
subpopulation, there were two largely distinct cohorts defined in the treated mice.

One

population (~35%) expressed very high levels of the CD11b marker, while the majority of the
DC (~65%) expressed low-to-intermediate levels of CD11b. When compared to the spleen, the
tumor of treated mice was deficient in CD8α+ CD11c+ TIDC. Indeed, the percentage of CD8α+
TIDC (~6%, Fig. 4C) was eight times lower than that seen in the spleen.

The level of

B220+CD11c+ TIDC was also reduced in the treated tumors when compared to the matched
splenic samples (i.e. 3% vs. 12%). However, the percentage of TIDC that expressed high levels
of CD11b on their surface was more than double that seen in the spleen. Approximately 83% of
TIDC expressed high levels of CD11b and the fluorescence intensity of the expression was
approximately one half log higher than that noted for DC in the spleen. These data suggests that
combined cytokine therapy of CMS4 tumors results in the preferential and profound infiltration
of tumors by CD11b+ but not CD8α+ or B220+ TIDC.

2.4.5.

rFL + rGM induced TIDC exhibit apparently normal phenotype and function

While “myeloid” CD11b+CD11c+ DC can be strong stimulators of primary CTL responses
(304, 305) and rFL + rGM treatment promoted significantly elevated levels of this type of TIDC,
it remained unclear as to whether these DC exhibited an immunostimulatory phenotype. In this
regard, “immature” or “mature” CD11b+CD11c+ DC exhibit very different immunostimulatory
indices (91). Immature DC express low levels of co-stimulatory molecules on their surface
whereas mature DC display upregulated levels of these markers, and tumors have been reported
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to induce or restrict TIDC towards an immature phenotype (146, 296, 298). As a result, I
assessed MHC II/I-Ad and co-stimulatory molecule expression levels on freshly-isolated TIDC
from rFL + rGM treated mice. As shown in Fig. 5A, the majority of TIDC from CMS4 tumors
consistently expressed the I-Ad, B7.1 (CD80), and B7.2 (CD86) molecules on their cell surface.
The level of expression of these molecules on the TIDC was high, and consistent with what is
considered to be a comparatively mature DC phenotype. Splenic CD11c+ DC from these same
treated mice also expressed I-Ad and CD86 molecules (Fig. 5B), though surprisingly, at slightly
lower levels than those noted for the matched TIDCs. A major difference was observed in the
mean fluorescence intensity (MFI) associated with the CD80 marker, which showed a level four
times higher in TIDC than splenic DC. The majority of splenic DC from untreated, non-tumor
bearing mice expressed lower levels of I-Ad and CD86 molecules, consistent with their
classification as immature DC (Fig. 5C). In terms of CD80 expression, however, the majority of
these DC expressed levels similar to those seen in splenic DC from rFL + rGM treated mice, but
lower than those seen for TIDC. These data suggest that the CMS4 microenvironment does not
profoundly inhibit, and could counter-intuitively, support the maturation process of TIDCs in
situ.
Some tumors are known to secrete factors, such as gangliosides, that can induce the
apoptotic death of DC (150). Hence, I carefully assessed TIDC for their pro-apoptotic phenotype
using a fluorescent, cell-permeable derivative of z-VAD-FMK (which irreversibly binds to
activated caspases in cells undergoing apoptosis) as a probe. As shown in Fig. 5, no significant
FITC-VAD-FMK staining was detected in TIDC or splenic DC isolated from the cytokinetreated mice.
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Since the TIDC analyzed by flow cytometry were obtained from tumor tissues by
collagenase, hyaluronidase, and DNase digestion, I also performed in situ staining analyses of
tumor tissue sections resected from mice treated with rFL + rGM in order to confirm the
observed phenotypes of the TIDC.

As shown in Figs. 6A and 6B, TIDC were easily

distinguished by CD11c+ staining and by their hair-like projections (dendrites; see inset). In
Fig. 6A, tumor sections were double-stained with anti-CD11c and CD11b antibodies. Similar to
the data obtained by flow cytometry (Fig. 4C), virtually all of the CD11c+ TIDC co-expressed
CD11b on their surface, although a range of fluorescence intensities were observed for both the
CD11c and CD11b markers. Staining with anti-CD8α or -B220 antibodies did not reveal costaining with CD11c+ TIDC in tumor sections, but was readily detectable in spleen sections
(data not shown). In Fig. 6B, TIDC were shown to co-express the CD11c and I-Ad molecules. I
noted minimal cell staining with the FITC-VAD-FMK probe in tumor sections, and those cells
reactive with this reagent were CD11c-negative (data not shown).

2.4.6.

TIDC produce higher levels of IL-10 rather than IL-12p70 upon activation in
vitro

Despite an apparently immunogenic phenotype expressed by cytokine-induced TIDC, the
presence of such cells in situ did not lead to “clinical benefit”. Given the reported importance of
IL-12p70 and IL-10 as immunostimulatory vs. immunosuppressive DC-produced cytokines that
may differentially affect the functional outcome of T cell cross-priming (306, 307), I analyzed
the ability of TIDC to produce these cytokines after in vitro activation. TIDC and splenic DC
isolated from untreated or rFL + rGM treated mice did not spontaneously secrete IL-12p70 when
cultured in the absence of exogenous stimuli (Fig. 7A). However, the addition of the TLR4-
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ligands LPS or Staphylococcus aureus (SAC) or the TLR7-ligand poly (I:C) resulted in IL-12
p70 production from all DC populations, with the sole exception of poly (I:C)-stimulated splenic
DC isolated from mice treated with rFL + rGM. There was no significant difference in IL-12p70
production levels between LPS- and SAC-stimulated TIDC and untreated mice splenic DC.
Despite what appears to be normal levels of IL-12p70 production from TIDC, these cells
exhibited a tendency to produce higher than normal levels of IL-10 (Fig. 7B). When considered
together, the average amount IL-10 detected in TIDC cultures stimulated with LPS, SAC, or
Poly I:C was respectively 17.5, 10.8, or 8.8 times higher than that of IL-12p70.

2.4.7.

TIDC mediate soluble antigen uptake and processing and effectively stimulate
allogeneic T cell responses in vitro

The inability of increased TIDC frequencies translating into anti-tumor efficacy in rFL +
rGM treated mice could relate to the inability of these DC to uptake and cross-present antigens
(63) to anti-tumor T cells in vivo. In order to test whether TIDC maintain their antigen uptake
and processing functions, I cultured freshly-isolated CD11c+ TIDC with DQ-ovalbumin for 1
hour. DQ-ovalbumin is well suited for this purpose since it is a self-quenched conjugate of
ovalbumin that emits green fluorescence upon internalization (via mannose receptor mediated
endocytosis) and subsequent proteolytic degradation.

I observed a high level of green

fluorescence in TIDC that were incubated at 37oC when compared to TIDC that were kept at 4oC
(Fig. 8A). The degree of DQ-Ovalbumin uptake and degradation—reflected in the brightness of
the green fluorescence emitted—was significantly higher in TIDC than in both splenic DC from
rFL + rGM treated (Fig. 8B) or untreated control mice (Fig. 8C). In addition, there was only a
small proportion of TIDC that failed to process DQ-Ovalbumin. These data suggest that the
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CMS4 microenvironment does not profoundly interfere with the ability of cytokine-induced
TIDC to uptake and process exogenous antigens
I next performed mixed leukocyte reactions to assess whether TIDC were functionally
competent to activate alloantigen-reactive T cells. I stimulated B6 (H-2b) derived CD4+ splenic
T cells with BALB/cJ -derived (H-2d) TIDC at T:DC ratios of 1:1, 10:1 and 100:1. As shown in
Fig. 8D, TIDC were capable of inducing allogeneic T cell proliferation. Though not statistically
significant, the level of T cell proliferation induced by TIDC was consistently higher than that
observed for untreated H-2d splenic DC. However, splenic DC isolated from tumor-bearing mice
treated with rFL + rGM were comparatively better than TIDC in their ability to activate
alloantigen-reactive T cells (p< 0.05).

2.4.8.

rFL + rGM treatment results in the systemic cross-priming of anti-tumor T cells
and enhanced T cell infiltration of tumor lesions in situ

Given the approximately normal functional characteristics noted for TIDC in the rFL +
rGM treated mice (despite the lack of therapeutic benefit), I chose to directly assess whether
combined cytokine treatment was associated with enhanced activation and recruitment of antitumor CD8+ T cells in vivo.
I initially evaluated splenic CD8+ T cells in these animals for evidence of specific tumorreactivity by stimulating the CD8+ T cells with irradiated tumor cells in vitro and assessing their
IFN-γ production.

To address the CMS4 specificity of the splenic CD8+ T cells, I also

stimulated the CD8+ T cells with an unrelated H-2d mammary carcinoma cell line, 4T1.
Consistent with the observation by Tatsumi et al.(59), no IFN-γ production was detected from
splenic CD8+ T cells isolated from untreated, CMS4-bearing mice upon stimulation with CMS4
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or 4T1 tumor cells (Fig. 9A). On the contrary, splenic CD8+ T cells from rFL + rGM treated
mice produced high levels of IFN-γ when they were cultured with CMS4 cells. These IFN-γ
producing CD8+ T cells appeared CMS4-specific, since no IFN-γ production was detected upon
stimulation with 4T1 cells.

This data suggest that TIDC that had ingested tumor-derived

antigens, were able to traffic to secondary lymphoid organs/spleen and to effectively crosspresent peptides to tumor-specific CD8+ T cells.
I also co-stained tumor sections from mice that were untreated or treated with rFL + rGM
using anti-CD3 and anti-CD8 antibodies. As shown in Fig. 9B, very few CD8+ T cells could be
imaged in tumor sections from tumor sections made from untreated mice. All the CD8+ cells
detected in tumor sections co-expressed the CD3 molecule, confirming their identity as T cells.
In marked contrast, tumor sections isolated from rFL + rGM treated mice were infiltrated by
large numbers of CD3+CD8+ T cells. These T cells were located throughout the tumor lesion
and were not confined to peripheral areas of the lesion by the tumor stroma (as is the case in
some cancers (308)). I further assessed whether the tumor infiltrating CD8+ T cells were CMS4specific after in vitro restimulation with irradiated CMS4 or 4T1 tumor cells. Similar to what I
observed for splenic CD8+ T cells from rFL + rGM, the tumor-infiltrating CD8+ T cells
responded to stimulation with CMS4 cells by producing high level of IFN-γ and failed to
produce this cytokine when cultured with 4T1 cells. These data suggest that rFL + rGM
treatment-induced CD8+ T cells that infiltrate CMS4 tumors in vivo are specifically primed to
recognize antigen expressed by CMS4 cells. It appears that CMS4 specific T cells primed in
secondary lymphoid organs/spleen are able to leave these organs and be recruited into, or
expanded within, tumor sites.
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2.4.9.

The therapeutic impact of rFL and rGM treatment is minimal in controlling
tumor growth in vivo

While my data clearly suggest a five day cytokine regimen to be effective for the promotion
of maximal TIDC numbers and the cross-priming tumor-specific CD8+ T cells, treated CMS4
bearing mice did not display statistically significant therapeutic benefits from cytokine
administration (Fig. 10A). The lack of therapeutic benefit by this regimen was not restricted to
CMS4 tumors but was also observed in BALB/cJ mice bearing syngeneic CT26 (Fig. 10B) or
RENCA (Fig. 10C) tumors.
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2.5.

DISCUSSION

Though most tumors express MHC class I molecules, they typically lack co-stimulatory
molecules, such as B7.1 and B7.2 that are required for the priming of cytotoxic T lymphocytes
(CTL). As the only antigen presenting cells that can activate naïve T cells (2), it is therefore
imperative that functionally-appropriate DCs access the tumor microenvironment and
consequently cross-prime tumor–specific T cells in the periphery that have the potential to
regulate tumor growth or mediate its regression. The ability of in vitro generated dendritic cells
to mediate anti-tumor efficacy when pulsed with tumor derived antigens (peptides or proteins,
apoptotic tumor cells, or tumor cell lysates) and applied as a therapy in the tumor-bearing host
(309), suggests that treatments that are capable of similarly promoting cross-priming events in
situ may exhibit at least a comparable degree of effectiveness. The ability of constitutive crosspriming by TIDC to regulate tumor progression is circumstantially supported by correlations of
elevated numbers of TIDC with improved patient prognosis (290) or reduction in the
establishment of metastatic disease (292) as noted in other reports.
With the intent of promoting enhanced TIDC numbers and improved cross-priming of
tumor-reactive T cells, I performed this preliminary assessment of combined rFL + rGM therapy
in an established CMS4 sarcoma model. Previous studies have shown that the treatment of mice
(278) or humans (310) with the hematopoietic cytokine FL results in significant expansion of DC
in both lymphoid and non-lymphoid tissues in vivo. In some cases, the treatment of mice with
rFL resulted in complete rejection or reduction in tumor growth rate, with this impact shown to
be dependent on CD8+ T cells and/or NK cells (281, 282). In my studies, I treated CMS4
bearing mice with rFL + rGM since the combined treatment synergistically expanded more
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dendritic cells than treatment with either cytokine alone. However, in contrast to reports of
significant expansion of DCs as well as NK cells in mice treated with Flt3 ligand (311), I did not
detect an increase in the number of DX5+ NK cells in the spleen of mice treated with rFL + rGM
that paralleled the significant expansion of DCs. The absolute number of NK cells in the spleen
of untreated, non-tumor bearing mice was 2.39 x 106 ± 3.92 x 105 (3% of total splenocytes) while
in the spleen of rFL + rGM treated, non-tumor bearing mice, it was 2.25 x 106 ± 9.65 x 104
(1.3% of total splenocytes) and the difference was not statistically significant, i.e. p-value = 0.67.
Despite the enhanced presence of systemic DC in vivo, combined treatment with rFL and rGM
did not induce tumor regression or deceleration of growth. As a result, I focused my attention on
the tumor microenvironment in order to determine whether CMS4 affects DC infiltration or their
ability to function properly and prime CTL. This analysis is important in that several studies
have shown that tumors can interfere with dendropoiesis (150, 298, 299) or with DC function
(132, 296), allowing for tumor avoidance of recognition by the immune system. I have found
out that the presence of CMS4 does not inhibit DC development from progenitors, and these
APCs are not prevented from infiltrating into the tumor. Indeed, CMS4 tumors in animals
treated systemically with rFL + rGM were highly infiltrated by DC that were not observed in
control, tumor-bearing animals.

The optimization of the number of DC within the tumor

required only five days of treatment with the combined cytokines, where as the optimal level of
DC in spleen required seven days of treatment. It is possible that the observed differences in the
kinetics of DC mobilization into the tumor and spleen could be due to tissue-specific limitations
on maximal capacity. However, it is also possible that the lower number of TIDC in 7-day
treated compared to 5-day treated mice may also suggest that some of the recruited TIDC are
leaving the tumor and trafficking to the draining lymph nodes between days 5 and 7, as there was
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no evidence for increased apoptosis among any of the TIDC populations assessed.

This

hypothesis is consistent with my findings that treated mice bearing tumors have significantly
higher levels of peripheral tumor-reactive T cells in their spleens and infiltrating CD8+ TIL than
untreated mice.
Consistent with their ability to cross-prime CD8+ T cells in situ, rFL + rGM-mobilized
TIDC uniformly expressed high levels of I-Ad, CD86, and CD80, and thus were not maintained
in the tumor environment as grossly immature DC. In extended analyses, these TIDC were
effective in taking up and processing the surrogate antigen DQ-BSA and were capable of
stimulating the proliferation of allo-reactive splenic T cells in vitro. Furthermore, TIDC isolated
from mice treated with rFL + rGM appeared to maintain their ability to produce normal levels of
IL-12 p70 when stimulated with LPS, SAC or poly (I:C). Perhaps most importantly, in situ
analyses demonstrated that anti-CMS4 CD8+ T cells were effectively primed to a greater extent
in tumor-bearing mice treated with rFL + rGM and that these cells were present within TIL
populations.
Disappointingly, despite my observation of these preferred immunologic endpoints, rFL +
rGM administration failed to effectively treat established CMS4 tumors. A similar lack of
therapeutic effect was also observed in mice bearing established CT26 or RENCA tumors. It
remains unclear whether the uniform “myeloid” (CD11b+CD11c+) nature of the TIDC
population in the cytokine treated animals limits the magnitude, type and functional capabilities
of responding T cells, despite systemic mobilization of other stimulatory DC subsets including
CD8α+CD11c+ DCs, which have been shown to be the predominant DC subset to produce IL12 (84, 85) and also to cross-present exogenous cellular antigens to CD8+ CTLs (312). At the
same time, the localization of a relatively low number of CD8α+ DCs within the tumor does not
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preclude their participation in the activation of tumor-specific T cells since the rFL + rGM
expanded lymphoid tissue resident CD8α+ DCs may be able to capture tumor-antigens from
DCs that have trafficked from the tumor site. For instance, de Haan et al. reported that after in
vivo priming with ovalbumin-loaded β2-microglobulin–deficient splenocytes, CD8α+ DCs are
able to take up and present the cell-associated OVA to CD8+ T cells (312). Likewise, Allan et
al. demonstrated that even though CD8α+ DCs are not detected in the epidermis, after an HSV
infection confined to the epidermis layer of the skin, CD8α+ DCs isolated from skin draining
lymph nodes were able to stimulate transgenic CTLs specific for an HSV-derived antigen (313).
Alternatively, the capability of cytokine therapy-induced TIDC to produce significantly higher
levels of IL-10 rather than IL-12 p70 when stimulated with microbial stimuli may be a relevant
factor in the lack of clinical effect. Stimulation of naïve T cells with IL-10 producing immature
DCs or IL-10 incubated DCs have been shown to lead to their differentiation into regulatory T
cells (Tregs) that inhibit the proliferation and cytokine secretion of other antigen-specific T cells
(314-316). However, given their high expression levels of I-Ad and costimulatory molecules, as
well as their IL-10 production capabilities, my described TIDCs exhibit more phenotypic
similarities with the semi-mature/mature DC described by Akbari et al. (117), McGuirk et al.
(116), and Menges et al. (114) that appear capable of inducing T regulatory subset 1(Tr1)-like,
CD4+IL-10+ T cells in vivo. Akbari et al. showed that after respiratory exposure to OVA,
pulmonary DC found within the bronchial lymph nodes expressed IL-10 and when cultured with
OVA-specific CD4+ T cells induced high levels of IL-10 production by responder T cells (117).
Moreover, they observed OVA-specific T cell unresponsiveness when they adoptively
transferred pulmonary DC from IL10+/+ but not IL-10-/- mice suggesting that IL-10 secreted by
the DCs plays an important role in the differentiation of Tregs. These“tolerogenic” pulmonary
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DCs exhibit a typical “mature” phenotype: B7-1hiB7-2hiCD40+MHC class IIintCD8αCD205loCD11c+ and have a reduced capacity to endocytose FITC-dextran. McGuirk et al.
reported that the interaction of filamentous hemagglutinin (FHA), a virulence factor from
Bordetella pertussis, with DC induced IL-10 production but it also inhibited LPS-induced IL-12
and inflammatory chemokine production (116). When the DCs that interacted with FHA were
co-cultured with naïve T cells, they selectively stimulated the induction of Tr1 cells. These Tr1
cells were characterized by their secretion of high levels of IL-10 and the in vitro and in vivo
suppression of protective TH1 responses against infection by B. pertussis or an unrelated
pathogen. FHA-activated DC expressed similar levels of I-Ad, CD80, and CCR5 molecules as
found on immature DC; however, they appeared to represent a distinct subtype of DC since their
CD86 and CD40 expression levels were elevated when compared with immature DC. Menges et
al. further demonstrated that in contrast to injections of immature DCs or DCs matured with LPS
plus anti-CD40, injections of DCs matured with TNF-α and pulsed with an auto-antigenic
peptide protected mice from experimental autoimmune encephalomyelitis (EAE) via the
induction of peptide-specific predominantly IL-10 producing CD4+ T cells (114). These TNF-α
matured DCs exhibited high levels of major histocompatibility complex class II and
costimulatory molecules but they produced very low levels of pro-inflammatory cytokines and
no IL-12 p70 and IL-10. TIDC in rFL + rGM treated mice appear to express combinations of
“mature” DC surface phenotype and “immature” DC antigen uptake phenotype and the capacity
for high amount of IL-10 production, hence, could play a role in activating and/or expanding
Tr1-type T cells that are capable of impacting the efficacy of my applied therapy in vivo.
Despite the high level priming of tumor-specific CTLs in lymphoid organs of rFL + rGM-CSF
treated mice and the subsequent trafficking of these cells to the tumor site, the concomitant
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induction and tumor infiltration by Tregs would be expected to hinder the effector function of
these CTLs and create an environment conducive to continued tumor growth. I am currently
analyzing this possibility in rFL + rGM treated CMS4 bearing mice as the model system.
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3.

Treatment-Enhanced CD4+Foxp3+GITRHi Regulatory Tumor Infiltrating T Cells
Limit the Effectiveness of Cytokine-Based Immunotherapy

3.1.

ABSTRACT

Regulatory T cells (Tregs) can suppress activated CD4+ and CD8+ T effector cells and
modulate the functional outcome of cellular immunity. Recent studies in tumor-bearing hosts
suggest that Treg may serve as an impediment to spontaneous or therapeutic anti-tumor CD8+ T
cell-mediated immunity within tumor sites. In a previous report, I observed minimal therapeutic
impact, but significantly enhanced T cell cross-priming and lesional infiltration of tumor-reactive
CD8+ T cells, in CMS4 sarcoma bearing BALB/cJ mice after treatment with recombinant Flt3
(rFL) ligand and GM-CSF (rGM). Here, I show that this cytokine regimen also results in
profound infiltration of the tumor by CD4+ T cells that express mRNA transcripts for Foxp3, IL10 and TGF-β and that could produce IL-10 protein in situ. Approximately 50% of the CD4+ T
cells in the tumor co-expressed CD25, while ~90% of the CD4+ T cells co-expressed high levels
of the glucocorticoid-induced TNF receptor (GITR) on their cell surface. In addition,
intracellular staining for Foxp3 protein revealed that rFL + rGM treatment results in a significant
expansion of CD4+Foxp3+ T cells in the spleen of both non-tumor bearing and tumor bearing
mice and the expression of this marker associated with Treg differentiation and function in
nearly half of CD4+ TILs.

These CD4+ T cells also exhibited an activated/memory

(ICOShighCD62LlowCD45RBlow) T cell phenotype and suppressed the proliferation of naïve
alloreactive CD4+ T cells in mixed leukocyte reactions (MLR), which was partially antagonized
by inclusion of anti-GITR antibody. Furthermore, they suppressed IFN-γ production from in
vivo cross-primed anti-CMS4 CD8+ T cells when co-cultured in vitro. Most importantly, in vivo
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depletion of CD4+ T cells resulted in the enhanced ability of therapy-induced CD8+ T cells to
markedly regulate tumor progression.
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3.2.

INTRODUCTION

CD8+ cytotoxic T lymphocytes (CTLs) play a critical role in adaptive anti-tumor
immunity by recognizing and attacking tumor cells in an antigen-specific manner (130, 317).
While suppression within the tumor microenvironment can prevent effective CTL priming in
situ, even when tumor-specific CTLs are activated during tumor progression, effector T cell
function may be inhibited directly or indirectly by tumor-associated factors (318, 319). Recent
studies have shown that in some cases, the suppression of immune responses to self or foreign
antigens can be attributed to the presence of regulatory T cells (Tregs) that are reactive against
self-antigens and capable of negatively regulating effector T cell function (190). Consistent with
this observation, increased levels of Treg have been detected in the peripheral blood and tumor
tissue of cancer patients (259, 262), with the increased frequency of such suppressive cells
correlated well with reduced overall survival (258).
Regulatory T cells typically represent 5-10% of peripheral CD4+ T cells in both humans
and mice and the in vivo depletion of this T cell subset results in increased predilection to
develop a state of auto-reactivity culminating in the development of organ-specific autoimmune
diseases, including thyroiditis and gastritis (192, 193).

Similarly, the adoptive transfer of

purified Tregs prevents the development of autoimmune diseases through enforcement of
functional tolerance to self-antigens (208). While no single antigen has been accepted as a
unique marker for Treg discrimination, these cells typically express high levels of CD25
(interleukin 2 receptor-α (IL-2Rα) chain) on their cell surface, in addition to the glucocorticoidinduced TNF receptor family-related gene (GITR), mostly intracellular cytotoxic T lymphocyte
antigen 4 (CTLA-4; CD152) and OX-40 markers (191, 207, 210, 211). Treg also exhibit an
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activated/memory cell phenotype and express low levels of the CD45RB (CD45RBlow) molecule
and high levels of the inducible costimulator (ICOShigh) molecule (208, 212). Perhaps most
notably, the forkhead/winged-helix family transcription factor foxp3 seems to be expressed
uniquely by the Treg subset of CD4+ T cells (219-221), although a recent report suggests that it
may also be expressed by a minor population of CD8+, CD4+CD8+, and CD4−CD8− T cells as
well (224). Interestingly, the ectopic expression of foxp3 in naïve CD4+CD25− T cells has been
shown to confer suppressive activity in those cells (219, 220). Tregs do not proliferate or
produce IL-2 in response to T cell receptor (TCR) triggering although they are capable of
inhibiting proliferate responses and cytokine production by effector cells in a non-antigen
specific manner (226, 229). The mechanisms by which Tregs mediate their suppression in vitro
and in vivo remain areas of intensive evaluation. In vitro, Treg-mediated suppression requires
direct cell-to-cell contact and is abrogated by physical separation of Tregs and responder T cells,
but not by neutralization of the cytokines interleukin-10 (IL-10) and transforming growth factorβ (TGF-β) (226, 320). However, in vivo, the cytokines IL-10 and TGF-β do appear to actively
participate in Treg-mediated suppression of cellular immunity since anti-IL-10 receptor and antiTGF-β antagonist antibodies inhibit Treg function (237, 241).
In my earlier study, I observed that the treatment of BALB/cJ mice bearing syngeneic
CMS4 sarcomas with recombinant Flt3 ligand (rFL) and granulocyte-macrophage colony
stimulating factor (rGM) resulted in the in vivo cross-priming of anti-CMS4 CD8+ T cells
(Berhanu et al., manuscript submitted). However, there was only a minimal impact on tumor
growth, despite the infiltration of significant numbers of these tumor-specific CD8+ T cells into
the tumor lesion. I report here that the tumors in cytokine treated mice are infiltrated by high
frequencies of CD4+T cells that exhibit a suppressive phenotype characteristic of Tregs, with
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approximately half of these cells co-expressing CD25 and 90% co-expressing high level of GITR
and almost 50% co-expressing the Foxp3 protein intracellularily. Since recent studies have
demonstrated that the depletion of CD4+CD25+ T cells in vivo may not only prevent tumor
growth but also enhance the immunogenecity of tumor vaccines (249, 321-323), I sought to
explore the role Tregs might play in the unresponsiveness of the CMS4 bearing mice to
treatment with rFL + rGM. In vivo depletion of CD4+ T cells in CMS4-bearing mice using antiCD4 antibody administration resulted in CD8+ T cell-dependent inhibition of tumor growth and
extended survival in mice treated with the combinational cytokine therapy.
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3.3.

MATERIALS AND METHOD

3.3.1.

Mice

Six- to eight week old female BALB/cJ and C57BL/6 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). Animals were maintained in the pathogen-free animal
facility of the Hillman Cancer Center at the University of Pittsburgh Cancer Institute. All animal
work was performed in accordance with an IACUC-approved protocol.

3.3.2.

Tumor Establishment

CMS4, a methylcholanthrene (MCA)-induced sarcoma of BALB/cJ origin, was cultured in
complete medium (CM) (10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 5 mM Hepes
buffer and 2mM L-glutamine in RPMI-1640 medium; all from Invitrogen Corporation (Carlsbad,
CA). Cultured CMS4 cells were washed three times with PBS and 5 x 105 tumor cells were then
resuspended in 100 µl of PBS and injected subcutaneously in the right flank of BALB/cJ mice.
Tumor growth was monitored every 2-3 days by measuring the perpendicular width and length
of the tumors using a DigiMax slide caliper (Bel-art Products, Pequannock, NJ) and area
calculated as the product of these values and expressed as mm2. To calculate the tumor volume,
the diameter of the height of the tumors is also co-measured and used in the following formula:
V = (∏/6) x (length) x (width) x (height) and expressed as mm3. Treatment groups included 3-5
mice, as indicated.
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3.3.3.

Combinational Cytokine and Depletion Therapy

Mice were injected subcutaneously in the scruff of the neck with 20 µg each of rFL and
rGM for five consecutive days in a total volume each of 100 µl PBS. Both cytokines were the
kind gifts of Pharmacia Corporation (St. Louis, MO) or purified in the laboratory from reagents
kindly provided by the same company. In order to deplete CD4+ and/or CD8+ T cells, mice
were injected intraperitoneally with 200 µls of anti-CD4 (GK1.5 hybridoma; ATCC, Manassas,
VA, USA) and/or anti-CD8 (53-6.72 hybridoma; ATCC) ascites fluid on day 8 (day at which
rFL and rGM treatment started) and 100 µls on days 13 and 16 or on days 13, 16 and every three
days thereafter. Mice injected with rat isotype control antibody (Sigma) were used as controls
for the depletion experiments. Anti-CD4 or anti-CD8 antibody administration resulted in the
depletion of >99% of CD4+ or CD8+ T cells, respectively, as assessed by flow cytometry (data
not shown).

3.3.4.

Preparation of Single-Cell Suspensions from Tumor and Spleen

Spleens were placed on nylon cell strainers, gently mashed using the flat end of a 3-ml
syringe plunger, and washed with PBS. ACK lysis buffer was used to osmotically lyse and
remove red blood cells from the cell suspensions. To prepare tumor cell suspensions, tumors
were resected from mice and cut into small (1-10 mm3) pieces and incubated in complete
medium containing 0.01% collagenase, 20 µg/ml DNase, and 30 U/ml Hyaluronidase (all three
from Sigma, St. Louis, MO) with constant shaking at RT for 45 minutes. The tumor pieces and
the media were then passed through 70 µm cell strainers and the tumor fragments were further
mashed with a syringe plunger and washed with CM. The tumor cell suspension was then
centrifuged at 1300 RPM for 5 minutes, prior to undergoing 2 additional washes using CM. To
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isolate total tumor-infiltrating leukocytes (TILs), the cells were resuspended in CM and
underlaid with an equal volume of Lympholyte-M medium (ρ = 1.088 g/ml, Accurate Chemical
and Scientific Corporation, Westbury, NY), then centrifuged at RT for 15 minutes. Cells at the
gradient interface were collected and washed twice with CM.

3.3.5.

CD4+ and CD8+ T Cell Isolation

Splenocytes or TILs were first Fc receptor blocked with anti-CD16/32 antibody (BD
Pharmingen, San Diego, CA) for 15 minutes at 4 oC. To remove dendritic cells, anti-CD11c
MicroBeads (Miltenyi Biotec Inc, Auburn, CA) were added to the cells, incubated, and
positively-selected on MiniMACS magnetic columns per the manufacturer’s instructions. CD4+
T cells are then isolated by positive selection from the CD11c negative flow through fraction
after staining with anti-CD4 MicroBeads.

Finally, CD8+ T cells are isolated by positive

selection from the CD11c negative, CD4 negative flow through fraction after incubation with
anti-CD8 MicroBeads. Greater than 90% purity is achieved via these positive selections as
assessed by flow Cytometry. Since tumors from cytokine untreated mice contain only very few
infiltrates of CD4+ or CD8+ T cells by day 14, it was not possible to isolate enough cells to
perform comparative analysis with CD4+ or CD8+ T cells isolated from the tumors of rFL +
rGM treated mice.

3.3.6.

Flow Cytometry

Cells are transferred to polypropylene tubes, pelleted by centrifugation and resuspended in
FACS buffer (0.1% BSA and 0.05% sodium azide in PBS). The following antibodies and their
corresponding isotype controls were used for surface staining: CD4-PE, CD4-biotin, CD25-
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FITC, CD62L-FITC, CD45RB-PE (all purchased from BD-Pharmingen), ICOS-FITC
(eBioscience, San Diego, CA), and GITR-FITC (R&D Systems, Minneapolis, MN).

After

adding the appropriate primary antibody, the cells are incubated in the dark at 4oC for 30
minutes, washed twice by centrifugation using FACS buffer. For CD4-biotin detection, the
stained cells were further incubated with streptavidin-PerCP for 30 minutes in the dark at 4oC
and washed twice. Cells were then fixed in 1% paraformaldehyde and analyzed on a Coulter
EPICS XL flow cytometer (Beckman Coulter, Inc., Fullerton, CA). Data were analyzed by using
EXPO32 (Beckman Coulter) software. For Foxp3 intracellular staining, CD4+ T cells were
surface stained as described above and further processed using PE anti-mouse/rat Foxp3 Staining
kit (eBioscience). In short, pelleted cells were resuspended in eBioscience Fix/Perm buffer,
incubated overnight at 4oC, and washed once with FACS buffer. The cells were then washed
twice with 1x eBioscience permeabilization buffer, blocked for 15 minutes at 4oC with 2%
normal rat serum in permeabilization buffer, and incubated for an additional 30 minutes at 4oC
with PE-conjugated anti-mouse/rat Foxp3 or rat IgG2a isotype control antibody in
permeabilization buffer. Finally, the cells were washed twice with 1x permeabilization buffer
and resuspended in FACS buffer, prior to analysis by flow cytometry.

3.3.7.

Immunofluorescence Staining and Imaging

Tumor tissue samples were embedded in OCT medium (Tissue-Tek; Sakura Finetechnical
Co, Ltd), frozen and stored at -80oC.

Tissue sections 5-µm thick were then prepared using a

cryostat microtome, mounted on Superfrost Plus (Fisher Scientific, Pittsburgh, PA) slides, and
stored at -80oC. For staining, the sections were fixed in 2% paraformaldehyde (Sigma) at room
temperature (RT) for 40 minutes and blocked with normal goat serum for 40 minutes. The
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sections were then incubated with biotinylated CD11c or CD3 antibodies or PE-conjugated CD4
or CD8α antibodies or unconjugated IL-10 antibody or matching isotype controls (all from
Pharmingen) for 1hr. This was followed by incubation with streptavidin-Alexa Fluor 488 or goat
anti-rat Alexa Fluor 488 (Molecular Probes, Eugene, OR) for 1 hour. Finally, Hoechst 33342
(Molecular Probes) was applied to stain the nuclei. The images were acquired using Olympus
Provis fluorescence microscope (Olympus, Melville, NY). Isotype control and specific antibody
images were taken using the same level of exposure on the channel settings. In situ staining for
TGF-β was not performed because antibody staining does not distinguish between the inactive
and active forms of TGF-β since it is secreted as latent forms consisting of the cytokine and the
TGF latency-associated peptide (TGF-LAP) and is activated in the extracellular environment
(324).

3.3.8.

Allogeneic Mixed Leukocyte Reaction (MLR)

2x105 BALB/cJ CD4+T cells from normal mice spleen were co-cultured in duplicate wells
with 10 Gy irradiated 2x105 total C57BL/6 splenocytes in 96-well round bottom plates. CD4+
TILs cells isolated from the tumors of rFL and rGM treated mice were then added to the MLR
cultures in decreasing numbers at 1:1, 1:2, 1:5, and 1:10 ratios to assess for their suppressive
activity. To determine whether GITR stimulation reverses suppression, 20 µg/ml of purified
anti-GITR antibody (clone DTA-1; eBioscience) was added to the 1:2 ratio cultures. The plates
were incubated in a humidified incubator at 37oC and 5% CO2. After three days, the cultures
were pulsed with 1µCi 3H-thymidine/well (NEN, Boston, MA) for the last 16 hours of culture.
3

H-thymidine incorporation was then quantitated using a liquid β-scintillation counter (Wallac,

Gaithersburg, MD). Data are shown as mean ± standard deviation from duplicate wells.
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3.3.9.

In Vitro Stimulation (IVS) of C8+ T Cells

2 x 105 CD8+ T cells from the spleen of rFL + rGM treated mice were co-cultured with 5 x
104 irradiated (100Gy) CMS4 sarcoma cells in duplicate wells of 96-well round bottom plates in
a humidified incubator at 37oC and 5% CO2 for 72 hours. To asses for the suppression of IFN-γ
production, 1x105 CD4+ T cells isolated from the tumors of rFL + rGM treated mice or from the
spleen of non-tumor bearing cytokine treated mice were added to the CD8+ T cell cultures. At
the end of the culture period, the plates were centrifuged to pellet the cells and the cell-free
supernatants were collected and stored at -80oC until IFN-γ ELISAs were performed.

3.3.10.

ELISA

ELISAs were performed using IFN-γ specific OptEIA ELISA set (BD-Pharmingen)
according to the manufacturer’s instructions. In brief, 96-well flat bottom plates (Corning
Costar, Corning, NY) were coated with 50 µl/well of IFN-γ capture antibody, incubated
overnight at 4oC, washed, blocked with 3% BSA in PBS/0.05% Tween solution for 1 hour at RT,
and washed again.

Fifty microliters per well of recombinant IFN-γ standards or culture

supernatants were added to the wells, incubated for 2 hours at RT, then washed. Fifty microliters
of a mixture of biotinylated IFN-γ detection antibody and avidin-HRP was then added and
incubated for 1 hour at RT, and then plates were washed. Finally, 100 µl/well of substrate
solution (1:1 mixture of H2O2 and tetramethylbenzidine, KPL, Gaithersburg, MD) was added to
the plates and incubated at RT. Chromogen development was stopped by addition of 50 µl of
1M H2SO4 and the optical absorbance determined at 450 nm (vs. 570 nm; background control)
using a microplate reader (Dynatech Laboratories, Chantilly, VA). The lower limit for the
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detection of IFN-γ by this assay was 31.25 pg/ml. Data are shown as mean ± standard deviation
from duplicate wells.

3.3.11.

RNA Isolation

Cells were washed twice with PBS and resuspended in TRIzol reagent (Invitrogen), then
transferred to eppendorf tubes and incubated at room temperature (RT) for 5 minutes.
Chloroform (Sigma) was then added to the tubes, shaken vigorously, incubated at RT for 3
minutes and centrifuged at 12,000 x g for 15 minutes at 4 oC. The clear aqueous phases were
then transferred into eppendorf tubes and RNA precipitated by the addition of isopropanol,
followed by incubation of specimens at RT for 10 minutes, and centrifugation at 12,000xg for 10
minutes at 4 oC. The RNA pellet was then washed by resuspending in 70% ethanol and
centrifugation at 7,500xg for 5 minutes at 4 oC. Finally, the RNA was air-dried and resuspended
in RNAse-free water, with yields determined by measuring OD at 260 nm and protein content at
280 nm.

3.3.12.

Reverse Transcriptase PCR (RT-PCR)

One µg of RNA was used for reverse transcription and was performed in a 20 µl total
reaction mixture containing 2 µl 10x PCR Buffer II, 2.5 mM dNTPs mixture, 5 mM MgCl2, 2.5
µM random hexamer primer, 1U/µl RNAse inhibitor, and 5U/µl MuLV reverse transcriptase (All
from Applied Biosciences, Foster City, CA). The reaction condition was 42oC for 30 min, 95oC
for 5 min, and 4oC for 5 min. Polymerase Chain Reaction (PCR) was performed using 2 µl of
this cDNA in a 50 µl total reaction mixture consisting of 29.5 µl sterile water, 5 µl 10x PCR
Buffer II, 1.6 mM dNTPs mixture, 2 mM MgCl2, 0.05 U/µl Ampli-Taq DNA polymerase, and
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0.5 µM each of forward and reverse primers. The specific primer sequences were obtained from
published sources as follows: foxp3 (TA=63oC; ref. (325)), TGF-β (TA=57oC) and IFN-γ
(TA=63oC; ref. (326)) and IL-10 (TA=55oC; ref. (327)). The PCR reaction condition was 94oC
for 3 min, 25 cycles of amplification (94oC for 45 sec, primer specific-annealing temperature for
45 sec, and 72oC for 1 min), and 72oC for 7 minutes. PCR products were confirmed by gel
electrophoresis on standard 1.4% agarose gels stained with ethidium bromide and visualized by
exposure to ultraviolet light. The images were captured using UVP gel camera (UVP, Inc.,
Upland, CA) utilizing Lab Works software (PerkinElmer, Boston, MA).

3.3.13.

Statistical Analysis

Statistical analyses were performed using an unpaired 2-tailed Student’s T test. SPSS for
windows (SPSS Inc., Chicago, IL) software was used to conduct the analysis. Comparative
differences yielding P-values less than 0.05 were considered significant.
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3.4.

3.4.1.

RESULTS

Significantly enhanced infiltration of CMS4 tumors by CD4+T cells after
treatment with rFlt3-L (rFL) + rGM-CSF (rGM)

The capture, processing, and presentation of tumor-derived antigens by dendritic cells (DC)
and the subsequent activation of tumor-specific CD8+ CTLs appears crucial to the initiation of
anti-tumor immune responses (328). CD4+ T cells can play a helper role in the priming of
CD8+ CTLs, an effector role in mediating DTH-type inflammatory responses, or a suppressive
role by inhibiting the priming/effector function of CTLs (329, 330). In my previous report, I
observed that treatment of BALB/cJ mice bearing CMS4 sarcomas with rFL + rGM resulted in
profound tumor infiltration by CD11c+ DC as well as T cell populations, which included CMS4specific CD8+ CTLs, although the cumulative immunity failed to demonstrably impact tumor
progression (Berhanu et al., manuscript submitted). Upon further inspection, I now show that
while day 14 established CMS4 tumors in untreated mice are infiltrated by very few tumor
infiltrating CD11c+ DC, CD4+ T cells or CD8+ T cells, the number of such cells in the tumors
of animals treated with rFL + rGM was dramatically increased (Fig. 11). CD11c+ DC and both
T cell subsets within the treated tumors exhibited a similar, diffuse distribution pattern
throughout the lesions and were not anatomically restricted to the periphery of the tumor. Since
I have previously shown that CD8+ T cells isolated from tumor digests were capable of
responding specifically to stimulation with CMS4 cells in vitro, I next sought to determine
whether the balance of functional capacity(ies) mediated by CD4+ TILs could, at least in part,
explain the lack of efficacy of this combined cytokine therapy.
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3.4.2.

A high proportion of CD4+ TILs isolated from rFL + rGM treated mice display a
regulatory T cell phenotype

In order to compare the surface phenotype of tumor infiltrating CD4+ T cells with that of
splenic CD4+ T cells, CD4+ T cells were isolated from tumor cell digests of rFL + rGM treated
mice and examined by flow cytometry.

Based on prior reports ((191, 207)), I initially

discriminated Treg by evaluating CD4+ T cells for constitutive, co-expression of the CD25
marker. As shown in Fig. 12, ~53% (49.25 ± 5.23) of CD4+ TILs (F/G-TIL) in cytokine-treated
mice co-expressed CD25 on their cell surface, where as only ~11% (10.74 ± 1.97) of CD4+ T
cells (F/G-Tu-SP) from the spleen of the same mice co-expressed CD25 (Fig. 12). Notably, rFL
+ rGM treatment does not appear to have such a dominant impact on splenic frequencies of
CD4+CD25+ T cells. Indeed, I observed the percentages of splenic CD4+CD25+ cells in
untreated/non-tumor bearing (U-NOR-SP), treated/non-tumor bearing (F/G-NOR-SP) and
untreated/tumor-bearing (U-Tu-SP) mice to be ~7% (6.13 ± 2.00), ~10% (9.55 ± 2.62), and ~6%
(5.76 ± 0.60), respectively. I also examined the TILs and spleen CD4+ T cells for co-expression
of the GITR marker previously shown to be preferentially expressed by regulatory T cells at high
levels (210, 211).

Interestingly, ~90% (90.19 ± 1.05) of CD4+ TILs in treated mice co-

expressed this molecule (Fig. 12), and the high fluorescence intensity level of expression was
consistent with that typically reported for regulatory T cells (210, 211). GITRHI+CD4+ T cell
frequencies in TILs were dramatically greater than those observed for the spleens of cytokinetreated control, non-tumor-bearing (i.e. ~28% (26.70 ± 2.06) mice or tumor-bearing (i.e. ~29%
(29.82 ± 5.48)) mice. Interestingly, and in contrast to the data generated in the CD25 marker
analysis, rFL + rGM treatment appeared to result in increased percentages of splenic
GITRHI+CD4+ T cells when compared to untreated control, non-tumor-bearing (i.e.~7% (9.25 ±
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4.42)) mice or tumor-bearing (i.e.~11% (11.84 ± 4.95)) mice receiving no treatment. These
differences in the percentages of CD4+GITRHi T cells among cytokine treated and untreated
mice were statistically significant: p = 0.0034 for U-NOR-SP vs. F/G-NOR-SP and p = 0.013 for
U-Tu-SP vs. F/G-Tu-SP. These results suggest that combined cytokine treatment with rFL +
rGM may peripherally expand and preferentially recruit CD4+ T cells exhibiting a regulatory T
cell phenotype into CMS4 tumor lesions.

3.4.3.

CD4+ TILs isolated from rFL + rGM treated mice express an activated/memory
phenotype consistent with that of regulatory T cells

Since adoptively-transferred CD45RBlowCD4+ T cells isolated from the spleen of normal
mice can act as regulatory T cells in preventing organ-specific autoimmune disease in T celldeficient mice reconstituted with CD45RBHighCD4+ T cells (192, 208), I examined the level of
CD45RB expression on CD4+ T cells isolated from the TILs and spleen of rFL + rGM treated
mice. As shown in Fig. 13, the fluorescence intensity of the CD45RB molecule on the surface of
CD4+ T cells isolated from tumor was significantly lower (~5 times) than that of CD4+ T cells
isolated from the spleen of the same animals (~29 vs. ~153 MFI, respectively). This expression
level was also ~15 times and ~19 times lower than that observed for splenic CD4+ T cells
harvested from untreated/tumor-bearing (~29 vs. 426 MFI, respectively) or untreated/non-tumor
bearing (~29 vs. 562.34 MFI, respectively) mice, respectively. Additionally, in parallel with
increased GITR expression, it appeared that there were more CD4+ T cells exhibiting a lower
expression level of the CD45RB marker in rFL + rGM treated mice when compared to untreated
mice, whether the animals harbored tumors or not.
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I also evaluated CD4+ TILs for co-expression of the inducible costimulator (ICOS) protein,
since upregulated levels of this marker have been detected on regulatory T cells in pancreatic
lesions and its blockade rapidly converts early insulitis to diabetes by disrupting the balance of
Treg and T effector cells (212). Contrary to their reduced levels of CD45RB expression, CD4+
TILs from cytokine treated mice expressed higher levels of ICOS than any other splenic CD4+ T
cells examined (Fig. 13). ICOS expression was virtually non-existent (MFI = 1.0) on splenic
CD4+ T cells isolated from untreated, normal or tumor-bearing mice or from rFL + rGM treated
normal controls. However, the MFI for ICOS expression on TILs and splenic CD4+ T cells in
cytokine treated CMS4 bearing animals were both elevated compared to those controls (~39 and
~8, respectively).

Furthermore, a population of IL-10 producing regulatory T cells that

developed in vivo from naive CD4+CD25− T cells during a T helper type 1 (TH1) polarized
response has been shown to express high level of ICOS, but only low levels of CD62L (331). As
shown in Fig. 13, CD4+ TILs from treated mice failed to express the CD62L marker (involved in
the recirculation of naïve T cells from blood into peripheral lymphoid tissues, ref. (332)) on their
surface, whereas the majority of splenic CD4+ T cells were CD62L+. However, it was also
clearly evident that some of the splenic CD4+ T cells from cytokine-treated, tumor-bearing mice
expressed low level of CD62L, while some expressed high levels of CD62L.

3.4.4.

rFL + rGM treatment significantly expands CD4+Foxp3+ regulatory T cells in the
spleen and results in high level infiltration of the tumor by CD4+Foxp3+ TILs

Foxp3 is important in the development and function of CD4+ regulatory T cells and is
predominantly expressed in this subset of T cells (219, 220). Consistent with the regulatory T
cell phenotype of tumor CD4+ T cells described so far, ~54% (49.56 ± 6.48) of CD4+ TILs from
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rFL + rGM treated mice were found to express this intracellular transcription factor (Fig. 14).
Interestingly, I detected double the percentages of CD4+Foxp3+ T cells in the spleens of rFL +
rGM treated mice compared to what is normally found in untreated mice, in both tumor-bearing
and non tumor-bearing mice. That is, ~29% (28.69 ± 1.42) and ~28% (27.98 ± 0.54) of splenic
CD4+ T cells from rFL + rGM treated tumor bearing and non-tumor bearing mice, respectively,
expressed the Foxp3 protein. In marked contrast, ~15% (14.13 ± 0.74) and ~13 % (11.89 ± 2.2)
of splenic CD4+ T cells in untreated tumor bearing and non-tumor bearing mice, respectively,
were Fox3 positive. These data suggest that combined treatment with rFL and rGM results in a
coordinate expansion of DC and CD4+Foxp3+ T cells in vivo. Moreover, I co-stained CD4+ T
cells with anti-Foxp3 and anti-CD25 or anti-Foxp3 and anti-GITR mAbs in order to examine the
percentages of CD25+CD4+ or GITR+CD4+ T cells that co-express Foxp3. As shown in Fig.
14, ~62% of CD25 expressing CD4+ TILs were Foxp3+ while ~60% of GITR expressing CD4+
TILs were Foxp3+. In the spleens of cytokine-treated mice, the majority (>82%) of CD25− or
GITR-expressing CD4+ T cells were Foxp3+, whereas in untreated mice, a slightly lower
percentage (>73%) of CD25+ or GITR+ co-expressing CD4+ T cells were Foxp3+. In all of the
CD4+ T cells analyzed, I observed that more of the Foxp3+CD4+ T cells were also GITR+
rather than CD25+, suggesting that GITR might be a better single marker than CD25 in
identifying Tregs. The percentages of CD4+Foxp3+ T cells that also expressed CD25 were
~73%, ~36%, ~31%, ~28%, and ~30% for F/G-TIL, F/G-Tu-SP, F/G-NOR-SP, U-Tu-SP, and UNOR-SP CD4+ T cells, respectively. In contrast, the percentages of CD4+Foxp3+ T cells that
co-expressed GITR were ~97%, ~81%, ~83%, ~57%, and ~50% for F/G-TIL, F/G-Tu-SP, F/GNOR-SP, U-Tu-SP, and U-NOR-SP CD4+ T cells, respectively. Even though it was not as high
as the frequency of GITR+CD4+ TILs (i.e. ~97%), when compared to splenic CD4+ T cells, the
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majority (~73%) of CD4+Foxp3+ TILs still co-expressed CD25. In addition to the intracellular
staining of Foxp3 protein, I also performed RT-PCR using foxp3 specific primers on total RNA
isolated from CD4+ T cells to determine whether the increase in Foxp3 expression observed in
rFL + rGM-CSF treated tumor bearing mice was reflected at the transcriptional level (Fig. 17).
Consistent with my flow cytometry data, high levels of foxp3 mRNA transcripts were detected in
CD4+ TILs and splenic CD4+ T cells of tumor-bearing mice treated with rFL + rGM and this
level of expression was higher than that observed for CD4+ T cells isolated from untreated,
normal or tumor-bearing mice. As expected, in vitro cultured CMS4 cells did not express foxp3
mRNA transcripts.

3.4.5.

CD4+ TILs isolated from rFL + rGM treated mice suppress alloreactive CD4+ T
cell proliferation and IFN-γ secretion by tumor-specific CD8+ T cells

The hallmark of CD4+ regulatory T cells is their functional ability to suppress
responder/effector T cell proliferation and cytokine production (209, 226, 229). As a result, I
wanted to determine whether CD4+ TILs suppressed the in vitro proliferation of responder
CD4+ T cells in an allogeneic mixed leukocyte reaction (MLR). Naïve CD4+ T cells were
isolated from normal BALB/cJ (H-2d) mice and co-cultured with C57BL/6 (H-2b) splenocytes as
stimulators along with titrated numbers of unfractionated CD4+ TILs harvested from cytokine
treated BALB/cJ mice. In accordance with their regulatory T cell phenotype, the CD4+ TILs
effectively suppressed the proliferation of alloreactive responder T cells in a dose-dependent
manner (Fig. 15A). Since the CD4+ TILs strongly expressed GITR, and anti-GITR antibodies
have been shown to mitigate Treg function (210), I added anti-GITR antibody to the suppressed
cultures and re-evaluated proliferative responses. As shown in Fig. 15B, the addition of a sub-
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optimal concentration of anti-GITR antibody resulted in the partial normalization of allo-specific
T cell proliferation. The proliferation observed in the presence of anti-GITR antibody was
approximately 2.33 times that observed in the absence of the antibody (cpm = ~76 x 103 vs. ~33
x 103). This data suggests that CD4+ TILs may utilize GITR expressed on their surface to
suppress the expansion of effector T cells at the tumor site in a contact-dependent manner.
I also evaluated whether CD4+ TILs from cytokine-treated mice could suppress IFN-γ
production from in vivo primed anti-CMS4 CD8+ T cells. I have previously reported that rFL +
rGM treatment of CMS4-bearing mice results in the enhanced cross-priming of tumor-specific
CD8+ T cells in situ (Berhanu et al., manuscript submitted). For the current studies, I cocultured splenic CD8+ T cells harvested from rFL + rGM treated CMS4-bearing mice with
irradiated CMS4 tumor cells in vitro in the absence or presence of CD4+ TILs isolated from
cytokine-treated animals. CD4+ T cells isolated from the spleens of rFL + rGM treated, nontumor bearing mice were used as controls for TILs. As shown in Fig. 16, the addition of CD4+
TILs, but not control CD4+ splenocytes significantly reduced IFN-γ production from in vivo
primed CD8+ T cells re-stimulated with CMS4 tumor cells in vitro. This data suggests that even
though CD4+ Tregs present in the spleen may not affect the priming of tumor-specific CD8+ T
cells, once these primed CD8+ T cells traffic into the tumor sites, their effector function may be
significantly hindered by co-infiltrating CD4+ TILs.

3.4.6.

CD4+ TILs from rFL + rGM treated mice express higher levels of TGF-β and IL10 mRNA transcripts.

To characterize possible mechanism(s) by which the regulatory tumor infiltrating CD4+ T
cells could mediate their suppression, I assessed the mRNA expression level of the two
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cytokines, i.e. IL-10 and TGF-β, linked to Treg-mediated suppression in vivo (226, 320).
Interestingly, the only CD4+ T cell population in which IL-10 mRNA transcripts were detected
was CD4+ TILs (Fig. 17A). Regardless of the cohort evaluated, splenic CD4+ T cells failed to
express detectable levels of IL-10 mRNA. Consistent with this data, immunofluorescence
staining of tumor tissue sections from rFL + rGM treated mice revealed expansive staining with
an anti-IL-10 antibody (Fig. 17B). Since IL-10 mRNA expression or IL-10 protein production
was not detected from in vitro cultured CMS4 tumor cells by RT-PCR (Fig. 17A) or ELISA
(data not shown), I presume that the tumor cells are not a prominent source of IL-10 in situ. In
terms of TGF-β mRNA expression, CD4+ TILs expressed dramatically elevated levels of this
transcript when compared to splenic CD4+ T cells in the same rFL + rGM treated mice (Fig.
17A). However, in contrast to IL-10, TGF-β mRNA expression was also detected in splenic
CD4+ T cells isolated from untreated, normal or tumor-bearing mice and in vitro cultured CMS4
tumor cells. When taken together, the IL-10 and TGF-β data suggest that the CD4+ regulatory
TILs may represent activated, effector cells, while splenic Treg may exist in a more resting state.
I further noted that CD4+ TILs in cytokine-treated mice also expressed very low levels of
gamma interferon (IFN-γ) mRNA transcripts, suggesting that the number of functional T helper
type 1 (TH1) cells among the CD4+ T cells is likely rather limited. It is also possible that the
IFN-γ transcripts are expressed in the regulatory CD4+ TILs, since a recent study has
demonstrated that alloantigen-reactive CD25+CD4+ T cells, but not CD25−CD4+ Tregs display
a significant increase in IFN-γ mRNA expression when reencountering alloantigen in vivo and
their functional activity was impaired dramatically in IFN-γ deficient mice (333). Also, a
population of regulatory T cells that developed in vivo from naive CD4+CD25− T cells has been
reported to produce both IL-10 and IFN-γ (331).
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3.4.7.

In vivo depletion of CD4+ T cells results in significantly improved anti-tumor
efficacy of rFL + rGM therapy that is mediated by CD8+ T cells

Given my previous data supporting the ability of rFL + rGM treatment to promote the
effective cross-priming and recruitment of anti-CMS4 CD8+ T cells into tumor lesions, I next
sought to determine whether depletion of CD4+ T cells via injection of anti-CD4 mAb removed
Treg-mediated restrictions on therapeutic CD8+ T cells in vivo. In my first experiment, I treated
mice bearing day 8 established CMS4 tumors with depleting anti-CD4 or anti-CD8 antibodies.
This time point coincided with the initiation of the treatment of CMS4 bearing mice with rFL +
rGM. Antibodies were re-injected on days 13 and 16 post-tumor inoculation (i.e. 1 and 4 days
after discontinuation of cytokine treatment). As shown in Fig. 18, the injection of anti-CD8
antibody alone or an isotype-matched control rat IgG failed to impact CMS4 tumor growth.
Similarly, injection of anti-CD4 antibody failed to slow CMS4 tumor progression in animals that
did not receive cytokine treatment. The only treatment group in which CMS4 growth was
significantly inhibited was the cohort treated with rFL + rGM and co-injected with the depleting
anti-CD4 mAb. The reduced rate of tumor growth in these mice occurred most acutely between
days 17 and 23, as indicated by the plateau of the tumor growth curves of the mice in the group.
This period of slowed growth appears to coincide with the window of time during which
complete depletion of CD4+ T cells is expected to occur, However, after day 25 (9 days after the
last treatment of anti-CD4 antibody), progressive tumor growth is re-established. These data
suggest that CD8+ T effector cells promoted by therapy-induced cross-priming can control
CMS4 tumor growth during the period of stable CD4+ (Treg) depletion. In this experiment, I
further noticed that CD4 depletion in rFL + rGM treated mice not only slowed down tumor
growth based on surface area, but also volume assessment. That is, the impact of CD4 depletion
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in rFL + rGM treated mice is perhaps better represented by examining its impact on the threedimensional rather than its two-dimensional growth. Unfortunately, since this additional impact
on the volume of the tumor was observed only after CD4 depletion of rFL + rGM treated mice, I
did not record height measurements at all timepoints. However, in my repeat experiment shown
in Fig. 19 and Fig. 20, all three dimensions (length, width, and height) were recorded beginning
on day 8 after tumor inoculation in order to compare both the areas and volumes of the tumors
among the different treatment cohorts. Furthermore, since a plateau of tumor growth was
observed in CD4-depleted, rFL + rGM treated mice during the depletion period in the Fig. 18
experiment, I extended the antibody treatments beyond day 16 and continued to apply them
every three days thereafter. In this experiment, I also determined whether CD8+ T cells were
active participants in regulating tumor growth once CD4+ T cells were effectively depleted.
Hence, anti-CD4 and anti-CD8 antibodies were co-administered in order to deplete both CD4+
and CD8+ T cells and to observe the impact of co-depletion on CMS4 growth. As shown in Fig.
19 and Fig. 20 and consistent with the data in Fig. 18, significant inhibition of tumor growth was
observed in the cohort of mice treated with rFL + rGM and co-injected with depleting anti-CD4
mAb but not rat control antibody. In contrast, injection of anti-CD4 antibody failed to slow
CMS4 tumor progression in four out of five mice that did not receive rFL + rGM treatment. It
was also clearly evident that the continued administration of anti-CD4 antibody resulted in an
indefinitely prolonged period of tumor growth inhibition, as indicated by the long plateau in the
growth curves of CD4-depleted, cytokine-treated mice. The impact of CD4 depletion was even
more pronounced when tumor growth was assessed in terms of a clinically-relevant measure of
volume (Fig. 20), rather than just surface area (Fig. 19). For example, on day 22 after tumor
inoculation, the average tumor areas in the isotype treated (cytokine untreated), anti-CD4 treated

104

(cytokine untreated), anti-CD4 + anti-CD8 treated (cytokine untreated), isotype treated (cytokine
treated), and anti-CD4 + anti-CD8 treated (cytokine treated) mice were 4.9, 4.2, 4.7, 4.1, and 5.5
times, respectively, that of anti-CD4 treated (cytokine treated) mice. The average tumor volumes
on the same day for these mice were 10.8, 8.2, 9.5, 7.5, 12.5 times, respectively, that of anti-CD4
Ab-treated (cytokine treated) mice. The effect on CMS4 growth due to CD4 depletion in rFL +
rGM treated mice was CD8+ T cell mediated since the depletion of CD8+ T cells along with
CD4+ T cells resulted in progressive tumor growth without any period at which a plateau of
growth arrest could be observed. Furthermore, the mice treated with cytokine and anti-CD4
antibody looked very healthy and active without any physically noticeable negative impact from
such a prolonged period of CD4 depletion. As can be seen in Fig. 21, 80% of these cytokine and
anti-CD4 antibody treated mice had small tumors and were alive upto the end of the observation
period, i.e. 62 days after tumor inoculation, compared to the 28 days by which the majority of the
mice in the other cohorts either died or had to be sacrificed due to sickness and high tumor
burden. In summary, these in vivo data suggest that CD8+ T cells promoted by rFL + rGM
therapy-induced cross-priming can control CMS4 tumor growth during the prolonged period of
stable CD4+ (Treg) depletion.
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3.5.

DISCUSSION

In this study, I show that rFL + rGM treatment enhanced infiltration of CMS4 tumors by
CD4+ T cells that exhibit regulatory T cell phenotype and function. CD4+ TILs not only
expressed surface markers typical of Tregs, they also functionally suppressed the proliferation
and IFN-γ production of responder naïve alloreactive CD4+ and tumor-specific CD8+ T cells,
respectively. These CD4+ TILs from rFL + rGM treated mice were uniformly CD45RBlow and
ICOSHigh and nearly half of them co-expressed CD25, where as more than 90% of them
expressed high levels of the GITR molecule on their cell surface. Unfortunately, both CD25 and
GITR have been reported to be expressed by not only regulatory T cells, but also by activated
non-regulatory T cells (191, 207, 210, 211). Unlike the complicated nature of using these
surface markers to distinguish Tregs, Foxp3 appears to be a Treg specific factor since naïve or
newly-activated, non-regulatory T cells do not express this marker and ectopic expression in
deficient cells bestows suppressive function (219, 220, 224). Intracellular staining of CD4+ TILs
for Foxp3 expression showed that approximately half of these T cells express high levels of this
protein. As a result, I conclude that at least 50% of the CD4+ TILs after treatment with rFL and
rGM are regulatory T cells. Approximately 97% of these CD4+Foxp3+ TILs expressed GITR,
whereas only approximately 73% expressed the CD25 marker, suggesting that GITR expression
may be an integral component of the Foxp3 expressing Treg functional phenotype. . The lack of
CD25 expression by some of the Foxp3+CD4+ TILs does not appear to be an unusual finding, as
it confirms data presented in a very recent report by Fontenot et al. who showed that in mice
expressing a GFP-Foxp3 fusion-protein reporter knockin allele (Foxp3gfp mice), only ~60% of
Foxp3+CD4+ splenic T cells and ~47% of Foxp3+CD4+ lung T cells expressed CD25,
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suggesting that not all Tregs can be identified based on constitutive high expression of CD25 on
their cell surface (224).
However, given 1) the lack of BALB/cJ CD4+ TIL proliferation when co-cultured with
allogeneic C57BL/6 splenocytes, 2) the high level suppression of naïve alloreactive CD4+ T cell
proliferation and tumor-specific CD8+ T cell IFN-γ production by co-culture with
unfractionated CD4+ TILs, and 3) the abrogating effect of anti-GITR antibody on Treg function,
it is possible that the GITRHI+CD4+ TILs (which may or may not express detectable levels of the
CD25 molecule on their cell surface) that do not express Foxp3 may still be involved in
suppressing the anti-tumor response within the tumor site, serving as regulatory T cells. In this
vein, the idea of bystander suppression or “infectious tolerance” proposed by Qin et al. (334) in
order to explain why no additional immunosuppression was necessary to maintain lifelong
transplantation tolerance induced in adult mice after combined treatment with non-lytic mAbs to
CD4 and CD8 T cells (on days 0, 2, and 4 after allogeneic skin grafting even though the thymus
continues to make new T cells) and the reports of Jonuleit et al. (335) and Dieckmann et al (336),
may be applicable in understanding how the significantly immunosuppressive tumor
environment is mainitained by CD4+ TILs in rFL + rGM treated mice. Jonuleit et al. and
Dieckmann et al. demonstrated “infective tolerance” by showing that human CD4+CD25+
Tregs, via cell-to-cell contact, convey suppressive capacity to non-regulatory CD4+CD25− T
helper cells, that in turn, inhibit the activation of conventional, freshly isolated CD4+ T helper
cells (335, 336). Contrary to the cell contact-dependent and fixation-resistant mechanism of
suppression employed by the “suppression infecting” CD4+CD25+ Tregs, the newly
“suppression infected” CD4+ helper T cells appear to mediate their suppressive activity via cell
contact–independent mechanism(s), involving soluble TGF-β or IL-10, that may be abrogated
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by fixation (335, 336). Interestingly, Dieckmann et al showed that CD4+CD25+ Tregs induced
high level production of IL-10 in co-cultured CD4+CD25− T cells even when they were added to
the cultures after activation and fixation, suggesting the involvement of cell surface molecule(s)
in imparting suppression (336). Furthermore, Vieira et al have demonstrated that murine Tregs
generated in vitro or in vivo after antigenic stimulation of CD4+CD25− naïve T cells expressed
high levels of the GITR marker, but not Foxp3, and inhibited the in vitro proliferation of
responder T cells as efficiently as Foxp3+CD4+CD25+ Tregs, suggesting that Foxp3 expression
may not be a prerequisite for the suppressive capability of IL-10-producing “adaptive” Tregs
(337). Interestingly, even though these Foxp3-negative Tregs produced IL-10, the inhibition of
T cell proliferation was mediated by an IL-10-independent, but cell contact-dependent
mechanism that is abrogated in the presence of anti-GITR antibody (337). Similarly, Bynoe et
al. reported that CD4+CD25 regulatory T cells induced in vivo by epi-cutaneous immunization
with myelin basic protein peptide did not express Foxp3 but inhibited the development of EAE
and suppressed T cell proliferation in a cytokine-independent, but cell contact-dependent manner
(338). In my system, CD4+Foxp3+ T cells could represent naturally-occurring regulatory T cells
that have been expanded from those cells that arose directly from the thymus whereas the
CD4+Foxp3− T cells might represent “adaptive” Treg-like cells that have been peripherally
induced within the tumor site by direct cell contact with the CD4+Foxp3+ T cells or indirectly
via immunosuppressive cytokines and/or DCs presenting antigen in the presence of intratumoral
immunosuppressive cytokines. The relevance of “infectious tolerance” in this system is further
supported by the detection of IL-10 and TGF-β RNA transcripts in CD4+ TILs that have been
freshly-isolated from tumors in rFL + rGM treated mice. The exclusive expression of IL-10 in
CD4+ TILs (but not splenic CD4+ T cells from the same mice) and the high-level of expression
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of TGF-β in CD4+ TILs (but not splenic CD4+ T cells from the same mice) suggest that these
two cytokines might mediate contact independent suppression associated with the regulatory
CD4+ TILs. The in situ detection of IL-10 protein in the tumors of rFL + rGM treated mice
further suggests that this cytokine may play a significant role in the localized suppression of
effector cells within the tumor microenvironment. Indeed, Akbari et al. have demonstrated that
IL-10 producing adaptive regulatory T cells can develop in vivo from CD4+CD25− naïve T cells
after respiratory exposure to antigen and these cells can block the development of allergeninduced airway hyper-reactivity (AHR) (115).

Moreover, in this AHR model, both the

development and the inhibitory function of regulatory cells were dependent on the presence of
IL-10 and on ICOS−ICOS-ligand interactions (115).

In my experimental system, these

conditions clearly exist in the tumor microenvironment in that IL-10 is present, nearly 90% of
the CD4+ TILs express high levels of the ICOS marker, and ~47% of the tumor infiltrating
dendritic cells express high level ICOSL (also known as LICOS, B7-related protein 1 (B7RP-1),
B7H, and GL50). Additionally, Treg-mediated suppressive function inside the tumor can be
amplified even further in the presence of IL-10, since it has been demonstrated that IL-10 can
serve as a positive autocrine factor that can act directly on T cells (even in an APC-free system)
to enhance the development of IL-10 producing Tregs (339).
Since increased levels of its RNA transcripts have been detected in CD4+ TILs, TGF-β
can further supplement the suppressive environment maintained within the tumor
microenvironment by Tregs.

TGF-β can actually play a powerful role in Treg-mediated

suppression because it can mediate its effects in both a contact-dependent (i.e. membrane bound)
and contact-independent (i.e. soluble cytokine) manners of suppression (241, 243). In addition
to having a similar capacity as IL-10 in mediating “infectious tolerance” (206, 340), TGF-β may
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also be involved in the stimulation and expansion of CD25+CD4+ Tregs within the tumor site,
an effect that has been observed both in vitro {Yamagiwa, 2001 #809; }and in vivo (325, 341).
For instance, Peng et al. showed that intra-islet Foxp3+CD25+CD4+ T cells were significantly
expanded locally and that these cells inhibited diabetes onset upon a transient pulse of TGF-β in
the pancreatic islets by using a tetracycline on/off system (325). Marie et al. further showed that
in the absence TGF-β mediated signaling, the homeostatic expansion, the expression of Foxp3,
and the suppressor activity of CD25+CD4+ Tregs were all significantly reduced (341). Yet
another potential impact of Treg cell-produced TGF-β could involve inhibition of the effector
function of the tumor-specific CD8+ T cells within the tumor site.

Indeed, Green et al.

demonstrated that CD4+CD25+ Tregs inhibited the in situ differentiation of islet-reactive CD8+
T cells into CTLs via TGF-β−mediated signaling

as evidenced by the inability of

CD4+CD25+TGF-β+ Tregs to suppress autoreactive anti-islet CD8+ T cells bearing a dominant
negative TGF-β receptor type II transgene (342).

Likewise, Chen et al. reported that

CD25+CD4+ Tregs block CD8+ T cell-mediated tumor rejection by suppressing the cytotoxicity
of expanded CD8+ T cells (343). Interestingly, they also found that the presence of Tregs in
vitro or in vivo did not interfere with the expansion, IFN-γ, and TNF-α production of antigenspecific CD8+ T cells (343). The mechanism of Treg suppression in their experiment was TGFβ signaling dependent since Treg-mediated suppression is abrogated and associated with tumor
rejection and unimpaired CTL cytotoxicity if the tumor-specific CD8+ T cells expressed a
dominant-negative TGF-β receptor (343). It has further been reported in the literature that
antigen presentation by APCs in the presence of TGF-β may lead to the development of
regulatory CD8+ T cells that suppress effector cells (344, 345)}. For instance, in models of
anterior chamber-associated immune deviation (ACAID)—in which systemic and antigen110

specific impairment in the delayed-type hypersensitivity (DTH) response is induced by the
injection of antigen into the anterior chamber of the eye—although CD4+ Tregs are required for
the development of tolerance induced by TGF-β-treated APCs, CD8+ Tregs appear to be the
mediators of DTH impairment (345). However, I do not think that regulatory CD8+ T cells play
a significant role in my model system since CD8+ TILs isolated from the rFL + rGM treated
mice were not inhibited in their capacity to respond to in vitro stimulation with CMS4 cells by
producing IFN-γ production. However, I cannot rule out the potential involvement of tumorinfiltrating DCs (TIDCs) in amplifying the immunosuppression at the tumor site and/or draining
lymph node as increased levels of Tregs infiltrate the tumor and start to interact with DCs and to
change the cytokine profile of the tumor microenvironment. In addition to providing TCR and
co-stimulatory signaling via peptide-MHC class II molecules and CD80 and CD86 molecules,
respectively, to enhance the activation/expansion of Tregs, the interaction of ICOS ligand
(B7RP-1) expressed on TIDCs (Appendix A) with ICOS expressed by Tregs may
induce/enhance IL-10 production by Tregs. Indeed, Lohning et al have demonstrated that the
activation of CD4+ T cells with the highest expression of ICOS results in the predominant
production of the anti-inflammatory cytokine IL-10 (213). Moreover, the interaction of Tregs
with TIDCs may induce indoleamine 2,3-dioxygenase (IDO) functional activity in TIDCs via the
ligation of their CD80/CD86 molecules and initiate the immunosuppressive pathway of
tryptophan catabolism. IDO is an enzyme that degrades the essential amino acid tryptophan into
kynurenine and other downstream pro-apoptotic metabolites, such as such as quinolinic acid and
3-hydroxy-anthranilic acid, and its expression is highly inducible by IFN-γ (346). Additionally,
soluble CTLA-4-Ig or cloned CTLA-4 expressing Tr1 cells have been shown to induce
functional IDO in DCs suggesting that Tregs may utilize the IDO mechanism to suppress T-cell
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responses and promote tolerance (233, 346). It appears that this suppression is mediated not by
inhibiting T cell activation but by preventing clonal expansion as a result of rapid death of the
activated T cells via the depletion of tryptophan from the local microenvironment and/or apotosis
induced by tryptophan metabolites (346-348). To test the possible involvement of IDO in my
model system, I performed IDO-specific western blots on cell lysates prepared from CD11c+ and
CD11c− fractions of TILs and splenocytes of rFL + rGM treated CMS4 bearing mice (Appendix
B). Interestingly, I detected IDO expression in both CD11c+ and CD11c− cells isolated from
both the tumor and the spleen. To assess whether the IDO were functionally active, I performed
HPLC analysis on cell-free supernatants of L- tryptophan incubated, freshly-isolated CD11c+
TIDCs and splenic DCs to detect its downstream metabolite, kynurenine. It appears that the IDO
expressed by CD11c+ TIDC is functionally active, since I were able to detect 12 ± 2 µM
kynurenine in their culture without any additional stimuli while I did not detect any kynurenine
in the CD11c+ splenic DCs (data not shown). As IL-10 has been reported to upregulate the
expression of IDO in DCs (349, 350), the IL-10 detected within the tumor may be involved in
maintaining the enzymatic activity of IDO expressed in TIDCs. This will be consistent with
data by von Bubnoff et al. showing that clinical unresponsiveness (in which Tregs are thought to
play a role) in aeroallergen-sensitized atopic individuals correlates well with significantly higher
systemic activity of IDO and increased levels of IL-10 during allergen exposure (351). Even
though I did not detect significant leukocytic apoptosis in tumors sections obtained a day after
rFL + rGM treatment, once additional Tregs accumulate/expand, it is possible that local
depletion of tryptophan and apoptosis induction by tryptophan metabolites could contribute to
the hindrance of the effector function of tumor infiltrating CD8+ T cells. Further, it is possible
that TIDCs trafficking to the draining lymph nodes after having been in contact with Tregs in
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the tumor microenvironment, and having upregulated their IDO activity, might dampen the
active and ongoing priming of tumor-specific CD8+ T cells induced by rFL + rGM treatment.
Taken together, it appears that GITR, IL-10, TGF-β, and other cell surface or soluble
factors associated with the prevalent “natural” and/or “adaptive” Tregs infiltrating/induced at the
tumor site due to rFL + rGM treatment have the potential to create a modified tumor
microenvironment that is hostile to effector CD8+ T cells. Therefore, the concurrent infiltration
of effector CD8+ T cells and regulatory CD4+ T cells into tumors treated with rFL + rGM may
explain why this combinational cytokine treatment fails to ultimately negatively impact tumor
growth, despite its ability to promote functional DC infiltration of tumor lesions and consequent
CD8+ T cell cross-priming. In different experimental systems, CD4+ Tregs have been reported
to suppress CD8+ T cell priming (330, 352-354), IFN-γ production (355-357) and/or cytolytic
function (342, 343, 358). In my rFL + rGM treatment tumor model, Tregs present within the
CD4+ TILs population likely inhibit the effector function of the CD8+ T cells that have
specifically trafficked into the tumor site, thereby limiting their anti-tumor efficacy.

The

production of high levels of IFN-γ by in vitro stimulated CD8+ T cells isolated from the spleen
of rFL + rGM treated mice indicates that despite their concomitant expansion, splenic
Foxp3+CD4+ Tregs do not inhibit the priming and differentiation of these tumor-specific CD8+
T cells. This conclusion is consistent with my finding that tumors from cytokine-treated mice
were significantly infiltrated by CMS4-specific CD8+ T cells and that these CD8+ TILs
produced high levels of IFN-γ when stimulated in vitro with CMS4 but not an unrelated syngenic
tumor, 4T1. The ability of CD4+ TILs to significantly hamper IFN-γ production from cocultured tumor-specific CD8+ T cells upon in vitro stimulation with CMS4 cells suggests that
they have been activated in vivo and can participate in a similar scenario that possibly occurs in
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vivo in the tumor microenvironment. Since IFN-γ plays a critical role in CD8+ T cell mediated
anti-tumor immune response (including preventing rapid tumor burden by direct or indirect
induction of angiostasis or direct destruction of existing tumor blood vessels (359, 360), the
inhibition of its production by CD4+ Tregs will have major negative consequences in the host’s
ability to control tumor growth. For example, it has been clearly demonstrated that 1) tumor
rejection is impaired in IFN-γ (361) or IFN-γ receptor (362) knockout mice, 2) tumor rejection
can be abrogated by IFN-γ neutralizing antibodies (363), and 3) IFN-γ production correlates
positively with the ability of adoptively-transferred, tumor-specific CD8+ T cells to mediate
tumor regression (364). Even though I did not assess the impact of CD4+ TILs on CD8+ T cell
cytotoxicity, I believe that this function would also be hampered, like IFN-γ production. The
combined suppression of IFN-γ production and cytolytic function of tumor infiltrating CD8+ T
cells by CD4+ TILs would optimize the chances that a tumor would escape immune regulation.
Indeed, there was no difference in tumor growth between cytokine-treated and untreated mice
suggesting that tumor-infiltrating CD8+ T cells in cytokine treated mice failed to effectively
control tumor growth. However, this cytokine treatment-induced Treg mediated suppression of
an active anti-tumor response appears to be reversible. The high level in vitro production of
IFN-γ by CD8+ TILs suggested to us that as long as Tregs are not present at the effector site,
CD8+ T cells can regain/carry out their effector function. Consistent with this suggestion, the in
vivo depletion of CD4+ T cells for a short period of time significantly inhibited tumor growth in
rFL + rGM treated animals during the depletion period. Although the tumor continued its fast
growth rate during the CD4+ T cell recovery and normalization periods, it was evident that
CD4+ T cell depletion exerts a positive impact on the ability of therapy-induced effector CD8+ T
cells to (at least) transiently control tumor growth. As a result, in the repeat experiment, I
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maintained the depleted state for a longer period of time by the administration of anti-CD4 mAb
every three days. As I expected, the extension of the depletion period resulted in continued
inhibition of tumor growth in cytokine treated mice. On the contrary, CD4+ T cell depletion in
cytokine untreated mice did not result in such a pronounced suppression of tumor growth. The
anti-CD4 Ab treatment induced impact on tumor growth in rFL + rGM treated mice was clearly
dependent on the ability of CD8+ T cells to arrest tumor growth since the co-depletion of CD8+
T cells along with CD4+ T cells, abrogated the observed therapeutic effects associated with antiCD4 mAb administration. These data clearly demonstrate that rFL + rGM treatment can yield a
CD8+ T cell-dependent therapeutic benefit, but only in the absence of treatment-expanded
Foxp3+CD4+ Tregs and possibly “infectious tolerance” generated Foxp3−CD4+ Tregs in the
immunosuppressive tumor microenvironment. It was interesting to observe such an extended
period of tumor growth arrest without any major decrease or increase in tumor area or volume. It
appears that anti-tumor CD8+ T cells support a period of active symbiosis, allowing the tumor to
co-exist without overtly hindering the activities/health of the host. I did not observe any physical
impediments in rFL + rGM treated, tumor-bearing mice that were additionally treated with the
CD4 depleting mAb for up to 62 days after tumor inoculation. On the contrary, anti-CD4 and
anti-CD8 mAb treated mice did not survive beyond 28 days after tumor inoculation.
It is possible that in the CMS4 tumor model, CD4+ T helper cells may not be required for
the continued priming of tumor-specific CD8+ T cells (as seems to be the case in CD4 depleted,
cytokine treated mice) but that their effector function at the tumor site might still be important
for the complete resolution of the anti-tumor immune response. For instance, this CD4+ T
helper cell function may involve the secretion of cytokines that can recruit and activate
macrophages and/or eosinophils within the tumor site to produce both superoxide and nitric
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oxide and cause tumor destruction (178, 365). Hung et al, for example, showed that despite no
loss in anti-tumor CTL activity, protection against B16 melanoma tumor challenge was
significantly diminished in vaccinated, IL-5 (cytokine critical for differentiation of bone marrow
progenitors into eosinophils) knockout mice and that this was associated with the absence of
eosinophils at the tumor challenge site (365). They also showed that NO produced by tumor
infiltrating macrophages exerts tumoricidal activity and that there was a substantial decrease in
protection against tumor challenge in vaccinated, iNOS knockout mice (365). These studies
suggest that maximal anti-tumor immunity may require the participation of additional non-T
effector cells, other than CD8+ T cells.
Since intraperitoneal anti-CD4 antibody administration depletes both helper and
regulatory CD4+ T cells, it will be interesting to observe in future experiments whether complete
tumor regression can be achieved by selective targeting of Tregs or their immunosuppressive
cytokines. While one choice would be for the use of ant-CD25 antibody in this application, there
is also a possible disadvantage to using this antibody since cytokine treatment-activated effector
CD4+ and CD8+ T cells may also be targeted for depletion, since they are also likely to express
CD25. Another alternative treatment strategy would be to use anti-GITR Abs to mitigate Treg
function, rather than necessarily depleting this cell population While it does not appear to
deplete Treg cells, the anti-mouse GITR mAb (DTA-1) has been shown to neutralize the
suppressive activity of CD25+CD4+ Treg in vitro (Fig. 5 and ref. (210)) and to induce organspecific autoimmune disease in normal mice (210). Even though it is not clear whether GITR
stimulation acts by stimulating a suppression blocking signal to CD25+CD4+ Treg (210) or
rendering activated GITR+ T cells resistant to CD25+CD4+ Treg-mediated suppression (232),
the net result could enforce specific CD8+ T cells to mediate their tumoricidal functions in situ.
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Yet a third alternative to total CD4 T cell depletion is to block the effects of IL-10 and TGF-β as
these suppressive/anti-inflammatory cytokines may mediate the inhibitory activity of CD4+
TILs. Even though Treg may employ additional (as yet unknown) mechanism of suppression in
vivo, the administration of neutralizing anti-IL-10/IL-10 receptor and/or anti-TGF-β antibodies
or TGF-β soluble receptors (TGF-β-SR) could potentiate the therapeutic impact of rFL + rGM
treatment in tumor bearing animals. Indeed, very recently, Yu et al have demonstrated that the
regression of a tumor tumor cell line transfected with a gene encoding an immunogenic antigen
can be achieved either by intratumoral/intraperitoneal depletion of CD4+ cells or by
intraperitoneal treatment with anti–IL-10 receptor or anti-TGF-β (323). However, as Fuss et al.
showed that anti-TGF-β mAb administration prevents TGF-β secretion, but leaves IL-10
secretion intact, while anti-IL-10 mAb administration prevents both TGF-β and IL-10 production
(366), any therapeutic benefit that results from the use of these antibodies would need to be
closely examined in order to determine the role each cytokine plays in Treg-mediated
suppression.
In addition to attempting to directly target Tregs and their cytokines, treatments that potently
activate DCs could also be envisioned to bypass Treg mediated suppression by creating a
predominant pro-inflammatory tumor microenvironment. For instance, imiquimod (Aldera) is a
synthetic compound that activates immune cells via the TLR-7 MyD88-dependent signaling
pathway and has been shown to strongly induce the maturation and proinflammatory cytokine—
such as IL-12, IFN-α, and TNF-α—production by macrophages (367) and dendritic cells (368).
Palamara et al. reported that topical imiquimod treatment of intradermally-induced melanomas
resulted in the accumulation of plasmacytoid DCs in both the spleen and the tumor and lead to
either complete regression or a significant reduction of tumor burden (369). Likewise, Craft et

117

al. showed that the protective anti-tumor effects of a live, recombinant listeria vaccine against
murine melanoma is significantly enhanced by imiquimod application and is clearly evident by
the development of a localized vitiligo (370). In my model system, I have combined rFL + rGM
treatment with topical imiquimod to examine whether this strong adjuvant can help reverse Treg
mediated suppression of the anti-tumor immune response (Appendix C). However, imiquimod
treatment did not show any additional influence on CMS4 growth in rFL + rGM treated mice
over that seen in cytokine untreated mice, and the tumors continued their progressive growth
within a week of treatment cessation. Hence, it appears that imiquimod treatment is insufficient
to disrupt the immunosuppressive tumor microenvironment maintained by cytokine treatmentinduced Tregs.

Recently, Pasare et al. have shown that CD4+CD25+ T cell-mediated

suppression can be overcome by LPS or CpG induced ligation of TLR-4 or TLR-9, respectively,
in DCs by making responder T cells refractory to suppression (371). This effect is mediated by
IL-6 acting synergistically with as yet unidentified other soluble factor(s) and is almost
completely abrogated by neutralization of IL-6 (371). In TIDCs or splenic DCs from rFL + rGM
treated mice, stimulation with LPS results in elevated levels of TNF-α, IL-1β, IL12 p40
(Appendix D), IL-12 p70, and IL-10 (Fig.7) and extremely elevated levels of IL-6. Therefore,
LPS/CpG motifs administration might synergize with rFL + rGM treatment, yielding a better
therapeutic outcome via the mitigation of Treg mediated suppression by IL-6 and other factors.
Repeated treatments with LPS/CpG motifs might be necessary in order to maintain a proinflammatory environment, however, since single LPS treatments have been reportedly unable
to abrogate Treg mediated suppression of anti-tumor immunity in vivo (323). However, Yang et
al. have demonstrated that withdrawal of LPS results in a rapid reduction (>90%) in DC
production of pro-inflammatory cytokines in vitro and daily administration of LPS for 4
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consecutive days led to a significant increase in protection of mice from A20-HA lymphoma in
the presence of CD25+CD4+ Tregs cells. Therefore, like what I observe in my group of CD4
depleted, cytokine treated mice, even in treatments involving strong inducers of DC activation, it
appears that there is a strong tendency for Tregs to quickly re-assert their dominance over
effector cells once the signals from those treatments start to wane.
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4.

SUMMARY AND CONCLUSIONS

The goal of immunotherapy for cancer is to restore the ability of the host’s immune system to
control the progressive growth of tumors. In order for the adaptive immune system to recognize
and attack tumors, tumor-derived antigens need to be presented to the tumor-specific T cells
residing in the secondary lymphoid organs.

Once activated, the tumor-specific T cells

proliferate, differentiate into effector cells and traffic to the target site, i.e. the tumor. In most
cases, both CD4+ helper T cells and CD8+ T cells are required for optimal anti-tumor immunity.
Because of the lack of co-stimulatory (CD80/CD86) molecule expression on their cell surface,
most tumors cannot deliver the co-stimulatory signaling necessary for the activation of naïve
tumor-specific T cells. In addition, until their metastasis stages of differentiation, tumors are
localized in the periphery and cannot directly interact with the T cells present in the lymphoid
organs. As a result, the presence of an antigen presenting cell that can acquire antigen from
tumors in the periphery, migrate to the lymphoid organs, and present tumor antigen-derived
peptides in the context of the appropriate MHC, co-stimulatory, and cytokine molecules is of
critical importance for the initiation and amplification of the immune response against tumors.
As APCs that meet all these requirements, DCs have been shown to play a central role in the
priming and activation of both CD4+ and CD8+ T cells. As such, the administration of ex vivo
generated and tumor-derived antigen (irradiated/apoptotic tumor cells, tumor lysates, whole
proteins, peptides, RNA, DNA, exosomes, viral vectors encoded TAAs) exposed DCs have been
reported to enhance anti-tumor immunity in both murine and human hosts albeit at varying
degrees (60, 266-272, 274-276). For example, in the CMS4 tumor model, Mayordomo et al.
have demonstrated that the treatment of CMS4 bearing mice with DCs pulsed with wild-type p53
peptide induced peptide-specific CD8+ CTLs and caused tumor rejection in 60% of the mice
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(267). Several reports have also shown that the recruitment of DCs directly into the tumor
microenvironment by engineering tumors to express cytokines (such as GM-CSF or IL-4) or
chemokines (such as SLC or ELC/MIP-3β) or by the intratumoral administration of recombinant
cytokines/chemokines bypasses the need for ex vivo manipulation of DCs and correlates with
enhanced anti-tumor responses (301, 372-375). In our laboratory, Tatsumi and colleagues
demonstrated that DCs engineered to secrete both IL-12 and IL-18 and administered
intratumorally induced complete rejection of CMS4 tumors without the need to pulse the injected
DCs with tumor antigen (59). Interestingly, splenic CD8+ T cells isolated from these treated
mice reacted in vitro against a wide range of naturally-presented, tumor peptide epitopes
suggesting that the treatment resulted in the activation of a broad, diversified repertoire of antitumor CD8+ T cells (59). Most of all, the findings in human cancers, such as oral and lung
squamous cell carcinomas and gastric carcinomas, that patient prognosis and reduction in the
establishment of metastatic disease correlates positively with the level of infiltration of the
tumors by DCs suggests that not only the absence/presence but also the magnitude of their
presence may impact immune response against tumor growth (289-293). Indeed, significant
increases in tumor infiltrating lymphocytes are observed in tumors with higher densities of DCs
(289, 290).
All of the above observations prompted us to hypothesize that since progressive tumors
can act as a reservoir of antigens that can be processed and presented by APCs to activate a
broad repertoire of tumor-specific T cells, that by optimizing the presence of functionally active
DCs in the tumor microenvironment, there would be the potential to promote cross-priming
events in situ and to enhance the therapeutic anti-tumor immune response. I observed that the
treatment of tumor-bearing mice with combinations of rFL + rGM-CSF was significantly better
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than either treatment alone in increasing the number of DC in vivo. As a result, combinational
treatment with rFL + rGM-CSF was used to determine a schedule resulting in the maximal
number of DCs infiltrating CMS4 tumors. I found that seven days of cytokine treatment were
required for optimal numbers of CD11c+ DCs to be achieved in the spleen, while only five days
of treatment was required for optimal numbers of DCs to infiltrate tumors. However, the
treatment of mice bearing CMS4 sarcoma (or RENCA or CT26) tumors for five days with rFL +
rGM failed to provide any therapeutic benefit(s) as evidenced by the lack of inhibition of
progressive tumor growth. These findings led us to examine whether there was a lack of tumorspecific T cell cross-priming, despite the presence of high levels of DCs not only in the tumor
but also in the lymphoid organs of cytokine-treated animals. Consistent with the scarcity of DCs
and CD4+ and CD8+ T cells within the tumors of untreated mice, I failed to detect any IFN-γ
production from their splenic CD8+ T cells when stimulated with irradiated CMS4 cells in vitro.
Interestingly, despite the lack of therapeutic effect, the tumors of cytokine treated mice were
highly-infiltrated with CD4+ and CD8+ T cells in addition to DCs. The TIDCs expressed
elevated levels of MHC class II molecules and CD80/CD86 molecules, stimulated allogenic
CD4+ T cells, and were very efficient at antigen uptake and processing, strongly suggesting that
they possessed the functional competency to prime naïve T cells. Consistent with activation of
tumor-specific T cells due to rFL + rGM treatment, CD8+ T cells isolated from both the spleen
and the tumors of cytokine treated hosts produced high levels of IFN-γ when stimulated in vitro
with irradiated CMS4 cells, but not the unrelated tumor cells, 4T1. Based on the observation of
1) progressive CMS4 growth in the presence of activated, tumor-specific T cells, 2) the CD4+
Tr1-like cell inducing phenotype (114, 116, 117) of the TIDCs and SPDCs, and 3) the infiltration
of the tumors with similar levels of CD4+ T cells as CD8+ T cells, I hypothesized that rFL +
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rGM treatment may also lead to the induction of regulatory T cells that can actively suppress the
effector function of CD8+ TILs and hence limit the effectiveness of the therapeutic anti-tumor
immune response. Consistent with my hypothesis, I found that cytokine treatment doubled the
percentage of Foxp3—the regulatory T cell specification factor—expressing CD4+ T cells in the
spleens of both none-tumor-bearing, normal controls and CMS4 bearing mice. Within the tumor
site, almost half of the CD4+ T cells infiltrating the tumor expressed intracellular Foxp3 protein
of which 97% were GITRHigh and 73% were CD25+. The CD4+ TILs also expressed high level
of ICOS but very low levels of CD45RB and CD62L molecules. In co-culture assays in vitro,
these CD4+ TILs almost completely abrogated the proliferative responses of naïve CD4+ T cells
and significantly reduced cytokine production from tumor-specific CD8+ T cells. I believe that
these CD4+ TILs may utilize both cell contact-dependent and -independent mechanism to
suppress CD8+ T cells in vivo.

Since GITR is highly-expressed in almost 90% of the CD4+

TILs and anti-GITR antibody partially abrogates the functional suppressive activity of these cells
in vitro, this molecule may be involvedin cell contact-dependent mechanism(s) of active
suppression. The increased levels of IL-10 and TGF-β RNA transcripts detected in CD4+ TILs
and the IL-10 protein detected within the tumor strongly suggest that these two cytokines may
participate in Tregs-mediated contact-independent mechanism(s) of suppression. Of course,
TGF-β may also be involved in contact-dependent suppression, as it has been reported that
CD4+CD25+ Tregs can express membrane bound TGF-β and employ this in inhibiting
CD4+CD25− T cell proliferation (243). When taken together, 1) the anergic state of the CD4+
TILs, 2) the extreme magnitude of suppressed naïve T cell proliferation in the presence of
unfractionated CD4+ TILs, 3) the detection of IL-10 transcripts in CD4+ TILs but not splenic
CD4+ T cells, and 4) the similar level of GITR expression between Foxp3+ and Foxp3− CD4+
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TILs, these findings suggest that these Foxp3+CD4+ TILs are likely active in situ and may have
imparted their suppressive capacity to Foxp3−CD4+ TILs via “infectious” tolerance. The
conversion of Foxp3−CD4+ TILs into regulatory T cells can be expected to have an additive
suppressive effect in addition to that mediated by Foxp3+CD4+TILs and may explain the lack of
any discernible impact on tumor growth from rFL + rGM treatment. Indeed, remarkable tumor
growth arrest was observed in cytokine-treated mice that were also treated with CD4 depleting
mAb. This impact on tumor growth was reversible if CD4+ and CD8+ T cells were co-depleted,
strongly suggesting that in the absence of CD4+ TILs, tumor infiltrating CD8+ T cells can
effectively control tumor growth. However, it appears that the continuous administration of antiCD4 antibody is necessary in order to maintain this state of tumor growth arrest in cytokinetreated mice, since tumor progression is rapidly re-established once anti-CD4 mAb treatment is
discontinued. It would appear that CD4+ Tregs rapidly recover after cessation of Ab-depletion,
again limiting the beneficial impact of rFL + rGM administartion.
The percentage of Foxp3+CD4+ T cells is ~13% of all CD4+ T cells in untreated normal
mice while it represents ~28% in rFL + rGM treated normal mice.

This increase in the

percentage of Foxp3+CD4+ T cells also results in a ~2.6 fold increase in the number of these
cells in cytokine-treated mice (5.71 x 106 ± 1.81 x 105) when compared to untreated mice (2.14 x
106 ± 1.87 x 104). These findings suggest that rFL + rGM treatment increases the number of
Foxp3+CD4+ T cells by stimulating their expansion and not by inducing Foxp3 expression in
Foxp3−CD4+ T cells. But, how does rFL and rGM treatment lead to the expansion of
CD4+Foxp3+ T cells in the spleen of normal mice?

I speculate that the markedly increased

presence of DCs exhibiting a mixed populational phenotype, i.e. immature (CD40lo (Appendix
A), antigen uptakehigh) and mature (MHC class IIHi, CD86Hi, CD80Hi) DCs, that express ICOS
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ligand on their surface, and have the propensity to secrete significantly higher levels of IL-10
rather than IL-12 p70 upon activation, plays a role in Treg expansion.

Salomon et al.

demonstrated that CD4+CD25+ Tregs are detected in markedly-reduced numbers in B7-1/B7-2deficient and CD28-deficient NOD mice and their absence results in the exacerbation of
spontaneous diabetes (201). Their data suggests that the co-stimulation of murine CD4+CD25+
Tregs via CD28/B7 interaction is essential for their development and homeostasis in vivo (201).
Studies by Jordan et al. suggest that the expression level of self-antigens determines the level of
CD4+CD25+ Treg formation (195, 196). Therefore, it appears that both TCR and CD28 signals
are necessary for optimal Treg development in vivo. In my experimental system, the high levels
of expression of MHC class II and CD80 and CD86 molecules on rFL + rGM expanded DCs
meet both of these conditions necessary for the induction of Treg proliferation. It appears that
Tregs have a moderate affinity for self-peptide:MHC class II molecules (195). Interestingly, I
found that TIDCs in rFL + rGM treated animals were efficient at mediating endocytosis as
evidenced by their ability to take up and process DQ-Ovalbumin (presumably via mannose
receptors).

As exogenous self antigens in extracellular milieu are acquired by DCs by

macropinocytosis, phagocytosis, and receptor-mediated endocytosis, they are efficiently
processed and presented in MHC class II complexes. As a result, in the absence of inflammatory
stimuli (as is the case in rFL + rGM treated normal mice) the increase in the number of highlyendocytic splenic DCs would be expected to increase the repertoire and density of self-antigens
presented on those DCs. The increase in the number of DCs in the spleen would also be
expected to enhance the likelihood of the interaction between DCs and Tregs resident in the
spleen. Foxp3+CD4+ Tregs that recognize self peptides presented on splenic DCs would be
capable of expanding efficiently because these DCs provide the requisite co-stimulatory signals
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for Treg cell activation. It is also possible that Treg TCR and CD28 ligation by DCs could result
in the upregulation of ICOS by the Tregs, allowing these cells to receive additional proliferative
signals via the ICOS ligand expressed on the DCs.
Even though the specific factors/events necessary for the recruitment of murine Tregs in
vivo is an understudied area, recent studies suggest that the chemokines MCP-1/CCL2 (CCR2
ligand), MIP-1α (CCR1, CCR5 ligand), MIP-1β (CCR1,CCR5, CCR7, CCR8 ligand), and SDF1α (CXCR4 ligand) may play important roles in Treg chemotaxis (325, 376-379). Of these
chemokines, Tregs appear to respond most strongly to CCL2. Bruhl et al. have reported that the
CCL2 receptor, CCR2, is expressed on the CD44highCD45RBlowCD25+CD103+ subset of CD4+
regulatory T cells (377). To determine whether there are any differences in the chemokine
secretion between TIDCs and splenic DCs in relations to Tregs, I performed multi-chemokine
Luminex assays on TIDCs and splenic DCs from rFL + rGM-CSF treated mice cultured
overnight in the absence or presence of LPS. Interestingly, unstimulated TIDCs, but not splenic
DCs, produced high levels of the chemokines MCP-1 and IP-10 (Appendix E). On the contrary,
unstimulated splenic DCs, but not TIDCs, produced high levels of MIP-1α. CD4+ TH1 and
CD8+ T cells predominatly express CCR1, CXCR3 and CCR5 and respond to IP-10 via CXCR3
(380). As stated earlier, tumor-specific CD8+ T cell priming occurs in the spleen, even in the
presence of cytokine treatment expanded Tregs, but the effector function of CD8+ T cells at the
tumor site is blocked by the presence of Tregs. I hypothesize that the production of both CCR2
(Treg chemoattractant) and IP-10 (CD4+ TH1 and CD8+ T cell chemoattractant) by TIDCs may
play a critical role in bringing the CD4+ Tregs and CD8+ TILs into close proximity, allowing
Treg-mediated immune suppression to occur.. Since DCs express both MHC class I and II
molecules, both Tregs and CD8+ T cells can interact with a TIDC that have attracted both
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populations of T cells. I believe that this three cell interaction could amplify Treg mediated
suppression in various ways. First, Tregs may be able to directly suppress neighboring CD8+ T
cells by direct cell-to-cell contact. Second, Foxp3+CD4+ T cells can confer suppressive capacity
on neighboring CD4+ TH1 cells, which in turn can suppress neighboring or distant CD8+ T cells
via cell-to-cell contact or induced secretion of immunosuppressive cytokines. Third, Tregs can
transmit immunosuppressive signals to TIDCs (such as the activation of the enzymatic activity of
IDO), which in turn can become immunosuppressive to the CD8+ T cells. Fourth, TIDCs can
provide positive signals (such as induction of IL-10 production via ICOS:ICOS Ligand
interaction) that will allow the Tregs to activate their cell contact independent mechanism of
suppression so that Treg suppression can reach more than just the neighboring effector T cells.
When CD4+ TILs are depleted, I would expect the interaction of the CD8+ TILs and TIDCs to
result in the development of TIDCs capable of providing improved stimulatory rather than
inhibitory signals and the cytokine profile in the area of the interaction to shift from a more antiinflammatory milieu to a pro-inflammatory one. Likewise, I expect that splenic CD8+ T cells
can be activated by splenic DCs in rFL and rGM treated mice, since these DCs do not produce
CCR2 that may be involved in enforcing the three cell interaction. Indeed, I find that splenic
DCs secrete MIP-1α, which strongly attracts TH1 and CD8+ T cells but is a weak
chemoattractant towards Tregs. Interestingly, DePaolo et al. reported that the induction of oral
tolerance is mediated by Tregs and is abrogated in CCL2-/- and CCR2-/- mice (376). Blease et al.
further reported that pulmonary allergic responses to an allergen were enhanced in CCR2-/- mice,
suggesting the lack of recruitment of Tregs that normally control airway hyperreactivity (AHR)
(381). Similarly, I think that in the absence of IP-10 or its inducing factor (i.e. IFN-γ) in the
presesnce of CCL2 may also result in the abrogation of Treg mediated suppression due to the
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inability to position the effector T cells in close proximity to CCR2+ Tregs. Thus, it is tempting
for us to speculate that the unexpected occurrence of increased susceptibility to EAE
(experimental autoimmune encephalomyelitis) in IFN-γ knockout mice (382) is due to the
complete absence of IP-10, which is highly expressed in the CNS (central nervous system) of
mice with an intact IFN-γ gene. Even though MCP-1 is upregulated in the CNS of IFN-γ
knockout mice with EAE (382) and may result in an enhanced recruitment of Tregs into the
CNS, the pathogenic T cells responsible for EAE may not be suppressed because they are not
brought in close proximity to Tregs due to the absence of IP-10 in the same microenvironment
that contains CCL2. Therfore, when needed, it might be possible to enforce Treg mediated
tolerance at specific tissue location in vivo by the simultaneous administration of IP-10 and
CCL2.
Overall, my findings demonstrate that suppression mediated by regulatory T cells can
present a major roadblock for the successful implementation of immunotherapeutic approaches
to treat cancers. The results of my study reinforce the need to consider not only resident Treg in
tumor-bearing hosts at the time of therapy, but also the potential for therapy-induced
augmentation of Treg function in situ that may limit treatment efficacy. Thus, the induction of
high levels of tumor-specific CTLs by the immunotherapy is not sufficient to guarantee clinical
efficacy, if the same therapy is also conducive to the expansion of Tregs in situ. As a result, if an
immunotherapy for a cancer results in an enhanced activation of tumor specific CD8+ T cells but
lacks any impact on tumor growth, the assessment of active suppression by Tregs is absolutely
required before a decision should be made to abandon the methodology. Ultimately, even in the
absence of direct inhibition of CTL effector function by tumor cells or tumor-secreted products,
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the outcome of a purported therapeutic treatment may be decided by the functional balance
between Tregs and tumor-specific CTLs within the tumor microenvironment.
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5.

FIGURES

Figure 1. Combined treatment with rFlt3 Ligand (FL) and rGM-CSF (rGM) expands more
splenic CD11c+ dendritic cells (DC) than either treatment alone.
Normal BALB/cJ mice were either untreated (Panel A) or treated with 20 µg/day of rGM alone
(Panel B), FL alone (Panel C), or rFL + rGM (Panel D) for seven days. The mice were sacrificed
on the eighth day, splenic cell suspensions were Fc receptor blocked and stained with isotype
control or anti-CD11c antibody and analyzed by flow cytometry. The data shown is based on
gating live splenocytes.
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Figure 2. Treatment of mice with combinations of rFL and rGM also increases tumor
infiltration by CD11c+ dendritic cells (TIDCs).
BALB/cJ mice bearing day 7 established CMS4 tumors were treated with 20 µg/day of each
cytokine for seven days and then sacrificed on day 14 post-tumor inoculation. Five mm sections
of the tumors were stained and analyzed by immunofluorescence microscopy. Nuclei are
depicted in blue and CD11c+ cells are in green.
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Figure 3. Five days of treatment with rFL + rGM results in optimal TIDC numbers.
BALB/cJ mice bearing day 7 established CMS4 tumor were either untreated or treated with 20
µg/day of each cytokine for 3, 5, or 7 days and sacrificed the following day. Panels A and B).
The percentage of CD11c+ DC in the tumors was quantitated by Metamorph v.6.1 software after
images were collected by confocal microscopy. The percentage composition of CD11c+ DC
within a representative tumor is shown for each captured confocal image field based on the total
number of nuclei. The numbers at the top and the bars in the graphs indicate the average %
value. Panel C) The percentage of CD11c+ cells in the spleen was quantitated by flow cytometry
performed on total splenocyte cell suspensions.
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Figure 4. The vast majority of CD11c+ TIDC co-express the CD11b, but not the CD8α or
B220 markers.
BALB/cJ mice bearing day 8 or 9 established CMS4 tumor were treated with 20 µg/day of each
cytokine for 5 days and sacrificed the next day. Tumors were digested and processed on a
Lympholyte-M gradient in order to obtain total tumor-infiltrating leukocytes (TIL). TIDC are
isolated from the TIL by CD11c MACS bead selection. Splenic DCs were also isolated from the
same mouse (F+G_SPDC) or from untreated non-tumor bearing mice (Untreated_SPDC) by
CD11c MACS bead selection. The numbers in the panel insets represent the percentage of cells
in the specific quadrant.
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Figure 5. CD11c+ TIDCs exhibit the surface phenotype of mature dendritic cells and do
not exhibit a "suppressed" or highly apoptotic phenotype.
The TIDC and SPDC described in Fig. 4 were stained with antibodies specific for MHC class II
and co-stimulatory molecules and analyzed by flow cytometry. The data shown is gated on
CD11c+ dendritic cells. The first histogram represents isotype control staining whereas the
second represents specific antibody staining.
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Figure 6. Immunofluorescence staining of tumor sections confirms the CD11b+CD11c+
(Figure A) and I-Ad+CD11c+ (Figure B) phenotype of TIDCs.
Tumor sections described in Fig. 2 were stained with the indicated antibodies and analyzed by
immunofluorescence microscopy.
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Figure 7. Both TIDCs and SPDCs isolated from rFL + rGM treated mice produce higher
levels of IL-10 rather than IL-12 p70 when cultured with maturation stimuli.
TIDC and splenic DC described in Fig. 4 were cultured for 24 hrs with or without activation
stimuli and the supernatants assayed by cytokine-specific ELISA. ** Indicate p-value < 0.05.
The open bars and the filled bars represent splenic DCs and TIDCs from rFL + rGM treated
mice, respectively. The hatched bars represent splenic DCs from untreated normal mice.
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Figure 8. TIDCs are more efficient than SPDCs in mediating soluble antigen uptake and
processing and are capable of inducing alloreactive T cell proliferation.
The TIDCs and SPDCs described in Fig. 4 were assayed using DQ-Ovalbumin as a soluble
antigen. Tubes to which DQ-Ovalbumin was added or not added were incubated at 4oC and 37oC
for 1 hour, washed, and analyzed by flow cytometry. In panels A-C, the first histogram
represents DC incubated without DQ-Ovalbumin and the second histogram represents DC
incubated with DQ-Ovalbumin. The numbers above each histogram represent the mean
fluorescence intensity of the DQ-Ovalbumin added cultures. In addition, the TIDC and SPDC
were co-cultured with CD4+ splenic T cells from C57BL/6 mice for three days and assayed for
MLR responses by 4 hour MTT assay (Panel D). ** Indicate p-value<0.05.
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Figure 9. rFL + rGM treatment results in enhanced infiltration of specific CD8+ T
lymphocytes within CMS4 tumors.
Panel A) CD8+ T cells were isolated by MACS selection from the CD11c−CD4− fraction of
splenocytes or TIL of rFL + rGM treated mice on day 14. IFN-γ production was measured by
ELISA after co-culture of the CD8+ T cells with irradiated CMS4 or control 4T1 tumor cells for
72 hrs. <115 pg/ml of IFN-γ was detected in CD8+ T cell only or CD8+ T cell and 4T1 tumor
cell cultures. When splenic CD8+ T cells isolated from untreated mice were stimulated with
irradiated CMS4 or control 4T1 cells, < 50 pg/ml of IFN-γ was detected. Panel B) Five mm
sections of established day 14 CMS4 tumors described in Fig. 2 were stained and analyzed by
confocal microscopy. CD3+ T cells are depicted in green and CD8+ T cells are depicted in red.
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Figure 10. The impact of rFL+ rGM-CSF treatment on the growth of tumors in vivo is
minimal.
BALB/cJ mice bearing established CMS4 (A), CT26 (B), or RENCA (C) tumors were treated
with 20 µg/day of each cytokine for five consecutive days and tumor measurements were taken
every 2-3 days. The arrows indicate the days in which the rFL + rGM treatment was
administered.
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Figure 11. Tumors in mice treated with rFL + rGM display increased infiltration by
CD11c+ dendritic cells, CD8+ and CD4+ T cells.
BALB/cJ mice bearing day 7 established CMS4 tumors were treated with 20 µg/day of each
cytokine for seven days and sacrificed at day 14. Five mm sections of the tumors were stained
and analyzed by confocal microscopy. CD11c+ dendritic cells (panel A) or CD3+ T cells are
depicted as green-stained cells; CD8+ (panel B) or CD4+ (panel C) T cells are depicted as redstained cells, with CD3+CD8+ or CD3+CD4+ T cells appearing yellowish due to co-staining.
Data are representative of 3 independent experiments performed.
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Figure 12. The majority of CD4+ TIL in rFL + rGM treated mice express a GITRHI+CD4+
regulatory T cell phenotype and half of these cells co-express CD25.
CD4+ T cells were isolated by MACS selection from the CD11c- fraction of tumor-infiltrating
leukocytes (F/G-TIL) or splenocytes (F/G-Tu-SP) of cytokine-treated, tumor-bearing mice, or
splenocytes of untreated normal mice (U-NOR-SP) or cytokine-treated normal mice (F/G-NORSP) or untreated tumor-bearing mice (U-Tu-SP) and were stained and analyzed for CD25 and
GITR co-expression by flow cytometry. Data shown is gated on total live selected cells. The
numbers shown in the quadrants for Isotype/Isotype and CD4/Isotype represents the percentage
of cells among all cells while the numbers shown in the quadrants for CD4/CD25 and
CD4/GITR represents the percentage of CD4+ cells negative/positive for the specific marker.
Data are representative of 4 independent experiments performed.
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Figure 13. Most CD4+ TIL in rFL + rGM treated mice exhibit an activated/memory
phenotype consistent with Treg cells.
The CD4+ T cells described in Figure 12 were stained with antibodies for the indicated
activation/memory markers and analyzed by flow cytometry. The data shown is gated for CD4+
live cells. Since the median fluorescence intensities of the isotype controls were similar in all
five cases, the control data for the F/G-TIL cohort is shown as a representative plot. The numbers
above the figures represent median fluorescence intensity values for the indicated marker. Data
are representative of 3 independent experiments performed.
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Figure 14. rFL + rGM treatment significantly expands CD4+Foxp3+ regulatory T cells in
the spleen and the infiltration of the tumor by CD4+ TILs of which more than 50% are
Foxp3+.
The CD4+ T cells described in Figure 12 were surface stained with isotype control, CD25, or
GITR antibodies and intracellularily stained with isotype control or Foxp3 antibodies and
analyzed by flow cytometry. The data shown for CD4/Isotype and CD4/Foxp3 is gated on total
live selected cells while the data shown for CD25/Foxp3 and GITR/Foxp3 is gated on live CD4+
T cells. The numbers in the quadrants of the panels represent the percentage of CD4+ T cells or
CD25+ T cells or GITR+ T cells that are negative/positive for Foxp3. The % numbers above the
plots represent the percentage of Foxp3+ cells that are CD4+ or CD25+ or GITR+, respectively.
Data are representative of 2 independent experiments performed.
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Figure 15. CD4+ TILs from cytokine-treated mice suppress alloantigen-specific T cell
proliferation and are functionally antagonized by anti-GITR mAb.
(A) CD4+T cells (BALB/cJ) from normal mice were co-cultured with total C57BL/6 splenocytes
at a ratio of 1:1. CD4+ TIL from rFL + rGM treated CMS4 bearing mice were added to these
cultures at the indicated ratios. After three days, 1 µCi 3H-thymidine was added for the last 16h
of culture, and its incorporation consequently measured by β-scintillation counting. The
background in BALB/cJ CD4+T cells only or CD4+TILs only cultures was <3200 cpm. Further,
the proliferative response of CD4+TILs when co-cultured with allogeneic C57BL/6 splenocytes
was <1700 cpm. (B) The experiment reported in panel A was repeated in the absence or
presence of 20 µg/ml of anti-GITR (DTA-1) antibody. Data are representative of 3 independent
experiments performed in each case.
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Figure 16. CD4+ TIL from cytokine-treated mice suppress IFN-γ secretion by anti-CMS4
CD8+ T cells isolated from rFL + rGM treated, tumor-bearing mice.
CD8+ T cells from rFL + rGM-CSF treated tumor-bearing mice spleen were co-cultured with
CMS4 cells. CD4+ T cells from the spleens of rFL + rGM treated normal mice or CD4+ TIL
were then added to tumor and CD8+ T cell cultures at a 1:2 (CD4+ T cell : CD8+ T cell) ratio.
After 72 hrs of culture, supernatants were collected and analyzed by IFN-γ ELISA. Data are
representative of 2 independent experiments performed.
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Figure 17. CD4+ TIL in cytokine-treated mice express transcription factor foxp3, IL-10
and TGF-β mRNA and in situ, IL-10 protein is detected in tumor sections.
(Panel A) Total RNA was isolated from tumor-infiltrating CD4+ T cells. One µg of RNA was
reverse transcribed and PCR amplification using specific primers was performed. Beta-2microglobulin (β2m) was used as a reaction and loading control. PCR products were visualized
in 1.4% agarose gels containing ethidium bromide. The numbers above the pictures represent the
following cell populations: I- (CD4+ TIL), II-(CD4+ Tu FL+GM SP), III-(CD4+ Tu Untreated
SP), IV-(CD4+ Normal SP), V-(- cDNA), VI-(In Vitro CMS4). (Panel B) Tumor sections
described in Figure 11 were stained with isotype control or anti-IL-10 antibody and analyzed by
immunofluorescence microscopy. Data are representative of 2 independent experiments
performed.
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Figure 18. In vivo depletion of CD4+ T cells results in slowed tumor growth in rFL + rGM
treated mice (but not untreated mice) only during the depletion period.
BALB/cJ mice bearing day 8 established CMS4 tumors were untreated or treated with rFL +
rGM for five consecutive days. On days 8, 13 and 16, the mice received either rat isotype, antiCD4 or anti-CD8 antibody ascites injections intraperitoneally (indicated by the three arrows in
the figures). Tumor measurements were taken every 2-3 days. Data represent the tumor growth
curves (area in mm2) for each individual mouse of three in a given treatment cohort.
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Figure 19. The maintenance of the in vivo depletion of CD4+ T cells results in a prolonged,
significant inhibition of tumor growth in rFL + rGM treated mice (but not untreated mice),
which is CD8+ T cell-dependent.
The in vivo experiment described in Figure 18 was repeated with an extended period of
depletion. BALB/cJ mice bearing day 8 established CMS4 tumors were treated with rFL + rGM
for five consecutive days. On days 8, 13, 16, and every three days thereafter, the mice received
rat isotype, anti-CD4, or combinations of anti-CD4 and anti-CD8 antibody ascites injections
intraperitoneally (indicated by the arrows in the figures). Tumor measurements were taken every
2-3 days. Data represent the tumor growth curves (area in mm2) for each individual mouse of
five in a given treatment cohort.
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Figure 20. The maintenance of the in vivo depletion of CD4+ T cells results in a prolonged,
significant inhibition of tumor growth in rFL + rGM treated mice (but not untreated mice),
which is CD8+ T cell-dependent.
The tumor growth curve shown in Figure 19A as tumor area (mm2) is shown here in terms of
tumor volume (mm3). Tumor area is calculated by multiplying the largest perpendicular
diameters, i.e. length (l) x width (w). To calculate the tumor volume, the diameter of the height
of the tumors is also co-measured and used in the following formula: V = (∏/6) x (length) x
(width) x (height). Data represent the tumor growth curves (volume in mm3) for each individual
mouse of five in a given treatment cohort.
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Figure 21. The maintenance of the in vivo depletion of CD4+ T cells results in prolonged
survival of rFL + rGM treated mice (but not untreated mice), which is CD8+ T celldependent.
For the experiment described in Figure 19A, the percentage of survival of a treatment group is
calculated by dividing the number of mice alive at a specific date after tumor inoculation by the
number of mice in the group (i.e. 5).
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APPENDIX A

ICOS ligand (B7RP-1) and CD40 expression on dendritic cells

BALB/cJ mice bearing day 8 or 9 established CMS4 tumor were untreated or treated with 20
µg/day of each cytokine for 5 days and sacrificed the next day. Tumors were digested and
processed on a Lympholyte-M gradient in order to obtain total tumor-infiltrating leukocytes
(TIL). TIDC are isolated from the TIL by CD11c MACS bead selection. Splenic DC were also
isolated from the same mouse (F+G_SPDC) or from untreated non-tumor bearing mice
(Untreated_SPDC) by CD11c MACS bead selection. The numbers in panel A represent the
mean channel fluorescence for ICOS ligand expression on CD11c+ DCs. The darker curve
represents isotype control staining while the lighter curve represents specific antibody staining.

151

APPENDIX B

Indoleamine 2,3-dioxygenase (IDO) expression by TIDCs

Cell lysates were prepared from CD11c+ TIDC or SPDC and CD11c− TIL or splenocytes from
rFL + rGM treated mice or from in vitro cultured CMS4 cells. The lysates were run on SDSPAGE and western blotting was performed using anti-IDO antibody.
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APPENDIX C

The effect of TLR7 agonist imiquimod on tumor growth

BALB/cJ mice bearing day 9 established CMS4 tumors were untreated or treated with rFL +
rGM for five consecutive days. On days 11-17, imiquimod (Aldara) 5% cream (3M, Minnesota)
was applied directly onto the tumors of some mice (indicated by the three arrows in the figures).
Tumor measurements were taken every 2-3 days. Data represent the tumor growth curves (area
in mm2) for each individual mouse of three in a given treatment cohort.
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APPENDIX D

Cytokine secretion profile of TIDCs and SPDCs

TIDCs and splenic DCs described in Fig. 4 were cultured for 24 hrs with or without LPS (10
µg/ml) and the supernatants assayed by multi-cytokine Luminex.
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APPENDIX E

Chemokine secretion profile of TIDCs and SPDCs

TIDCs and splenic DCs described in Fig. 4 were cultured for 24 hrs with or without LPS (10
µg/ml) and the supernatants assayed by multi-chemokine Luminex.
155

BIBLIOGRAPHY
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.

13.
14.
15.

Steinman, R. M. 1991. The dendritic cell system and its role in immunogenicity. Annu
Rev Immunol 9:271.
Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of immunity.
Nature 392:245.
Banchereau, J., F. Briere, C. Caux, J. Davoust, S. Lebecque, Y. J. Liu, B. Pulendran, and
K. Palucka. 2000. Immunobiology of dendritic cells. Annu Rev Immunol 18:767.
Wu, L., D. Vremec, C. Ardavin, K. Winkel, G. Suss, H. Georgiou, E. Maraskovsky, W.
Cook, and K. Shortman. 1995. Mouse thymus dendritic cells: kinetics of development
and changes in surface markers during maturation. Eur J Immunol 25:418.
Okada, T., Z. X. Lian, M. Naiki, A. A. Ansari, S. Ikehara, and M. E. Gershwin. 2003.
Murine thymic plasmacytoid dendritic cells. Eur J Immunol 33:1012.
Asselin-Paturel, C., A. Boonstra, M. Dalod, I. Durand, N. Yessaad, C. DezutterDambuyant, A. Vicari, A. O'Garra, C. Biron, F. Briere, and G. Trinchieri. 2001. Mouse
type I IFN-producing cells are immature APCs with plasmacytoid morphology. Nat
Immunol 2:1144.
Nakano, H., M. Yanagita, and M. D. Gunn. 2001. CD11c(+)B220(+)Gr-1(+) cells in
mouse lymph nodes and spleen display characteristics of plasmacytoid dendritic cells. J
Exp Med 194:1171.
Bjorck, P. 2001. Isolation and characterization of plasmacytoid dendritic cells from Flt3
ligand and granulocyte-macrophage colony-stimulating factor-treated mice. Blood
98:3520.
Anjuere, F., P. Martin, I. Ferrero, M. L. Fraga, G. M. del Hoyo, N. Wright, and C.
Ardavin. 1999. Definition of dendritic cell subpopulations present in the spleen, Peyer's
patches, lymph nodes, and skin of the mouse. Blood 93:590.
Vremec, D., J. Pooley, H. Hochrein, L. Wu, and K. Shortman. 2000. CD4 and CD8
expression by dendritic cell subtypes in mouse thymus and spleen. J Immunol 164:2978.
Henri, S., D. Vremec, A. Kamath, J. Waithman, S. Williams, C. Benoist, K. Burnham, S.
Saeland, E. Handman, and K. Shortman. 2001. The dendritic cell populations of mouse
lymph nodes. J Immunol 167:741.
Belz, G. T., C. M. Smith, L. Kleinert, P. Reading, A. Brooks, K. Shortman, F. R.
Carbone, and W. R. Heath. 2004. Distinct migrating and nonmigrating dendritic cell
populations are involved in MHC class I-restricted antigen presentation after lung
infection with virus. Proc Natl Acad Sci U S A 101:8670.
O'Doherty, U., M. Peng, S. Gezelter, W. J. Swiggard, M. Betjes, N. Bhardwaj, and R. M.
Steinman. 1994. Human blood contains two subsets of dendritic cells, one
immunologically mature and the other immature. Immunology 82:487.
Siegal, F. P., N. Kadowaki, M. Shodell, P. A. Fitzgerald-Bocarsly, K. Shah, S. Ho, S.
Antonenko, and Y. J. Liu. 1999. The nature of the principal type 1 interferon-producing
cells in human blood. Science 284:1835.
Ardavin, C., L. Wu, C. L. Li, and K. Shortman. 1993. Thymic dendritic cells and T cells
develop simultaneously in the thymus from a common precursor population. Nature
362:761.

156

16.
17.
18.
19.
20.
21.
22.
23.

24.
25.
26.

27.
28.

29.
30.

Wu, L., C. L. Li, and K. Shortman. 1996. Thymic dendritic cell precursors: relationship
to the T lymphocyte lineage and phenotype of the dendritic cell progeny. J Exp Med
184:903.
Inaba, K., M. Inaba, M. Naito, and R. M. Steinman. 1993. Dendritic cell progenitors
phagocytose particulates, including bacillus Calmette-Guerin organisms, and sensitize
mice to mycobacterial antigens in vivo. J Exp Med 178:479.
Traver, D., K. Akashi, M. Manz, M. Merad, T. Miyamoto, E. G. Engleman, and I. L.
Weissman. 2000. Development of CD8alpha-positive dendritic cells from a common
myeloid progenitor. Science 290:2152.
Manz, M. G., D. Traver, T. Miyamoto, I. L. Weissman, and K. Akashi. 2001. Dendritic
cell potentials of early lymphoid and myeloid progenitors. Blood 97:3333.
Karsunky, H., M. Merad, A. Cozzio, I. L. Weissman, and M. G. Manz. 2003. Flt3 ligand
regulates dendritic cell development from Flt3+ lymphoid and myeloid-committed
progenitors to Flt3+ dendritic cells in vivo. J Exp Med 198:305.
D'Amico, A., and L. Wu. 2003. The early progenitors of mouse dendritic cells and
plasmacytoid predendritic cells are within the bone marrow hemopoietic precursors
expressing Flt3. J Exp Med 198:293.
Shortman, K., and Y. J. Liu. 2002. Mouse and human dendritic cell subtypes. Nat Rev
Immunol 2:151.
Martinez del Hoyo, G., P. Martin, C. F. Arias, A. R. Marin, and C. Ardavin. 2002.
CD8alpha+ dendritic cells originate from the CD8alpha- dendritic cell subset by a
maturation process involving CD8alpha, DEC-205, and CD24 up-regulation. Blood
99:999.
Merad, M., L. Fong, J. Bogenberger, and E. G. Engleman. 2000. Differentiation of
myeloid dendritic cells into CD8alpha-positive dendritic cells in vivo. Blood 96:1865.
Brasel, K., T. De Smedt, J. L. Smith, and C. R. Maliszewski. 2000. Generation of murine
dendritic cells from flt3-ligand-supplemented bone marrow cultures. Blood 96:3029.
Inaba, K., M. Inaba, N. Romani, H. Aya, M. Deguchi, S. Ikehara, S. Muramatsu, and R.
M. Steinman. 1992. Generation of large numbers of dendritic cells from mouse bone
marrow cultures supplemented with granulocyte/macrophage colony-stimulating factor. J
Exp Med 176:1693.
Son, Y. I., S. Egawa, T. Tatsumi, R. E. Redlinger, Jr., P. Kalinski, and T. Kanto. 2002. A
novel bulk-culture method for generating mature dendritic cells from mouse bone
marrow cells. J Immunol Methods 262:145.
Gilliet, M., A. Boonstra, C. Paturel, S. Antonenko, X. L. Xu, G. Trinchieri, A. O'Garra,
and Y. J. Liu. 2002. The development of murine plasmacytoid dendritic cell precursors is
differentially regulated by FLT3-ligand and granulocyte/macrophage colony-stimulating
factor. J Exp Med 195:953.
Romani, N., S. Gruner, D. Brang, E. Kampgen, A. Lenz, B. Trockenbacher, G.
Konwalinka, P. O. Fritsch, R. M. Steinman, and G. Schuler. 1994. Proliferating dendritic
cell progenitors in human blood. J Exp Med 180:83.
Sallusto, F., and A. Lanzavecchia. 1994. Efficient presentation of soluble antigen by
cultured human dendritic cells is maintained by granulocyte/macrophage colonystimulating factor plus interleukin 4 and downregulated by tumor necrosis factor alpha. J
Exp Med 179:1109.

157

31.

32.

33.
34.
35.
36.

37.
38.

39.
40.

41.
42.

43.

44.

Caux, C., C. Massacrier, B. Vanbervliet, B. Dubois, I. Durand, M. Cella, A.
Lanzavecchia, and J. Banchereau. 1997. CD34+ hematopoietic progenitors from human
cord blood differentiate along two independent dendritic cell pathways in response to
granulocyte-macrophage colony-stimulating factor plus tumor necrosis factor alpha: II.
Functional analysis. Blood 90:1458.
Chen, W., S. Antonenko, J. M. Sederstrom, X. Liang, A. S. Chan, H. Kanzler, B. Blom,
B. R. Blazar, and Y. J. Liu. 2004. Thrombopoietin cooperates with FLT3-ligand in the
generation of plasmacytoid dendritic cell precursors from human hematopoietic
progenitors. Blood 103:2547.
Gunn, M. D. 2003. Chemokine mediated control of dendritic cell migration and function.
Semin Immunol 15:271.
Cravens, P. D., and P. E. Lipsky. 2002. Dendritic cells, chemokine receptors and
autoimmune inflammatory diseases. Immunol Cell Biol 80:497.
Yanagihara, S., E. Komura, J. Nagafune, H. Watarai, and Y. Yamaguchi. 1998.
EBI1/CCR7 is a new member of dendritic cell chemokine receptor that is up-regulated
upon maturation. J Immunol 161:3096.
Dieu, M. C., B. Vanbervliet, A. Vicari, J. M. Bridon, E. Oldham, S. Ait-Yahia, F. Briere,
A. Zlotnik, S. Lebecque, and C. Caux. 1998. Selective recruitment of immature and
mature dendritic cells by distinct chemokines expressed in different anatomic sites. J Exp
Med 188:373.
Sallusto, F., P. Schaerli, P. Loetscher, C. Schaniel, D. Lenig, C. R. Mackay, S. Qin, and
A. Lanzavecchia. 1998. Rapid and coordinated switch in chemokine receptor expression
during dendritic cell maturation. Eur J Immunol 28:2760.
Sozzani, S., P. Allavena, G. D'Amico, W. Luini, G. Bianchi, M. Kataura, T. Imai, O.
Yoshie, R. Bonecchi, and A. Mantovani. 1998. Differential regulation of chemokine
receptors during dendritic cell maturation: a model for their trafficking properties. J
Immunol 161:1083.
Colvin, B. L., A. H. Lau, A. M. Schell, and A. W. Thomson. 2004. Disparate ability of
murine CD8alpha- and CD8alpha+ dendritic cell subsets to traverse endothelium is not
determined by differential CD11b expression. Immunology 113:328.
Yoneyama, H., K. Matsuno, Y. Zhang, T. Nishiwaki, M. Kitabatake, S. Ueha, S. Narumi,
S. Morikawa, T. Ezaki, B. Lu, C. Gerard, S. Ishikawa, and K. Matsushima. 2004.
Evidence for recruitment of plasmacytoid dendritic cell precursors to inflamed lymph
nodes through high endothelial venules. Int Immunol 16:915.
Steinman, R. M., D. Hawiger, and M. C. Nussenzweig. 2003. Tolerogenic dendritic cells.
Annu Rev Immunol 21:685.
Verbovetski, I., H. Bychkov, U. Trahtemberg, I. Shapira, M. Hareuveni, O. Ben-Tal, I.
Kutikov, O. Gill, and D. Mevorach. 2002. Opsonization of apoptotic cells by autologous
iC3b facilitates clearance by immature dendritic cells, down-regulates DR and CD86, and
up-regulates CC chemokine receptor 7. J Exp Med 196:1553.
Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells use
macropinocytosis and the mannose receptor to concentrate macromolecules in the major
histocompatibility complex class II compartment: downregulation by cytokines and
bacterial products. J Exp Med 182:389.
Sigal, L. J., and K. L. Rock. 2000. Bone marrow-derived antigen-presenting cells are
required for the generation of cytotoxic T lymphocyte responses to viruses and use

158

45.

46.
47.
48.
49.
50.

51.
52.
53.
54.

55.
56.
57.
58.

59.

transporter associated with antigen presentation (TAP)-dependent and -independent
pathways of antigen presentation. J Exp Med 192:1143.
von Stebut, E., Y. Belkaid, T. Jakob, D. L. Sacks, and M. C. Udey. 1998. Uptake of
Leishmania major amastigotes results in activation and interleukin 12 release from
murine skin-derived dendritic cells: implications for the initiation of anti-Leishmania
immunity. J Exp Med 188:1547.
Jiang, W., W. J. Swiggard, C. Heufler, M. Peng, A. Mirza, R. M. Steinman, and M. C.
Nussenzweig. 1995. The receptor DEC-205 expressed by dendritic cells and thymic
epithelial cells is involved in antigen processing. Nature 375:151.
Engering, A. J., M. Cella, D. Fluitsma, M. Brockhaus, E. C. Hoefsmit, A. Lanzavecchia,
and J. Pieters. 1997. The mannose receptor functions as a high capacity and broad
specificity antigen receptor in human dendritic cells. Eur J Immunol 27:2417.
Fanger, N. A., K. Wardwell, L. Shen, T. F. Tedder, and P. M. Guyre. 1996. Type I
(CD64) and type II (CD32) Fc gamma receptor-mediated phagocytosis by human blood
dendritic cells. J Immunol 157:541.
Basu, S., R. J. Binder, T. Ramalingam, and P. K. Srivastava. 2001. CD91 is a common
receptor for heat shock proteins gp96, hsp90, hsp70, and calreticulin. Immunity 14:303.
Delneste, Y., G. Magistrelli, J. Gauchat, J. Haeuw, J. Aubry, K. Nakamura, N.
Kawakami-Honda, L. Goetsch, T. Sawamura, J. Bonnefoy, and P. Jeannin. 2002.
Involvement of LOX-1 in dendritic cell-mediated antigen cross-presentation. Immunity
17:353.
Harshyne, L. A., S. C. Watkins, A. Gambotto, and S. M. Barratt-Boyes. 2001. Dendritic
cells acquire antigens from live cells for cross-presentation to CTL. J Immunol 166:3717.
Harshyne, L. A., M. I. Zimmer, S. C. Watkins, and S. M. Barratt-Boyes. 2003. A role for
class A scavenger receptor in dendritic cell nibbling from live cells. J Immunol 170:2302.
Albert, M. L., B. Sauter, and N. Bhardwaj. 1998. Dendritic cells acquire antigen from
apoptotic cells and induce class I-restricted CTLs. Nature 392:86.
Inaba, K., S. Turley, F. Yamaide, T. Iyoda, K. Mahnke, M. Inaba, M. Pack, M. Subklewe,
B. Sauter, D. Sheff, M. Albert, N. Bhardwaj, I. Mellman, and R. M. Steinman. 1998.
Efficient presentation of phagocytosed cellular fragments on the major histocompatibility
complex class II products of dendritic cells. J Exp Med 188:2163.
Rubartelli, A., A. Poggi, and M. R. Zocchi. 1997. The selective engulfment of apoptotic
bodies by dendritic cells is mediated by the alpha(v)beta3 integrin and requires
intracellular and extracellular calcium. Eur J Immunol 27:1893.
Albert, M. L., S. F. Pearce, L. M. Francisco, B. Sauter, P. Roy, R. L. Silverstein, and N.
Bhardwaj. 1998. Immature dendritic cells phagocytose apoptotic cells via alphavbeta5
and CD36, and cross-present antigens to cytotoxic T lymphocytes. J Exp Med 188:1359.
Janjic, B. M., G. Lu, A. Pimenov, T. L. Whiteside, W. J. Storkus, and N. L. Vujanovic.
2002. Innate direct anticancer effector function of human immature dendritic cells. I.
Involvement of an apoptosis-inducing pathway. J Immunol 168:1823.
Lu, G., B. M. Janjic, J. Janjic, T. L. Whiteside, W. J. Storkus, and N. L. Vujanovic. 2002.
Innate direct anticancer effector function of human immature dendritic cells. II. Role of
TNF, lymphotoxin-alpha(1)beta(2), Fas ligand, and TNF-related apoptosis-inducing
ligand. J Immunol 168:1831.
Tatsumi, T., J. Huang, W. E. Gooding, A. Gambotto, P. D. Robbins, N. L. Vujanovic, S.
M. Alber, S. C. Watkins, H. Okada, and W. J. Storkus. 2003. Intratumoral Delivery of

159

60.

61.
62.
63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

Dendritic Cells Engineered to Secrete Both Interleukin (IL)-12 and IL-18 Effectively
Treats Local and Distant Disease in Association with Broadly Reactive Tc1-type
Immunity. Cancer Res 63:6378.
Wolfers, J., A. .Lozier, G. Raposo, A. Regnault, C. Thery, C. Masurier, C. Flament, S.
Pouzieux, F. Faure, T. Tursz, E. Angevin, S. Amigorena, and L. Zitvogel. 2001. Tumorderived exosomes are a source of shared tumor rejection antigens for CTL cross-priming.
Nat Med 7:297.
Santambrogio, L., A. K. Sato, F. R. Fischer, M. E. Dorf, and L. J. Stern. 1999. Abundant
empty class II MHC molecules on the surface of immature dendritic cell. Proc Natl Acad
Sci U S A 96:15050.
Santambrogio, L., A. K. Sato, G. J. Carven, S. L. Belyanskaya, J. L. Strominger, and L. J.
Stern. 1999. Extracellular antigen processing and presentation by immature dendritic
cells. Proc Natl Acad Sci U S A 96:15056.
Heath, W. R., G. T. Belz, G. M. Behrens, C. M. Smith, S. P. Forehan, I. A. Parish, G. M.
Davey, N. S. Wilson, F. R. Carbone, and J. A. Villadangos. 2004. Cross-presentation,
dendritic cell subsets, and the generation of immunity to cellular antigens. Immunol Rev
199:9.
Williams, A., C. A. Peh, and T. Elliott. 2002. The cell biology of MHC class I antigen
presentation. Tissue Antigens 59:3.
Rinaldo, C. R., Jr., and P. Piazza. 2004. Virus infection of dendritic cells: portal for host
invasion and host defense. Trends Microbiol 12:337.
Bungener, L., A. Huckriede, J. Wilschut, and T. Daemen. 2002. Delivery of protein
antigens to the immune system by fusion-active virosomes: a comparison with liposomes
and ISCOMs. Biosci Rep 22:323.
Guermonprez, P., L. Saveanu, M. Kleijmeer, J. Davoust, P. Van Endert, and S.
Amigorena. 2003. ER-phagosome fusion defines an MHC class I cross-presentation
compartment in dendritic cells. Nature 425:397.
Ackerman, A. L., C. Kyritsis, R. Tampe, and P. Cresswell. 2003. Early phagosomes in
dendritic cells form a cellular compartment sufficient for cross presentation of exogenous
antigens. Proc Natl Acad Sci U S A 100:12889.
Houde, M., S. Bertholet, E. Gagnon, S. Brunet, G. Goyette, A. Laplante, M. F. Princiotta,
P. Thibault, D. Sacks, and M. Desjardins. 2003. Phagosomes are competent organelles
for antigen cross-presentation. Nature 425:402.
Lizee, G., G. Basha, J. Tiong, J. P. Julien, M. Tian, K. E. Biron, and W. A. Jefferies.
2003. Control of dendritic cell cross-presentation by the major histocompatibility
complex class I cytoplasmic domain. Nat Immunol 4:1065.
Wiertz, E. J., D. Tortorella, M. Bogyo, J. Yu, W. Mothes, T. R. Jones, T. A. Rapoport,
and H. L. Ploegh. 1996. Sec61-mediated transfer of a membrane protein from the
endoplasmic reticulum to the proteasome for destruction. Nature 384:432.
Geuze, H. J. 1998. The role of endosomes and lysosomes in MHC class II functioning.
Immunol Today 19:282.
Cresswell, P. 1996. Invariant chain structure and MHC class II function. Cell 84:505.
Kleijmeer, M. J., G. Raposo, and H. J. Geuze. 1996. Characterization of MHC Class II
Compartments by Immunoelectron Microscopy. Methods 10:191.

160

75.
76.
77.
78.
79.
80.
81.
82.

83.
84.

85.
86.
87.
88.

89.
90.

Sloan, V. S., P. Cameron, G. Porter, M. Gammon, M. Amaya, E. Mellins, and D. M.
Zaller. 1995. Mediation by HLA-DM of dissociation of peptides from HLA-DR. Nature
375:802.
Boes, M., J. Cerny, R. Massol, M. Op den Brouw, T. Kirchhausen, J. Chen, and H. L.
Ploegh. 2002. T-cell engagement of dendritic cells rapidly rearranges MHC class II
transport. Nature 418:983.
Chow, A., D. Toomre, W. Garrett, and I. Mellman. 2002. Dendritic cell maturation
triggers retrograde MHC class II transport from lysosomes to the plasma membrane.
Nature 418:988.
Adams, S., D. W. O'Neill, and N. Bhardwaj. 2005. Recent advances in dendritic cell
biology. J Clin Immunol 25:87.
Angenieux, C., J. Salamero, D. Fricker, J. P. Cazenave, B. Goud, D. Hanau, and H. de La
Salle. 2000. Characterization of CD1e, a third type of CD1 molecule expressed in
dendritic cells. J Biol Chem 275:37757.
Gumperz, J. E., and M. B. Brenner. 2001. CD1-specific T cells in microbial immunity.
Curr Opin Immunol 13:471.
Swann, J., N. Y. Crowe, Y. Hayakawa, D. I. Godfrey, and M. J. Smyth. 2004. Regulation
of antitumour immunity by CD1d-restricted NKT cells. Immunol Cell Biol 82:323.
Hong, S., M. T. Wilson, I. Serizawa, L. Wu, N. Singh, O. V. Naidenko, T. Miura, T.
Haba, D. C. Scherer, J. Wei, M. Kronenberg, Y. Koezuka, and L. Van Kaer. 2001. The
natural killer T-cell ligand alpha-galactosylceramide prevents autoimmune diabetes in
non-obese diabetic mice. Nat Med 7:1052.
Trombetta, E. S., M. Ebersold, W. Garrett, M. Pypaert, and I. Mellman. 2003. Activation
of lysosomal function during dendritic cell maturation. Science 299:1400.
Maldonado-Lopez, R., T. De Smedt, P. Michel, J. Godfroid, B. Pajak, C. Heirman, K.
Thielemans, O. Leo, J. Urbain, and M. Moser. 1999. CD8alpha+ and CD8alphasubclasses of dendritic cells direct the development of distinct T helper cells in vivo. J
Exp Med 189:587.
Hochrein, H., K. Shortman, D. Vremec, B. Scott, P. Hertzog, and M. O'Keeffe. 2001.
Differential production of IL-12, IFN-alpha, and IFN-gamma by mouse dendritic cell
subsets. J Immunol 166:5448.
Akira, S., K. Takeda, and T. Kaisho. 2001. Toll-like receptors: critical proteins linking
innate and acquired immunity. Nat Immunol 2:675.
Hemmi, H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, M. Matsumoto, K.
Hoshino, H. Wagner, K. Takeda, and S. Akira. 2000. A Toll-like receptor recognizes
bacterial DNA. Nature 408:740.
Hoshino, K., O. Takeuchi, T. Kawai, H. Sanjo, T. Ogawa, Y. Takeda, K. Takeda, and S.
Akira. 1999. Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are
hyporesponsive to lipopolysaccharide: evidence for TLR4 as the Lps gene product. J
Immunol 162:3749.
Alexopoulou, L., A. C. Holt, R. Medzhitov, and R. A. Flavell. 2001. Recognition of
double-stranded RNA and activation of NF-kappaB by Toll-like receptor 3. Nature
413:732.
Kawai, T., and S. Akira. 2005. Pathogen recognition with Toll-like receptors. Curr Opin
Immunol 17:338.

161

91.
92.
93.
94.
95.

96.

97.
98.

99.
100.
101.
102.

103.
104.
105.

Winzler, C., P. Rovere, M. Rescigno, F. Granucci, G. Penna, L. Adorini, V. S.
Zimmermann, J. Davoust, and P. Ricciardi-Castagnoli. 1997. Maturation stages of mouse
dendritic cells in growth factor-dependent long-term cultures. J Exp Med 185:317.
Montoya, M., G. Schiavoni, F. Mattei, I. Gresser, F. Belardelli, P. Borrow, and D. F.
Tough. 2002. Type I interferons produced by dendritic cells promote their phenotypic and
functional activation. Blood 99:3263.
Cumberbatch, M., and I. Kimber. 1995. Tumour necrosis factor-alpha is required for
accumulation of dendritic cells in draining lymph nodes and for optimal contact
sensitization. Immunology 84:31.
Gallucci, S., and P. Matzinger. 2001. Danger signals: SOS to the immune system. Curr
Opin Immunol 13:114.
Cella, M., D. Scheidegger, K. Palmer-Lehmann, P. Lane, A. Lanzavecchia, and G. Alber.
1996. Ligation of CD40 on dendritic cells triggers production of high levels of
interleukin-12 and enhances T cell stimulatory capacity: T-T help via APC activation. J
Exp Med 184:747.
Koch, F., U. Stanzl, P. Jennewein, K. Janke, C. Heufler, E. Kampgen, N. Romani, and G.
Schuler. 1996. High level IL-12 production by murine dendritic cells: upregulation via
MHC class II and CD40 molecules and downregulation by IL-4 and IL-10. J Exp Med
184:741.
Hawiger, D., K. Inaba, Y. Dorsett, M. Guo, K. Mahnke, M. Rivera, J. V. Ravetch, R. M.
Steinman, and M. C. Nussenzweig. 2001. Dendritic Cells Induce Peripheral T Cell
Unresponsiveness Under Steady State Conditions In Vivo. J. Exp. Med. 194:769.
Bonifaz, L., D. Bonnyay, K. Mahnke, M. Rivera, M. C. Nussenzweig, and R. M.
Steinman. 2002. Efficient targeting of protein antigen to the dendritic cell receptor DEC205 in the steady state leads to antigen presentation on major histocompatibility complex
class I products and peripheral CD8+ T cell tolerance. J Exp Med 196:1627.
Ridge, J. P., F. Di Rosa, and P. Matzinger. 1998. A conditioned dendritic cell can be a
temporal bridge between a CD4+ T-helper and a T-killer cell. Nature 393:474.
Bennett, S. R., F. R. Carbone, F. Karamalis, R. A. Flavell, J. F. Miller, and W. R. Heath.
1998. Help for cytotoxic-T-cell responses is mediated by CD40 signalling. Nature
393:478.
Schoenberger, S. P., R. E. Toes, E. I. van der Voort, R. Offringa, and C. J. Melief. 1998.
T-cell help for cytotoxic T lymphocytes is mediated by CD40-CD40L interactions.
Nature 393:480.
Fernandez, N. C., A. Lozier, C. Flament, P. Ricciardi-Castagnoli, D. Bellet, M. Suter, M.
Perricaudet, T. Tursz, E. Maraskovsky, and L. Zitvogel. 1999. Dendritic cells directly
trigger NK cell functions: cross-talk relevant in innate anti-tumor immune responses in
vivo. Nat Med 5:405.
Gerosa, F., B. Baldani-Guerra, C. Nisii, V. Marchesini, G. Carra, and G. Trinchieri. 2002.
Reciprocal activating interaction between natural killer cells and dendritic cells. J Exp
Med 195:327.
Vitale, M., M. Della Chiesa, S. Carlomagno, D. Pende, M. Arico, L. Moretta, and A.
Moretta. 2005. NK-dependent DC maturation is mediated by TNF and IFN released upon
engagement of the NKp30 triggering receptor. Blood.
Sauter, B., M. L. Albert, L. Francisco, M. Larsson, S. Somersan, and N. Bhardwaj. 2000.
Consequences of cell death: exposure to necrotic tumor cells, but not primary tissue cells

162

106.
107.
108.
109.
110.
111.
112.

113.
114.

115.

116.

117.
118.
119.

or apoptotic cells, induces the maturation of immunostimulatory dendritic cells. J Exp
Med 191:423.
Somersan, S., M. Larsson, J. F. Fonteneau, S. Basu, P. Srivastava, and N. Bhardwaj.
2001. Primary tumor tissue lysates are enriched in heat shock proteins and induce the
maturation of human dendritic cells. J Immunol 167:4844.
Singh-Jasuja, H., H. U. Scherer, N. Hilf, D. Arnold-Schild, H. G. Rammensee, R. E.
Toes, and H. Schild. 2000. The heat shock protein gp96 induces maturation of dendritic
cells and down-regulation of its receptor. Eur J Immunol 30:2211.
Basu, S., R. J. Binder, R. Suto, K. M. Anderson, and P. K. Srivastava. 2000. Necrotic but
not apoptotic cell death releases heat shock proteins, which deliver a partial maturation
signal to dendritic cells and activate the NF-kappa B pathway. Int Immunol 12:1539.
Binder, R. J., K. M. Anderson, S. Basu, and P. K. Srivastava. 2000. Cutting edge: heat
shock protein gp96 induces maturation and migration of CD11c+ cells in vivo. J
Immunol 165:6029.
Becker, T., F. U. Hartl, and F. Wieland. 2002. CD40, an extracellular receptor for binding
and uptake of Hsp70-peptide complexes. J Cell Biol 158:1277.
Vabulas, R. M., P. Ahmad-Nejad, S. Ghose, C. J. Kirschning, R. D. Issels, and H.
Wagner. 2002. HSP70 as endogenous stimulus of the Toll/interleukin-1 receptor signal
pathway. J Biol Chem 277:15107.
Vabulas, R. M., S. Braedel, N. Hilf, H. Singh-Jasuja, S. Herter, P. Ahmad-Nejad, C. J.
Kirschning, C. Da Costa, H. G. Rammensee, H. Wagner, and H. Schild. 2002. The
endoplasmic reticulum-resident heat shock protein Gp96 activates dendritic cells via the
Toll-like receptor 2/4 pathway. J Biol Chem 277:20847.
Lutz, M. B., and G. Schuler. 2002. Immature, semi-mature and fully mature dendritic
cells: which signals induce tolerance or immunity? Trends Immunol 23:445.
Menges, M., S. Rossner, C. Voigtlander, H. Schindler, N. A. Kukutsch, C. Bogdan, K.
Erb, G. Schuler, and M. B. Lutz. 2002. Repetitive injections of dendritic cells matured
with tumor necrosis factor alpha induce antigen-specific protection of mice from
autoimmunity. J Exp Med 195:15.
Akbari, O., G. J. Freeman, E. H. Meyer, E. A. Greenfield, T. T. Chang, A. H. Sharpe, G.
Berry, R. H. DeKruyff, and D. T. Umetsu. 2002. Antigen-specific regulatory T cells
develop via the ICOS-ICOS-ligand pathway and inhibit allergen-induced airway
hyperreactivity. Nat Med 8:1024.
McGuirk, P., C. McCann, and K. H. Mills. 2002. Pathogen-specific T regulatory 1 cells
induced in the respiratory tract by a bacterial molecule that stimulates interleukin 10
production by dendritic cells: a novel strategy for evasion of protective T helper type 1
responses by Bordetella pertussis. J Exp Med 195:221.
Akbari, O., R. H. DeKruyff, and D. T. Umetsu. 2001. Pulmonary dendritic cells
producing IL-10 mediate tolerance induced by respiratory exposure to antigen. Nat
Immunol 2:725.
Monks, C. R., B. A. Freiberg, H. Kupfer, N. Sciaky, and A. Kupfer. 1998. Threedimensional segregation of supramolecular activation clusters in T cells. Nature 395:82.
Weintraub, B. C., and C. C. Goodnow. 1998. Immune Responses: costimulatory
receptors have their say. Curr Biol 8:R575.

163

120.
121.
122.
123.
124.

125.
126.
127.

128.
129.
130.
131.
132.
133.
134.

Hernandez, J., S. Aung, W. L. Redmond, and L. A. Sherman. 2001. Phenotypic and
functional analysis of CD8(+) T cells undergoing peripheral deletion in response to crosspresentation of self-antigen. J Exp Med 194:707.
Kearney, E. R., K. A. Pape, D. Y. Loh, and M. K. Jenkins. 1994. Visualization of
peptide-specific T cell immunity and peripheral tolerance induction in vivo. Immunity
1:327.
Dhodapkar, M. V., R. M. Steinman, J. Krasovsky, C. Munz, and N. Bhardwaj. 2001.
Antigen-specific inhibition of effector T cell function in humans after injection of
immature dendritic cells. J Exp Med 193:233.
Mahnke, K., Y. Qian, J. Knop, and A. H. Enk. 2003. Induction of CD4+/CD25+
regulatory T cells by targeting of antigens to immature dendritic cells. Blood 101:4862.
Dhodapkar, M. V., R. M. Steinman, M. Sapp, H. Desai, C. Fossella, J. Krasovsky, S. M.
Donahoe, P. R. Dunbar, V. Cerundolo, D. F. Nixon, and N. Bhardwaj. 1999. Rapid
generation of broad T-cell immunity in humans after a single injection of mature
dendritic cells. J Clin Invest 104:173.
Kalinski, P., C. M. Hilkens, E. A. Wierenga, and M. L. Kapsenberg. 1999. T-cell priming
by type-1 and type-2 polarized dendritic cells: the concept of a third signal. Immunol
Today 20:561.
Moser, M., and K. M. Murphy. 2000. Dendritic cell regulation of TH1-TH2 development.
Nat Immunol 1:199.
Manetti, R., P. Parronchi, M. G. Giudizi, M. P. Piccinni, E. Maggi, G. Trinchieri, and S.
Romagnani. 1993. Natural killer cell stimulatory factor (interleukin 12 [IL-12]) induces T
helper type 1 (Th1)-specific immune responses and inhibits the development of IL-4producing Th cells. J Exp Med 177:1199.
Pulendran, B., J. L. Smith, G. Caspary, K. Brasel, D. Pettit, E. Maraskovsky, and C. R.
Maliszewski. 1999. Distinct dendritic cell subsets differentially regulate the class of
immune response in vivo. Proc Natl Acad Sci U S A 96:1036.
Rissoan, M. C., V. Soumelis, N. Kadowaki, G. Grouard, F. Briere, R. de Waal Malefyt,
and Y. J. Liu. 1999. Reciprocal control of T helper cell and dendritic cell differentiation.
Science 283:1183.
Boon, T., J. C. Cerottini, B. Van den Eynde, P. van der Bruggen, and A. Van Pel. 1994.
Tumor antigens recognized by T lymphocytes. Annu Rev Immunol 12:337.
Gabrilovich, D. I., I. F. Ciernik, and D. P. Carbone. 1996. Dendritic cells in antitumor
immune responses. I. Defective antigen presentation in tumor-bearing hosts. Cell
Immunol 170:101.
Gabrilovich, D. I., J. Corak, I. F. Ciernik, D. Kavanaugh, and D. P. Carbone. 1997.
Decreased antigen presentation by dendritic cells in patients with breast cancer. Clin
Cancer Res 3:483.
Chaux, P., N. Favre, M. Martin, and F. Martin. 1997. Tumor-infiltrating dendritic cells
are defective in their antigen-presenting function and inducible B7 expression in rats. Int
J Cancer 72:619.
Ninomiya, T., S. M. Akbar, T. Masumoto, N. Horiike, and M. Onji. 1999. Dendritic cells
with immature phenotype and defective function in the peripheral blood from patients
with hepatocellular carcinoma. J Hepatol 31:323.

164

135.
136.
137.
138.
139.
140.

141.
142.

143.
144.
145.

146.
147.

148.

Ratta, M., F. Fagnoni, A. Curti, R. Vescovini, P. Sansoni, B. Oliviero, M. Fogli, E. Ferri,
G. R. Della Cuna, S. Tura, M. Baccarani, and R. M. Lemoli. 2002. Dendritic cells are
functionally defective in multiple myeloma: the role of interleukin-6. Blood 100:230.
Ishida, T., T. Oyama, D. P. Carbone, and D. I. Gabrilovich. 1998. Defective function of
Langerhans cells in tumor-bearing animals is the result of defective maturation from
hemopoietic progenitors. J Immunol 161:4842.
Gabrilovich, D. I., T. Ishida, S. Nadaf, J. E. Ohm, and D. P. Carbone. 1999. Antibodies to
vascular endothelial growth factor enhance the efficacy of cancer immunotherapy by
improving endogenous dendritic cell function. Clin Cancer Res 5:2963.
Almand, B., J. R. Resser, B. Lindman, S. Nadaf, J. I. Clark, E. D. Kwon, D. P. Carbone,
and D. I. Gabrilovich. 2000. Clinical significance of defective dendritic cell
differentiation in cancer. Clin Cancer Res 6:1755.
Wojas, K., J. Tabarkiewicz, M. Jankiewicz, and J. Rolinski. 2004. Dendritic cells in
peripheral blood of patients with breast and lung cancer--a pilot study. Folia Histochem
Cytobiol 42:45.
Gabrilovich, D. I., H. L. Chen, K. R. Girgis, H. T. Cunningham, G. M. Meny, S. Nadaf,
D. Kavanaugh, and D. P. Carbone. 1996. Production of vascular endothelial growth
factor by human tumors inhibits the functional maturation of dendritic cells. Nat Med
2:1096.
Allavena, P., L. Piemonti, D. Longoni, S. Bernasconi, A. Stoppacciaro, L. Ruco, and A.
Mantovani. 1998. IL-10 prevents the differentiation of monocytes to dendritic cells but
promotes their maturation to macrophages. Eur J Immunol 28:359.
Menetrier-Caux, C., G. Montmain, M. C. Dieu, C. Bain, M. C. Favrot, C. Caux, and J. Y.
Blay. 1998. Inhibition of the differentiation of dendritic cells from CD34(+) progenitors
by tumor cells: role of interleukin-6 and macrophage colony-stimulating factor. Blood
92:4778.
Shurin, G. V., M. R. Shurin, S. Bykovskaia, J. Shogan, M. T. Lotze, and E. M. Barksdale,
Jr. 2001. Neuroblastoma-derived gangliosides inhibit dendritic cell generation and
function. Cancer Res 61:363.
Saito, H., S. Tsujitani, M. Ikeguchi, M. Maeta, and N. Kaibara. 1998. Relationship
between the expression of vascular endothelial growth factor and the density of dendritic
cells in gastric adenocarcinoma tissue. Br J Cancer 78:1573.
Brown, R. D., B. Pope, A. Murray, W. Esdale, D. M. Sze, J. Gibson, P. J. Ho, D. Hart,
and D. Joshua. 2001. Dendritic cells from patients with myeloma are numerically normal
but functionally defective as they fail to up-regulate CD80 (B7-1) expression after
huCD40LT stimulation because of inhibition by transforming growth factor-beta 1 and
interleukin-10. Blood 98:2992.
Shurin, M. R., Z. R. Yurkovetsky, I. L. Tourkova, L. Balkir, and G. V. Shurin. 2002.
Inhibition of CD40 expression and CD40-mediated dendritic cell function by tumorderived IL-10. Int J Cancer 101:61.
Pirtskhalaishvili, G., G. V. Shurin, C. Esche, Q. Cai, R. R. Salup, S. N. Bykovskaia, M.
T. Lotze, and M. R. Shurin. 2000. Cytokine-mediated protection of human dendritic cells
from prostate cancer-induced apoptosis is regulated by the Bcl-2 family of proteins. Br J
Cancer 83:506.
Rughetti, A., I. Pellicciotta, M. Biffoni, M. Backstrom, T. Link, E. P. Bennet, H. Clausen,
T. Noll, G. C. Hansson, J. M. Burchell, L. Frati, J. Taylor-Papadimitriou, and M. Nuti.

165

149.

150.
151.
152.
153.
154.
155.
156.
157.
158.
159.

160.
161.
162.
163.

164.

2005. Recombinant Tumor-Associated MUC1 Glycoprotein Impairs the Differentiation
and Function of Dendritic Cells. J Immunol 174:7764.
Macatonia, S. E., N. A. Hosken, M. Litton, P. Vieira, C. S. Hsieh, J. A. Culpepper, M.
Wysocka, G. Trinchieri, K. M. Murphy, and A. O'Garra. 1995. Dendritic cells produce
IL-12 and direct the development of Th1 cells from naive CD4+ T cells. J Immunol
154:5071.
Peguet-Navarro, J., M. Sportouch, I. Popa, O. Berthier, D. Schmitt, and J. Portoukalian.
2003. Gangliosides from Human Melanoma Tumors Impair Dendritic Cell
Differentiation from Monocytes and Induce Their Apoptosis. J Immunol 170:3488.
Kiertscher, S. M., J. Luo, S. M. Dubinett, and M. D. Roth. 2000. Tumors promote altered
maturation and early apoptosis of monocyte-derived dendritic cells. J Immunol 164:1269.
Chaux, P., M. Moutet, J. Faivre, F. Martin, and M. Martin. 1996. Inflammatory cells
infiltrating human colorectal carcinomas express HLA class II but not B7-1 and B7-2
costimulatory molecules of the T-cell activation. Lab Invest 74:975.
Nestle, F. O., G. Burg, J. Fah, T. Wrone-Smith, and B. J. Nickoloff. 1997. Human
sunlight-induced basal-cell-carcinoma-associated dendritic cells are deficient in T cell costimulatory molecules and are impaired as antigen-presenting cells. Am J Pathol 150:641.
Beissert, S., J. Hosoi, S. Grabbe, A. Asahina, and R. D. Granstein. 1995. IL-10 inhibits
tumor antigen presentation by epidermal antigen- presenting cells. J Immunol 154:1280.
Ruiz-Cabello, F. G., F. 2002. Tumor Evasion of Immune System. In Tumor Immunology:
Moleculary Defined Antigens and Clinical Applications. G. L. Parmiani, MT, ed. Taylor
and Francis, London and New York.
Garrido, F., T. Cabrera, A. Concha, S. Glew, F. Ruiz-Cabello, and P. L. Stern. 1993.
Natural history of HLA expression during tumour development. Immunol Today 14:491.
Wallace, M. E., and M. J. Smyth. 2005. The role of natural killer cells in tumor controleffectors and regulators of adaptive immunity. Springer Semin Immunopathol 27:49.
Mizoguchi, H., J. J. O'Shea, D. L. Longo, C. M. Loeffler, D. W. McVicar, and A. C.
Ochoa. 1992. Alterations in signal transduction molecules in T lymphocytes from tumorbearing mice. Science 258:1795.
Hahne, M., D. Rimoldi, M. Schroter, P. Romero, M. Schreier, L. E. French, P. Schneider,
T. Bornand, A. Fontana, D. Lienard, J. Cerottini, and J. Tschopp. 1996. Melanoma cell
expression of Fas(Apo-1/CD95) ligand: implications for tumor immune escape. Science
274:1363.
Konig, R. 2002. Interactions between MHC molecules and co-receptors of the TCR. Curr
Opin Immunol 14:75.
Renkvist, N., C. Castelli, P. F. Robbins, and G. Parmiani. 2001. A listing of human tumor
antigens recognized by T cells. Cancer Immunol Immunother 50:3.
Huang, A. Y., P. Golumbek, M. Ahmadzadeh, E. Jaffee, D. Pardoll, and H. Levitsky.
1994. Role of bone marrow-derived cells in presenting MHC class I-restricted tumor
antigens. Science 264:961.
Rosato, A., A. Zambon, B. Macino, S. Mandruzzato, V. Bronte, G. Milan, P. Zanovello,
and D. Collavo. 1996. Anti-L-selectin monoclonal antibody treatment in mice enhances
tumor growth by preventing CTL sensitization in peripheral lymph nodes draining the
tumor area. Int J Cancer 65:847.
Weninger, W., N. Manjunath, and U. H. von Andrian. 2002. Migration and
differentiation of CD8+ T cells. Immunol Rev 186:221.

166

165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.

177.

178.
179.
180.
181.
182.

Russell, J. H., and T. J. Ley. 2002. Lymphocyte-mediated cytotoxicity. Annu Rev
Immunol 20:323.
Kagi, D., B. Ledermann, K. Burki, P. Seiler, B. Odermatt, K. J. Olsen, E. R. Podack, R.
M. Zinkernagel, and H. Hengartner. 1994. Cytotoxicity mediated by T cells and natural
killer cells is greatly impaired in perforin-deficient mice. Nature 369:31.
Krammer, P. H. 2000. CD95's deadly mission in the immune system. Nature 407:789.
Janeway, C., P. Travers, M. Walport, and M. Shlomchik. 2005. Immunobiology: the
Immune System in Health and Disease. Garland Science Publishing, New York and
London.
Young, H. A., and K. J. Hardy. 1995. Role of interferon-gamma in immune cell
regulation. J Leukoc Biol 58:373.
Langenkamp, A., M. Messi, A. Lanzavecchia, and F. Sallusto. 2000. Kinetics of dendritic
cell activation: impact on priming of TH1, TH2 and nonpolarized T cells. Nat Immunol
1:311.
Romagnani, S. 2000. T-cell subsets (Th1 versus Th2). Ann Allergy Asthma Immunol
85:9.
Seder, R. A., and W. E. Paul. 1994. Acquisition of lymphokine-producing phenotype by
CD4+ T cells. Annu Rev Immunol 12:635.
Asnagli, H., and K. M. Murphy. 2001. Stability and commitment in T helper cell
development. Curr Opin Immunol 13:242.
Zheng, W., and R. A. Flavell. 1997. The transcription factor GATA-3 is necessary and
sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 89:587.
Szabo, S. J., S. T. Kim, G. L. Costa, X. Zhang, C. G. Fathman, and L. H. Glimcher. 2000.
A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell 100:655.
Dranoff, G., E. Jaffee, A. Lazenby, P. Golumbek, H. Levitsky, K. Brose, V. Jackson, H.
Hamada, D. Pardoll, and R. C. Mulligan. 1993. Vaccination with irradiated tumor cells
engineered to secrete murine granulocyte-macrophage colony-stimulating factor
stimulates potent, specific, and long-lasting anti-tumor immunity. Proc Natl Acad Sci U S
A 90:3539.
Diehl, L., A. T. den Boer, S. P. Schoenberger, E. I. van der Voort, T. N. Schumacher, C.
J. Melief, R. Offringa, and R. E. Toes. 1999. CD40 activation in vivo overcomes peptideinduced peripheral cytotoxic T-lymphocyte tolerance and augments anti-tumor vaccine
efficacy. Nat Med 5:774.
Pardoll, D. M., and S. L. Topalian. 1998. The role of CD4+ T cell responses in antitumor
immunity. Curr Opin Immunol 10:588.
Ossendorp, F., E. Mengede, M. Camps, R. Filius, and C. J. Melief. 1998. Specific T
helper cell requirement for optimal induction of cytotoxic T lymphocytes against major
histocompatibility complex class II negative tumors. J Exp Med 187:693.
Kaech, S. M., E. J. Wherry, and R. Ahmed. 2002. Effector and memory T-cell
differentiation: implications for vaccine development. Nat Rev Immunol 2:251.
Shedlock, D. J., and H. Shen. 2003. Requirement for CD4 T cell help in generating
functional CD8 T cell memory. Science 300:337.
Sun, J. C., and M. J. Bevan. 2003. Defective CD8 T cell memory following acute
infection without CD4 T cell help. Science 300:339.

167

183.
184.
185.
186.

187.
188.
189.
190.
191.

192.

193.
194.
195.
196.
197.

Janssen, E. M., E. E. Lemmens, T. Wolfe, U. Christen, M. G. von Herrath, and S. P.
Schoenberger. 2003. CD4+ T cells are required for secondary expansion and memory in
CD8+ T lymphocytes. Nature 421:852.
Fearon, E. R., D. M. Pardoll, T. Itaya, P. Golumbek, H. I. Levitsky, J. W. Simons, H.
Karasuyama, B. Vogelstein, and P. Frost. 1990. Interleukin-2 production by tumor cells
bypasses T helper function in the generation of an antitumor response. Cell 60:397.
Mumberg, D., P. A. Monach, S. Wanderling, M. Philip, A. Y. Toledano, R. D. Schreiber,
and H. Schreiber. 1999. CD4(+) T cells eliminate MHC class II-negative cancer cells in
vivo by indirect effects of IFN-gamma. Proc Natl Acad Sci U S A 96:8633.
Tatsumi, T., L. S. Kierstead, E. Ranieri, L. Gesualdo, F. P. Schena, J. H. Finke, R. M.
Bukowski, J. Mueller-Berghaus, J. M. Kirkwood, W. W. Kwok, and W. J. Storkus. 2002.
Disease-associated bias in T helper type 1 (Th1)/Th2 CD4(+) T cell responses against
MAGE-6 in HLA-DRB10401(+) patients with renal cell carcinoma or melanoma. J Exp
Med 196:619.
Greenberg, P. D., D. E. Kern, and M. A. Cheever. 1985. Therapy of disseminated murine
leukemia with cyclophosphamide and immune Lyt-1+,2- T cells. Tumor eradication does
not require participation of cytotoxic T cells. J Exp Med 161:1122.
Fehervari, Z., and S. Sakaguchi. 2004. CD4+ Tregs and immune control. J Clin Invest
114:1209.
Mills, K. H. 2004. Regulatory T cells: friend or foe in immunity to infection? Nat Rev
Immunol 4:841.
Sakaguchi, S. 2005. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells
in immunological tolerance to self and non-self. Nat Immunol 6:345.
Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh, and M. Toda. 1995. Immunologic selftolerance maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases.
J Immunol 155:1151.
Sakaguchi, S., K. Fukuma, K. Kuribayashi, and T. Masuda. 1985. Organ-specific
autoimmune diseases induced in mice by elimination of T cell subset. I. Evidence for the
active participation of T cells in natural self-tolerance; deficit of a T cell subset as a
possible cause of autoimmune disease. J Exp Med 161:72.
Asano, M., M. Toda, N. Sakaguchi, and S. Sakaguchi. 1996. Autoimmune disease as a
consequence of developmental abnormality of a T cell subpopulation. J Exp Med
184:387.
Bensinger, S. J., A. Bandeira, M. S. Jordan, A. J. Caton, and T. M. Laufer. 2001. Major
histocompatibility complex class II-positive cortical epithelium mediates the selection of
CD4(+)25(+) immunoregulatory T cells. J Exp Med 194:427.
Jordan, M. S., A. Boesteanu, A. J. Reed, A. L. Petrone, A. E. Holenbeck, M. A. Lerman,
A. Naji, and A. J. Caton. 2001. Thymic selection of CD4+CD25+ regulatory T cells
induced by an agonist self-peptide. Nat Immunol 2:301.
Jordan, M. S., M. P. Riley, H. von Boehmer, and A. J. Caton. 2000. Anergy and
suppression regulate CD4(+) T cell responses to a self peptide. Eur J Immunol 30:136.
Willerford, D. M., J. Chen, J. A. Ferry, L. Davidson, A. Ma, and F. W. Alt. 1995.
Interleukin-2 receptor alpha chain regulates the size and content of the peripheral
lymphoid compartment. Immunity 3:521.

168

198.

199.
200.
201.

202.

203.
204.
205.

206.

207.
208.
209.

210.

Suzuki, H., T. M. Kundig, C. Furlonger, A. Wakeham, E. Timms, T. Matsuyama, R.
Schmits, J. J. Simard, P. S. Ohashi, H. Griesser, and et al. 1995. Deregulated T cell
activation and autoimmunity in mice lacking interleukin-2 receptor beta. Science
268:1472.
Sadlack, B., J. Lohler, H. Schorle, G. Klebb, H. Haber, E. Sickel, R. J. Noelle, and I.
Horak. 1995. Generalized autoimmune disease in interleukin-2-deficient mice is triggered
by an uncontrolled activation and proliferation of CD4+ T cells. Eur J Immunol 25:3053.
Almeida, A. R., N. Legrand, M. Papiernik, and A. A. Freitas. 2002. Homeostasis of
peripheral CD4+ T cells: IL-2R alpha and IL-2 shape a population of regulatory cells that
controls CD4+ T cell numbers. J Immunol 169:4850.
Salomon, B., D. J. Lenschow, L. Rhee, N. Ashourian, B. Singh, A. Sharpe, and J. A.
Bluestone. 2000. B7/CD28 costimulation is essential for the homeostasis of the
CD4+CD25+ immunoregulatory T cells that control autoimmune diabetes. Immunity
12:431.
Kumanogoh, A., X. Wang, I. Lee, C. Watanabe, M. Kamanaka, W. Shi, K. Yoshida, T.
Sato, S. Habu, M. Itoh, N. Sakaguchi, S. Sakaguchi, and H. Kikutani. 2001. Increased T
cell autoreactivity in the absence of CD40-CD40 ligand interactions: a role of CD40 in
regulatory T cell development. J Immunol 166:353.
Groux, H., A. O'Garra, M. Bigler, M. Rouleau, S. Antonenko, J. E. de Vries, and M. G.
Roncarolo. 1997. A CD4+ T-cell subset inhibits antigen-specific T-cell responses and
prevents colitis. Nature 389:737.
Chen, Y., V. K. Kuchroo, J. Inobe, D. A. Hafler, and H. L. Weiner. 1994. Regulatory T
cell clones induced by oral tolerance: suppression of autoimmune encephalomyelitis.
Science 265:1237.
Fukaura, H., S. C. Kent, M. J. Pietrusewicz, S. J. Khoury, H. L. Weiner, and D. A.
Hafler. 1996. Induction of circulating myelin basic protein and proteolipid proteinspecific transforming growth factor-beta1-secreting Th3 T cells by oral administration of
myelin in multiple sclerosis patients. J Clin Invest 98:70.
Chen, W., W. Jin, N. Hardegen, K. J. Lei, L. Li, N. Marinos, G. McGrady, and S. M.
Wahl. 2003. Conversion of peripheral CD4+CD25- naive T cells to CD4+CD25+
regulatory T cells by TGF-beta induction of transcription factor Foxp3. J Exp Med
198:1875.
Jonuleit, H., E. Schmitt, M. Stassen, A. Tuettenberg, J. Knop, and A. H. Enk. 2001.
Identification and functional characterization of human CD4(+)CD25(+) T cells with
regulatory properties isolated from peripheral blood. J Exp Med 193:1285.
Powrie, F., M. W. Leach, S. Mauze, L. B. Caddle, and R. L. Coffman. 1993.
Phenotypically distinct subsets of CD4+ T cells induce or protect from chronic intestinal
inflammation in C. B-17 scid mice. Int Immunol 5:1461.
Takahashi, T., T. Tagami, S. Yamazaki, T. Uede, J. Shimizu, N. Sakaguchi, T. W. Mak,
and S. Sakaguchi. 2000. Immunologic self-tolerance maintained by CD25(+)CD4(+)
regulatory T cells constitutively expressing cytotoxic T lymphocyte-associated antigen 4.
J Exp Med 192:303.
Shimizu, J., S. Yamazaki, T. Takahashi, Y. Ishida, and S. Sakaguchi. 2002. Stimulation
of CD25(+)CD4(+) regulatory T cells through GITR breaks immunological selftolerance. Nat Immunol 3:135.

169

211.

212.
213.

214.

215.
216.

217.
218.

219.
220.
221.
222.

223.

224.

McHugh, R. S., M. J. Whitters, C. A. Piccirillo, D. A. Young, E. M. Shevach, M. Collins,
and M. C. Byrne. 2002. CD4(+)CD25(+) immunoregulatory T cells: gene expression
analysis reveals a functional role for the glucocorticoid-induced TNF receptor. Immunity
16:311.
Herman, A. E., G. J. Freeman, D. Mathis, and C. Benoist. 2004. CD4+CD25+ T
regulatory cells dependent on ICOS promote regulation of effector cells in the prediabetic
lesion. J Exp Med 199:1479.
Lohning, M., A. Hutloff, T. Kallinich, H. W. Mages, K. Bonhagen, A. Radbruch, E.
Hamelmann, and R. A. Kroczek. 2003. Expression of ICOS in vivo defines CD4+
effector T cells with high inflammatory potential and a strong bias for secretion of
interleukin 10. J Exp Med 197:181.
Greve, B., L. Vijayakrishnan, A. Kubal, R. A. Sobel, L. B. Peterson, L. S. Wicker, and V.
K. Kuchroo. 2004. The diabetes susceptibility locus Idd5.1 on mouse chromosome 1
regulates ICOS expression and modulates murine experimental autoimmune
encephalomyelitis. J Immunol 173:157.
Dong, C., and R. I. Nurieva. 2003. Regulation of immune and autoimmune responses by
ICOS. J Autoimmun 21:255.
Lehmann, J., J. Huehn, M. de la Rosa, F. Maszyna, U. Kretschmer, V. Krenn, M.
Brunner, A. Scheffold, and A. Hamann. 2002. Expression of the integrin alpha Ebeta 7
identifies unique subsets of CD25+ as well as CD25- regulatory T cells. Proc Natl Acad
Sci U S A 99:13031.
Bruder, D., M. Probst-Kepper, A. M. Westendorf, R. Geffers, S. Beissert, K. Loser, H.
von Boehmer, J. Buer, and W. Hansen. 2004. Neuropilin-1: a surface marker of
regulatory T cells. Eur J Immunol 34:623.
Iellem, A., M. Mariani, R. Lang, H. Recalde, P. Panina-Bordignon, F. Sinigaglia, and D.
D'Ambrosio. 2001. Unique chemotactic response profile and specific expression of
chemokine receptors CCR4 and CCR8 by CD4(+)CD25(+) regulatory T cells. J Exp Med
194:847.
Fontenot, J. D., M. A. Gavin, and A. Y. Rudensky. 2003. Foxp3 programs the
development and function of CD4+CD25+ regulatory T cells. Nat Immunol 4:330.
Hori, S., T. Nomura, and S. Sakaguchi. 2003. Control of regulatory T cell development
by the transcription factor Foxp3. Science 299:1057.
Khattri, R., T. Cox, S. A. Yasayko, and F. Ramsdell. 2003. An essential role for Scurfin
in CD4+CD25+ T regulatory cells. Nat Immunol 4:337.
Bennett, C. L., J. Christie, F. Ramsdell, M. E. Brunkow, P. J. Ferguson, L. Whitesell, T.
E. Kelly, F. T. Saulsbury, P. F. Chance, and H. D. Ochs. 2001. The immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by
mutations of FOXP3. Nat Genet 27:20.
Brunkow, M. E., E. W. Jeffery, K. A. Hjerrild, B. Paeper, L. B. Clark, S. A. Yasayko, J.
E. Wilkinson, D. Galas, S. F. Ziegler, and F. Ramsdell. 2001. Disruption of a new
forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative disorder of
the scurfy mouse. Nat Genet 27:68.
Fontenot, J. D., J. P. Rasmussen, L. M. Williams, J. L. Dooley, A. G. Farr, and A. Y.
Rudensky. 2005. Regulatory T cell lineage specification by the forkhead transcription
factor foxp3. Immunity 22:329.

170

225.

226.
227.
228.
229.
230.
231.
232.

233.
234.
235.
236.
237.
238.
239.

Takahashi, T., Y. Kuniyasu, M. Toda, N. Sakaguchi, M. Itoh, M. Iwata, J. Shimizu, and
S. Sakaguchi. 1998. Immunologic self-tolerance maintained by CD25+CD4+ naturally
anergic and suppressive T cells: induction of autoimmune disease by breaking their
anergic/suppressive state. Int Immunol 10:1969.
Thornton, A. M., and E. M. Shevach. 1998. CD4+CD25+ immunoregulatory T cells
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2 production. J Exp
Med 188:287.
Thornton, A. M., E. E. Donovan, C. A. Piccirillo, and E. M. Shevach. 2004. Cutting
edge: IL-2 is critically required for the in vitro activation of CD4+CD25+ T cell
suppressor function. J Immunol 172:6519.
Thornton, A. M., C. A. Piccirillo, and E. M. Shevach. 2004. Activation requirements for
the induction of CD4+CD25+ T cell suppressor function. Eur J Immunol 34:366.
Thornton, A. M., and E. M. Shevach. 2000. Suppressor effector function of CD4+CD25+
immunoregulatory T cells is antigen nonspecific. J Immunol 164:183.
Zheng, Y., C. N. Manzotti, M. Liu, F. Burke, K. I. Mead, and D. M. Sansom. 2004. CD86
and CD80 differentially modulate the suppressive function of human regulatory T cells. J
Immunol 172:2778.
Shimizu, J., S. Yamazaki, and S. Sakaguchi. 1999. Induction of tumor immunity by
removing CD25+CD4+ T cells: a common basis between tumor immunity and
autoimmunity. J Immunol 163:5211.
Stephens, G. L., R. S. McHugh, M. J. Whitters, D. A. Young, D. Luxenberg, B. M.
Carreno, M. Collins, and E. M. Shevach. 2004. Engagement of glucocorticoid-induced
TNFR family-related receptor on effector T cells by its ligand mediates resistance to
suppression by CD4+CD25+ T cells. J Immunol 173:5008.
Grohmann, U., C. Orabona, F. Fallarino, C. Vacca, F. Calcinaro, A. Falorni, P.
Candeloro, M. L. Belladonna, R. Bianchi, M. C. Fioretti, and P. Puccetti. 2002. CTLA-4Ig regulates tryptophan catabolism in vivo. Nat Immunol 3:1097.
Fallarino, F., U. Grohmann, K. W. Hwang, C. Orabona, C. Vacca, R. Bianchi, M. L.
Belladonna, M. C. Fioretti, M. L. Alegre, and P. Puccetti. 2003. Modulation of
tryptophan catabolism by regulatory T cells. Nat Immunol 4:1206.
Munn, D. H., M. D. Sharma, and A. L. Mellor. 2004. Ligation of B7-1/B7-2 by human
CD4+ T cells triggers indoleamine 2,3-dioxygenase activity in dendritic cells. J Immunol
172:4100.
Cederbom, L., H. Hall, and F. Ivars. 2000. CD4+CD25+ regulatory T cells down-regulate
co-stimulatory molecules on antigen-presenting cells. Eur J Immunol 30:1538.
Asseman, C., S. Mauze, M. W. Leach, R. L. Coffman, and F. Powrie. 1999. An essential
role for interleukin 10 in the function of regulatory T cells that inhibit intestinal
inflammation. J Exp Med 190:995.
Kuhn, R., J. Lohler, D. Rennick, K. Rajewsky, and W. Muller. 1993. Interleukin-10deficient mice develop chronic enterocolitis. Cell 75:263.
Berg, D. J., N. Davidson, R. Kuhn, W. Muller, S. Menon, G. Holland, L. ThompsonSnipes, M. W. Leach, and D. Rennick. 1996. Enterocolitis and colon cancer in
interleukin-10-deficient mice are associated with aberrant cytokine production and
CD4(+) TH1-like responses. J Clin Invest 98:1010.

171

240.
241.
242.
243.
244.
245.
246.
247.
248.
249.
250.
251.
252.
253.

254.

Powrie, F., J. Carlino, M. W. Leach, S. Mauze, and R. L. Coffman. 1996. A critical role
for transforming growth factor-beta but not interleukin 4 in the suppression of T helper
type 1-mediated colitis by CD45RB(low) CD4+ T cells. J Exp Med 183:2669.
Nakamura, K., A. Kitani, I. Fuss, A. Pedersen, N. Harada, H. Nawata, and W. Strober.
2004. TGF-beta 1 plays an important role in the mechanism of CD4+CD25+ regulatory T
cell activity in both humans and mice. J Immunol 172:834.
Chen, W., W. Jin, and S. M. Wahl. 1998. Engagement of cytotoxic T lymphocyteassociated antigen 4 (CTLA-4) induces transforming growth factor beta (TGF-beta)
production by murine CD4(+) T cells. J Exp Med 188:1849.
Nakamura, K., A. Kitani, and W. Strober. 2001. Cell contact-dependent
immunosuppression by CD4(+)CD25(+) regulatory T cells is mediated by cell surfacebound transforming growth factor beta. J Exp Med 194:629.
Barthlott, T., G. Kassiotis, and B. Stockinger. 2003. T cell regulation as a side effect of
homeostasis and competition. J Exp Med 197:451.
Belkaid, Y., C. A. Piccirillo, S. Mendez, E. M. Shevach, and D. L. Sacks. 2002.
CD4+CD25+ regulatory T cells control Leishmania major persistence and immunity.
Nature 420:502.
Cohen, J. L., A. Trenado, D. Vasey, D. Klatzmann, and B. L. Salomon. 2002.
CD4(+)CD25(+) immunoregulatory T Cells: new therapeutics for graft-versus-host
disease. J Exp Med 196:401.
Marshall, N. A., M. A. Vickers, and R. N. Barker. 2003. Regulatory T cells secreting IL10 dominate the immune response to EBV latent membrane protein 1. J Immunol
170:6183.
Suto, A., H. Nakajima, S. I. Kagami, K. Suzuki, Y. Saito, and I. Iwamoto. 2001. Role of
CD4(+) CD25(+) regulatory T cells in T helper 2 cell-mediated allergic inflammation in
the airways. Am J Respir Crit Care Med 164:680.
Onizuka, S., I. Tawara, J. Shimizu, S. Sakaguchi, T. Fujita, and E. Nakayama. 1999.
Tumor rejection by in vivo administration of anti-CD25 (interleukin-2 receptor alpha)
monoclonal antibody. Cancer Res 59:3128.
Berendt, M. J., and R. J. North. 1980. T-cell-mediated suppression of anti-tumor
immunity. An explanation for progressive growth of an immunogenic tumor. J Exp Med
151:69.
North, R. J. 1982. Cyclophosphamide-facilitated adoptive immunotherapy of an
established tumor depends on elimination of tumor-induced suppressor T cells. J Exp
Med 155:1063.
North, R. J. 1984. Gamma-irradiation facilitates the expression of adoptive immunity
against established tumors by eliminating suppressor T cells. Cancer Immunol
Immunother 16:175.
Awwad, M., and R. J. North. 1988. Immunologically mediated regression of a murine
lymphoma after treatment with anti-L3T4 antibody. A consequence of removing L3T4+
suppressor T cells from a host generating predominantly Lyt-2+ T cell-mediated
immunity. J Exp Med 168:2193.
North, R. J., and M. Awwad. 1990. Elimination of cycling CD4+ suppressor T cells with
an anti-mitotic drug releases non-cycling CD8+ T cells to cause regression of an
advanced lymphoma. Immunology 71:90.

172

255.
256.

257.

258.

259.

260.
261.
262.
263.
264.

265.
266.

Tanaka, H., J. Tanaka, J. Kjaergaard, and S. Shu. 2002. Depletion of CD4+ CD25+
regulatory cells augments the generation of specific immune T cells in tumor-draining
lymph nodes. J Immunother 25:207.
Sutmuller, R. P., L. M. van Duivenvoorde, A. van Elsas, T. N. Schumacher, M. E.
Wildenberg, J. P. Allison, R. E. Toes, R. Offringa, and C. J. Melief. 2001. Synergism of
cytotoxic T lymphocyte-associated antigen 4 blockade and depletion of CD25(+)
regulatory T cells in antitumor therapy reveals alternative pathways for suppression of
autoreactive cytotoxic T lymphocyte responses. J Exp Med 194:823.
Woo, E. Y., C. S. Chu, T. J. Goletz, K. Schlienger, H. Yeh, G. Coukos, S. C. Rubin, L. R.
Kaiser, and C. H. June. 2001. Regulatory CD4(+)CD25(+) T cells in tumors from
patients with early-stage non-small cell lung cancer and late-stage ovarian cancer. Cancer
Res 61:4766.
Curiel, T. J., G. Coukos, L. Zou, X. Alvarez, P. Cheng, P. Mottram, M. Evdemon-Hogan,
J. R. Conejo-Garcia, L. Zhang, M. Burow, Y. Zhu, S. Wei, I. Kryczek, B. Daniel, A.
Gordon, L. Myers, A. Lackner, M. L. Disis, K. L. Knutson, L. Chen, and W. Zou. 2004.
Specific recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege
and predicts reduced survival. Nat Med 10:942.
Liyanage, U. K., T. T. Moore, H. G. Joo, Y. Tanaka, V. Herrmann, G. Doherty, J. A.
Drebin, S. M. Strasberg, T. J. Eberlein, P. S. Goedegebuure, and D. C. Linehan. 2002.
Prevalence of regulatory T cells is increased in peripheral blood and tumor
microenvironment of patients with pancreas or breast adenocarcinoma. J Immunol
169:2756.
Ormandy, L. A., T. Hillemann, H. Wedemeyer, M. P. Manns, T. F. Greten, and F.
Korangy. 2005. Increased populations of regulatory T cells in peripheral blood of patients
with hepatocellular carcinoma. Cancer Res 65:2457.
Ichihara, F., K. Kono, A. Takahashi, H. Kawaida, H. Sugai, and H. Fujii. 2003. Increased
populations of regulatory T cells in peripheral blood and tumor-infiltrating lymphocytes
in patients with gastric and esophageal cancers. Clin Cancer Res 9:4404.
Wolf, A. M., D. Wolf, M. Steurer, G. Gastl, E. Gunsilius, and B. Grubeck-Loebenstein.
2003. Increase of regulatory T cells in the peripheral blood of cancer patients. Clin
Cancer Res 9:606.
Zhou, Y., M. L. Bosch, and M. L. Salgaller. 2002. Current methods for loading dendritic
cells with tumor antigen for the induction of antitumor immunity. J Immunother 25:289.
Brunner, C., J. Seiderer, A. Schlamp, M. Bidlingmaier, A. Eigler, W. Haimerl, H. A.
Lehr, A. M. Krieg, G. Hartmann, and S. Endres. 2000. Enhanced dendritic cell
maturation by TNF-alpha or cytidine-phosphate-guanosine DNA drives T cell activation
in vitro and therapeutic anti-tumor immune responses in vivo. J Immunol 165:6278.
Weiner, G. J., H. M. Liu, J. E. Wooldridge, C. E. Dahle, and A. M. Krieg. 1997.
Immunostimulatory oligodeoxynucleotides containing the CpG motif are effective as
immune adjuvants in tumor antigen immunization. Proc Natl Acad Sci U S A 94:10833.
Zitvogel, L., J. I. Mayordomo, T. Tjandrawan, A. B. DeLeo, M. R. Clarke, M. T. Lotze,
and W. J. Storkus. 1996. Therapy of murine tumors with tumor peptide-pulsed dendritic
cells: dependence on T cells, B7 costimulation, and T helper cell 1-associated cytokines.
J Exp Med 183:87.

173

267.
268.
269.
270.

271.
272.
273.
274.
275.

276.

277.
278.

279.

280.

Mayordomo, J. I., D. J. Loftus, H. Sakamoto, C. M. De Cesare, P. M. Appasamy, M. T.
Lotze, W. J. Storkus, E. Appella, and A. B. DeLeo. 1996. Therapy of murine tumors with
p53 wild-type and mutant sequence peptide-based vaccines. J Exp Med 183:1357.
Fields, R. C., K. Shimizu, and J. J. Mule. 1998. Murine dendritic cells pulsed with whole
tumor lysates mediate potent antitumor immune responses in vitro and in vivo. Proc Natl
Acad Sci U S A 95:9482.
Flamand, V., T. Sornasse, K. Thielemans, C. Demanet, M. Bakkus, H. Bazin, F.
Tielemans, O. Leo, J. Urbain, and M. Moser. 1994. Murine dendritic cells pulsed in vitro
with tumor antigen induce tumor resistance in vivo. Eur J Immunol 24:605.
Tuting, T., J. Steitz, J. Bruck, A. Gambotto, K. Steinbrink, A. B. DeLeo, P. Robbins, J.
Knop, and A. H. Enk. 1999. Dendritic cell-based genetic immunization in mice with a
recombinant adenovirus encoding murine TRP2 induces effective anti-melanoma
immunity. J Gene Med 1:400.
Ashley, D. M., B. Faiola, S. Nair, L. P. Hale, D. D. Bigner, and E. Gilboa. 1997. Bone
marrow-generated dendritic cells pulsed with tumor extracts or tumor RNA induce
antitumor immunity against central nervous system tumors. J Exp Med 186:1177.
Gong, J., D. Chen, M. Kashiwaba, and D. Kufe. 1997. Induction of antitumor activity by
immunization with fusions of dendritic and carcinoma cells. Nat Med 3:558.
Rosenberg, S. A., J. C. Yang, and N. P. Restifo. 2004. Cancer immunotherapy: moving
beyond current vaccines. Nat Med 10:909.
Nestle, F. O., S. Alijagic, M. Gilliet, Y. Sun, S. Grabbe, R. Dummer, G. Burg, and D.
Schadendorf. 1998. Vaccination of melanoma patients with peptide- or tumor lysatepulsed dendritic cells. Nat Med 4:328.
Thurner, B., I. Haendle, C. Roder, D. Dieckmann, P. Keikavoussi, H. Jonuleit, A. Bender,
C. Maczek, D. Schreiner, P. von den Driesch, E. B. Brocker, R. M. Steinman, A. Enk, E.
Kampgen, and G. Schuler. 1999. Vaccination with mage-3A1 peptide-pulsed mature,
monocyte-derived dendritic cells expands specific cytotoxic T cells and induces
regression of some metastases in advanced stage IV melanoma. J Exp Med 190:1669.
Banchereau, J., A. K. Palucka, M. Dhodapkar, S. Burkeholder, N. Taquet, A. Rolland, S.
Taquet, S. Coquery, K. M. Wittkowski, N. Bhardwaj, L. Pineiro, R. Steinman, and J. Fay.
2001. Immune and clinical responses in patients with metastatic melanoma to CD34(+)
progenitor-derived dendritic cell vaccine. Cancer Res 61:6451.
Banchereau, J., and A. K. Palucka. 2005. Dendritic cells as therapeutic vaccines against
cancer. Nat Rev Immunol 5:296.
Maraskovsky, E., K. Brasel, M. Teepe, E. R. Roux, S. D. Lyman, K. Shortman, and H. J.
McKenna. 1996. Dramatic increase in the numbers of functionally mature dendritic cells
in Flt3 ligand-treated mice: multiple dendritic cell subpopulations identified. J Exp Med
184:1953.
Pulendran, B., J. Lingappa, M. K. Kennedy, J. Smith, M. Teepe, A. Rudensky, C. R.
Maliszewski, and E. Maraskovsky. 1997. Developmental pathways of dendritic cells in
vivo: distinct function, phenotype, and localization of dendritic cell subsets in FLT3
ligand-treated mice. J Immunol 159:2222.
Maraskovsky, E., E. Daro, E. Roux, M. Teepe, C. R. Maliszewski, J. Hoek, D. Caron, M.
E. Lebsack, and H. J. McKenna. 2000. In vivo generation of human dendritic cell subsets
by Flt3 ligand. Blood 96:878.

174

281.
282.
283.

284.
285.
286.

287.

288.

289.
290.
291.
292.
293.
294.
295.

Lynch, D. H., A. Andreasen, E. Maraskovsky, J. Whitmore, R. E. Miller, and J. C. Schuh.
1997. Flt3 ligand induces tumor regression and antitumor immune responses in vivo. Nat
Med 3:625.
Esche, C., V. M. Subbotin, C. Maliszewski, M. T. Lotze, and M. R. Shurin. 1998. FLT3
ligand administration inhibits tumor growth in murine melanoma and lymphoma. Cancer
Res 58:380.
Favre-Felix, N., M. Martin, E. Maraskovsky, A. Fromentin, M. Moutet, E. Solary, F.
Martin, and B. Bonnotte. 2000. Flt3 ligand lessens the growth of tumors obtained after
colon cancer cell injection in rats but does not restore tumor-suppressed dendritic cell
function. Int J Cancer 86:827.
Peron, J. M., C. Esche, V. M. Subbotin, C. Maliszewski, M. T. Lotze, and M. R. Shurin.
1998. FLT3-ligand administration inhibits liver metastases: role of NK cells. J Immunol
161:6164.
Averbook, B. J., J. L. Schuh, R. Papay, and C. Maliszewski. 2002. Antitumor effects of
Flt3 ligand in transplanted murine tumor models. J Immunother 25:27.
Chen, K., S. Braun, S. Lyman, Y. Fan, C. M. Traycoff, E. A. Wiebke, J. Gaddy, G.
Sledge, H. E. Broxmeyer, and K. Cornetta. 1997. Antitumor activity and
immunotherapeutic properties of Flt3-ligand in a murine breast cancer model. Cancer Res
57:3511.
Ciavarra, R. P., K. D. Somers, R. R. Brown, W. F. Glass, P. J. Consolvo, G. L. Wright,
and P. F. Schellhammer. 2000. Flt3-ligand induces transient tumor regression in an
ectopic treatment model of major histocompatibility complex-negative prostate cancer.
Cancer Res 60:2081.
Ciavarra, R. P., D. A. Holterman, R. R. Brown, P. Mangiotti, N. Yousefieh, G. L. Wright,
Jr., P. F. Schellhammer, W. F. Glass, and K. D. Somers. 2004. Prostate tumor
microenvironment alters immune cells and prevents long-term survival in an orthotopic
mouse model following flt3-ligand/CD40-ligand immunotherapy. J Immunother 27:13.
Zeid, N. A., and H. K. Muller. 1993. S100 positive dendritic cells in human lung tumors
associated with cell differentiation and enhanced survival. Pathology 25:338.
Reichert, T. E., C. Scheuer, R. Day, W. Wagner, and T. L. Whiteside. 2001. The number
of intratumoral dendritic cells and zeta-chain expression in T cells as prognostic and
survival biomarkers in patients with oral carcinoma. Cancer 91:2136.
Goldman, S. A., E. Baker, R. J. Weyant, M. R. Clarke, J. N. Myers, and M. T. Lotze.
1998. Peritumoral CD1a-positive dendritic cells are associated with improved survival in
patients with tongue carcinoma. Arch Otolaryngol Head Neck Surg 124:641.
Stene, M. A., M. Babajanians, S. Bhuta, and A. J. Cochran. 1988. Quantitative alterations
in cutaneous Langerhans cells during the evolution of malignant melanoma of the skin. J
Invest Dermatol 91:125.
Ishigami, S., T. Aikou, S. Natsugoe, S. Hokita, H. Iwashige, M. Tokushige, and S.
Sonoda. 1998. Prognostic value of HLA-DR expression and dendritic cell infiltration in
gastric cancer. Oncology 55:65.
Germain, R. N. 1994. MHC-dependent antigen processing and peptide presentation:
providing ligands for T lymphocyte activation. Cell 76:287.
McAdam, A. J., A. N. Schweitzer, and A. H. Sharpe. 1998. The role of B7 co-stimulation
in activation and differentiation of CD4+ and CD8+ T cells. Immunol Rev 165:231.

175

296.

297.

298.
299.
300.
301.

302.
303.
304.
305.
306.
307.
308.
309.
310.

Chaux, P., N. Favre, B. Bonnotte, M. Moutet, M. Martin, and F. Martin. 1997. Tumorinfiltrating dendritic cells are defective in their antigen-presenting function and inducible
B7 expression: A role in the immune tolerance to antigenic tumors. In Dendritic Cells in
Fundamental and Clinical Immunology. Ricciardi-Castagnoli, ed. Plenum Press, New
York, p. 525.
Daro, E., B. Pulendran, K. Brasel, M. Teepe, D. Pettit, D. H. Lynch, D. Vremec, L. Robb,
K. Shortman, H. J. McKenna, C. R. Maliszewski, and E. Maraskovsky. 2000.
Polyethylene glycol-modified GM-CSF expands CD11b(high)CD11c(high) but
notCD11b(low)CD11c(high) murine dendritic cells in vivo: a comparative analysis with
Flt3 ligand. J Immunol 165:49.
Almand, B., J. I. Clark, E. Nikitina, J. van Beynen, N. R. English, S. C. Knight, D. P.
Carbone, and D. I. Gabrilovich. 2001. Increased production of immature myeloid cells in
cancer patients: a mechanism of immunosuppression in cancer. J Immunol 166:678.
Aalamian, M., I. L. Tourkova, G. S. Chatta, H. Lilja, E. Huland, H. Huland, G. V. Shurin,
and M. R. Shurin. 2003. Inhibition of dendropoiesis by tumor derived and purified
prostate specific antigen. J Urol 170:2026.
Furumoto, K., L. Soares, E. G. Engleman, and M. Merad. 2004. Induction of potent
antitumor immunity by in situ targeting of intratumoral DCs. J Clin Invest 113:774.
Chiodoni, C., P. Paglia, A. Stoppacciaro, M. Rodolfo, M. Parenza, and M. P. Colombo.
1999. Dendritic cells infiltrating tumors cotransduced with granulocyte/macrophage
colony-stimulating factor (GM-CSF) and CD40 ligand genes take up and present
endogenous tumor-associated antigens, and prime naive mice for a cytotoxic T
lymphocyte response. J Exp Med 190:125.
Rovere-Querini, P., and A. A. Manfredi. 2004. Tumor destruction and in situ delivery of
antigen presenting cells promote anti-neoplastic immune responses: implications for the
immunotherapy of pancreatic cancer. Jop 5:308.
Kamath, A. T., J. Pooley, M. A. O'Keeffe, D. Vremec, Y. Zhan, A. M. Lew, A. D'Amico,
L. Wu, D. F. Tough, and K. Shortman. 2000. The development, maturation, and turnover
rate of mouse spleen dendritic cell populations. J Immunol 165:6762.
Smith, A. L., and B. Fazekas de St Groth. 1999. Antigen-pulsed CD8alpha+ dendritic
cells generate an immune response after subcutaneous injection without homing to the
draining lymph node. J Exp Med 189:593.
Ruedl, C., and M. F. Bachmann. 1999. CTL priming by CD8(+) and CD8(-) dendritic
cells in vivo. Eur J Immunol 29:3762.
Trinchieri, G. 2003. Interleukin-12 and the regulation of innate resistance and adaptive
immunity. Nat Rev Immunol 3:133.
Vicari, A. P., and G. Trinchieri. 2004. Interleukin-10 in viral diseases and cancer: exiting
the labyrinth? Immunol Rev 202:223.
Singh, S., S. R. Ross, M. Acena, D. A. Rowley, and H. Schreiber. 1992. Stroma is critical
for preventing or permitting immunological destruction of antigenic cancer cells. J Exp
Med 175:139.
O'Neill, D. W., S. Adams, and N. Bhardwaj. 2004. Manipulating dendritic cell biology
for the active immunotherapy of cancer. Blood 104:2235.
Pulendran, B., J. Banchereau, S. Burkeholder, E. Kraus, E. Guinet, C. Chalouni, D.
Caron, C. Maliszewski, J. Davoust, J. Fay, and K. Palucka. 2000. Flt3-Ligand and

176

311.
312.
313.
314.

315.
316.
317.
318.

319.
320.
321.

322.
323.

Granulocyte Colony-Stimulating Factor Mobilize Distinct Human Dendritic Cell Subsets
In Vivo. J Immunol 165:566.
Shaw, S. G., A. A. Maung, R. J. Steptoe, A. W. Thomson, and N. L. Vujanovic. 1998.
Expansion of functional NK cells in multiple tissue compartments of mice treated with
Flt3-ligand: implications for anti-cancer and anti-viral therapy. J Immunol 161:2817.
den Haan, J. M., S. M. Lehar, and M. J. Bevan. 2000. CD8(+) but not CD8(-) dendritic
cells cross-prime cytotoxic T cells in vivo. J Exp Med 192:1685.
Allan, R. S., C. M. Smith, G. T. Belz, A. L. van Lint, L. M. Wakim, W. R. Heath, and F.
R. Carbone. 2003. Epidermal viral immunity induced by CD8alpha+ dendritic cells but
not by Langerhans cells. Science 301:1925.
Jonuleit, H., E. Schmitt, G. Schuler, J. Knop, and A. H. Enk. 2000. Induction of
interleukin 10-producing, nonproliferating CD4(+) T cells with regulatory properties by
repetitive stimulation with allogeneic immature human dendritic cells. J Exp Med
192:1213.
Levings, M. K., S. Gregori, E. Tresoldi, S. Cazzaniga, C. Bonini, and M. G. Roncarolo.
2005. Differentiation of Tr1 cells by immature dendritic cells requires IL-10 but not
CD25+CD4+ Tr cells. Blood 105:1162.
Wakkach, A., N. Fournier, V. Brun, J. P. Breittmayer, F. Cottrez, and H. Groux. 2003.
Characterization of dendritic cells that induce tolerance and T regulatory 1 cell
differentiation in vivo. Immunity 18:605.
Celluzzi, C. M., J. I. Mayordomo, W. J. Storkus, M. T. Lotze, and L. D. Falo, Jr. 1996.
Peptide-pulsed dendritic cells induce antigen-specific CTL-mediated protective tumor
immunity. J Exp Med 183:283.
Anichini, A., A. Molla, R. Mortarini, G. Tragni, I. Bersani, M. Di Nicola, A. M. Gianni,
S. Pilotti, R. Dunbar, V. Cerundolo, and G. Parmiani. 1999. An expanded peripheral T
cell population to a cytotoxic T lymphocyte (CTL)-defined, melanocyte-specific antigen
in metastatic melanoma patients impacts on generation of peptide-specific CTLs but does
not overcome tumor escape from immune surveillance in metastatic lesions. J Exp Med
190:651.
Marincola, F. M., E. M. Jaffee, D. J. Hicklin, and S. Ferrone. 2000. Escape of human
solid tumors from T-cell recognition: molecular mechanisms and functional significance.
Adv Immunol 74:181.
Taams, L. S., J. Smith, M. H. Rustin, M. Salmon, L. W. Poulter, and A. N. Akbar. 2001.
Human anergic/suppressive CD4(+)CD25(+) T cells: a highly differentiated and
apoptosis-prone population. Eur J Immunol 31:1122.
Steitz, J., J. Bruck, J. Lenz, J. Knop, and T. Tuting. 2001. Depletion of CD25(+) CD4(+)
T cells and treatment with tyrosinase-related protein 2-transduced dendritic cells enhance
the interferon alpha-induced, CD8(+) T-cell-dependent immune defense of B16
melanoma. Cancer Res 61:8643.
Golgher, D., E. Jones, F. Powrie, T. Elliott, and A. Gallimore. 2002. Depletion of CD25+
regulatory cells uncovers immune responses to shared murine tumor rejection antigens.
Eur J Immunol 32:3267.
Yu, P., Y. Lee, W. Liu, T. Krausz, A. Chong, H. Schreiber, and Y. X. Fu. 2005.
Intratumor depletion of CD4+ cells unmasks tumor immunogenicity leading to the
rejection of late-stage tumors. J Exp Med 201:779.

177

324.
325.
326.

327.
328.
329.
330.
331.
332.
333.
334.
335.
336.
337.

338.
339.

Smith, G. H. 1996. TGF-beta and functional differentiation. J Mammary Gland Biol
Neoplasia 1:343.
Peng, Y., Y. Laouar, M. O. Li, E. A. Green, and R. A. Flavell. 2004. TGF-beta regulates
in vivo expansion of Foxp3-expressing CD4+CD25+ regulatory T cells responsible for
protection against diabetes. Proc Natl Acad Sci U S A 101:4572.
Ramos-Payan, R., M. Aguilar-Medina, S. Estrada-Parra, Y. M. J. A. Gonzalez, L. FavilaCastillo, A. Monroy-Ostria, and I. C. Estrada-Garcia. 2003. Quantification of cytokine
gene expression using an economical real-time polymerase chain reaction method based
on SYBR Green I. Scand J Immunol 57:439.
Volman, T. J., R. J. Goris, J. W. van der Meer, and T. Hendriks. 2004. Tissue- and timedependent upregulation of cytokine mRNA in a murine model for the multiple organ
dysfunction syndrome. Ann Surg 240:142.
Fong, L., and E. G. Engleman. 2000. Dendritic cells in cancer immunotherapy. Annu Rev
Immunol 18:245.
Surman, D. R., M. E. Dudley, W. W. Overwijk, and N. P. Restifo. 2000. Cutting edge:
CD4+ T cell control of CD8+ T cell reactivity to a model tumor antigen. J Immunol
164:562.
Piccirillo, C. A., and E. M. Shevach. 2001. Cutting edge: control of CD8+ T cell
activation by CD4+CD25+ immunoregulatory cells. J Immunol 167:1137.
Stock, P., O. Akbari, G. Berry, G. J. Freeman, R. H. Dekruyff, and D. T. Umetsu. 2004.
Induction of T helper type 1-like regulatory cells that express Foxp3 and protect against
airway hyper-reactivity. Nat Immunol 5:1149.
Butcher, E. C., and L. J. Picker. 1996. Lymphocyte homing and homeostasis. Science
272:60.
Sawitzki, B., C. I. Kingsley, V. Oliveira, M. Karim, M. Herber, and K. J. Wood. 2005.
IFN-gamma production by alloantigen-reactive regulatory T cells is important for their
regulatory function in vivo. J Exp Med 201:1925.
Qin, S., S. P. Cobbold, H. Pope, J. Elliott, D. Kioussis, J. Davies, and H. Waldmann.
1993. "Infectious" transplantation tolerance. Science 259:974.
Jonuleit, H., E. Schmitt, H. Kakirman, M. Stassen, J. Knop, and A. H. Enk. 2002.
Infectious tolerance: human CD25(+) regulatory T cells convey suppressor activity to
conventional CD4(+) T helper cells. J Exp Med 196:255.
Dieckmann, D., C. H. Bruett, H. Ploettner, M. B. Lutz, and G. Schuler. 2002. Human
CD4(+)CD25(+) regulatory, contact-dependent T cells induce interleukin 10-producing,
contact-independent type 1-like regulatory T cells [corrected]. J Exp Med 196:247.
Vieira, P. L., J. R. Christensen, S. Minaee, E. J. O'Neill, F. J. Barrat, A. Boonstra, T.
Barthlott, B. Stockinger, D. C. Wraith, and A. O'Garra. 2004. IL-10-secreting regulatory
T cells do not express Foxp3 but have comparable regulatory function to naturally
occurring CD4+CD25+ regulatory T cells. J Immunol 172:5986.
Bynoe, M. S., J. T. Evans, C. Viret, and C. A. Janeway, Jr. 2003. Epicutaneous
immunization with autoantigenic peptides induces T suppressor cells that prevent
experimental allergic encephalomyelitis. Immunity 19:317.
Barrat, F. J., D. J. Cua, A. Boonstra, D. F. Richards, C. Crain, H. F. Savelkoul, R. de
Waal-Malefyt, R. L. Coffman, C. M. Hawrylowicz, and A. O'Garra. 2002. In vitro
generation of interleukin 10-producing regulatory CD4(+) T cells is induced by

178

340.
341.
342.
343.
344.
345.

346.
347.
348.
349.
350.
351.

352.
353.

immunosuppressive drugs and inhibited by T helper type 1 (Th1)- and Th2-inducing
cytokines. J Exp Med 195:603.
Zheng, S. G., J. H. Wang, J. D. Gray, H. Soucier, and D. A. Horwitz. 2004. Natural and
induced CD4+CD25+ cells educate CD4+CD25- cells to develop suppressive activity:
the role of IL-2, TGF-beta, and IL-10. J Immunol 172:5213.
Marie, J. C., J. J. Letterio, M. Gavin, and A. Y. Rudensky. 2005. TGF-beta1 maintains
suppressor function and Foxp3 expression in CD4+CD25+ regulatory T cells. J Exp Med
201:1061.
Green, E. A., L. Gorelik, C. M. McGregor, E. H. Tran, and R. A. Flavell. 2003.
CD4+CD25+ T regulatory cells control anti-islet CD8+ T cells through TGF-beta-TGFbeta receptor interactions in type 1 diabetes. Proc Natl Acad Sci U S A 100:10878.
Chen, M. L., M. J. Pittet, L. Gorelik, R. A. Flavell, R. Weissleder, H. von Boehmer, and
K. Khazaie. 2005. Regulatory T cells suppress tumor-specific CD8 T cell cytotoxicity
through TGF-beta signals in vivo. Proc Natl Acad Sci U S A 102:419.
Kezuka, T., and J. W. Streilein. 2000. In vitro generation of regulatory CD8+ T cells
similar to those found in mice with anterior chamber-associated immune deviation. Invest
Ophthalmol Vis Sci 41:1803.
Kosiewicz, M. M., P. Alard, S. Liang, and S. L. Clark. 2004. Mechanisms of tolerance
induced by transforming growth factor-beta-treated antigen-presenting cells: CD8
regulatory T cells inhibit the effector phase of the immune response in primed mice
through a mechanism involving Fas ligand. Int Immunol 16:697.
Mellor, A. L., and D. H. Munn. 2004. IDO expression by dendritic cells: tolerance and
tryptophan catabolism. Nat Rev Immunol 4:762.
Hwu, P., M. X. Du, R. Lapointe, M. Do, M. W. Taylor, and H. A. Young. 2000.
Indoleamine 2,3-dioxygenase production by human dendritic cells results in the
inhibition of T cell proliferation. J Immunol 164:3596.
Fallarino, F., U. Grohmann, C. Vacca, R. Bianchi, C. Orabona, A. Spreca, M. C. Fioretti,
and P. Puccetti. 2002. T cell apoptosis by tryptophan catabolism. Cell Death Differ
9:1069.
Raftery, M. J., D. Wieland, S. Gronewald, A. A. Kraus, T. Giese, and G. Schonrich.
2004. Shaping phenotype, function, and survival of dendritic cells by cytomegalovirusencoded IL-10. J Immunol 173:3383.
von Bubnoff, D., H. Matz, C. Frahnert, M. L. Rao, D. Hanau, H. de la Salle, and T.
Bieber. 2002. FcepsilonRI induces the tryptophan degradation pathway involved in
regulating T cell responses. J Immunol 169:1810.
von Bubnoff, D., R. Fimmers, M. Bogdanow, H. Matz, S. Koch, and T. Bieber. 2004.
Asymptomatic atopy is associated with increased indoleamine 2,3-dioxygenase activity
and interleukin-10 production during seasonal allergen exposure. Clin Exp Allergy
34:1056.
Suri-Payer, E., A. Z. Amar, A. M. Thornton, and E. M. Shevach. 1998. CD4+CD25+ T
cells inhibit both the induction and effector function of autoreactive T cells and represent
a unique lineage of immunoregulatory cells. J Immunol 160:1212.
Somasundaram, R., L. Jacob, R. Swoboda, L. Caputo, H. Song, S. Basak, D. Monos, D.
Peritt, F. Marincola, D. Cai, B. Birebent, E. Bloome, J. Kim, K. Berencsi, M.
Mastrangelo, and D. Herlyn. 2002. Inhibition of cytolytic T lymphocyte proliferation by

179

354.
355.
356.

357.
358.
359.
360.
361.
362.
363.
364.
365.
366.
367.
368.

autologous CD4+/CD25+ regulatory T cells in a colorectal carcinoma patient is mediated
by transforming growth factor-beta. Cancer Res 62:5267.
Camara, N. O., F. Sebille, and R. I. Lechler. 2003. Human CD4+CD25+ regulatory cells
have marked and sustained effects on CD8+ T cell activation. Eur J Immunol 33:3473.
Suvas, S., U. Kumaraguru, C. D. Pack, S. Lee, and B. T. Rouse. 2003. CD4+CD25+ T
cells regulate virus-specific primary and memory CD8+ T cell responses. J Exp Med
198:889.
Dittmer, U., H. He, R. J. Messer, S. Schimmer, A. R. Olbrich, C. Ohlen, P. D. Greenberg,
I. M. Stromnes, M. Iwashiro, S. Sakaguchi, L. H. Evans, K. E. Peterson, G. Yang, and K.
J. Hasenkrug. 2004. Functional impairment of CD8(+) T cells by regulatory T cells
during persistent retroviral infection. Immunity 20:293.
Dieckmann, D., H. Plottner, S. Dotterweich, and G. Schuler. 2005. Activated CD4+
CD25+ T cells suppress antigen-specific CD4+ and CD8+ T cells but induce a
suppressive phenotype only in CD4+ T cells. Immunology 115:305.
Yamagiwa, S., J. D. Gray, S. Hashimoto, and D. A. Horwitz. 2001. A role for TGF-beta
in the generation and expansion of CD4+CD25+ regulatory T cells from human
peripheral blood. J Immunol 166:7282.
Blankenstein, T., and Z. Qin. 2003. The role of IFN-gamma in tumor transplantation
immunity and inhibition of chemical carcinogenesis. Curr Opin Immunol 15:148.
Qin, Z., J. Schwartzkopff, F. Pradera, T. Kammertoens, B. Seliger, H. Pircher, and T.
Blankenstein. 2003. A critical requirement of interferon gamma-mediated angiostasis for
tumor rejection by CD8+ T cells. Cancer Res 63:4095.
Prevost-Blondel, A., M. Neuenhahn, M. Rawiel, and H. Pircher. 2000. Differential
requirement of perforin and IFN-gamma in CD8 T cell-mediated immune responses
against B16.F10 melanoma cells expressing a viral antigen. Eur J Immunol 30:2507.
Qin, Z., and T. Blankenstein. 2000. CD4+ T cell--mediated tumor rejection involves
inhibition of angiogenesis that is dependent on IFN gamma receptor expression by
nonhematopoietic cells. Immunity 12:677.
Dighe, A. S., E. Richards, L. J. Old, and R. D. Schreiber. 1994. Enhanced in vivo growth
and resistance to rejection of tumor cells expressing dominant negative IFN gamma
receptors. Immunity 1:447.
Barth, R. J., Jr., J. J. Mule, P. J. Spiess, and S. A. Rosenberg. 1991. Interferon gamma
and tumor necrosis factor have a role in tumor regressions mediated by murine CD8+
tumor-infiltrating lymphocytes. J Exp Med 173:647.
Hung, K., R. Hayashi, A. Lafond-Walker, C. Lowenstein, D. Pardoll, and H. Levitsky.
1998. The central role of CD4(+) T cells in the antitumor immune response. J Exp Med
188:2357.
Fuss, I. J., M. Boirivant, B. Lacy, and W. Strober. 2002. The interrelated roles of TGFbeta and IL-10 in the regulation of experimental colitis. J Immunol 168:900.
Hemmi, H., T. Kaisho, O. Takeuchi, S. Sato, H. Sanjo, K. Hoshino, T. Horiuchi, H.
Tomizawa, K. Takeda, and S. Akira. 2002. Small anti-viral compounds activate immune
cells via the TLR7 MyD88-dependent signaling pathway. Nat Immunol 3:196.
Fogel, M., J. A. Long, P. J. Thompson, and J. W. Upham. 2002. Dendritic cell maturation
and IL-12 synthesis induced by the synthetic immune-response modifier S-28463. J
Leukoc Biol 72:932.

180

369.
370.
371.
372.
373.
374.

375.

376.
377.

378.
379.
380.
381.
382.

Palamara, F., S. Meindl, M. Holcmann, P. Luhrs, G. Stingl, and M. Sibilia. 2004.
Identification and characterization of pDC-like cells in normal mouse skin and
melanomas treated with imiquimod. J Immunol 173:3051.
Craft, N., K. W. Bruhn, B. D. Nguyen, R. Prins, J. W. Lin, L. M. Liau, and J. F. Miller.
2005. The TLR7 Agonist Imiquimod Enhances the Anti-Melanoma Effects of a
Recombinant Listeria monocytogenes Vaccine. J Immunol 175:1983.
Pasare, C., and R. Medzhitov. 2003. Toll pathway-dependent blockade of CD4+CD25+ T
cell-mediated suppression by dendritic cells. Science 299:1033.
Stoppacciaro, A., P. Paglia, L. Lombardi, G. Parmiani, C. Baroni, and M. P. Colombo.
1997. Genetic modification of a carcinoma with the IL-4 gene increases the influx of
dendritic cells relative to other cytokines. Eur J Immunol 27:2375.
Vicari, A. P., S. Ait-Yahia, K. Chemin, A. Mueller, A. Zlotnik, and C. Caux. 2000.
Antitumor effects of the mouse chemokine 6Ckine/SLC through angiostatic and
immunological mechanisms. J Immunol 165:1992.
Nomura, T., H. Hasegawa, M. Kohno, M. Sasaki, and S. Fujita. 2001. Enhancement of
anti-tumor immunity by tumor cells transfected with the secondary lymphoid tissue
chemokine EBI-1-ligand chemokine and stromal cell-derived factor-1alpha chemokine
genes. Int J Cancer 91:597.
Kirk, C. J., D. Hartigan-O'Connor, B. J. Nickoloff, J. S. Chamberlain, M. Giedlin, L.
Aukerman, and J. J. Mule. 2001. T cell-dependent antitumor immunity mediated by
secondary lymphoid tissue chemokine: augmentation of dendritic cell-based
immunotherapy. Cancer Res 61:2062.
DePaolo, R. W., B. J. Rollins, W. Kuziel, and W. J. Karpus. 2003. CC chemokine ligand
2 and its receptor regulate mucosal production of IL-12 and TGF-beta in high dose oral
tolerance. J Immunol 171:3560.
Bruhl, H., J. Cihak, M. A. Schneider, J. Plachy, T. Rupp, I. Wenzel, M. Shakarami, S.
Milz, J. W. Ellwart, M. Stangassinger, D. Schlondorff, and M. Mack. 2004. Dual role of
CCR2 during initiation and progression of collagen-induced arthritis: evidence for
regulatory activity of CCR2+ T cells. J Immunol 172:890.
Bystry, R. S., V. Aluvihare, K. A. Welch, M. Kallikourdis, and A. G. Betz. 2001. B cells
and professional APCs recruit regulatory T cells via CCL4. Nat Immunol 2:1126.
Sebastiani, S., P. Allavena, C. Albanesi, F. Nasorri, G. Bianchi, C. Traidl, S. Sozzani, G.
Girolomoni, and A. Cavani. 2001. Chemokine receptor expression and function in CD4+
T lymphocytes with regulatory activity. J Immunol 166:996.
Wysocki, C. A., A. Panoskaltsis-Mortari, B. R. Blazar, and J. S. Serody. 2005. Leukocyte
migration and graft-versus-host disease. Blood 105:4191.
Blease, K., B. Mehrad, T. J. Standiford, N. W. Lukacs, J. Gosling, L. Boring, I. F. Charo,
S. L. Kunkel, and C. M. Hogaboam. 2000. Enhanced pulmonary allergic responses to
Aspergillus in CCR2-/- mice. J Immunol 165:2603.
Glabinski, A. R., M. Krakowski, Y. Han, T. Owens, and R. M. Ransohoff. 1999.
Chemokine expression in GKO mice (lacking interferon-gamma) with experimental
autoimmune encephalomyelitis. J Neurovirol 5:95.

181

