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University of Pittsburgh, 2003

The interaction between tumor cells and dendritic cells (DC) is a critical event for initiation and
regulation of specific antitumor immune responses. Clinical data demonstrate that tumor-derived
factors influence DC generation, maturation, activity, and survival both in vitro and in vivo.
Therefore, DC dysfunction in the tumor-bearing hosts could be responsible for the ability of
tumor cells to escape from immune recognition. However, understanding the suppressive effect
of tumor on DC, and the protection of DC from tumor-induced dysfunction has not been studied.
The Tumor Necrosis Factor Ligand (TNFL) family is a group of cytokines, which regulate cell
functions and activities. CD40L, RANKL and 4-1BBL, TNFL proteins, were shown to influence
DC activation and cytokine secretion. However, the mechanisms of action of these cytokines on
immune effectors are not fully understood. Here, we have evaluated the ability of local
adenoviral gene transfer of CD40L, RANKL and 4-1BBL to elicit an antitumor immune
response to established tumors in mice. Our results demonstrate that intratumoral administration
of these vectors resulted in a significant inhibition of murine MC38 colon and TS/A breast
adenocarcinoma growth when compared with control groups. In addition, a single intratumoral
injection of DC transduced with the adenoviral vectors also resulted in a significant inhibition of

tumor growth. Furthermore, treatment of TS/A tumors with DC transduced with Ad-CD40L

v



induced a complete tumor rejection with the generation of a tumor-specific immune memory,
demonstrating the strongest antitumor effect compare to Ad-CD40L or RANKL- and 4-1BBL-
based therapeutic approaches. Next, we have observed that DC generated or isolated from tumor-
bearing mice express low levels of CD40, CD80 and CD86 molecules, produce decreased
amounts of IL-12, and demonstrate down-regulated antitumor potential. Subsequently, we have
shown that CD40L, in addition to stimulating and up-regulating many DC functional activities,
was able to restore co-stimulatory molecules and IL-12 protein levels, suppressed by tumor. In
summary, our data demonstrate that CD40L-based immunotherapy is an effective approach for
inducing antitumor immunity and rescuing DC from tumor-induced dysfunction. These results
should guide the development of novel therapies for prevention of immunosuppression in cancer

patients and design of novel effective immunotherapeutic strategies for cancer.
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1.0 INTRODUCTION

1.1 ANTITUMOR IMMUNE RESPONSES

1.1.1 Adaptive antitumor immunity

An effective immune response induced against tumor cells should discriminate between
malignant and non-cancerous cells. Cytotoxic T cells are the critical effectors of antitumor
immunity responsible for elimination of tumor cells (1). Naive T cells are not capable of directly
recognizing antigens, including tumor-associated antigen (TAA). They require help from
specialized professional antigen-presenting cells (APC), which first interact with tumors and then
present processed tumor antigens to T cells in the context of MHC class I and II complexes.
Contact-dependent interactions between naive T cells and APC are required for initiation of an
efficient immune response mediated by activated T cells. Several different cell types perform an
APC function, including B cells, macrophages, and dendritic cells (DC). The interaction between
T cells and APC provides bidirectional stimulatory signals that are important in activating
specific T cells and in the regulation of functional activity of APC. The model of T cell
activation postulates the requirement of at least two distinct signals for T cell activation (2); the

first signal is believed to be the interaction of the T cell receptor (TCR) with MHC/peptide



complex on the surface of the APC, and the second signal comes from co-stimulatory molecules
such as CD80 and CD86 on the surface of APC binding CD28 receptor on the surface of T cells.
The most potent and powerful APC are DC. They play a key role in antigen recognition,
processing and presentation, since they are the only APC able to activate naive T lymphocytes.
Therefore, DC perform an essential role in the generation and regulation of antitumor immune
responses. In the immature stage, DC are widely distributed throughout the body and occupy
sentinel positions in non-lymphoid tissues. They constantly sample their environment for
antigens by phagocytosis, macropinocytosis, and highly efficient receptor-mediated pinocytosis.
In the presence of appropriate inflammatory ‘danger’ signals, such as Tumor Necrosis Factor o
(TNFa), immature DC undergo maturation characterized by the up-regulation of surface MHC
and co-stimulatory molecules (3). Subsequent migration to lymphoid tissue results in efficient
presentation of optimally processed antigens to T cells. These specialized functions of DC permit

the generation and maintenance of adaptive immune responses to tumor antigens.

1.1.2 Mechanisms of tumor escape from immune recognition

The immune system plays a critical part in early detection and destruction of malignant cells.
One of the essential characteristics of all malignant tumors is an active or passive ability to avoid
immune surveillance (Figure 1.1). Active resistance is achieved by secretion of factors that
disable the key components of the host’s immune response, allowing tumor cells to survive in
spite of their apparent antigenicity. Passive avoidance involves incomplete or defective
expression of tumor antigens or MHC I molecules which otherwise would flag malignant cells as

targets for immune-mediated destruction.



Escape from immune surveillance is a fundamental feature of tumors, which contributes
to their uncontrolled growth, leading to death of the host (4, 5). The immune system plays a

critical part in the early detection and destruction of malignant cells.

ﬂ Proliferation of TIL

Suppressor Mg ﬂ NK function
and monocytes
ﬁ T-suppressor cells //v ﬁ Amplification of Mo
Tumor

ﬁ Ag presentation —, ﬂ LAK cells function

Apoptosis of
ﬂ CTL Immune effectors

ﬁ DC function and activity

Figure 1. 1 Tumor could actively suppress immune cells. TIL, tumor-
infiltrating lymphocytes; NK, natural killer cells; Mg, macrophages;
LAK, lymphokine-activated killer cells; CTL, Cytotoxic T

lymphocytes; Ag, antigen.

T lymphocytes play an important role in the development of a host immune response,
including antitumor immunity. Multiple studies have demonstrated that progressive growth of
tumors is accompanied by suppression of specific T cell responses (6, 7). In addition, it has been
shown that the immunosuppression is displayed in inhibition of the mitogen- and antigen-

stimulated proliferation of T cells (8), NK cell function and activity (9-11) and Lymphokine-



activated killer (LAK) cell function (12). Different mechanisms have been proposed to be
responsible for tumor-induced immunosuppression: direct activation of T-suppressor cells (13),
suppressive monocytes and macrophages (14), suppressive mediators, like transforming growth
factor B (TGF-B) (5, 15), prostoglandins (16), gangliosides (17), IL-10 (18) and other suppressor

molecules derived from tumors.

A large number of cytokines, hormones, and other molecules secreted by tumors were
demonstrated to have immunomodulating properties. The most extensively studied
immunosuppressive molecules secreted by tumors are TGF-B, interleukin 10 (IL-10),
gangliosides, and prostaglandin E; (PGE,). TGF-B, in particular, may play a key role in tumor-
induced immunosuppression for many tumors. It is consistently secreted from a variety of tumor
cell lines and is detected in plasma of tumor-bearing hosts (19-22). Moreover, the level of TGF-
production by tumor cells correlates with their metastatic potential. In addition, it has been
demonstrated that TGF- suppressed CTL and NK activity, enhancing tumor ability to escape
immune surveillance (23). IL-10 is an important immunoregulatory cytokine which is thought to
negatively affect both T cells and APC (18). For example, Haase et al. have shown that IL-10
can prevent DC maturation, as measured by cytokine production and T-cell priming capacity in
vitro (24). Tumor gangliosides are highly immunosuppressive membrane glycosphingolipids that
are shed into the tumor cell microenvironment. It has been demonstrated that tumor-derived
gangliosides inhibit syngeneic antitumor immune responses by inhibiting the function of tumor-
infiltrating leukocytes, suppressing the generation of tumor-specific CTLs, and inhibiting the
increase of draining lymph node T cells, B cells, and dendritic cells/macrophages (17, 25). These
data suggest that gangliosides are potent factors in promoting tumor formation and progression.

PGE; may play a significant role in early stages of tumor development, promoting the process of



tumorigenesis in some tumors. For instance, melanoma growth leads to increased production of

PGE,, which impairs macrophage cytotoxic mechanisms (26, 27).

The tumor-secreted cytokines have a strong suppressive effect on helper T cell
amplification (28, 29). Several studies have examined the phenotype of these cells found at the
tumor site, and detected that they are not functional. These T cells are incapable of generating a
Thl or Th2 response, and secrete low levels of cytokines (30-32). Antigen-presenting cells,
critical to stimulating T cell activity, are also not functional (33).

1.1.3 Inhibition of the DC system by tumors

A major contributor to host immunity and immune surveillance against infection and malignancy
is the DC system. Therefore tumor might develop mechanisms suppressing the activity of the DC
system in order to evade immune recognition and elimination. In fact, we and others have
recently demonstrated that different tumors effectively inhibit DC generation (dendropoiesis),

maturation, functional activation, and survival (34-36).

The escape of malignant cells from immune recognition results from the defective
function and activity of cells of the immune system, including DC, which play a key role in the
induction and regulation of specific immune responses. Impairment of the number and activity of
DC results in deficient expansion of specific cytotoxic T lymphocytes and failure to eliminate
tumor cells (37). In fact, it has been noted that alterations in the density and distribution of
epidermal DC in the peritumoral infiltrate of malignant melanoma may be responsible for
determining the degree of T cell activation (38). Several studies reported tumor-induced
inhibition of DC function or differentiation (Figure 1.2). For instance, human DC, obtained from
progressing, chemotherapy non-responsive melanomas, showed a marked depression of CD86

expression and induced anergy of syngeneic CD4+ T cells (39). Gabrilovich et al. showed that



the ability of DC isolated from breast cancer patients to stimulate allogeneic T lymphocytes was
profoundly suppressed (40). Similar data were recently reported for human basal cell carcinoma
DC which were deficient in CD80 and CD86 expression as well as in their ability to stimulate T

lymphocyte proliferation (41).

Mature DC @C >< * oC
* /Pro-D
| — === ke
_E‘ \ Mg

Apoptosis @ ; é * be
PC

Figure 1. 2 Tumor induces DC dysfunction. Tumor inhibits DC
generation by blocking: (i) Pro-DC, DC precursors; (ii)) Mg,
macrophages; (iii) PC, hematopoietic progenitors, thus, suppressing
trafficking of DC to tissues, recognizing, processing and presenting
antigens to T cells and producing cytokines. In addition, tumor
induces DC apoptosis.

Consequently, a variety of tumors are involved in the induction of immunosuppression
responsible for the failure to generate an effective antitumor immune response in cancer patients.
We have demonstrated here that DC generated from mice bearing a tumor were characterized by
a lower cytokine production, inability to stimulate proliferation of T cells, and decreased
expression of co-stimulatory molecules (18). Importantly, DC obtained from tumor-bearers

produce and express decreased levels of CD40 molecules. These and other data allowed us to



hypothesize that tumor-induced inhibition of DC maturation and activation resulted from
reduced expression of CD40, which, in turn, blocks the development of effective antitumor

immune responses.

The effect of tumor-released factors on the differentiation and generation of DC from
hematopoietic precursors was not demonstrated until recently. Gabrilovich et al. first reported
that tumor cells released factors which were able to inhibit the production of DC (42). These
results were confirmed by others in in vitro studies. For instance, it was shown that when the
supernatant from murine sarcoma cell line C3 was added to DC cultures derived from murine
bone marrow cells, the proliferation of these cells and their differentiation into functionally
active DC were significantly suppressed (43). Similar data were obtained when human CD34+
hematopoietic precursor cells were cultured with human tumor cells (17, 36), suggesting that
most of the tested tumor cell lines markedly inhibit or block DC generation and differentiation in

in vitro experiments. Results of in vivo studies have confirmed this conclusion.

It is well known that if antigen-presenting cells do not express CD80 or CD86, and
thereby fail to provide an appropriate second signal for T cells, tolerance or anergy may develop
(44, 45). In fact, DC derived from colon cancer are not only much less potent inducers of T cell
proliferation in an allogeneic MLR, but indeed induce T cell anergy (46). A similar toleragenic
effect of melanoma-associated DC was also reported (39). Thus, tumor-derived DC from
progressing metastases might actively induce tolerance in the immune system against tumor
tissue. This process might ultimately lead to acceptance of metastatic tumor growth with a

“silenced” immune system incapable of rejecting the tumor (39).

Furthermore, it has recently been reported that other functions of DC may also be

inhibited by tumor-derived factors (47, 48). For instance, Tas et al. reported a decreased ability



of peripheral blood DC to form clusters with T cells in patients with head and neck cancer (49).
Thurnher et al. observed that DC harvested from renal-cell carcinomas had a reduced potential to
capture soluble antigen, as shown by the exclusion of FITC-labeled dextran molecules (50).
Taken together, all these data demonstrate that tumor significantly suppresses DC functional
activity. Therefore, new immunotherapeutic approaches should be focused on stimulating DC in

the tumor microenvironment and protecting from tumor-mediated induction of DC dysfunction.

1.2 THE TUMOR NECROSIS FACTOR SUPERFAMILY

1.2.1 The TNF family ligands

The Tumor Necrosis Factor Ligand (TNFL) superfamily comprises a group of cytokines which
regulate proliferation, activation, differentiation, and maturation of lymphoid, myeloid and other
hematopoietic cells, as well as various non-hematopoietic cell types including tumor cells (51-
53). Members of this family include TNF-a, lyphotoxin a (LT-a, TNF-B), lyphotaxin B (LT-B),
OX-40L (tax-transcriptionally activated glycoprotein 1), CD40L (TRAP, CD154), Fas ligand
(FasL), CD70 (CD27L), CD30L (CD153), 4-1BBL, TRAIL (TNF-related apoptosis inducing
ligand, APO-2L), TRANCE (RANKL, OPGL), TWEAK (APO3L), APRIL, THANK (TALL-1),
LIGHT, TL1 (VEG1), AITRL. Some new members of this group were recently cloned but are
not well characterized yet. TNFL molecules mediate the interaction between T and B cells, T
cells and monocytes, DC and T cells, and communications between T cells. They are also
involved in the regulation of cytokine secretion and expression of adhesion and co-stimulatory

molecules, all known to amplify stimulatory and regulatory signaling. However, differences in



the kinetics of induction, distribution and stimulation of cells support a defined role for each of
the ligands for cell-mediated immune responses. For example, TNF-a, LT-a, CD30L, CD95L,
and FasL (54-56) are responsible for induction of cytotoxic cell death. Different members of the
TNF family of proteins, like TNF-a, TRAIL, CD40L, and 4-1BBL have demonstrated a
significant antitumor potential in a number of preclinical murine and human tumor models (55,
57-60). However, the mechanisms of their action as well as the sensitivity of malignant cells
were different. In addition, CD40L, RANKL and 4-1BBL were shown to induce DC activation
and cytokine production (61-66). Furthermore, CD40L and RANKL play a critical role in DC
survival (67, 68). Since CD40L, RANKL and 4-1BBL play an important role in DC function, in
this study, we have focused on evaluation of whether expression of CD40L, RANKL, 4-1BBL,
or DC which overexpress these proteins at the site of the tumor, elicits an immune response to

established tumors in mice, and on studying mechanisms of action of these molecules.

1.2.2 The TNF receptor family

The TNF receptor superfamily include TNFR1 (CD120a), TNFR2 (CD120b), LTBR (CDI18),
0X40, CD40, Fas (CD95, APO-1), DcR3, CD27, CD30, 4-1BB (CD137), DR4 (Apo2,
TRAILR-1), DR5 (TRAILR-2), DcR1 (TRAILR-3), DcR2 (TRAILR-4), osteoprotegerin (OPG),
activator of NFkB (RANK), DR3 (TRAMP, APO-3), DR3L, herpes virus entry mediator
(HVEM), TNFRSF16, BCM (BCMA), and AITR (GITR). All receptors are type I
transmembrane glycoprotein with a common homology in the extracellular domain of variable
numbers of cystein-rich repeats. The TNF receptors are present on almost all known cell types
with few exceptions, such as erythrocytes and unstimulated T lymphocytes. Of the TNF ligands,
TNF-a, LT-a, and LT-B and their receptors interact in a complex fashion of cross-binding.

However, the other family members presently have a one-ligand-one-receptor binding principal.



In general, the signals can be transduced not only through the receptors but also through at least
some of the ligands and can be stimulatory or inhibitory depending on the target cell or the state
of activation.

1.2.3 Regulation of DC maturation and function by CD40L

CD40, a 48-50 kD glycoprotein, was first identified in 1985 (69) and is a member of the TNF
receptor superfamily (70). CD40-related studies were initially focused on its role in the
regulation of humoral immune responses because CD40 was first identified on B cells. Later, it
was demonstrated that CD40 is also expressed on endothelial cells, fibroblasts, and epithelial
cells, where CD40 is involved in regulating inflammatory responses (71-74). It was also shown
that CD40 is expressed on professional APC, such as DC and macrophages (75, 76). Expression
of CD40 on monocytes/macrophages is low, but can be induced by cytokines, including
interferon-y (IFN-y) and GM-CSF (75). Expression of CD40 is constitutive on freshly isolated
Langerhans cells and splenic DC and can be further up-regulated after a short-term culture in

vitro (77).

CD40 ligation plays a crucial role in DC development and maturation (76). CD40 ligation
on DC promotes their differentiation and maturation into effective inducers of cell-mediated
immunity, as demonstrated by enhanced production of cytokines, chemokines and expression of
co-stimulatory molecules (78). In fact, CD40 ligand (CD40L, CD154) has been shown to
enhance survival of monocytes and DC, stimulate secretion of different cytokines, including IL-
1, IL-6, IL-8, IL-12, and TNF-a, enhance tumoricidal activity of macrophages and NO synthesis

(79, 80).
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Figure 1. 3 Maturation of murine bone marrow-derived DC in vitro is
accompanied by an increased expression of CD40 molecules.
Immunopositive CD40 was detected in cytospin DC preparation by
immunocytochemical staining (red-brown color).

Furthermore, CD40 ligation enhances the efficiency of DC to present antigen to T cells
by up-regulating the expression of CD80, CD86 and adhesion molecules CD54/ICAM,
CDS58/LFA-3 on DC (3, 81, 82). Additionally, CD40/CD40L interaction is a key trigger for IL-
12 production by DC, which is essential for induction of Thl responses in vivo (80) and
regulation of Th1/Th2 balance (83, 84). It has been also shown that CD40-deficient DC
spontaneously produce IL-10, but not IL-12, and induce T cell hyporesponsiveness both in vitro
and in vivo (85, 86). However, the role of elevated CD40 signaling on DC function in the tumor

microenvironment has not yet been studied.

1.2.4 CD40/CD40L in tumor immunology
A growing body of evidence suggests that the interaction between CD40 and its ligand, is an
important element in the development of antitumor immunity (Figure 1.4). DC require CD40-

mediated maturation in order to generate protective antitumor immunity (76). In contrast, T cell

responses are also dependent on CD40/CD40L interaction (80). Thus, CD40/CD40L interaction
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is crucial for both APC and T cell function. Interruption of the CD40/CD40L interaction during
T cell/DC dialogue results in reduced T cell proliferation, altered CD40 signaling in APC,
inhibited expression of co-stimulatory molecules, blocked cytokine production and impaired
CDA40L signaling in T cells (87). Taken together, these data suggest a key role of CD40/CD40L
signaling in both inductive and effector phases of immune responses, including antitumor

immune responses.

Activation Activation
Cytokine secretion Tumoricidal activity
survival Cytokine secretion
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Figure 1. 4 CD40 ligation plays a critical role in immunobiology.
Interaction of T cells with many different immune cells plays an
important role in activation and stimulation of functional activities
of these cells. DC — dendritic cells
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It has been recently shown that administration of anti-CD40L antibody completely
abrogates antitumor immune responses induced by different vaccines in mice (88). Mice treated
with anti-CD40L antibody demonstrated an inhibited Thl type cytokine production and were
unable to produce IL-12 and IFN-y by lymph node cells re-stimulated with tumor antigen in
vitro. However, tumor vaccine engineered to produce IL-12 could effectively protect CD40L-
deficient mice or anti-CD40L-treated mice from parental tumor challenge (88). Importantly,
CD40-deficient DC failed to produce IL-12 during their interaction with tumor-specific CD4+ T
cells suggesting that CD40-deficient DC are unable to generate protective tumor immunity and
antitumor immune responses (76, 79). However, due to lesion in APC function, antitumor
response in CD40-deficient mice could be restored by the co-administration of CD40+/+, but not
CD40-/- DC pulsed with tumor antigen. Thus, it is possible that inability to generate protective
tumor immunity in the absence of CD40/CD40L interactions is in part due to a failure of DC to
produce IL-12 following CD40 ligation and lack of the Thl type responses. Our preliminary data
support this hypothesis, which we propose to test using both in vitro and in vivo models. It is also
possible that the deficient CD40-mediated signaling in DC causes reduced survival of DC in

circulation and in different tissues, especially in the tumor environment.

1.2.5 RANK Ligand (RANKL)

TNF-related activation-induced cytokine (TRANCE or RANKL) is a member of the TNF
superfamily of proteins recently identified on activated T cells. Josien et al. reported that
RANKL mRNA was constitutively expressed in memory but not naive T cells (61). High levels
of RANK receptor expression were found on mature DC while activated T and B cells express
low levels of RANK receptor. However, RANKL does not exert any significant effect on the

proliferation, activation or survival of T and B lymphocytes (61). In DC, RANKL induces the
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expression of proinflammatory cytokines IL-6 and IL-1, and T cell growth and differentiation
factors IL-12 and IL-15, in addition to enhancing DC survival. Furthermore, RANKL synergizes
with CD40L in increasing viability of DC, suggesting that several TNF-related molecules on
activated T cells may cooperatively regulate the function and survival of DC (61). Josien et al.
have also reported that treatment of antigen-pulsed mature DC with RANKL before the
immunization enhances their adjuvant capacity and elicits improved T cell priming in vivo in a
way that both primary and memory T cell immune responses are enhanced (62). Enumerating
migratory DC in the draining lymph nodes and evaluating their ability to stimulate naive T cells,
the authors have demonstrated that one of the underlying mechanisms for the enhanced T cell
responses is an increase in the number of ex vivo antigen-pulsed DC that are found in the T cell
areas of lymph nodes (62). These results lead to the suggestion that the longevity and abundance
of mature DC at the site of T cell priming influence the strength of DC-initiated T cell immunity
in situ. RANKL inhibits apoptosis of mouse bone marrow-derived DC and human monocyte-
derived DC in vitro. The resulting increase in DC survival is accompanied by a proportional
increase in DC-mediated T cell proliferation (68). Therefore, RANKL is a new DC-restricted
survival factor that mediates T cell/DC communication and may provide a tool to a selective
enhancement of DC activity. However, there are no data available regarding the role of inducible

RANK signaling for antitumor activity of DC at the tumor site.

1.2.6 4-1BB Ligand (4-1BBL)

4-1BB ligand (4-1BBL) is another member of the TNF family expressed on activated APC. 4-
IBBL binds to 4-1BB receptor (CD137) on activated CD4 and CD8 T cells and in conjunction
with a T cell receptor (TCR) signal provides a CD28-independent co-stimulation leading to high

levels of IL-2 production by T cells. Co-stimulatory molecules, including 4-1BBL, play an
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important role in initiating antitumor immune responses. Salih et al. have reported that 4-1BBL
is expressed on various human carcinoma cell lines, cells of solid tumors derived from these cell
lines, and cells obtained from human tumors (89). They also showed that incubation of tumor
cells with a 4-1BB-Ig fusion protein led to the production of IL-8 by the cells, demonstrating that
the 4-1BBL is functionally active and signals back into the tumor cells. Furthermore, 4-1BBL
expressed on the carcinoma cells functioned as a co-stimulatory molecule for the production of
cytokines (most notably IFN-y) in co-cultures of T cells and tumor cells suggesting that
expression of 4-1BBL at the site of the tumor might influence the outcome of a CTL activation
(89). In fact, engineered tumor cells expressing co-stimulatory molecules have been used as
cancer vaccines in both experimental tumor models and pre-clinical trials. For instance, it has
been reported that expression of 4-1BBL on EL-4 lymphoma cells induces tumor regression in
syngeneic BALB/c mice and leads to the protective immunity against the parental EL-4 tumor
(90). These results indicate the potential utility of engineered tumor cells expressing co-
stimulatory molecule 4-1BBL, especially in combination with other co-stimulatory molecules
such as CD80 in a cancer vaccine (90). Merelo et al. have shown that mice bearing P815 tumor
expressing 4-1BBL develop a strong cytotoxic T lymphocyte response and a long-term immunity
against the wild-type tumor (91). In addition, co-expression of 4-1BBL and B7-1 in the poorly
immunogenic AG104A sarcoma enhanced the induction of effector CTL and the rejection of the
wild-type tumor while neither 4-1BBL nor B7-1 single infections were effective, suggesting a
synergistic effect between the 4-1BB and the CD28 co-stimulatory pathways (92).

Taken together, these data demonstrate that increased 4-1BB-mediated signaling in the
tumor microenvironment leads to the induction of antitumor immunity. However, the role of 4-

IBBL in DC vaccination in cancer has not been yet investigated. We hypothesize that a local
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delivery of 4-1BBL into the tumor by means of DC, known to play a key role in tumor antigen
recognition and CTL survival within the tumor mass, might significantly improve the induction

of specific antitumor immune responses.

1.3 IMMUNE GENE THERAPY

1.3.1 Immunotherapy

The concept of immunotherapy is based on the body's natural defense system, which protects
against a variety of diseases. Immunotherapy seems to offer a great promise as a new dimension
in cancer treatment, but it is still very much in its infancy. Immunotherapy involving certain
cytokines and antibodies has now become a part of standard cancer treatment of choice. Other
examples of immunotherapy remain experimental. Although many clinical trials of new forms of
immunotherapy are in progress, an enormous amount of research remains to be done before the
findings can be widely applied.

Immunotherapy, also referred to as biological therapy, is based on the theory that it is
possible to mobilize the body's own immune defenses against cancerous cells. One of the
important uses of immunotherapy is a stimulation of the immune system to treat cancer.
Immunotherapy for cancer is essentially the stimulation of the immune system via a variety of
reagents such as vaccines, adaptive transfer of immune cells, or cytokines. These reagents act
through one of several mechanisms: 1) by stimulating the antitumor response, either by
increasing the number of effector cells or by producing one or more soluble mediators such as

cytokines; 2) by decreasing suppressor mechanisms; 3) by altering tumor cells to increase their
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immunogenicity and make them more susceptible to immunologic defenses, and 4) by improving
tolerance to cytotoxic drugs or radiotherapy, such as stimulating bone marrow function with
granulocyte colony-stimulating factor (G-CSF). Immunotherapy is generally thought of as
conferring either passive or active immunity. Passive immunity supplies the immune response
with antibodies or cytotoxic T cells, rather than activating the immune system directly. These
approaches have met with some success, however it is short-lived. Active immunity may be a
more successful immunotherapy. Active immunity induces an endogenous immune response,
where the immune system is primed to recognize the tumor as foreign.

Cancer vaccines typically consist of a source of cancer-associated antigen, along with
other components, to further stimulate the immune response against the antigen. Cancer vaccines
often utilize specialized immune cells such as DC, T lymphocytes (T cells) or Natural Killer cells
(NK cells), in combination with tumor cell extracts to produce enhanced antitumor immune
responses. Cancer vaccines have shown remarkable efficacy in some advanced stage cancers,
and appear to be far less toxic than conventional therapies such as chemotherapy and radiation.
The challenge has been to find better antigens, as well as to package the antigen in such a way as
to enhance the patient's immune system to fight cancer cells. Cancer vaccines are poised to

become a major method of cancer treatment in the near future.

1.3.2 Gene Therapy

Gene therapy is a treatment or prevention of a disease by gene transfer. There are two different
approaches that have been used. One is an indirect (ex-vivo) method which involves injection of
cell modified in cultures. The second method is a direct (in vivo) gene transfer by injecting a

specific vector. There are two types of vectors: viral and non-viral. Viral vectors include
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retroviruses, adenoviruses, adeno-associated viruses, herpes simples viruses and others. Non-

viral vectors are liposome, gene gun, DNA conjugates and non-viral hybrids.

1.3.3 Experimental therapeutic strategies

The absence of effective conventional therapy for most cancer patients justifies the application of
novel, experimental approaches. One alternative to conventional cytotoxic and hormonal agents
is to promote the ability of the immune system specifically to target and eliminate tumor cells on
the basis of expression of tumor associated antigen (TAA). The recognition of class I restricted T
lymphocytes (CTL) as a critical component of the antigen-specific immune response to tumors
and identification of several TAA have allowed a more defined molecular approach for cancer
treatment. Initial attempts to enhance immune responses to tumor employed foreign carrier
proteins, adjuvants, cytokines, and genetically engineered viruses (93). Vaccination using these
approaches has not generally been successful (94, 95). Alternatively, TAA could be presented to
T cells by professional antigen presenting cells that generate a more efficient and effective
antitumor immune response. In fact, it has been well documented that DC, the most
immunologically potent APC, are capable of recognizing, processing and presenting TAA, in
turn initiating a specific antitumor immune response (96-99). DC have been shown to activate
tumor specific T cells both in vitro and in vivo, induce both protective and therapeutic immunity,
and cause tumor rejection in several animal tumor models. However, results from several
laboratories and clinical trials (100-103) suggested a significant, but still limited efficacy of
TAA-pulsed DC administered to tumor-bearing hosts. This raises the question of how to improve
or develop new DC-based immunotherapies for cancer. For instance, intratumoral administration
of DC has been recently suggested as a novel experimental approach to treat cancer and

demonstrated a surprising efficiency in a first clinical trial (104). This approach allows avoiding
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many limitations of TAA-pulsed DC, including HLA restriction and identification of TAA.
Thus, understanding the mechanism of action of intratumoral DC vaccines as well as the
immunobiology of DC in tumor-bearing hosts will be important to enhance the efficacy of this
novel approach.

1.3.4 Limitations of modern DC-based immunotherapies

Identification of TAA and their respective CTL epitopes stimulated interest in peptide-based
vaccinations, including DC-based vaccines (105, 106). While murine models display promise in
vaccine studies, human clinical trials have been somewhat disappointing (107, 108). Systemic
CTL responses to the vaccines most often do not lead to clinical regression leading investigators
with paradoxical observation of identifiable CTL activity that is not capable of destroying the
targeted tissue (109). Among the questions raised by this problem stands the enigma of whether
tumors are resistant to immunotherapy because the immune response elicited is insufficient or
because tumor cells rapidly adapt to immune pressure by switching into less immunogenic
phenotype (110, 111). Animal models support either point of view. Considering the fact that
escape variants expanded again after nearly complete rejection, it is important to determine how
to prevent the tumor escape mechanisms to obtain durable remission. Since this dichotomy is far
from been solved in humans, an alternative approach to peptide-pulsed DC in clinical trials is the
intratumoral administration of DC without addition of TAA. Intratumoral administration of DC
may have several advantages: It ensures the contact between APC and tumor cells leading to the
generation of MHC class I restricted CTL, which are considered to be of special importance in
the effector’s arm of cell mediated immune responses against tumors. The use of DC protected
from tumor-mediated immunosuppression or apoptosis should result in high-level antigen

presentation and T cell activation. Finally, intratumoral DC may present previously unidentified
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CTL and T helper epitopes of the tumor antigen in association with different MHC molecules,
whereas peptide vaccines are restricted by the HLA haplotype of the patient. In fact, intratumoral
injection of DC has been recently shown to induce marked antitumor immune responses in vivo

both in mice and humans (104, 112, 113).

In recent studies on immunological antitumor mechanisms, it has been concluded that
CD8+ CTL are critical for causing tumor regression, but quantity of CTL alone is not sufficient:
rather, qualitatively different CTL that produce more IFN-y and remain activated in vivo may be
critical (114). These results further support the idea that the functional activity of administered
DC that regulate both CD8+ and CD4+ cells, play a key role for the therapeutic efficacy of DC-
based vaccines. In addition, it has been recently reported that multiple applications of DC or the
application of not optimally matured DC may decrease antitumor immunity (115, 116). Further
studies of DC regulation in the tumor environment will be important for designing optimal

immunotherapy.

The discovery of an increasing number of genes regulating DC activity and
differentiation and a better understanding of the molecular interactions between immune cells
and tumor cells has provided the molecular basis for specific approaches of active
immunotherapy in cancer patients. Concurrent abrogation of the inhibitory effects of tumor cells
without compromising normal host cell-mediated immunity may provide a successful concerted

approach to cancer immunotherapy.

Given the ability of CD40L to stimulate immunity in vivo, we were interested in
determining the antitumor effects of intratumoral delivery of CD40L, RANKL and 4-1BBL.
Previously it has been demonstrated that genetic modification of tumor cells to express CD40L

by retroviral infection resulted in an effective antitumor response during tumor establishment
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(117, 118). In this project we compared different delivery approaches (protein, adenoviral vector
or transduced DC), diverse therapies (CD40L, RANKL or 4-1BBL), and the efficacy of these

approaches in a various tumor models.

1.4 STATEMENT OF THE PROBLEM

A growing body of evidence demonstrates that tumor-derived factors suppress DC generation,
function, and resistance to an apoptotic death. Thus, there is a real chance of faulty antigen
presentation by DC derived from tumor-bearing host, which could result in tolerance induction to
the antigen contained within the vaccine and subsequent rapid tumor progression. This raises the
possibility that defects in the DC system in patients with cancer may be a main contributor to
both immune-escape and immune tolerance pathways. However, mechanisms responsible for the
sensitivity of DC precursors to tumor-mediated inhibition were not yet determined. Knowledge
of mechanisms involved in suppression of DC function in cancer is essential for the improved
therapeutic efficacy of DC vaccines, which are currently under consideration for development in
several clinical trials. Genetically modified DC overexpressing ligands of the TNF superfamily
of proteins may serve as a basis for DC-based clinical protocols, including the development of

therapies for patients with cancer, HIV and infectious diseases.

Tumor-induced inhibition of DC results in sufficient suppression of antigen recognition,
processing and presentation to cytotoxic T lymphocytes and, in turn, failure to develop effective
antitumor immune responses. Cytokines belonging to the TNF family will be used directly or by

gene transduction to improve DC activation and function at the site of the tumor which otherwise
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are impaired because of cancer-induced inhibition. Protection of DC function within the tumor
tissue is likely to improve immune status of cancer patients and result in induction of efficient
antitumor immunity and inhibition of tumor growth and progression.

We recently have demonstrated that DC obtained from tumor-bearing mice are deficient
in CD40 expression and functionally immature. However, little is known about the role of CD40
ligation on DC in vivo in a tumor-bearing host. We determined the means of effective protection
of DC from tumor-induced inhibition by genetic engineering technique and evaluated the
primarily mechanisms of antitumor immunity induced by genetically modified DC in animal
tumor models. It was important to investigate the antitumor properties of adenoviral vectors
encoding CD40 ligand, RANK ligand, and 4-1BB ligand, as well as genetically engineered DC
overexpressing these ligands, using murine colon and breast adenocarcinoma tumor cells both in
vitro and in vivo. Receptors for these ligands are found on DC and the ligation leads to activation
and/or stimulation of DC function. Therefore, overexpression of CD40L, RANKL or 4-1BBL at
the tumor site or on DC injected intratumorally, could generate a strong antitumor immunity.

The central hypothesis was that tumor-induced inhibition of CD40 expression and

signaling on DC results in abnormal DC maturation and function and, in turn, insufficient
antitumor immune responses. Furthermore, we hypothesize that overexpression of DC-related
ligands of the TNF superfamily on DC in the tumor microenvironment is likely to lead to the
generation of effective antitumor immunity and improvement of existing immunotherapy of
cancer. We also believed that identification of primary mechanisms responsible for the induction
of antitumor immune responses by genetically modified DC at the site of the tumor might force
the expansion of novel protective therapeutic strategies allowing for increased efficacy of

immunotherapy for cancer. The rationale for the proposed study was that the number and
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function of DC in cancer patients are likely to play an important role in the regulation of tumor
growth. To be able to control the tumor progression, it is necessary to define the relationship
between DC and tumor cells and increase the functional activity of DC in the tumor
microenvironment.

Furthermore, a better understanding of the regulation of DC trafficking might offer new
opportunities for therapeutic interventions designed to suppress or stimulate the immune
response. Improving the delivery and presentation of the appropriate signals, including CD40L,
RANKL or 4-1BBL, to initiate antitumor immune response using DC may allow for more
aggressive treatment in tumor therapy. Ultimately, the knowledge gained from this study can be
applied to clinical situations, where dysfunction of the immune system is quite likely involved in
the etiology and/or pathogenesis of cancer. Finally, elucidation of cellular mechanisms
responsible for stimulation of antitumor immunity by a local administration of genetically
engineered DC, might also allow us to reveal novel approaches to restore deregulated antitumor
immunity.

This research project contributes to a better understanding of CD40/CD40L, as well as
RANK/RANKL and 4-1BB/4-1BBL pathways in DC function in tumor-bearing hosts through (1)
identifying new autocrine mechanisms involved in the regulation of DC activity in cancer and
(i) the exploration of novel approaches of effective modifications of DC activity for
vaccinations in cancer. Immunotherapy with modified DC playing a key role in the induction of
specific antitumor immune responses seems to be one of the promising alternative approaches in
the treatment of cancer. Finally, our results will serve as a basis for development of effective
strategies designed to improve the immune responses and induce their recovery from tumor-

induced dysfunction.
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To accomplish the objectives in this research, we pursued the following Specific Aims:

1. Determine the role of tumor-induced inhibition of CD40 expression in abnormal DC

function both in vivo and in vitro.

2. Demonstrate the extent to which a genetically engineered DC overexpressing CD40L-

based vaccine augments antitumor immunity in murine tumor models.

3. Characterize primary mechanisms responsible for the antitumor immunity induced by

genetically engineered DC modified to express CD40L.

4. Examine other TNF family proteins, RANKL and 4-1BBL, as antitumor vaccines in

comparisons with CD40L.

1.5 SIGNIFICANCE

This research project has several appealing features. It allows for improved understanding of the
immunobiology of DC in cancer and the development of novel effective methods for cancer
treatment. Knowledge of mechanisms involved in suppression of DC function in cancer is
essential for the enhanced therapeutic efficacy of DC vaccines, which are currently under
consideration for development in several clinical trials. The described studies consent to a rapid
translation of basic knowledge of DC/tumor interactions into protocols for efficient
modifications of DC used in clinical trials for cancer. In addition, use of genetically engineered
intratumoral DC to induce a specific antitumor immune response is a novel treatment strategy,

which may result in reduced treatment costs, duration of therapy and improved efficacy.
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Genetically modified DC overexpressing ligand of the TNF superfamily of proteins may serve as
a basis for all DC-based clinical protocols, including the development of therapies for patients
with cancer, HIV and infectious diseases.

The significance of this research is that it contributes to a better understanding of
CD40/CD40L, as well as RANK/RANKL and 4-1BB/4-1BBL pathways in DC function in
tumor-bearing hosts through (i) identifying new autocrine mechanisms involved in the regulation
of DC activity in cancer and (ii) the exploration of novel approaches of effective modifications
of DC activity for vaccinations in cancer. Immunotherapy with modified DC playing a key role
in the induction of specific antitumor immune responses seems to be one of the promising
alternative approaches in the treatment of cancer. In these studies, we developed methods for the
effective activation of DC, which have been recently demonstrated to be strongly inhibited in
tumor bearers. Tumor-induced inhibition of DC results in sufficient suppression of antigen
recognition, processing and presentation to cytotoxic T lymphocytes and, in turn, failure to
develop effective antitumor immune responses. Cytokines belonging to the TNF family were
used directly or by gene transduction to improve DC activation and function at the site of the
tumor which otherwise are impaired because of cancer-induced inhibition. Protection of DC
function within the tumor tissue is likely to improve immune status of cancer patients and result
in induction of efficient antitumor immunity and inhibition of tumor growth and progression.
Finally, our results served as a basis for development of effective strategies designed to improve

the immune responses and induce their recovery from tumor-induced dysfunction.
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2.0 TUMOR-INDUCED DC DYSFUNCTION AND DOWN-REGULATION OF CD40
EXPRESSION

2.1 INTRODUCTION

The induction of antitumor immune responses is a complex sequence of carefully orchestrated
events leading to the subsequent activation, migration and proliferation of different immune
cells. DC interact with tumors, uptake tumor cells/proteins, process them and present antigenic
peptides to T cells in the contest of MHC class I/Il. The contact between DC and tumor cells in
the tumor microenvironment is critical for the stimulation of specific antitumor immune
responses (Figure 2). However, a great number of preclinical and clinical studies provide
evidence demonstrating that the immune system is significantly disbalanced in the presence of
the tumor. A variety of different processes involved in the immune response has been impaired
in the tumor-bearing hosts. For example, multiple tumor-produced factors exhibit
immunomodulatory properties and play an important role in the regulation of tumor growth and
tumor escape from immune recognition and elimination. Some of these molecules inhibit activity
of natural killer cells and cytotoxic T lymphocytes (119, 120), and impair macrophage and DC
functions (17); other induce apoptosis of NK and T cells (121, 122), and cause apoptotic death of

DC (118, 123).
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Figure 2 Interactions between DC, T cells and Tumor cells. Pro-DC,
DC progenitors; CTL, Cytotoxic T lymphocytes

A major contributor to host immunity and immune surveillance against infection and
malignancy is the DC system. Therefore tumor develops mechanisms that suppress the activity
of the DC system in order to evade immune recognition and elimination. A growing body of
evidence demonstrates that tumor-derived factors suppress DC generation, function, and
resistance to cell death (34, 36, 43, 124). In fact, numerous clinical data have demonstrated that
the reduced number of DC infiltrating tumor correlates with a poor prognosis for patients (125,
126). For instance, analysis of the correlation between the infiltration of DC and lymphocytes in
hepatocellular carcinoma (HCC) tissue and postoperative tumor recurrence and survival rate
demonstrated that tumor recurrence was markedly late in patients with DC count >20 and
positive lymphocyte infiltration (group A) as compared with those who did not meet both criteria
simultaneously (group B), with a median interval of 21.6 months for group A and 4.1 months for

group B (127). The 1, 3, and 4-year survival rates were significantly greater in group A than in

27



group B: 83.5% vs. 42.2%, 61.8% vs. 28.4% and 48.7% vs. 23.0%, respectively, suggesting that
the infiltration of HCC mass by DC and lymphocytes is closely related to postoperative
prognosis. A similar conclusion was made after immunohistochemical analysis of gastric
carcinoma tissues: The survival curves show that the prognosis for patients with a low density of
DC was significantly poorer than that for patients with high DC density (126).

The CD40/CD40L interaction is critical for the generation of protective cell-mediated
tumor immunity and is an essential regulator of DC generation, maturation and function both in
vivo and in vitro. (70, 76, 128). Engaging CD40 on DC promotes their differentiation and
maturation into effective inducers of cell-mediated immunity, as demonstrated by enhanced
production of cytokines, chemokines and expression of co-stimulatory molecules (70, 76). In
addition, CD40 ligation enhances the efficiency of DC to present antigen to T cells by up-
regulation of expression of CD80, CD86 and the adhesion molecules ICAM and LFA-3 on DC
(3). Furthermore, it has been demonstrated that CD40/CD40L interaction on DC increases their
resistance to tumor-induced apoptosis and, thus, promotes the induction of antitumor immune
responses (118). However, the role of CD40 in the regulation of DC generation, maturation and
function in the tumor microenvironment has not been studied.

In this chapter, we studied the effect of tumor cells on DC maturation, differentiation and
function, and the expression of CD40 on DC and DC precursors. We hypothesized that the
expression of CDA40, as well as of other co-stimulatory molecules might be down-regulated on
DC generated from tumor-bearing mice. In addition, we speculated that some functions of DC
may be also impaired in the tumor microenvironment. The rationale for these hypotheses was
based on previous studies demonstrating an essential role of functionally active DC in initiating

effective antitumor immunity.
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To examine longevity of DC in cancer, DC generated from tumor bearers were compared
to control DC generated from tumor-free animals. DC functions such as IL-12 secretion,
expression of co-stimulatory molecules, antigen presentation, and antitumor effect were all
evaluated. To summarize our data, we have demonstrated a decrease in expression and function
of CD40 on DC isolated or generated from tumor-bearing mice, suggesting a new mechanism of

inhibition of DC maturation and function in cancer.

2.2 MATERIALS AND METHODS

2.2.1 Animals

Female 6-8 week-old C57BL/6 (H-Zb) and Balb/c (H-2d) mice were purchased from Jackson
Laboratories (Bar Harbor, ME). Animals were housed in groups of five in a 12:12 hour
light:dark cycle with standard mice chow and water as libitum. All animals were acclimatized at
least 2 weeks prior to experimentations. Animals were handled in accordance with IACUC

protocols.

2.2.2 Tumor cell lines

MC38 colon and TS/A breast adenocarcinoma cells were maintained in RPMI 1640 medium
(GIBCO BRL-Life Technologies, Grand Island, NY) supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine

(GIBCO BRL-Life Technologies, Grand Island, NY).

29



A single-cell suspension of tumor cells (0.2 ml) was injected s.c. into the right flank or
1.v. into the tail vein. Injection of HBSS served as a control. C57BL/6 mice received s.c. or i.v.
injection of 5 X 10° MC38 cells. Balb/c mice received s.c. injection of 2 X 10° TS/A cells.

2.2.3 DC generation

DC were generated from hematopoietic progenitors isolated from bone marrow obtained from
control (tumor-free) or tumor-bearing mice. Femur and tibia marrow cells from C57BL/6 or
Balb/c mice were passed through a nylon cell strainer to remove pieces of bones and debris and
depleted of erythrocytes by incubating with lysing buffer for 2 min. Then cell suspensions were
incubated with anti-mouse B220, CD4 and CD8 antibodies for 1 h at 4°C. This was followed by
incubation with rabbit complement for 30 min at 37°C to deplete B and T lymphocytes. The cells
were then plated in 6-well plates (0.2x10° cells/ml) in a complete medium (RPMI 1640, 10%
heat-inactivated FBS, 2mM L-glutamine, 10mM Hepes, 0.1 mM non-essential amino acids, 1
mM sodium pyruvate) overnight. Then the non-adherent cells were collected and resuspended in
a complete medium with addition of 1000U/ml mGM-CSF and mIL-4 (ENDOGEN, Woburn,
MA). On Days 3 and 5, an additional dose of cytokines was added to all cell cultures. On Day 7,
DC were collected and used for intratumoral injections (10° DC/mouse) or other assays.

CDl1c+ cells, presumably DC, were isolated from single-cell suspensions of splenocytes
of experimental or control mice using a MACS paramagnetic cell sorting procedure (Miltenyi
Biotec, Auburn, CA). Cells were washed in PBS/BSA (PBS + 1% BSA, SmM EDTA (pH 7.2) at
4°C), followed by incubation with CD11c microbeads (20 pl/10” cells) and PBS/BSA (80 pl/10’
cells) at 4°C for 25 min. Unbound beads were removed by washing with PBS/BSA. Cells were
re-suspended in PBS/BSA and passed twice through a MACS MS+ positive selection column on

a MACS separation system. CD11c+ cells were removed from columns by washing with 4 or 5
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volumes of PBS/BSA. Columns were then removed from the MACS separation system and
CDl11c+ cells eluted by washing with 4 or 5 volumes of PBS/BSA.

2.2.4 Flow cytometry

For phenotypic analysis of DC (Day 7), FITC- or PE-conjugated monoclonal antibodies
recognizing murine CD11c, CD80, CD86, MHC class I and class II, and CD40 molecules were
used (Pharmingen, San Diego, CA). After incubation with antibodies for 30 min at 4°C, cells
were washed with PBS and analyzed on a FACStar using Cellquest FACS analysis software
(Becton Dickinson, San Diego, CA).

2.2.5 IL-12 production

IL-12 production by DC was determined by p70 IL-12 ELISA. A standard curve was generated
using recombinant murine IL-12 (R & D Systems, Minneapolis, MN). To induce IL-12
expression, DC cultures were activated with either CD40-transfected fibroblasts or inactivated
Staphylococcus aureus (0.1% v/v of essentially non-viable cell suspension) (Sigma, St Louis,
MO) 20 pl/well per 1x10°DC cells/24 h.

2.2.6 Evaluation of CD40 mRNA expression

Expression of CD40 mRNA in murine DC was analyzed by RT-PCR. RNA was extracted from
cells using the RNAzol reagent (Life Technologies, Gaithersburg, MD). cDNA was synthesized
from 2pg of RNA in 20 pl reactions using random primers (Bioehringer-Mammbheim,
Mannheim, Germany) and AMV reverse transcriptase (GIBCO BRL, Gaithersburg, MD). cDNA
(2 pl) was amplified using Taq polymerase in a 25 pl reaction volume. Each cDNA sample
within the linear range was amplified by 30-35 cycles using a Perkin-Elmer Cetus DNA thermal
cycler (Norwalk, CT) under optimized conditions for each set of primers: for mCD40, 35 cycles

of denaturation at 94°C for 60 sec, annealing at 55°C for 60 sec and extension at 72°C for 60 sec;
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and for the housekeeping gene (B-actin), 30 cycles of denaturation at 94°C for 30 sec, annealing
at 55°C for 60 sec and extension at 72°C for 60 sec; for detection of mCD40, the following
primers were used: 5'-GTTTAAAGTCCCGGATGCGA-3' and that of the antisense primer 5'-
CTCAAGGCTATGCTGTCTGT-3". Due to alternative splicing of mRNA, CD40 cDNA
amplified with these primers is 307 and 408 bp. The sequence of sense and antisense primers for
B-actin was 5'-TTCTACAATGAGCTGCGTTG-3' and 5'-CACTGTGTTGGCATAGAGGTC-3',
respectively. Amplification with these primers was expected to yield a 560 bp product. PCR
products were separated on 1% agarose gels containing 1mg/ml ethidium bromide together with
an appropriate marker ladder and viewed under UV light. mRNA expression was compared and
analyzed by volume quantitation using a Bio-Rad (Richmond, CA) densitometer. The sample/f-
actin ratio was first calculated for each sample and used for comparison. The expression of
mRNA is presented as a percentage of control (nonstimulated value).

2.2.7 Mixed Leukocyte Reaction (MLR) Assay

Functional activity of mouse DC was determined in a one-way allogeneic MLR using T
lymphocytes. Allogeneic T cells were obtained from spleen cell suspensions by passage through
the nylon wool columns after lysing of red blood cells. Cultured DC generated from control or
tumor-bearing mice were added to T cells (3 X 10° cells/well) at different ratios (10%-10° cells
per well) in final volume of 200 pl per well. Cells were mixed in 96-well round-bottom plates
and incubated for 3 days. Cell cultures were pulsed with 1 uCi of *H-thymidine/well (DuPont-
NEN, Boston, MA) for 16-18 h and harvested using a Skatron (Skatron, Lier, Norway) cell
harvester. Proliferation of T cells was determined by measuring uptake of *H-thymidine on a

MicroBeta TRILUX liquid scintillation counter (WALLAC, Gaithersburg, MD). Tests were
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performed in triplicates and results were expressed as the mean counts per minute (cpm) +

standard deviation (SD).
2.2.8 Data Analysis

Statistical analysis of experimental data was performed with a software package SigmaStat
(STSS). For all analysis, the level of significance was set at a probability of 0.05 with results that
had a p value less then the 0.05 considered significant. Student t-test was used for comparison
between two groups after evaluation for normality. Two-way repeated measurements ANOVA
was used to compare tumor growth for multiple groups of mice. All experiments were conducted
with 5-7 mice per group receiving identical treatments. All experiments were repeated at least

twice.

2.3 RESULTS

2.3.1 DC generated from tumor-bearing mice display a decreased antitumor potential in
vivo

To demonstrate that tumor cells affect DC, DC were generated from control and TS/A tumor-
bearing mice in cultures for 7 days in the presence of mIL-4 and mGM-CSF. Then, cells were
collected and 10° DC/mouse were injected directly into the tumor site of tumor-bearing mice 7
days after TS/A cell inoculation. HBSS (100 ul/mouse) was used as a control. Cells generated
from tumor-bearing mice showed a decreased antitumor effect when compare with DC generated

from tumor-free animals.
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Figure 2. 1 DC generated from tumor-bearing mice display a
decreased antitumor potential in vivo. DC were generated from
control tumor-free and TS/A breast adenocarcinoma-bearing Balb/c
mice. DC were generated from bone marrow precursors for 7 days
in a complete medium supplemented with GM-SCF and IL-4. DC
were collected, washed and injected (10° cell/animal) intratumorally
7 days after tumor cell inoculation. Tumor growth was measured
twice a week and plotted as a function of tumor size over time.
(N=5-7 animals/group). The results of representative experiment are
shown. Three independent experiments demonstrated similar results.

As shown on Figure 2.1, HBSS control and DC/Tu have a very similar growth curves. In
contrast, DC generated from control mice demonstrate a significant induction of antitumor
immunity in vivo (p<0.05). These data raise the question of whether DC generated from tumor-
bearing mice are phenotypically and functionally different from control cells.

2.3.2 Tumors induce down-regulation of expression of co-stimulatory molecules on DC

To examine the expression of co-stimulatory molecules on the surface of DC, we generated cells
from control and tumor-bearing mice and cultured them in complete medium with IL-4 and GM-

CSF. FACScan analysis of DC on Day 7 revealed that the presence of tumor caused a significant
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down-regulation of the expression of B7 molecules on DC. We have demonstrated that CD80
and CD86 were down-regulated on CD11c+ DC (Figure 2.2 A). For example, in C57BL/6 mice
the percentage of CD86 was decreased from 73.2 + 5.2% on control DC to 26.5 + 1.8% on DC
generated from MC38-bearing mice (p<0.01); CD80 was lowered from 69.9% on control cells to
50.6% on DC from tumor-bearing animals (p<0.05). A similar pattern was detected for
expression of CD80 and CD86 on Balb/c-derived DC (Figure 2.2 B). The total number of
recovered DC was similar in cells generated from control or tumor-bearing animals. These
results suggest that DC generated from tumor-bearing mice express lower levels of CD80 and

CD86, compare to controls, and could be considered immature.
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Figure 2.2 DC generated from tumor-bearing mice demonstrate down-
regulated expression of CD80 and CD86 molecules. DC were
generated from tumor-bearing and tumor-free mice. Cells were
cultured for 7 days in complete DC medium with IL-4 and GM-
CSF. On Day 7 cells were collected and levels of co-stimulatory
molecules were measured by FACScan analysis. Set of 5
independent experiments showed reproducible results. A. DC
generated from C57BL/6 mice. B. DC generated from Balb/c mice.
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2.3.3 Tumors inhibit antigen-presenting function of DC

To determine whether tumor affects the functional activity of DC to induce T cell proliferation,
we evaluated the stimulatory capacity of control DC and DC generated from TS/A-bearing
animals to induce proliferation of allogeneic T cells in an MLR assay. As shown on Figure 2.3,
TS/A tumor significantly decreased the ability of DC to stimulate T cells. The maximum
inhibition of T cell proliferation was observed at Effector : Target ratio 1:30, where control DC
induce T cell proliferation as 98808.8 + 10636.4 cpm versus 70947.3 = 10733.5 cpm for DC/Tu
(p<0.05). These results conform that tumor has a strong influence on DC functional activity
which was assessed as a decreased APC ability of DC generated from tumor-bearing animals

compare to DC from tumor-free mice.
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Figure 2.3 DC generated from tumor bearers demonstrate a suppressed
ability to stimulate T cell proliferation. DC progenitors were
generated from control and TS/A-bearing mice. T cells were isolated
from spleens of C57BL/6 mice and co-incubated with DC at
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different ratios. T cell proliferation was measured by MLR assay.
Two independent experiments demonstrated similar results. Data
represent mean + SD.

2.3.4 DC generated from MC38 and TS/A bearing mice display a decreased ability to
produce IL-12

To examine whether the functional activity of DC could be affected by the tumor, we have
measured the IL-12 production by DC generated from tumor-bearing mice, since it has been
shown that IL-12 is the most important cytokine produced by these cells (129-131). C57BL/6
and Balb/c mice were injected s.c. with 5x10° murine MC38 colon or TS/A breast
adenocarcinoma cells, respectively, and DC were generated from the bone marrow precursors 3
weeks later. We have demonstrated that upon stimulation of DC with either CD40-transfected
fibroblasts or Staphylococcus aureus, DC generated from tumor-bearers produce significantly
lower levels of IL-12 compared with DC obtained from control animals, as determined by p70

IL-12 ELISA (up to 61 % of inhibition; p<0.05) (Figure 2.4 A).
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Figure 2.4 DC generated from tumor-bearing animals produce a
decreased levels of CD40L-induced IL-12. DC progenitors were
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generated from MC38 (A) or TS/A (B) bearers. Cell-free
supernatants were collected on Day 7 and IL-12 production was
measured by p70 IL-12 ELISA 24 hr later. Averages of two
independent experiments are shown (mean + SD).

For instance, DC generated from control C57BL/6 mice released 3527 + 65 pg/ml of IL-
12 upon CD40L stimulation, whereas DC generated from MC38-bearers and stimulated with
CDA40L secreted 1438 + 43 pg/ml of IL-12. Similar results were observed in Balb/c mice with
TS/A tumors (Figure 2.4 B). These data allowed us to hypothesize a possible mechanism of
tumor-induced inhibition of IL-12 synthesis in DC: decreased expression of CD40 receptors on
DC.
2.3.5 DC generated from tumor-bearing mice express low levels of CD40 molecules
Since CD40 is an important receptor involved in cellular signaling and activation and plays a key
role in DC biology, we have evaluated whether CD40 expression on DC is regulated by tumor.
We have determined whether cultured DC generated from tumor-bearing mice express lower
levels of surface CD40 receptors by the FACScan analysis. MC38 and TS/A cells were injected
s.c. into mice. Three weeks after the tumor inoculation, bone marrow progenitors were isolated
and cultured with mGM-CSF and mIL-4 (1000 U/ml). A FACScan analysis of cultured DC,
assessed as CD11c positive cells demonstrated a significantly decreased (up to 60%, p<0.001)
expression of CD40 on DC prepared from tumor-bearing animals. For instance, CD40 expression
on CDl1lc + DC decreased from 61% on control DC to 40% (p<0.01) on DC generated from
MC38-bearing mice (Figure 2.5). Similarly, in TS/A-bearing animals, the expression of CD40
decreased from 33% on control DC to 22% on DC generated from tumor-bearers. Since CD40 is
an important maturation signal, DC generated from tumor-bearers could be functionally
immature. These results explain why a tumor-bearing mouse-derived DC did not induce IL-12

production upon CD40 ligation and a down-regulation of B7 molecules on the surface of these
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cells. Thus, taken together these data suggest that DC generated in vitro from bone marrow

precursors obtained from tumor-bearing animals expressed low levels of CDA40.
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Figure 2.5 DC generated from tumor-bearing mice express low levels of
CD40 molecules. DC precursors generated from control and tumor-
bearing mice were cultured in a complete DC medium with addition
of IL-4 and GM-CSF. On Day 7 DC were collected and CD40
expression was measured by FACScan analysis. Representative data
of three independent experiments are shown. A. DC generated from
MC38-bearing and tumor-free C57BL/6 mice B. DC generated from
TS/A-bearing or tumor-free Balb/c mice.

2.3.6 DC generated from tumor-bearing mice express lower levels of CD40 mRNA

Next, we determined whether CD40 expression was down-regulated at the level of translation.

To study tumor effect on CD40 mRNA in DC, we generated DC from MC38-bearing and control
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mice and cultured them as described above. Expression of CD40 mRNA was detected by RT-

PCR. B-actin mRNA was used as a housekeeping marker.
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Figure 2.6 DC generated from tumor-bearing mice exhibit a suppressed

production of CD40 mRNA. DC were generated from control and

MC38-bearing mice. Expression of CD40 mRNA was detected by

RT-PCR in DC. Lanes: 1, marker; 2, DC from tumor-bearing mice;

3, DC from tumor-free mice. Upper panel, B-actin; lower panel,

CD40. The results of a representative experiment are shown. Two

separate experiments demonstrated similar data.

As expected, expression of CD40 mRNA was markedly suppressed on DC generated
from tumor-bearing mice compared to DC generated from tumor-free animals (Figure 2.6).
These data confer that tumor induces inhibition of DC maturation by down-regulating CD40

expression and also suggest that DC generated form tumor bearers could be functionally

immature.
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2.3.7 Tumor inhibits expression of CD40, CD80 and CD86 on DC in vivo

To verify that endogenous DC could also be affected by tumor in vivo, CDl1ct+ DC were
isolated from the spleen of tumor-free or MC38-bearing mice by positive selection using a
MACS paramagnetic cell sorting procedure. Isolated CD11c+ DC, that is DC generated in vivo,
were stained with CD86, CD80 and CD40 FITC or PE-conjugated antibodies. We found that
CD40, CD86 and CDS80 expression on DC isolated from spleen of tumor-bearing mice was

significantly reduced compared to control DC (Table 1).

Table 1 DC isolated from spleen of tumor-bearing mice express low
levels of co-stimulatory molecules

CD40 CD80 CD86
No tumor 356.8 £ 42.4 159.1 + 21.8 49.7 + 7.7
MC38 tumor s.c 185.7 + 22.4* 74.4 + 9.4* 18.0 £3.4*
MC38 tumor i.v. 92.7 + 12.6* 44.9 £ 6.6* 11.1 £2.3*

C57BL/6 mice were injected with 5 X 10° MC38 tumor cells (s.c. in the
right flank or i.v. in the tail vain). On Day 21 spleens were collected and
pooled (n=3), and CDIllc+ DC were isolated by MACS cell sorting.
FACScan detected expression of CD40, CD80 and CD86 molecules on DC
isolated from tumor-bearing and tumor-free animals. The data represents
MEFI values after subtraction of the control + SEM and the results of 3
independent experiments. (* p<0.01 vs tumor-free group).
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Importantly, this effect was more profound in the group of animals receiving i.v. injection
of tumor cells. These mice had visible metastasis in the liver and lungs. For instance, CD40
expression in this group decreased up to 60%, while in the s.c.-injected group CD40 expression
was reduced by 30%. Furthermore, expression of CD86 on splenic DC isolated from the i.v.-
injected mice was completely abrogated (<1%, p<0.001), although it was down-regulated in the

s.c.-injected group from 73.2% (control) to 26.5% (p<0.01) (Figure 2.7).
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Figure 2.7 Inhibition of co-stimulatory molecules on DC isolated from
tumor-bearing mice. Spleens were collected from MC38-bearing
mice 21 day after s.c. or i.v. administration of tumor cells. CD11c+
DC were isolated by MACS cell sorting and stained with different
antibodies. The expression of CD80, CD86 and CD40 was measured
by FACScan analysis. DC isolated from spleens of tumor-free
animals were used as a control. The results from a representative
experiment are shown. Experiment was repeated 4 times with
similar data.

Taken together, these results demonstrate that DC isolated from the spleen of MC38-

bearing mice had even more profound immunosuppression compared to cultured DC generated
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from bone marrow precursors obtained from the same animals. Thus, tumor inhibits maturation

of DC both in vitro and in vivo.

2.4 CONCLUSIONS

Interaction between tumor cells and cells of the immune system appear to be critical for tumor
growth and progression. Tumor-derived factors dramatically alter the functional activity of
immunocompetent cells, in particular DC. In this chapter we hypothesized that tumor alters DC
maturation, activity and function. In fact, we had demonstrated that tumor cells decrease
antitumor potential of DC in vivo. Cells generated from tumor-bearing animals do not suppress
tumor growth in contrast to DC generated from tumor-free mice. In addition, we have shown that
tumor induces a decreased functional activity of DC. The hypothesis was confirmed by our data
showing suppressed IL-12 production, down-regulated expression of CD80 and CD86 co-
stimulatory molecules on the surface of DC generated from tumor-bearing animals, and inhibited
APC ability of DC both in vitro and in vivo. The most important finding was that DC generated
from bone marrow precursors obtained from tumor-bearing mice have significantly lower
expression of CD40 molecules compared to DC generated from control tumor-free animals.
Furthermore, DC isolated from spleens of tumor-bearers also had a decreased expression of
CDA40. These data suggest that tumor induces inhibition of CD40 expression both in vitro and in
vivo. Due to the fact that CD40 is an important maturation molecule for DC, our results suggest
that tumor-derived factors suppress DC maturation and function, proposing a new target for

testing a novel gene immunotherapy in cancer.
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These results suggest that DC in the tumor microenvironment could be beneficial for
generating antitumor immune responses. Our data also suggest that the tumor may actively
decrease the number of tumor-infiltrating DC by inducing their premature death, inhibiting their
immigration into the tumor site and homing within the tumor or by the general suppression of
DC generation. Therefore, it is possible that defects in DC function in cancer could be

responsible for a loss of tumor immunosurveillance.
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Summary of conclusions:

1. DC generated form hematopoietic precursors obtained from MC38 or TS/A bearing
mice display:

e Down-regulated expression of CD80 and CD86

e Decreased ability to induce T cell proliferation

e Decreased antitumor immunity

e Low IL-12 production

e Down-regulated expression of CD40 mRNA and protein
2. DC isolated from MC38 bearing mice display:

e Down-regulated expression of CD80 and CD86

e Low IL-12 production

e Down-regulated expression of CD40
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3.0 CD40L IN ANTITUMOR IMMUNITY: ROLE OF DC

3.1 INTRODUCTION

The interaction between tumor cells and DC is critical for the regulation of an antitumor
response. Based on their unique ability to stimulate T cells, DC have been tested as inducers of
antitumor immunity in both preclinical models and clinical trials. Administration of DC pulsed
with tumor antigens or tumor lysates was able to stimulate specific antitumor responses (132).
Moreover, genetic modification of DC to express tumor antigens also resulted in effective
immunization following inoculation into mice (133). Alternatively, the injection of non-pulsed
DC directly into the tumor mass where DC can acquire tumor antigen followed by migration to
lymph nodes to initiate tumor immunity has also been shown to be an effective strategy (103).

The advantage of this approach is that it circumvents the needs for tumor-associated antigens.

There is considerable interest in applying DC to cancer immunotherapy. Promising
results have been reported recently in clinical trials with purified or ex vivo generated DC pulsed
with tumor-associated peptide or protein antigens (134-136). However, the absence of
characterized TAA for many cancers forced the development of alternative DC-based vaccines in
cancer. The recent experiments in animal tumor models and pilot studies in patients with
melanoma and breast carcinoma demonstrated a striking antitumor potential of intratumoral

administration of DC without addition of TAA (104, 112, 113, 137). Although direct evidence is
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limited, several lines of evidence suggest that intratumoral DC play an important role in
antitumor immune responses. For instance, increased numbers of tumor-infiltrating DC are
associated with a better outcome in cancer patients with a variety of tumors (47, 138), and
induction of DC migration into the tumor site by GM-CSF or chemokines resulted in
development of antitumor immunity in both animals (139, 140) and humans (141). However,
recent studies indicate that the generation, maturation, function, and survival of DC are all
markedly inhibited in the tumor microenvironment (36, 43, 113, 124) explaining the reported
limitations in the success of DC-based therapies and justifying the improvements of DC-based
vaccines in cancer. Although it has been shown in murine tumor models that intratumoral
administration of DC producing IL-12, CD40 or Bcl-xi. and thus protected from tumor-induced
apoptosis, results in the generation of efficient antitumor immune responses, the mechanisms of

these effects as well as other potential molecular targets in DC are unknown.

Intratumoral administration of DC may have several advantages: (i) it requires no
isolation of tumor cells or tumor antigen(s), (ii) it also ensures the most suitable contact between
DC and tumor cells leading to the generation of tumor-specific CD8" and CD4" T cells, (iii) the
use of intratumoral injection of DC should result in a high-level of antigen processing and
expression, (iv) finally, intratumoral DC may present previously unidentified epitops of the
tumor antigen in association with different MHC molecules, whereas peptide vaccines are

restricted by the HLA haplotype of the patient.

It has been demonstrated that the regulation of CD40/CD40L interaction is beneficial for
the treatment of various diseases, including infections, cancer, autoimmune disorders, and side
effects of transplantation. This suggests that different therapeutic strategies should be designed to

control this pathway. For instance, transplantation and autoimmunity clinics will appreciate the
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use of anti-CD40 or anti-CD40L antibodies or chimeric soluble proteins that can bind and
neutralize CD40 or CD40L. Other approaches designed to stimulate antitumor immune responses
may include development of compounds to trigger CD40 on APC in order to up-regulate co-

stimulatory activity and cytokine secretion (142).

It has been suggested that soluble recombinant CD40L (sCD40L) may be used for an
appropriate activation of CD40 on APC in tumor-bearing mice. For instance, Hirano et al.
demonstrated that treatment of tumor-bearing SCID mice with sCD40L resulted in significant
prolongation of animal survival (143). Stimulation of CD40 by its ligand directly inhibited
growth of human breast carcinoma both in vitro and in vivo. Similarly, administration of plasmid
expressing CD40 ligand resulted in initiation of effective immune responses in vivo (144). These
results demonstrate that recombinant CD40L can be used in vivo to inhibit tumor growth.
Alternative strategies to develop effective antitumor therapies by modulating CD40/CD40L

interaction include the local delivery of CD40L overexpressing DC.

Based on all described studies, we hypothesized that overexpression of the CD40L at the
tumor site will induce strong antitumor immunity. We proposed that CD40L would also be
beneficial for stimulation and activation of tumor-infiltrating DC when administered locally to

the growing tumors.

Here we have examined the antitumor effects of CD40L following three different routes
of administration in two different murine tumor therapy models. We show that a systemic
injection of recombinant mCD40L had no antitumor potential. In contrast, we demonstrate that
direct injection of adenoviral vector encoding CD40L (Ad-CD40L) into established tumors
resulted in a significant inhibition of the tumor growth in both murine colon MC38 and breast

TS/A adenocarcinoma models. In addition, DC transduced with Ad-CD40L and administered to
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the tumor site induced a strong specific antitumor response. Intratumoral injection of DC/CD40L
resulted in a more effective antitumor response than injection of DC engineered to overexpress
IL-12. Furthermore, CD40L rescued DC from tumor-induced DC dysfunction. Taken together,
our data suggest that intratumoral delivery of CD40L by adenovirus-mediated gene transfer or by

genetically engineered DC is a highly effective approach to generate antitumor immunity in vivo.

3.2 MATERIALS AND METHODS

3.2.1 Animals

Female 6-8 week-old C57BL/6 (H-2") and Balb/c (H-2%) mice were purchased from Jackson
Laboratories (Bar Harbor, ME). Animals were housed in groups of five in a 12:12 hour
light:dark cycle with standard mice chow and water. All animals were acclimatized at least 2
weeks prior to experimentations. Animals were handled in accordance with IACUC protocols.
3.2.2 Tumor cell lines

MC38 colon, TS/A breast and 4-T.1 breast adenocarcinoma cells were maintained in RPMI 1640
medium (GIBCO BRL-Life Technologies, Grand Island, NY) supplemented with 10% heat-
inactivated FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine (GIBCO

BRL-Life Technologies).

3.2.3 Preparation of adenoviral vectors
Ad-CD40L was constructed, propagated, and titered according to the standard protocol
previously described (145). Briefly, the murine CD40L ¢cDNA (Immunex Corporation, Seattle,

WA), was amplified by PCR using a set of primers to create a Sall site at the 5° end and a Notl
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site at the 3’ end. Then plasmids were digested by Sall and Notl restriction enzymes to release
the CD40L ¢cDNA, which was subcloned into Sall-Notl site of the adenovirus shuttle plasmid
(pAdlox) to generate pAdlox/mCD40L. In this vector, the inserted cDNA sequence is expressed
under the transcriptional control of the cytomegalovirus promoter. The plasmid was linearized
with Sfil and co-transfected with the Ad-y5-derived, AE1, E3 deleted adenoviral backbone, into
293 cells by calcium phosphate precipitation. The recombinant Ad-CD40L vector was isolated
from a single plaque, expanded in CRES cells, and purified by double cesium chloride gradient
ultracentrifugation. The purified virus was extensively dialyzed against 10 mM Tris/l mM
MgCl, sterile viral buffer at 4°C, stored in aliquots at —80°C, and titered on CRES cells for
plaque forming units (pfu). The generation of Ad-IL-12, Ad-LacZ, Ad-y5 and Ad-EGFP
(enhanced green fluorescent protein) have been previously described (146).

3.2.4 DC generation

DC were generated from hematopoietic progenitors isolated from mouse bone marrow. Femur
and tibia marrow cells from C57BL/6 or Balb/c mice were passed through a nylon cell strainer to
remove pieces of bones and debris and depleted of erythrocytes by incubating with lysing buffer
for 2 min. Then cell suspensions were incubated with anti-mouse B220, CD4 and CD8
antibodies for 1 h at 4°C. This was followed by incubation with rabbit complement for 30 min at
37°C to deplete B and T lymphocytes. The cells were then plated in 6-well plates (0.2x10°
cells/ml 4 ml/plate) in a complete medium (RPMI 1640, 10% heat-inactivated FBS, 2mM L-
glutamine, 10mM Hepes, 0.1 mM non-essential amino acids, ] mM sodium pyruvate) overnight.
Then the non-adherent cells were collected and re-suspended in complete medium with addition
of 1000U/ml mGM-CSF and mIL-4 (ENDOGEN, Woburn, MA). At Day 3 and 5, an additional

dose of cytokines was added to the cell cultures. For adenoviral infection, DC were collected on
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day 5 and washed in serum-free medium. Virus was added directly to the pellet (10° pfu/10°
DC) and the cells incubated for 1 h at 37°C before plating in a complete medium.

3.2.5 Flow cytometry

For phenotypic analysis of bone marrow-derived DC (Day 7), FITC- or PE-conjugated
monoclonal antibodies recognizing murine CD40L were used. After incubation with antibodies
for 30 min at 4°C, cells were washed with PBS and analyzed on a FACStar using Cellquest
FACS analysis software (Becton Dickinson, San Diego, CA). As a control to determine the
percentage of transduced DC, cells were infected with Ad-eGFP (enhanced Green Fluorescent
Protein) 48 hours before FACS analysis.

3.2.6 Tumor therapy models

Ad-CD40L

CD40L protein DCICD40L

bo _ &
-~

CD40L delivery models

Figure 3 Three approaches to deliver CD40L into the tumor site. 1)
Systemic administration of mCD40L protein; 2) Intratumoral
administration of Ad-CD40L vector; 3) Intratumoral administration
of DC transduced with Ad-CD40L.
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7.5 X 10* MC38 cells or 2.0 X 10° TS/A or 4-T.1 cells were injected subcutaneously in
the right flank of mice. On Day 7 when the tumor size reached 25-30 mm?, intratumoral
injection of: a) soluble CD40L trimeric protein (a gift from Immunex Corp); or b) 10° pfu of
either control adenoviral vectors Ad-y5 or Ad-LacZ, or Ad-CD40L; or ¢) DC (10° cells) non-
transduced or transduced with Ad-CD40L was performed in a 100 pl volume. Injection of HBSS
served as an additional control. The size of each tumor was measured 2 times weekly with
calipers and recorded as tumor area (mmz). For some studies, where indicated, mice were

injected with tumor cells in both flanks.
3.2.7 Data Analysis

Statistical analysis of experimental data was performed with a software package SigmaStat
(STSS). For all analysis, the level of significance was set at a probability of 0.05 with results that
had a p value less then the 0.05 considered significant. Student t-test was used for comparison
between two groups after evaluation for normality. Two-way repeated measurements ANOVA
was used to compare tumor growth for multiple groups of mice. All experiments were conducted
with 5-7 mice per group receiving identical treatments. All experiments were repeated at least

twice.
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3.3 RESULTS

3.3.1 CD40L protein

It has been reported that CD40L protein might exhibit antitumor properties in a murine tumor
model (143). To test its activity in the murine model with MC38 colon adenocarcinoma, tumor
cells (5x10°/100u1) were injected s.c. into C57BL/6 mice and animals were treated with soluble
CDA40L trimeric protein starting at Day 7 (100ng/day x 10). Treatment with FLT3 ligand (100
ng/day x 10) has been used as a positive control. Analysis of tumor growth demonstrated that

sCD40L-based therapy did not result in a significant inhibition of tumor growth (Figure 3.1).
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Figure 3. 1 Systemic administration of soluble CD40L protein has no
significant effect on tumor growth in MC38 tumor model. MC38
tumor cells were inoculated s.c. into C57BL/6 mice at Day O.
Animals were injected with sCD40L protein at Day 7 for 10 days.
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FLT3 ligand was used as a positive control. (N=5 mice/group). This
experiment was repeated twice with similar results. Average of all
experiments represents mean + SE.

This experiment was repeated twice with similar results. Thus, these data suggest that
soluble CD40L protein has no significant antitumor activity in the murine MC38 colon
adenocarcinoma model. These results also justify the development of alternative genetic
immunization approaches for tumor treatment.

3.3.2 Preparation of Ad-CD40L

It has been repeatedly demonstrated that DC can be efficiently transduced using an adenoviral
vector-based technique. For the purpose of these studies, we have created and characterized
several adenoviral vectors. Ad-CD40L was constructed, propagated, and titered according to the
standard protocol previously described in the Materials and Methods section. Briefly, murine
CD40L cDNA was amplified by PCR, digested by Sall and Notl and CD40L cDNA was
subcloned into Sall-Notl site of the adenovirus shuttle plasmid (pAdlox). Next pAdlox/mCD40L
plasmid was digested with Sfil and co-transfected with Ad-y5- derived, E1- and E3-deleted

adenoviral backbone, into 293 cells by calcium phosphate precipitation (Figure3.2 A).

Recombinant adenoviruses were isolated from a single plaque, expanded in CRES cells, and
purified by double cesium chloride gradient ultra-centrifugation (Figure 3.2 B). Purified virus

was extensively dialyzed against 10 mM Tris/1 mM MgCl, sterile viral buffer at 4°C, and stored

in aliquots at —80°C.
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Figure 3.2 Preparation of Ad-CD40L vector. A. Ad-CD40L construct. B.
Schematic representation of a construction of recombinant Ad-
CD40L. Briefly, the murine CD40L ¢cDNA was amplified by PCR
and subcloned into Sall-Notl site of the adenovirus shuttle plasmid
(pAdlox). pAdlox/mCD40L was linearized with Sfil and co-
transfected with the Ad-y5-derived, AE1, AE3 deleted adenoviral
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backbone, into 293 cells by calcium phosphate precipitation. The
recombinant Ad-CD40L vector was isolated from a single plaque,
expended in CRES cells, and purified over double cesium chloride
gradient ultracentrifugation. The purified virus was extensively
dialyzed against 10 mM Tris/I mM MgCI2 sterile viral buffer at
4°C, stored in aliquots at —80°C.

3.3.3 Examination of efficacy of Ad-CD40L transduction

To evaluate the efficacy of transduction and expression of CD40L, MC38 tumor cells were
transduced with CD40L-encoding adenoviral vector (Ad-CD40L). As a negative control, tumor
cells were either treated with saline or transduced with Ad-LacZ. Control and Ad-CD40L-
transduced MC38 tumor cells were stained with anti-mCD40L antibody. Figure 3.3
demonstrates that control MC38 tumor cells infected with Ad-y5 have no detectable surface
expression of CD40L. However, cells infected with Ad-CD40L at an MOI of 100 expressed a
high level of CD40L with more than 65% of cells positive for surface CD40L. This experiment
was repeated five times with the similar results: 55-80 % of transduced cells were positive for
CDA40L expression. Thus, these data suggest that transduction of murine cells with the created
adenovirus encoding CD40L is a highly effective way to infect cells resulting in a high level of

protein expression.
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Figure 3.3 Evaluation of Ad-CD40L transduction efficiency. MC38 tumor
cells were transduced with Ad-CD40L. As a negative control, tumor
cells were transduced with Ad-LacZ. 24 h later cells were collected
and stained with antibody against mCD40L. Expression of mCD40L
was detected by FACS analysis. The experiment was repeated 4
times with similar results. Representative data are shown.

3.3.4 Intratumoral injection of Ad-CD40L inhibits tumor growth in vivo

To determine whether intratumoral delivery of CD40L gene was able to confer an antitumor
effect in vivo, a murine MC38 adenocarcinoma tumor model was utilized. C57BL/6 mice were
inoculated subcutaneously with wild type MC38 tumor cells. On Day 7, when the tumor size was
25 - 30 mm?, 1 x 10’ pfu of either Ad-CD40L or the control virus Ad-y5 were injected directly
into the tumor. As shown in Figure 3.4 A, non-treated and Ad-y5 treated mice had similar rates
of tumor growth with average tumor sizes of 214 + 29 mm” and 228 + 25 mm?, respectively, Day
27. In contrast, a single intratumoral injection of Ad-CD40L significantly inhibited tumor growth
(83 + 13 mm’, p<0.001). These data demonstrate that a single intratumoral administration of

adenovirus encoding mCD40L results in a marked suppression of tumor growth.
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Figure 3.4 Intratumoral administration of Ad-CD40L induces a strong
antitumor effect. A. Single injection of saline, Ad-y5 or Ad-
CD40L (10° pfu/mouse) into the tumor site 7 days after MC38
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tumor cells inoculation. Tumor size was measured twice a week. B.
TS/A tumor-bearing mice were injected with either saline or 10° pfu
of Ad-LacZ or Ad-CD40L on Day 7. Tumors were measured twice a
week. (N=5 mice/group). Experiment was repeated twice with
similar results. Data represent mean + SE.

To evaluate whether the therapeutic effect of direct, intratumoral injection of Ad-CD40L
was tumor specific, a Balb/c syngeneic breast tumor cell line TS/A was used in the next set of
experiments. The TS/A cells were inoculated on Day 0 and palpable tumors were injected with
Ad-CD40L on Day 7. As shown in Figure 3.4 B, growth of TS/A tumor was significantly
inhibited by the treatment with Ad-CD40L (78 + 9 mm?®) compared to either the untreated
control group (201 + 13 mm?) or to the group treated with control Ad-LacZ (152 £ 17 mm?)
(p<0.001). These results demonstrate that the antitumor effect induced by Ad-CD40L is not
MC38 tumor or C57BL/6 strain specific. However, the antitumor effect of Ad-CD40L treatment
was less effective in the TS/A model than in the MC38 model.

3.3.5 Transduction of DC with Ad-CD40L in vitro

We have demonstrated in Chapter 1 that tumor cells secrete soluble factors that are able to
reduce expression of CD40 on DC and consequently, block DC maturation. Moreover, our
results suggest that DC obtained from tumor bearing mice express lower levels of co-stimulatory
molecules resulting in reduced ability to stimulate T cell activities. Since it has been recently
shown that CD40 ligation on DC results in increased expression of CD40 and enhanced DC
function, it is possible that overexpression of CD40L on DC may be beneficial for function of
CD40-deficient tumor-derived DC by an autocrine/paracrine up-regulation of their maturation in
the tumor microenvironment. To test the efficacy of DC transduction, murine bone marrow-
derived DC were transduced with Ad-CD40L on Day 5 and analyzed by flow cytometry on Day

7 (Figure 3.5).
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Figure 3.5 Evaluation of efficacy of DC transduced with Ad-CD40L. DC
precursors were generated from tumor-free animals and transduced
with Ad-CD40L or Ad-y5 on Day 5. Transduction of murine DC
with adenoviral vector encoding mCD40L was measured by
FACScan analysis. Ad-eGFPwas used as a positive control. The
results of representative experiment are shown. Similar data was
observed in a set of 5 independent experiments.

Transduction of bone marrow-derived DC with Ad-CD40L resulted in expression of CD40L in
greater than 80% of DC. Similarly, greater than 95% of the DC were eGFP positive following
infection with Ad-eGFP (Figure 3.5). These data demonstrated that DC can be efficiently

transduced with Ad-CD40L.
2.3.6 Transduction of DC with Ad-CD40L increases their antitumor activity in vivo

Our in vitro results suggested that overexpression of CD40L on DC may be beneficial for the
induction of antitumor immunity since it should induce DC maturation and function (see Chapter
3). To examine the antitumor efficacy of CD40L overexpressing DC, bone marrow-derived DC
were infected with Ad-CD40L and injected directly into Day 7 MC38 tumors. As controls,
tumors were treated with either DC transduced with Ad-LacZ vector or with untreated non-
transduced DC. As expected, mice in both control groups developed rapidly growing tumors

(untreated DC: 401 + 21 mm?; Ad-LacZ: 302 + 18 mm®). In contrast, mice immunized with DC
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transduced with Ad-CD40L, showed a significant inhibition (162 £ 17 mm?) of tumor growth
(p<0.001) (Figure 3.6 A). These data demonstrate that a single intratumoral administration of

DC/CD40L induces a strong antitumor response in vivo.

To evaluate the antitumor effect of DC/CD40L in a different tumor model and another
mouse strain, Balb/c mice were inoculated with TS/A breast carcinoma cells and DC/CD40L
were administered intratumoraly. Since we have previously demonstrated that Ad-IL-12 infected
DC display a strong antitumor activity in a local therapy model (123, 147) treatment of TS/A
tumor with Ad-IL-12-infected DC served as an additional positive control. As shown in Figure
3.6 B, animals in both control groups, and mice treated with control DC or DC infected with Ad-
LacZ developed rapidly growing tumors (398 + 23 mm®and 312 + 28 mn’, respectively) by Day
32. Animals in the DC/IL-12 group showed a significant suppression (103 + 15 mm®) of tumor
growth (p<0.001). However, mice treated with DC/CD40L displayed a complete tumor rejection
with 83% of mice being tumor-free on Day 23. These experiments were repeated twice with
similar results. Our data clearly demonstrate that DC genetically modified by Ad-CD40L
infection induce a significant antitumor effect in the TS/A tumor model following intratumoral
injection. Moreover, the results suggest that DC/CD40L treatment is more effective than DC/IL-
12 in conferring a sustained antitumor response.

To determine whether tumor rejection induced by DC/CD40L is accompanied by the
induction of a specific immune memory, DC/CD40L-treated tumor-free mice were re-challenged
with either TS/A tumor cells or a non-related Balb/c syngeneic control 4-T.1 breast
adenocarcinoma cells on Day 35. Additional controls included administration of both tumor cell
lines into naive syngeneic mice. No tumor growth was observed following TS/A tumor re-

challenge in mice previously treated with DC/CD40L (Figure 3.6 C). All other groups of mice
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developed tumors at the expected growth rate. These results demonstrate that Balb/c mice treated
with intratumoral DC/CD40L developed a specific, long-term systemic antitumor immune

response and immune memory.
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Figure 3.6 Antitumor effect of DC transduced with Ad-CD40L in two
tumor models. A. DC were transduced with Ad-CD40L (100
M.O.1) and injected into 7 day-old MC38 tumor. As controls, DC
treated with saline or transduced with Ad-y5 were used. Tumor
growth was measured twice a week and plotted as a function of
time. B. DC were transduced with Ad-CD40L and injected into the
tumor site of TS/A tumor on Day 7. Control groups were treated
with non-modified DC or DC transduced with Ad-LacZ. DC/IL-12-
treated group was used as a positive control. C. Generation of
immune memory by DC/CD40L therapy. Tumor-free mice, rejected
TS/A tumors after DC/CD40L treatment, were re-challenged with
either TS/A or 4-T.1 cells. Tumor growth was measured twice a
week. (N=5 mice/group). Representative results of 3 independent
experiments are shown as mean + SE.

3.3.7 CD40L rescues DC from tumor-induced suppression of antitumor activity

To evaluate the antitumor effect of DC generated from tumor-bearing mice and overexpressing
CD40L, DC were transduced with Ad-CD40L on Day 5. As controls, non-transduced DC and
DC infected with Ad-LacZ were used. On Day 7 DC were inoculated into the tumor site of
TS/A-bearing mice. Figure 3.7 demonstrates that DC generated from tumor-bearing animals had

a strong suppression of antitumor effect in both control groups compare to DC generated from
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tumor-free animals. For example, saline control group display size of 434.5 + 14.4 mm’ tumors.
DC generated from tumor-free mice induced a stronger antitumor effect compare to DC
generated from TS/A-bearers (326.6 + 5.6 mm” in Cont/Cont groups vs 404.4 + 11.1 mm® in
Cont/Tu group). Similarly, DC from LacZ/Cont group (302.4 + 8.75 mm®) had smaller tumor
size compare to DC from LacZ/Tu group (357.0 £ 117 mm?).

In addition, Figure 3.7 shows that DC in CD40L/control group induced a strong
antitumor response (6.4 = 1.5 mm?, p<0.001). However, DC generated from tumor-bearing mice
and infected with Ad-CD40L also dramatically suppressed tumor growth (168.6 + 8.1 mm?,
p<0.05) compared to control groups. This elicited antitumor effect was not as strong as in DC
generated from control mice and transduced with Ad-CD40L but it was significant (p<0.05).
These data demonstrate that CD40L rescues DC from tumor-mediated suppression of DC

activities.
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Figure 3.7 Transduction with CD40L rescues DC from tumor-induced
suppression. DC precursors generated from control and tumor-
bearing mice, were transduced with Ad-CD40L on Day 5 and
injected into the tumor site of TS/A-bearing mice. DC/LacZ and
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uninfected DC were used as negative controls. Tumor size was
measured twice a week. (N=5 animals/group). Experiment was
repeated twice with similar results. Average data represent mean +
SE.

3.4 CONCLUSIONS

In this set of experiments we have demonstrated that overexpression of CD40L at the tumor site
by injecting adenovirus or transduced DC generated strong antitumor immunity. Interestingly,
direct injection of recombinant mCD40L protein did not induce a significant antitumor effect. In
contrast, a single injection of Ad-CD40L directly to the tumors produced strong antitumor
immunity in MC38 and TS/A tumor models. Similarly, introduction of DC genetically modified
to overexpress CD40L at the tumor site induced a significant antitumor effect. Furthermore,
CDA40L transduced DC caused a complete rejection of TS/A tumors with generation of specific
immune memory. In addition, CD40L was able to restore antitumor activity in DC generated
from tumor-bearing mice. Taken together, our results demonstrate that CD40L overexpression
on DC induces a significant antitumor immunity in mice and genetically modified DC expressing
high levels of CD40L could be considered as a novel gene immunotherapy to treat cancer.
However, the means of action of CD40L on DC is not clear. Therefore, next, we determined the
primary mechanisms responsible for the generation of antitumor immunity in mice by

DC/CD40L-based immunotherapy (next Chapter).
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Summary of conclusions:
Systemic administration of CD40L protein does not inhibit MC38 tumor growth
Administration of Ad-CD40L at the tumor site induces significant inhibition of
MC38 and TS/A tumor growth
Intratumoral administration of DC transduced with Ad-CD40L elicits a strong
antitumor effect in MC38 tumor model
Intratumoral injection of DC modified to overexpress CD40L induces significant
antitumor immunity with the generation of specific long-lasting immune memory
CDA40L up-regulates the antitumor activity of DC generated from tumor-bearing

mice
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4.0 MECHANISM OF ANTITUMOR ACTIVITY OF LOCAL DELIVERY OF CD40L
INVIVO

4.1 INTRODUCTION

CD154 (CDA40 ligand, CD40L), an important co-stimulatory molecule primarily expressed on
activated CD4+ helper T cells (142), is a 33-36 kD type II integral membrane glycoprotein from
the TNF superfamily. The receptor for CD154 is CD40, which is expressed on a variety of cell
types. In hematopoietic cells, CD40 is present on CD34+ hematopoietic progenitors, B cell
progenitors, mature B lymphocytes, plasma cells, monocytes, DC, eosinophils, basophils, and
subpopulations of T lymphocytes. CD40 is also expressed on non-hematopoietic cells including
endothelial cells, fibroblasts, and epithelial cells (142). The interaction between CD40 and
CDA4O0L is critical for the generation of cell-mediated immune responses (76, 80, 128), including
antitumor immunity. For example, mice vaccinated with a CD40L expressing plasmid did not
develop metastatic tumors following challenge with a lethal dose of tumor cells (144). In
addition, it was observed that treatment with anti-CD40L monoclonal antibody inhibited the
generation of protective immune responses after the administration of three potent tumor
vaccines: irradiated MCA 105 tumor cells, MCA 105 tumor cells admixed with

Corynebacterium parvum adjuvant, and irradiated B16 melanoma cells transduced with the gene
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encoding GM-CSF (88). Further confirmation of the role of CD40/CD40L interactions in tumor
immunity was provided by the overt tumor susceptibility of mice deficient for the CD40 receptor

(88).

Professional APC, in particular DC, play a central role in the induction of T cell and T-
dependent immune responses. Ligation of CD40 expressed by DC provides the signals required
by the APC for initiation of adaptive immune responses. In particular, CD40 provides an
important signal for the maturation and function of DC both in vitro and in vivo. Furthermore,
CD40 ligation has been also shown to inhibit both spontaneous (148) and tumor-induced
apoptosis of DC (113), and protects B cells from apoptotic death by up-regulating the apoptosis
inhibitory protein Bel-xi, (149). CD4+ T cells stimulate DC through a CD40-CD40L interaction
resulting in DC that can effectively stimulate CD8+ T cell responses. Gene transfer of CD40L to

DC appears to stimulate a CD8+ response in the absence of CD4+ T cells (150).

After capture of tumor antigen(s) DC undergo maturation and migrate to regional lymph
nodes where the presentation of antigenic peptides to T lymphocytes takes place. Thus their
correct functioning as APC involves localization in tissues and trafficking via the lymph to
lymphoid organs. It is believed that migration of DC to the draining lymph nodes is an important
component of initiation of the adaptive immune response. However, nothing is known about the
mechanisms responsible for homing and trafficking of DC after CD40 ligation. We have
demonstrated in Chapter 2 that CD40L-transduced DC display a strong antitumor potential when
injected into the tumor tissue. However, it is unclear whether administration of CD40L-
transduced DC into tumor-bearing host alters DC homing within the tumor tissue or DC

trafficking to the regional lymph nodes. The regulation of CTL activity and survival by DC
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within the tumor tissues, as well as presentation of tumor antigens to T cells by DC within the

lymph nodes are required for the immune response.

In Chapter 2 we demonstrated that CD40L-based immunotherapy induces strong
antitumor immunity when administered into the tumor site. Here, we hypothesized that CD40L,
in addition to stimulating DC to overexpress co-stimulatory molecules and produce high levels
of IL-12, would increase DC survival and trafficking in/out of tumor tissue, and augment the
ability of DC to present tumor antigen to T cells and induce CTL activity. In addition, we
proposed that CD40L will be able to rescue DC from tumor-induced DC dysfunction. The
rationale for the proposed study was based on data showing that CD40 ligation plays an

important role in DC generation, activation and function.

The main goal of these set of experiments was to investigate the primary mechanisms
responsible for the strong antitumor immunity of DC overexpressing CD40L. We performed a
series of experiments to verify the important role of CD40L on DC maturation, activities,
survival, autostimulation and trafficking. We have demonstrated that transduction of DC with
CDA40L increases expression of CD40, CD80, CD86 and class I molecules and production of IL-
12. Furthermore, transduction of DC generated from tumor bearers rescues DC from tumor-
mediated suppression of expression of co-stimulatory molecules. Additionally, increased
production of IL-12 by CD40L-transduced DC was not inhibited by tumor cells, suggesting
additional pathways of the antitumor activity of DC/CD40L. Moreover, we have demonstrated
that CD40L increases DC survival in growth-factor depleted cultures, induces CTL activity,
antigen presentation to T cells, and trafficking from tumor tissue to the lymphoid organs. Also,

we showed that DC/CD40L-based therapy increased accumulation of CD11c+ DC at the tumor
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site. Taken together, we have demonstrated that stimulation of major DC functions and activities

could explain the antitumor effect of CD40L-based immunotherapy.

4.2 MATERIALS AND METHODS

4.2.1 Animals

Female 6-8 week-old C57BL/6 (H-2") and Balb/c (H-2%) mice were purchased from Jackson
Laboratories (Bar Harbor, ME). Animals were housed in groups of five in a 12:12 hour
light:dark cycle with standard mice chow and water. All animals were acclimatized at least 2

weeks prior to experimentations. Animals were handled in accordance with IACUC protocols.

4.2.2 Tumor cell lines

MC38 colon and TS/A breast adenocarcinoma cells were maintained in RPMI 1640 medium
(GIBCO BRL-Life Technologies, Grand Island, NY) supplemented with 10% heat-inactivated
FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine (GIBCO BRL-Life
Technologies).

A single-cell suspension of tumor cells (0.2 ml) was injected s.c. into the right flank.
Injection of HBSS served as a negative control. C57BL/6 mice received s.c. injection of 5 X 10°
MC38 cells. Balb/c mice received s.c. injection of 2 X 10°> TS/A cells.

4.2.3 DC generation
DC were generated from hematopoietic progenitors isolated from mouse bone marrow using
control tumor-free or tumor-bearing mice. Femur and tibia marrow cells from C57BL/6 or Balb/c

mice were passed through a nylon cell strainer to remove pieces of bones and debris and depleted
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of erythrocytes by incubating with lysing buffer for 2 min. Then cell suspensions were incubated
with anti-mouse B220, CD4 and CD8 antibodies for 1 h at 4°C. This was followed by incubation
with rabbit complement for 30 min at 37°C to deplete B and T lymphocytes. The cells were then
plated in 6-well plates (0.2x10° cells/ml 4 ml/plate) in a complete medium (RPMI 1640, 10%
heat-inactivated FBS, 2mM L-glutamine, 10mM Hepes, 0.1 mM non-essential amino acids, 1
mM sodium pyruvate) overnight. Then the non-adherent cells were collected and re-suspended in
complete medium with addition of 1000U/ml mGM-CSF and mIL-4 (ENDOGEN, Woburn,
MA). On Days 3 and 5, an additional dose of cytokines was added to the cell cultures. At Day 7,
DC were collected and used for the intratumoral injections (10° DC/mouse) or other assays.

To examine morphological characteristics of DC, DC were collected and fixed on
microscope slides using a Cytospin centrifuge (Shandon Lipshaw, Pittsburgh, PA). After drying
for 5-10 min, cells were fixed and stained with a LeucoStat Stain Kit (Fisher Scientific,
Pittsburgh, PA), and morphology of cells was observed using a low power microscope.

4.2.4 DC survival

For DC survival studies, transduced DC were collected at Day 7 and re-plated (at concentration
10° cells/well) in complete DC medium without addition of IL-4 and GM-CSF. Live and dead
cells were counted every day for 3 weeks using Trypan blue exclusion method. Cells were
collected and re-suspended in 1 ml of medium. 30 pl of cell suspension and 30 pl of Trypan blue
solution were mixed well and a 10 pl aliquot was applied to each side of a hematocytometer.
Cells were counted under 10 X magnification. Percent Viable = (number of live cells / total cell

count) X 100. Data waere plotted as a percentage of viable DC over time.
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4.2.5 Direct effect of DC on tumor cells

DC were plated in 96-well plates at different concentrations in triplicate. Then TS/A cells were
added to each well at 5 X 10* cells/well concentration. Cells were pulsed with 1 uCi/well of *H-
thymidine and harvested using a Skatron (Skatron, Lier, Norway) cell harvester at either Day 7, 8
or 9. Proliferation of tumor cells was determined by measuring uptake of *H-thymidine on a
MicroBeta TRILUX liquid scintillation counter (WALLAC, Gaithersburg, MD). Tests were
performed in triplicate and results were expressed as the mean counts per minute (cpm) +

standard deviation (SD).

4.2.6 Flow cytometry

For phenotypic analysis of bone marrow-derived DC (Day 7), FITC- or PE-conjugated
monoclonal antibodies recognizing murine CD11¢, CD80, CD86, MHC class I and class II, and
CD40 molecules were used (Pharmingen, San Diego, CA). After incubation with antibodies for
30 min at 4°C, cells were washed with PBS and analyzed on a FACStar using Cellquest FACS
analysis software (Becton Dickinson, San Diego, CA).

4.2.7 IL-12 production

IL-12 production by DC was determined by p70 IL-12 ELISA. A standard curve was generated
using recombinant murine IL-12 (R & D Systems, Minneapolis, MN). To induce IL-12
expression, DC cultures were treated with inactivated Staphylococcus aureus (0.1% v/v of
essentially non-viable cell suspension), (Sigma, St Louis, MO) 20 ul/well per 1x10° DC cells for
24 hr.

4.2.8 MLR Assay

Functional activity of DC was determined in one-way allogeneic MLR using T lymphocytes.

Allogeneic T cells were obtained from spleen cell suspensions by passage through the nylon
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wool columns after the lysing of red blood cells. Cultured DC generated from control or tumor-
bearing mice were added to T cells (3 X 10’ cells/well) at different ratios (10%-10° cells per well)
in final volume of 200 pl per well. Cells were mixed in 96-well round-bottom plates and
incubated for 3 days. Cell cultures were pulsed with 1 pCi of *H-thymidine/well (DuPont-NEN,
Boston, MA) for 16-18 hr and harvested using a Skatron (Skatron, Lier, Norway) cell harvester.
Proliferation of T cells was determined by measuring uptake of *H-thymidine on a MicroBeta
TRILUX liquid scintillation counter (WALLAC, Gaithersburg, MD). Tests were performed in
triplicates and results were expressed as the mean counts per minute (cpm) + standard deviation

(SD).
4.2.9 Presentation of TAA by DC in vitro

Similarly, a syngeneic MLR assay was used to determine functional activities of DC pulsed with
tumor antigens. For these studies, TS/A cells were frozen and thawed 3 times to obtain tumor
antigens as tumor cells lysates. Then DC were incubated with tumor lysates for 24 hr at different
ratios (1:1, 1:10, 1:100 DC : Tumor cells number, before they were destroyed) and washed. To
separate live and dead cells, cell suspensions were loaded onto NycoPrep solution (1:1 mixed
1.068 and 1.077 g/ml, Nycomed Pharma AS, Oslo, Norway) and centrifuged for 20 min at 400 x
g. The cells from the interface exhibited a viability of > 98% (trypan blue-negative or ‘live’ DC),
and the cells from the bottom exhibited a viability of <2 % (trypan blue-positive or ‘dead’ DC).
Next, syngeneic T cells were isolated from spleen of Balb/c mice and co-incubated with pulsed
DC for 3 days. Proliferation of T cells was measured as described in the MLR assay. Non-pulsed

DC were used as a control.
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4.2.10 Cytotoxic T lymphocyte assay.

To evaluate the levels of CTL activity, splenocytes were pooled from control mice, mice treated
with control DC, or DC transduced with Ad-LacZ or Ad-CD40L, 7 days post intratumoral
injection of DC. The spleen cells were re-stimulated in vitro with irradiated (6000 rad) TS/A
cells at a responder to stimulator ratio of 10:1 in culture medium supplemented with 10 TU/ml
IL-2. Cytolytic activity was assayed after 6 days of incubation. Target cells (TS/A and irrelevant
control YAC-1 cells) were labeled with 100 pCi/1x10° cells of Na,”' CrO4 (Amersham, Arlington
Heights, IL) for 1 h and plated in round-bottom 96-well plates at 1x10* cells/well after washing.
Effector cells were added at various Effector : Target ratios in triplicate. The total reaction
volume was kept constant at 200 pl/well. After cells were incubated for 4 h at 37 °C/ 5% CO,,
the >'Cr release was measured in a gamma-counter. The amount of *'Cr spontaneously released
was obtained by incubating target cells in medium alone. The maximum amount of >'Cr
incorporated was determined by adding 10% SDS. The percentage lysis was calculated as
follows: % lysis = {(experimental release — spontaneous release)/(maximum release —
spontaneous release)} x 100.

4.2.11 Immunohistochemistry

Tumor tissue sections were embedded in OCT compound (Miles, Elkhart, IN), snap-frozen on
dry ice, and stored at -80°C. Six um cryostat sections wee air-dried and fixed in ice-cold acetone.
Then slides were washed in PBS and incubated with CD11c antibodies (N418; Serotec) at 1:800
dilution for 1 hr at room temperature. Biotinylated mouse anti-rat IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA) at 1:500 dilution was used as a secondary
antibody for 45 min at room temperature. After developing with peroxidase chromogen kit (3-

amino-9-ethylcarbazol, Biomega, Foster City, CA) for 8 min, counterstaining was performed
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with hematoxylin. Two investigators analyzed the slides independently to determine the number
of positive cells per area. At least 10 different areas were analyzed. Negative controls included
staining with irrelevant isotype antibodies. DC infiltration per high power field was graded 0
through 5 as follows: 0, absence of DC; 1, a small quantity of DC (2-5% stained cells); 2, a
medium infiltration (5-20%); 3, medium to high amount of DC (20-50%); 4, a high number of

DC present (widely distributed cells throughout the whole slide).

4.2.12 DC trafficking studies

DC were generated, cultured and transduced with Ad-EGFP, Ad-LacZ or Ad-CD40L on Day 5.
Non-transduced DC were used as a negative control. On Day 7 DC were collected, stained with
Cy3 (Dil cell-labeling solution, Molecular Probes, Eugene, OR; 5 pl/1 X 10° DC/I ml) for 30
min at 37°C, washed 3 times in warm medium and injected (10° cells/mouse) into the tumor site
of TS/A-bearing mice. Two hr, 24 hr or 48 hr later, tumor, spleen and lymph nodes were
removed from one mouse in each group, placed on ice and analyzed by 2-photon microscopy
methods. Fresh tissues were imaged for the presence of Cy3-positive cells using a multiphoton
laser scanning confocal microscope system comprising a titanium-sapphire ultrafast tunable laser
system (Coherent Mira Model 900-F), Olympus Fluoview confocal scanning electronics, an
Olympus IX70 inverted system microscope, and custom built input-power attenuation and
external photomultiplier detection systems. Single-plane image acquisition utilized two-photon
excitation at 850nm with Olympus water-immersion objectives (20X UApo 0.7NA, 60X
UplanApo, 1.2NA). Emission filters comprised a HQ535/50m filter (green emission), a 565dclp

dichroic mirror and a HQ610/75m filter (red emission).
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4.2.13 Data Analysis

Statistical analysis of experimental data was performed with a Sigma Stat software package
STSS. For all analysis, the level of significance was set at a probability of 0.05 with results that
had a p value less then the 0.05 considered significant. Student t-test was used for comparison
between two groups after evaluation for normality. Two-way repeated measurements ANOVA
was used to compare tumor growth for multiple groups of mice. All experiments were conducted
with 5-7 mice per group receiving identical treatments. All experiments were repeated at least

twice.

4.3 RESULTS

4.3.1 Transduction of DC with CD40L induces significant IL-12 production

The interaction between CD40/CD40L is an essential trigger for IL-12 production by DC,
important for induction of Thl responses in vivo ((80) and regulation of Th1/Th2 balance (83,
84). To evaluate whether CD40L-modified DC induce IL-12 production, DC from C57BL/6
mice were treated with saline or infected with Ad-LacZ or Ad-CD40L. DC infected with Ad-IL-
12 were used as a positive control. Twenty four hours post-transduction, both control and
transduced DC cultures were treated with heat-inactivated Staphylococcus aureus (S. aureus), a
potent inductor of IL-12 expression in cultured DC (151). The results revealed only a slight
difference in S.aureus-induced IL-12 production between control DC and DC transduced with
Ad-LacZ. However, DC infected with Ad-CD40L produced a significantly higher level of IL-12

(5500 + 578 pg/ml/10° cells/24 hr) (p<0.01) that was similar to the level of IL-12 production by
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Ad-IL-12-infected DC (5400 + 649 pg/ml ml/10° cells/24 hr) (Figure 4.1). The level of IL-12
production from the Ad-CD40L and Ad-IL-12 infected DC could be further simulated with
treatment by the S.aureus. Similar results were observed in DC generated from Balb/c mice (data

not shown). Thus, CD40L-transduction induces production of high levels of IL-12 by DC.
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Figure 4. 1 CD40L transduction stimulates IL-12 production. DC were
generated from C57BL/6 mice and transduced with Ad-CD40L or Ad-
LacZ vectors. Ad-IL-12 was used as a positive control. Half of DC from
each group were stimulated with S. aureus on Day 6. 24 hr later, cell-free
supernatants were collected and the concentration of IL-12 was measured
by p70 IL-12 ELISA. The mean + SD of 3 independent experiments are
shown. Groups: DC, control untreated DC; DC (s), control DC stimulated
with S. aureus; LacZ, DC transduced with Ad-LacZ, LacZ (s), DC/LacZ
stimulated with S. aureus; IL-12, DC transduced with Ad-IL-12; IL-12
(s), DC/IL-12 stimulated with S. aureus; CD40L, DC transduced with
Ad-CD40L, CD40L (s), DC/CD40L stimulated with S. aureus. (*)
p<0.001.
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4.3.2 CD40L transduction protects DC from tumor-induced suppression of IL-12

production

To investigate whether CD40L could protect DC from tumor-induced dysfunction, we co-
incubated DC (1 X 10° cells/well) with TS/A tumor cells (2 X 10° cells/well) for 24 or 48 hr.
TS/A cells were added in the 6-well-plate inserts, to prevent a direct interaction between DC and

tumor cells.
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Figure 4. 2 CD40L transduction rescues DC from tumor-suppressed I1L-12
secretion. Transduced DC were co-incubated with TS/A tumor cells
for 48 hr, added in inserts with 0.4 um pore size. Cell-free
supernatants were collected and IL-12 production was measured by
p70 IL-12 ELISA. Results of a representative of 3 independent
experiments are demonstrated as mean + SD. Groups: Cont, non-
transduced DC; LacZ, DC transduced with Ad-LacZ; CD40L, DC
transduced with Ad-CD40L; Cont+TS/A, non-transduced DC
incubated with TS/A cells; LacZ+TS/A, DC/LacZ incubated with
TS/A cells; CD40L+TS/A, DC/CD40L incubated with TS/A cells.
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Cell-free supernatants were collected and IL-12 production was measured by ELISA. Our
data demonstrated that tumor cells did not have a significant influence on DC modified with
CDA40L (Figure 4.2). Therefore, our result suggested that CD40L protects DC from tumor-

mediated suppression of IL-12 secretion by DC.
4.3.3 CD40L-transduced DC express high levels of co-stimulatory molecules

To examine the effect of CD40L gene transfer to DC, the morphology and phenotype of the
transduced cells were analyzed. DC derived from control bone marrow cultures exhibited the
veiled dendrite morphology typical for DC and displayed a characteristic set of DC surface
markers (Table 2). The genetically modified control DC expressed similar levels of MHC class
I and IT molecules, co-stimulatory molecules CD80, CD86, ICAM-1 adhesion molecules, and
integrin CD11c. Infection of DC with Ad-CD40L at a 100 MOI resulted in a marked increase in
the levels of expression of CD80, CD86, CD40 and MHC class I molecules. For example,
45.6% of CDA40L-transfected DC expressed CD86 molecules in comparison with 24.6% and
26.9% in non-transduced and Ad-y5 cells, respectively (p<0.05). Similar results were observed
for CD80 and CD40 expression. Interestingly, expression of MHC class I molecules on DC was
also increased upon CD40L transduction confirming that overexpression of CD40L on DC
stimulates their maturation by an autocrine and/or paracrine manner. For instance, control and
Ad-y5-treated DC expressed 25.8% and 34.0% I™°, respectively. In contrast, DC/CD40L up-
regulated I*° levels to 48.7% (p<0.05). These data suggested that CD40L transduction increases
the levels of co-stimulatory molecules expressed on DC which might be directly related to up-

regulation of DC ability to activate T cells.
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Table 2 Transduction of DC with Ad-CD40L stimulates expression of

CD40, CD80, CD86 and class I molecules.

CDl11c CD80 CD86 1*° CD40
Control 75.7% 32.5% 24.6% 25.8% 21.8%
Ad-yb 73.9% 40.2% 26.9% 34.0% 28.4%
CD40L 75.4% 56.7%* 55.6%** 48.7%* 49.2%**

DC were generated from C57BL/6 mice and transduced with CD40L on
Day 5. Uninfected DC or DC transduced with Ad- y5 were used as controls.
Expression of co-stimulatory molecules was measured by FACScan
analysis on Day 7. Average of 4 independent experiments is shown.
(*p<0.05, **p<0.01)

Next, we tested whether CD40L is able to restore suppressed expression of CD40, CD80
and CD86 on DC generated from tumor-bearing mice. Generated DC were cultured in complete
medium and transduced with CD40L on Day 5. Untreated and LacZ-transduced DC were used as
controls. Cells from tumor-free mice served as an additional control. Interestingly, DC generated
from tumor-bearing mice also displayed increased levels of co-stimulatory molecules after
transduction with Ad-CD40L compared to controls. Figure 4.3 demonstrates that similar to DC
generated from C57BL/6 mice, the phenotype of DC generated from Balb/c animals was
significantly influenced by CD40L. For instance, the level of CD86 was incresed from 31% in
untreated control and 48% in LacZ-transduced groups to 70% in the DC/CD40L group (p<0.01).
Similar effects were observed for the levels of CDS8O, 1™ and CD40. Levels of CD40 were
increased almost two fold: control groups expressed 33% of CD40, LacZ — 48% and CD40L
amplified levels up to 74% (p<0.05). An analogous pattern was observed in DC cultures

generated from TS/A-bearing mice. Even though general levels of co-stimulatory molecules
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were low in both control groups on DC generated from tumor bearers compared to DC generated
from tumor-free animals, CD40L was able to elevate them to the values similar to control

DC/CD40L group.

Figure 4.3 shows that in tumor-bearers CD40L increased CD86 from 20% in Cont/Tu
and 28% in LacZ/Tu groups to 61% (p<0.01). Levels of CD40 were raised from 22% in Cont/Tu
and 26% in LacZ/Tu groups to 68% in CD40L/Tu group by transduction with Ad-CD40L. These
results suggest that CD40L transduction stimulates maturation of DC and is one of the

mechanisms involved in antitumor immunity induced by DC modified to express CD40L in vivo.
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Figure 4. 3 Transduction with Ad-CD40L up-regulates expression of co-stimulatory molecules on DC and
rescues DC from tumor-mediated down-regulation of CD80, CD86 and CD40 expression. DC were
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generated from control and TS/A-bearing mice. Cells were
transduced and stained with antibodies for different co-stimulatory
molecules, expression of which was measured by FACScan
analysis. Data from representative of 3 independent experiments is
shown. Groups: Cont/Cont, non-transduced DC from tumor-free
animals; LacZ/Cont, DC transduced with Ad-LacZ from tumor-free
animals; CD40L/Cont, DC transduced with Ad-CD40L from tumor-
free animals; Cont/Tumor, non-transduced DC from tumor-bearing
mice; LacZ/Tumor, DC transduced with Ad-LacZ from tumor-
bearing mice; CD40L/Tumor, DC transduced with Ad-CD40L from
tumor-bearing mice.

4.3.4 CD40L induces clustering of transduced DC

Based on our previously described data, we hypothesized that overexpression of CD40L on
transduced DC caused activation of DC by an autocrine/paracrine manner. To test this
hypothesis, we transduced bone marrow-derived DC with Ad-CD40L vector and evaluated
cluster formation in control and treated cultures. Non-treated DC and DC transduced with Ad-y5
vector served as negative controls. As shown in Figure 4.4, CD40L-expressing DC formed
multiple spontaneous clusters, the numbers of which were significantly higher than in control
groups. In contrast, DC from control groups did not organize themselves in such structures.
Therefore, it is likely that CD40L-transduced DC activate each other in the tight clusters by
multiple CD40 ligations resulting in accelerated maturation of cells as evidenced by increased
expression of co-stimulatory molecules CD80 (B7-1), CD86 (B7-2), MHC molecules, and
increased production of IL-12. Furthermore, these results demonstrate that transduction of DC
with Ad-CD40L induces clustering of these cells and support our hypothesis that CD40L-

transfected DC might be activated in an autocrine or paracrine manner.
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Figure 4. 4 Cluster formation by CD40L-transduced DC. Bone marrow-
derived DC transduced with Ad-CD40L displayed an intensive
spontaneous cluster formation in cultures (C). Control non-
transduced DC (A) and transduced DC (B) were not organized in
cluster structures. The results from a representative experiment are
shown. Similar data were obtained in five separate experiments.

4.3.5 DC/CD40L do not have a direct antitumor effect in vitro

To rule out the possibility that DC/CD40L might have a direct inhibitory effect on tumor cells,
TS/A tumor cells (5x10° cells/well) were incubated in the presence of either unmodified DC or
DC transduced with Ad-CD40L at different ratios (1:10 and 1:50 Effector : Target ratio) (Figure
4.5). The proliferation rate of tumor cells was analyzed using *H-thymidine incorporation. The
results of these experiments showed no significant effect of all tested DC groups on tumor cell
growth in vitro (p>0.3). Thus the significant antitumor effects observed following DC/CD40L

treatment in vivo appear not to be mediated through a direct effect of DC on tumor cells.
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Figure 4. 5 DC transduced with Ad-CD40L do not have a direct effect on
TS/A tumor growth in vitro. DC were transduced with Ad-CD40L
on Day 5. Untreated DC were used as a control. On Day 7 cells were
collected and co-incubated with TS/A cells at different
concentrations. The proliferation of the tumor cells was analyzed
using “H-thymidine incorporation 0, 24 and 48 hr after incubation.
TS/A cells proliferation was plotted as a function of time (days).
Means from 3 experiments = SD are shown.

4.3.6 CD40L increases survival of DC in growth factor-depleted cultures

To examine CD40L effect on DC survival, we generated DC cultures from control mice,
transduced DC on Day 5 with Ad-LacZ or Ad-CD40L, collected cells on Day 7, and re-plated
cells in complete medium without GM-CSF and IL-4. Cells were counted every day for 3 weeks.
Figure 4.6 demonstrates that DC/CD40L survived much longer in cytokine-free medium
compared to controls. For example, on Day 8 only 10% of DC were alive in Control and
DC/LacZ groups. In contrast, 65% of DC overexpressing CD40L were still viable (p<0.001).

These data suggest that CD40L increases survival of DC in growth factor-depleted medium.
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Figure 4. 6 Transduction with CD40L prolongs survival of DC in growth
factor-depleted cultures. DC transduced with CD40L or control
LacZ vectors were collected on Day 7 and re-plated in complete
medium without IL-4 and GM-CSF. Cells were collected (1
well/group) and counted every day using the Trypan blue exclusion
method. Y-axis: number of live DC in cultures. The means + SD
from two independent experiments are shown.

4.3.7 Transduction of DC with CD40L significantly augments their ability to present TAA

to T cells

To determine the effect of CD40L on DC function, the ability of DC to present tumor antigen to
T cells was evaluated in syngeneic models. Cultured DC were transduced with Ad-CD40L on
Day 5 and incubated with TS/A tumor lysate on Day 6 for 24 hr. DC were passed through Ficoll
gradients to get rid of dead cells. On Day 7, T cells were isolated from syngeneic mice and
incubated with pulsed DC at different Effector : Target ratios. DC overexpressing CD40L were
able to stimulate T cell proliferation significantly compared to control DC (Figure 4.7). In
addition, the DC/CD40L group pulsed with TS/A antigen stimulated T cells even more

extensively than non-pulsed DC/CD40L. For instance, at 1:5 ratio: Control, 3108 + 46.8 cpm;
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LacZ, 1128 + 20 cpm, CD40L — 13478 + 342 cpm; Cont + Ag, 2583 + 280 cpm; LacZ + Ag,
4976 + 418; and CD40L + Ag, 19623 + 13 cpm (p<0.001). These data demonstrate that pulsing
of DC transduced with CD40L with specific tumor antigen induces significant antigen

presentation to T cells.
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Figure 4. 7 CD40L-transduction significantly amplifies the ability of DC to
present tumor antigen to T cells. Syngeneic MLR. DC generated
from Balb/c mice and cultured for 5 days were transduced with Ad-
CD40L. Untreated and LacZ-transduced DC were used as controls.
On Day 6, DC were pulsed with TS/A tumor antigen. Twenty four
hours later DC were collected and co-incubated with T cells,
isolated from spleens of Balb/c mice at different Effector : Target
ratios in triplicate. T cell proliferation was measured by “H-
thymidine incorporation. The experiment was repeated 2 times with
similar results and means = SD from a representative experiment are
shown.
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4.3.8 Transduction of DC with CD40L induces DC ability to efficiently stimulate T cell

proliferation

To examine whether CD40L was able to rescue DC from tumor-induced suppression, the ability
of DC to stimulate T cell proliferation in an allogeneic MLR was measured. DC from control and
TS/A tumor-bearing mice were transduced with Ad-LacZ or Ad-CD40L and incubated with T
cells, isolated from allogeneic mice. Our data show that tumor inhibits the ability of DC to
stimulate T cell proliferation in non-transduced and LacZ groups (at 1:3 ratio: Cont/Cont,
75016.8 £ 7191.8 cpm vs Cont/Tu, 53317.5 + 3509.4 cpm; LacZ/Cont, 184268.8 + 14880.8

cpm vs LacZ/Tu, 142848.6 + 13336.2 cpm, p<0.01) (Figure 4.8).
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Figure 4. 8 Transduction with Ad-CD40L induces DC ability to stimulate
T cell proliferation. DC generated from control and TS/A-bearing
mice were transduced with Ad-CD40L or Ad-LacZ. Spleens from
C57BL/6 mice were collected and T cells were isolated. T cells and
DC were co-incubated at different ratios and pulsed with *H-
thymidine 3 days later. Incorporation of ‘H-thymidine was
calculated to measure T cell proliferation. Experiment was repeated
twice. Means + SD from a representative experiment are shown.
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However, both CD40L treated groups demonstrated similar levels of T cell stimulation
(CD40L/Cont: 239753.7 + 10961.1 cpm and CD40L/Tu: 228113.7 £ 9580.5 cpm, p<0.001).
Therefore, our data demonstrate that CD40L induces a significant stimulation of T cell

proliferation and rescues DC from tumor-mediated suppression of DC activities.

4.3.9 Treatment of tumor-bearing mice with Ad-CD40L elicits CTL response

It has been previously demonstrated that CD8+ T cells play a key role in tumor regression after
administration of an Ad-CD40L vector (152). To determine whether treatment with DC
transduced with CD40L stimulates a CTL response against tumor cells, tumor-bearing Balb/c
mice were intratumorally treated with control non-transduced DC or DC transduced with either
Ad-LacZ or Ad-CD40L. Splenocytes were harvested 6 days later and analyzed for specific CTL
activity against TS/A or irrelevant Yac-1 cells. The results shown on Figure 4.9 demonstrate that
there was no significant CTL activity against TS/A cells in animals treated with control or LacZ-
transduced DC. In contrast, Ad-CD40L transduction significantly enhanced specific cytolytic
activity. These CTL, however, did not exhibit cytotoxicity against Yac-1 cells. Taken together,
these results demonstrate that the vaccination of mice with DC transduced with Ad-CD40L can
induce a long-lasting immune response with activation of CTL directed against the

nonimmunogenic cell line TS/A.
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Figure 4. 9 Intratumoral DC/CD40L-based therapy induces cytotoxic T
lymphocyte (CTL) response. Balb/c mice were treated with
control, or LacZ- or CD40L-transduced DC, injected into the TS/A
tumor site. Splenocytes were harvested 6 days later and analyzed for
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4.3.10 Increased accumulation of intratumoral CD11c¢+ DC in TS/A tumors following the

specific CTL activity against TS/A cells in a standard °'Cr-release
assay. Irrelevant Yac-1 cells were used as a negative control. Mean

DC-based immunotherapy

The number and function of DC in cancer patients are likely to play an important role in the
regulation of tumor growth. Clinical studies have demonstrated that higher number of tumor-
infiltrating DC is associated with better prognosis. To evaluate tumor infiltration by DC, tumors
were collected 2 hr, 24 hr and 48 hr after DC injection from Control, DC/LacZ and DC/CD40L
groups. Then, tumor sections were stained with anti-CD11c (N418) antibody to measure DC

presence in the tumors. Table 3 and Figure 4.10 show that a high level of staining was already

+ SD from a representative of 2 experiments are shown.

present in DC/CD40L group 24 hr after immunotherapy (2.9 £ 0.74).

Table 3 Summary of immunohistochemical

based anticancer immunotherapy.

analysis of DC/CD40L-

Control DC DC/LacZ DC/CD40L Negative cont.
24 hr 0.60 £ 0.62 0.80£0.42 2.90+0.74 0.00
48 hr 1.7+ 0.95 2.3+0.67 3.80+0.42 0.00

Tumor tissue sections were embedded in OCT compound, snap-frozen on
dry ice, and 6 um cryostat sections fixed, washed and incubated with
CDll1c antibodies (N418; Serotec) at 1:800 dilution (I hr rm temp),
biotinylated mouse anti-rat IgG at 1:500 dilution (secondary antibodies, 45
min rm temp). After developing with peroxidase chromogen kit for 8 min,
counterstaining was performed with hematoxylin. Ten different areas were
analyzed. Negative control included staining with irrelevant isotype
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antibodies. DC infiltration per high power field was graded 0 through 5 as
follows: 0, absence of DC; 1, a small quantity of DC (2-5% stained cells); 2,
a medium infiltration (5-20%); 3, medium to high amount of DC (20-50%);
4, a high number of DC present (widely distributed cells throughout the

whole slide).

Negative 24 hr 48 hr
control

Control

DC/LacZ

DC/CD40L

Figure 4. 10 DC/CD40L-based therapy stimulates accumulation of
CD11c+ DC at the tumor site. Tumor-bearing mice were treated
with DC transduced with Ad-CD40L or Ad-LacZ. Tumors were
isolated 2, 24 and 48 hr post inoculation. Fresh-frozen sections were
stained with anti-CD11c¢ antibodies and analyzed for the presence of
CDl1c+ cells by immunohistochemistry. Blue staining represents
CDl1l1c+ DC. The experiment was repeated 2 times. Representative
results are shown. Therapy groups: Control — non-transduced DC,
DC/LacZ — DC transduced with Ad-LacZ, DC/CD40L — DC
transduced with Ad-CD40L.
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Control and LacZ-treated groups did not have a measurable amount of DC staining at this
time point (DC/LacZ: (0.8 £ 0.42), Control: (0.6 = 0.62)). After 48 hr post DC injection, DC
were detected at high levels in Control (1.7 + 0.95) and LacZ-treated (2.3 £ 0.67) groups.
However, in DC/CD40L group, infiltrating DC were present in significantly higher (3.8 + 0.42)
amounts compared to the 24 hr time point. These data demonstrate that CD40L increases tumor-

infiltrating DC after DC-based therapy.

4.3.11 Developing methods to evaluate trafficking of DC in vivo

To examine DC trafficking patterns in vivo, we first developed a method for finding injected DC
in the mouse. On Day 7, DC were collected and stained with Cy3. Morphological characteristics
of DC were measured by LeucoStat Stain Kit 30 min later. Control DC stained with Cy3 display

a typical DC morphology (Figure 3.11 A) and the staining did not influence DC appearance.

Dil/Cy3 is an active labeling compound that produces conjugates that are brighter, more
photostable and emit less background than most standard fluorescent labels (absorption at 549
nm, emission at 565 nm). In addition, due to it’s highly lypophilic nature, Dil/Cy3 has an ability

to uniformly label cell in aqueous culture medium.
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Figure 4. 11 Development of method to evaluate trafficking of DC injected
into the tumor site. A. Cy3 staining does not influence DC
morphology. DC were stained with: a) LeucoStat Staining to study
DC morphology; or b) Cy3 staining. B. DC injected into the tumor
site travel to the lymph nodes. DC transduced with Ad-EGFP were
stained with Cy3 for 30 min and injected into the tumor site of
TS/A-bearing mice. 24 hr later, mice were sacrificed and lymph
nodes were isolated. Fresh tissues were imaged using a multiphoton
laser scanning confocal microscope system. Data typical of those
obtained in a series of 3 independent experiments are shown.

Next, we examined DC trafficking patterns after intratumoral inoculation. To control that
Cy3 stained cells were injected, Ad-eGFP was used. This double color-analysis was needed to
co-localize red and green DC. Cultured DC were transduced with Ad-eGFP, stained with Cy3
(24 hr later) and injected into the tumor site. 2 hr, 24 hr and 48 hr after treatment, tumors and
lymph nodes were collected from animals. Fresh tissues were imaged using a multiphoton laser
scanning confocal microscope system. Green cells were found in lymph nodes 24 and 48 hr post
DC injection (Figure 4.11 B). These cells also display a typical DC shape. This Figure also
shows that DC found in lymphatic organ have both green and red staining. These data suggested
that our method of studying DC trafficking could be used for analyzing DC migration from

tumor tissues after injection.

4.3.12 CD40L stimulates DC trafficking to the lymphatic system in DC-based
immunotherapy

To examine whether CD40L transduction modulates DC trafficking and homing in vivo, we
generated DC, transduced them with Ad-CD40L or control Ad-eGFP vectors, stained DC with
Cy3, and injected them into the tumor site in Balb/c mice. Tumors, lymph nodes and spleens
were collected 2, 24 and 48 hr after treatment from one mouse from each group. Confocal
microscopy of fresh tissues demonstrated that DC from CD40L-treated group migrate from

tumors faster than untreated DC or DC/EGFP (Figure 4.12). For instance, DC were already
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detectable in lymph nodes 2 hr post injection only in DC/CD40L group. In addition, in these
mice 24 hr later there were many red cells present in lymph nodes and some were found in
spleen 48 hr later suggesting that CD40L stimulates DC migration from tumor tissue. In contrast,
DC were observed in lymph nodes only 24 hr after treatment in both control or EGFP-treated
mice. Also, there were no DC present in spleens of these animals at 48 hr. These results suggest
that transduction of DC with Ad-CD40L induces a fast migration of injected DC from tumor site
to lymphoid tissues which could explain the effective generation of antitumor immunity by

DC/CD40L.
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Figure 4. 12 CD40L-transduction stimulates trafficking of DC injected
into the tumor site to lymphoid organs. DC transduced with Ad-
CDA40L and stained with Cy3 were injected into the TS/A tumors
growing for 7 days in Balb/c mice. Non-transduced DC and Ad-
EGFP-transduced DC were used as controls. Tumors, spleens and
lymph nodes were isolated 2, 24 and 48 hr after DC injection. Fresh
tissues were imaged using a multiphoton laser scanning confocal
microscope system. Tissues isolated: A. 2 hr; B. 24 hr; and C. 48 hr
after DC injection. D. DC were detectable in the spleens of mice
treated with DC/CD40L 48 hr post treatment. (N=3 animals/group).
Representative results of 2 independent studies are shown.

100



44  CONCLUSIONS

Taken together, our data demonstrate several mechanisms of how CD40L-modified DC generate
strong antitumor immunity in vivo. For example, it is likely that CD40L-transfected DC activate
each other in tight clusters by multiple CD40 ligation, resulting in accelerated maturation of cells
as evidenced by an increase in expression of the co-stimulatory molecules CD80 (B7-1) and
CD86 (B7-2), MHC molecules, and increased production of IL-12. In addition, CD40L protects
DC from tumor-mediated dysfunction by inducing significant secretion of IL-12 and high
expression of co-stimulatory molecules; DC generated from tumor-bearing mice had expression
levels comparable to those seen in DC generated from tumor-free animals. CD40L rescues DC
function previously suppressed by tumor cells. We have also demonstrated that CD40L increases
DC survival in cultures, induces DC to stimulate and activate T cells, in addition to boosting
tumor antigen presentation to T cells. Furthermore, CD40L increases DC accumulation at the
tumor site and stimulates trafficking of injected DC to the lymph organs for effective antigen

presentation.
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Summary of conclusions:

CD40L transduction of DC:

e Significantly induces IL-12 production by DC

e Rescues DC from tumor-mediated suppression of IL-12 secretion

¢ Considerably increases expression of CD40, CD80, CD86 and class I molecules

on DC

e Rescues DC from tumor-induced down-regulation of CD40, CD80 and CD86

expression

e Induces clustering of DC, and, thus, autocrine/paracrine activation

e Increases survival of DC in cultures

e Drastically up-regulates ability of DC to present TAA to T cells

e Significantly stimulates proliferation of T cells

e Activates CTL response

e Stimulates infiltration of tumor-associated DC

¢ Induces fast migration of injected DC to secondary lymphoid tissues
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5.0 COMPARATIVE ANALYSIS OF CD40L WITH OTHER TNF FAMILY LIGANDS:
RANKL AND 4-1BBL

5.1 INTRODUCTION

The ligands of the Tumor Necrosis Factor Ligand superfamily are cytokines which control the
interaction between many different cell types. For example, they mediate dialogue between T
and B cells, T cells and DC, T cells and monocytes, and T cells themselves. These molecules
play a critical role in the regulation of proliferation, activation, differentiation, and maturation of
lymphoid, myeloid and other hematopoietic cells, as well as various non-hematopoietic cell types
including tumor cells. Different members of TNF family of proteins have been demonstrated to
have a significant antitumor potential in a number of tumor models. The most described in
generating antitumor immunity are CD40L and 4-1BBL.

For instance, the interaction between CD40 and its ligand is an important element in the
development of antitumor immunity. Significant inhibition of CD40+ human breast cancer cell
line proliferation was described after therapy with soluble recombinant human CD40L (143).
Similarly, retroviral transduction of MC38 colon adenocarcinoma cells with the CD40L gene
resulted in inhibition of tumor growth (118). In addition, intratumoral administration of Ad-
CD40L was tested in three different murine tumor models. In the melanoma and colon cancer

murine models, injection of a recombinant adenovirus vector expressing CD40L resulted in
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sustained tumor regression and tumor-free status in >60% of animals (60). Intratumoral
administration of Ad-CD40L also significantly suppressed the growth of established
immunogenic Lewis lung carcinoma tumors, but to a lesser extent.

4-1BBL also plays an important role in initiating antitumor immune responses. This
protein is expressed on activated T cells and delivers a co-stimulatory signal for T cell activation
and growth. Multiple studies have demonstrated that increased 4-1BB-mediated signaling in the
tumor microenvironment leads to the induction of antitumor immunity. For example, Melero et
al. have shown that treated with anti-4-1BB monoclonal antibodies can eliminate established
large tumors in mice, including the poorly immunogenic Agl04A sarcoma and the highly
tumorigenic P815 mastocytoma (92). Also, adenovirus-mediated gene therapy delivering a
combination of IL-12 and 4-1BBL in mice with hepatic metastases induced by colon cancer cells
lead to long-term survival (153). These results were confirmed by others who have demonstrated
an antitumor effect of Ad-4-1BBL (154).

DC are required for stimulation and expansion of naive T cells and induction of specific
antitumor immunity (97). However, it has been demonstrated that tumor cells release factors
which cause dysfunction of DC. In addition, tumors induced premature apoptotic death of DC
(18). These data suggest a new mechanism of tumor-induced immunosuppression and explain
why many immunotherapeutic approaches met only limited success.

CD40L, RANKL and 4-1BBL were shown to play an important role in DC function. For
example, CD40 ligation on DC promotes their differentiation and maturation into effective
inducers of cell-mediated immunity (78). In Chapter 3 we demonstrated that CD40L-
transduction induces DC maturation, trafficking to lymphoid organs, enhances DC survival, T

cell activation, stimulates secretion of IL-12 and increases CTL activity. Furthermore, CD40
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ligation enhances the efficiency of DC to present antigen to T cells by up-regulating the
expression of CD80, CD86 and adhesion molecules CD54/ICAM, CD58/LFA-3 on DC (3). In
Chapter 1 we demonstrated that transduction of DC with CD40L results in significant
augmentation of their antitumor potential.

RANKL is known as DC-restricted survival factor that mediates T cell and DC
communication and may provide a tool to selectively enhance of DC activity (61, 62). RANKL
was reported to induce the expression of proinflammatory cytokines, like IL-6 and IL-1, and T
cell growth and differentiation factors IL-12 and IL-15 in addition to enhancing DC survival (63,
155). Furthermore, it has been shown that treatment of antigen-pulsed DC with RANKL before
immunization enhanced their adjuvant capacity and elicits improved T cell priming in vivo, such
that both primary and memory T cell immune responses are enhanced (62). By enumerating
migratory DC in the draining lymph nodes and by studying their function in stimulating T cell
responses in an increase in the number of ex vivo antigen-pulsed DC that are found in the T cell
areas of lymph nodes.

In contrast, the role of 4-1BBL in DC vaccination in cancer has not been yet investigated.
It has been shown, however, that 4-1BB on DC could play an important role in activation of
these cells through DC/DC and DC/tumor interactions by inducing maturation of DC, up
regulating co-stimulatory molecules, and inducing IL-12 and IL-6 secretion by DC (64, 65).
Also, the antitumor effect of RANKL was not studied yet. Furthermore, the effects of transduced
DC with 4-1BBL and RANKL were not evaluated either. In this study, we have evaluated
whether expression of CD40L, RANKL, and 4-1BBL at the site of the tumor and DC elicits an

immune response to established tumors in mice.
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We have tested adenoviral vectors expressing CD40L, RANKL and 4-1BBL on two
different tumor models (colon MC38 and breast TS/A adenocarcinomas) and two mouse strains.
We hypothesized that overexpression of RANKL and 4-1BBI at the tumor site might induce
strong antitumor immunity. In addition, we proposed that transduction of DC with these vectors
would stimulate DC function. The rational for this hypothesis was the results from Chapters 1
and 2 demonstrating that CD40L transduction induces DC to generate a strong antitumor
immunity by up-regulating their function.

We tested our hypothesis by measuring RANKL and 4-1BBL antitumor effects and
comparing it to CD40L-induced antitumor immunity. We have demonstrated that all tested TNF
ligands have a significant antitumor effect on both MC38 and TS/A tumor models, whether they
are administered as adenoviral vectors or transduced DC. In addition, transduction of DC with
RANKL and 4-1BBL, similar to CD40L, significantly prolongs survival of DC in culture.
However, only DC transduced with Ad-CD40L secrete elevated levels of IL-12 and express high
levels of surface markers. Our data suggest that since CD40L, RANKL and 4-1BBL-based
therapy induces DC survival in cultures, transduction of DC might significantly improve the

efficacy of DC-based immunotherapies for cancer.

5.2 MATERIALS AND METHODS

5.2.1 Animals
Female 6-8 week-old C57BL/6 (H-2") and Balb/c (H-2%) mice were purchased from Jackson

Laboratories (Bar Harbor, ME). Animals were housed in groups of five in a 12:12 hour
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light:dark cycle with standard mice chow and water. All animals were acclimatized at least 2
weeks prior to experimentations. Animals were handled in accordance with IACUC protocols.
5.2.2 Tumor cell lines

MC38 colon and TS/A breast adenocarcinoma cells were maintained in RPMI 1640 medium
(GIBCO BRL-Life Technologies, Grand Island, NY) supplemented with 10% heat-inactivated
FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine (GIBCO BRL-Life
Technologies).

5.2.3 Tumor therapy model

7.5 X10* MC38 cells or 2.0 X 10° TS/A cells were injected s.c. into the right flank of mice. On
Day 7, when the tumor size reached 25-30 mm?, intratumoral injection of 10° pfu of either
control adenoviral vector Ad-LacZ or Ad-CD40L or 10° DC non-transduced or transduced with
Ad-CD40L was performed in 100 pl volume. Administration of HBSS served as an additional
control. The tumor size was measured twice a week with calipers and recorded as tumor area
(mm?).

To determine the direct effect of transduced DC, TS/A tumor cells (5x10° cells/well)
were incubated in the presence of either unmodified DC or DC transduced with Ad-CD40L, Ad-
RANKL or Ad-4-1BBL at different ratios (1:10 and 1:50 effector:target ratio). The growth rate
of the tumor cells was analyzed using *H-thymidine incorporation. Proliferation of tumor cells in
cultures was assessed by incorporation of *H-thymidine after 4-hour pulsing period with
ImCi/well.

5.2.4 Preparation of adenoviral vectors
Ad-CD40L, Ad-RANKL and 4-1BBL were constructed, propagated, and titered according to the

standard protocol previously described (Chapter 2). The purified virus was extensively dialyzed
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against 10 mM Tris/l mM MgCl, sterile viral buffer at 4°C, stored in aliquots at —80°C, and
titered on CRES cells for plaque forming units (pfu).

5.2.5 DC generation

DC were prepared as previously described in Chapter 1. Briefly, DC were generated from
hematopoietic progenitors isolated from mouse bone marrow of C57BL/6 or Balb/c mice. Then
cell suspensions were depleted from red blood cells, B and T lymphocytes and macrophages. The
cells were then plated in 6-well plates (0.2x10° cells/ml 4 ml/plate) in complete medium with
addition of 1000U/ml mGM-CSF and mIL-4 (ENDOGEN, Woburn, MA). At Day 3 and 5, an
additional dose of cytokines was added to the cell cultures. For adenoviral infection, DC were
collected on Day 5 and washed in serum-free medium. Virus was added directly to the pellet
(10° pfu/10° DC) and the cells incubated for 1 h at 37°C before plating in complete medium.
5.2.6 Flow cytometry

For phenotypic analysis of DC (Day 7), FITC- or PE-conjugated monoclonal antibodies
recognizing murine CD40L molecule were used. After incubation with antibodies for 30 min at
4°C, cells were washed with PBS and analyzed on a FACStar using Cellquest FACS analysis
software (Becton Dickinson, San Diego, CA). As a control to determine the percentage of
transduced DC, cells were infected with Ad-EGFP 48 hours before FACS analysis.

5.2.7 IL-12 production

IL-12 production by DC was determined by p70 IL-12 ELISA. A standard curve was generated
using recombinant murine IL-12 (R & D Systems). As a positive control, DC cultures were
treated with inactivated Staphylococcus aureus (0.1% v/v of essentially non-viable cell

suspension, Sigma, St Louis, MO) 20 pl/well per 1x10° DC cells.
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5.2.8 Data Analysis

Statistical analysis of experimental data was performed with a software package STSS. For all
analysis, the level of significance was set at a probability of 0.05 with results that had a p value
less then the 0.05 considered significant. Student t-test was used for comparison between two
groups after evaluation for normality. Two-way repeated measurements ANOVA was used to
compare tumor growth for multiple groups of mice. All experiments were conducted with 5-7

mice per group receiving identical treatments. All experiments were repeated at least twice.

5.3 RESULTS

5.3.1 Intratumoral injection of Ad-CD40L, Ad-RANKL and Ad-4-1BBL inhibits tumor
growth in vivo

To examine the anti-tumor efficacy of local gene transfer of CD40L, RANKL and 4-1BBL, a
AE1 and E3 adenoviral vector expressing murine CD40L, RANKL and 4-1BBL, respectively,
were constructed as described in the Materials and Methods. To determine whether intratumoral
delivery of these genes was able to confer an antitumor effect in vivo, a murine colon MC38
adenocarcinoma tumor model was utilized in these series of experiments. Syngeneic C57BL/6
mice were inoculated s. c¢. with wild type MC38 tumor cells. On Day 7, when the tumor size was
25 - 30 mmz, 10° pfu of either Ad-CD40L, Ad-RANKL, Ad-4-1BBL, or the control virus Ad-
LacZ were injected directly into the tumor mass. As shown in Figure 5.1 A, non-treated and Ad-

2

LacZ treated mice had fast rates of tumor growth with average tumor sizes of 292 +8.5 mm” and

203 + 8.9 mm’ respectively at Day 25. In contrast, a single intratumoral injection of Ad-CD40L
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significantly inhibited tumor growth (90 + 11 mm?, p<0.001). Similarly, Ad-RANKL and Ad-4-
IBBL significantly decreased tumor growth (123 + 13 mm?® and 113 £ 12 mm?, respectively,
p<0.001). These data demonstrate that a single intratumoral administration of adenovirus
encoding mCD40L, mRANKL and m4-1BBL results in a marked suppression of tumor growth
and that treatment with Ad-4-1BBL induces the strongest antitumor effect out of all 3 tested TNF
ligands. These results suggest that intratumoral treatment with CD40L, RANKL and 4-1BBL

induced strong antitumor immunity in mice.
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Figure 5. 1 Antitumor effect of intratumoral administration of adenoviral
vectors encoding the CD40L, RANKL and 4-1BBL genes. A.
MC38 tumor-bearing mice were inoculated with 10° pfu of Ad-y5,
Ad-4-1BBL, Ad-RANKL or Ad-CD40L on Day 7, tumor size was
measured twice a week. B. TS/A tumor-bearing mice were treated
with Ad-4-1BBL, Ad-RANKL or Ad-CD40L vectors. Saline and
Ad-LacZ were used as negative controls. Tumor size was measured
twice a week. (N=5 mice/group). Experiment was repeated twice
and representative results are shown (mean = SE).

To evaluate whether the therapeutic effect of direct, intratumoral injection of adenoviral
vectors was tumor specific, a Balb/c syngeneic breast tumor cell line TS/A was used in the next
set of experiments. The TS/A cells were inoculated subcutaneously on Day 0. On Day 7, when
tumor sizes reached 25-30 mm?*, Ad-CD40L, Ad-RANKL or Ad-4-1BBL were injected directly
into tumors (N=5). Control groups were treated with saline or Ad-LacZ. As shown in Figure 5.1
B, the growth of the TS/A tumor was significantly inhibited by treatment with Ad-CD40L (106 +
10 mm?, p<0.001) and Ad-4-1BBL (86 + 6 mm’, p<0.001) compared to either the untreated

control group (224 + 15 mm?®) or to the group treated with control LacZ adenoviral vector (176 +
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12 mm?) (p<0.005). Ad-RANKL also induced a significant inhibition of tumor growth (126 + 12
mm?), however it was less dramatic than in CD40L- and 4-1BBL-treated groups. These results
demonstrate that the antitumor effect induced by tested adenoviral vectors is not MC38 tumor or
C57BL/6 strain specific. However, the antitumor effect of Ad-4-1BBL treatment was slightly
more effective in the TS/A model than the MC38 model.

5.3.2 Transduction of DC with Ad-CD40L, Ad-RANKL and Ad-4-1BBL

We have recently demonstrated that CD40 ligation on DC results in increased expression of
CD80, CD86, CD40, enhanced DC function, and a strong antitumor effect (18, 156). Similarly, it
has been shown that both RANKL and 4-1BBL increase the levels of co-stimulatory molecules
on the DC surface and induce secretion of IL-12, IL-6 and IL-15 by these cells (61, 65). In
addition, it has been demonstrated that RANKL plays a critical role in DC survival (68, 157).
Therefore, it is possible that overexpression of RANKL and 4-1BBL on DC may be beneficial
for function of DC by an autocrine/paracrine up-regulation of their maturation in the tumor
microenvironment.

To examine the antitumor efficacy of CD40L-, RANKL- or 4-1BBL-overexpressing DC,
bone marrow-derived DC were infected with either Ad-CD40L, Ad-RANKL or Ad-4-1BBL and
injected directly into Day 7 MC38 tumors. As controls, tumors were treated with either DC
transduced with Ad-LacZ vector or with untreated non-transduced DC. As expected, mice in
both control groups developed rapidly growing tumors (on Day 30 untreated DC: 334 + 32 mm’;
Ad-LacZ: 240 + 30 mm?). In contrast, mice immunized with DC transduced with Ad-RANKL
and Ad-4-1BBL, showed significant inhibition of tumor growth (175 + 15 mm” and 149 + 10
mm?, respectively, p<0.001) (Figure 5.2 A). Treatment with DC overexpressing CD40L showed

more dramatic suppression of tumor growth. As shown on Figure 5.2 A, the tumor size was only
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91 + 15 mm?® in this group (p<0.001). These results demonstrate that a single intratumoral
administration of DC which were modified to overexpress tested TNF ligands induces a strong
antitumor response in vivo.

To evaluate the antitumor effect of DC transduced with the TNF family ligands in a
different tumor model and another strain of mouse, Balb/c mice were inoculated with TS/A
breast carcinoma cells and DC/CD40L, DC/RANKL or DC/4-1BBL were administered
intratumoraly. As shown in Figure 5.2 B, mice treated with control DC or DC infected with Ad-
LacZ developed rapidly growing tumors (316 + 13 mm” and 295 + 14 mm®, respectively) by Day
31. Animals in DC/RANKL and DC/4-1BBL groups showed a significant suppression of tumor
growth (105 + 24 mm” and 71 + 16 mm?, respectively) (p<0.001). However, mice treated with
DC/CDA4O0L displayed complete tumor rejection with 4 out of 5 mice being tumor-free on Day
21. These experiments were repeated twice with similar results.

Our data demonstrate that DC genetically modified to express CD40L, RANKL and 4-
IBBL exhibit a significant antitumor effect in the TS/A tumor model following intratumoral

injection, with complete tumor rejection in the case of DC/CD40L treatment.
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Figure 5. 2 Effect of DC transduced with Ad-CD40L, Ad-RANKL or Ad-
4-1BBL on tumor growth in vivo. A. DC were transduced with Ad-
CD40L, Ad-RANKL or AD-4-1BBL (100 MOI) and injected into
MC38 tumor-bearing mice at the site of the tumor. As controls, DC
treated with saline or transduced with Ad-LacZ were used. B. DC
were transduced with Ad-CD40L, Ad-RANKL or Ad-4-1BBL and
administered at the site of the TS/A tumors. Control groups were
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treated with non-modified DC or DC transduced with Ad-LacZ.
Tumor size was measured twice a week. (N=5 mice/group). Means
+ SE from representative of 2 independent experiments are shown.

5.3.3 Ad-CD40L, Ad-RANKL and Ad-4-1BBL-infected DC do not have a direct effect on
tumor growth in vitro

We have demonstrated above that DC genetically modified to express CD40L, RANKL or 4-
IBBL induce a significant antitumor effect in mice. This effect could be due to direct antitumor
properties of these DC. To rule out the possibility that modified DC have a direct inhibitory
effect on tumor cell growth, we co-incubated modified DC with TS/A tumor cells 24 hours after

transduction with TNF ligands.
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Figure 5. 3 Lack of direct effect of DC transduced with Ad-CD40L, Ad-
RANKL or Ad-4-1BBL on TS/A tumor growth in vitro. Tumor
cells were incubated with non-transduced DC or DC transduced with
Ad-CD40L, Ad-RANKL or Ad-4-1BBL for 0, 1, and 2 days in vitro.
Proliferation of tumor cells in cultures was assessed by
incorporation of *H-thymidine after 4-hour pulsing period with
ImCi/well. Mean + SD of 3 experiments is shown.
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Out data demonstrated that TS/A tumor growth was not influenced by unmodified or
modified DC. As shown in Figure 5.3, all groups had similar growth curves. Thus, the
significant antitumor effects observed following the DC/CD40L, DC/RANKL and DC/4-1BBL
treatments in vivo appear not to be mediated through a direct effect of DC on tumor cells.

5.3.4 Induction of IL-12 production by transduced DC

Activation of DC induces secretion of different cytokines which could play an important role in
the generation of antitumor immunity. For example, the interaction between CD40/CD40L is an
essential trigger for IL-12 production by DC. In addition, it has been demonstrated that RANKL
and 4-1BBL also stimulate DC to secrete IL-12. To evaluate the level of IL-12 production by the
different populations of DC, cells were generated form bone-marrow of both C57BL/6 and
Balb/c mice. DC were genetically modified with Ad-LacZ, Ad-CD40L, Ad-RANKL or Ad-4-
IBBL or untreated. Cell-free medium was collected 24 hr post transduction and IL-12 levels
were measured by IL-12 ELISA. The results revealed only a slight difference in S.aureus-
induced IL-12 production between control DC and DC transduced with Ad-LacZ, Ad-RANKL
and Ad-4-1BBL. However, DC infected with Ad-CD40L produced a significantly higher level of
IL-12 independent of the mice strain. DC/CD40L generated from C57BL/6 mice secreted 5500 +
578 pg/ml and generated from Balb/c mice secreted 7750 + 622 pg/ml (Figure 5.4, p<0.0001).
These data demonstrate that out of the tested TNF ligands, only transduction with Ad-CD40L

stimulated DC to produce significant levels of IL-12.
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Figure 5. 4 Transduction of DC with different TNF family member genes
modulates IL-12 production. Murine bone marrow-derived DC were
transduced with either Ad-LacZ, Ad-RANKL, Ad-4-1BBL or Ad-
CDA40L as described above. 24 hours later, cell-free supernatants were
collected for IL-12 determination. IL.-12 production was measured by a
p70 (IL-12) ELISA. Mean + SD of a representative experiment are
shown. The experiment was repeated 2 times. A. DC generated from
C57BL/6 mice. B. DC generated from Balb/c mice.

5.3.5 Evaluation of the effect of DC transduced with Ad-CD40L, Ad-RANKL and Ad-4-
1BBL on expression of co-stimulatory molecules

To examine the effect of CD40L, RANKL or 4-1BBL gene transfer to DC, DC morphology and
phenotype were analyzed. DC derived from control bone marrow cultures exhibited the veiled
dendrite morphology typical for DC and displayed a characteristic set of DC surface markers
(Figure 5.5, Table 4). The genetically modified control DC and DC/RANKL and DC/4-1BBL
expressed similar levels of the MHC class I and II molecules, the co-stimulatory molecules
CD80, CD86, ICAM-1 adhesion molecules, and integrin CD11c. Infection of DC with Ad-
CD40L at a 100 MOI resulted in a marked increase in the expression of CD80, CD86 and CD40

molecules.
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Figure 5. 5 Phenotyping of DC transduced with Ad-CD40L, Ad-
RANKL and Ad-4-1BBL. Bone marrow-derived DC were
transduced with the Ad-CD40L, Ad-RANKL or Ad-4-1BBL genes
and analyzed by Flow cytometry. Data from a representative of 3
independent experiments are shown.

For example, 53% (p<0.01) of CD40L-transfected DC expressed CD86 molecules in
comparison with 20% and 27% in non-transduced and Ad-LacZ cells, respectively. Similar
results were observed for CD80 and CD40 expression. Interestingly, expression of MHC class II
molecules on DC was also similar in all groups. In Chapter 2 we demonstrated that transduction
of DC with Ad-CD40L increases their antitumor activity in vivo. Our in vitro results suggested
that overexpression of CD40L on DC may be beneficial for the induction of antitumor immunity
since it should up-regulate DC maturation and function. However, our data demonstrate that
overexpression of RANKL and 4-1BBL on DC has no effect on the expression of co-stimulatory

molecules and IL-12 secretion. Thus, the mechanism of antitumor effect of DC transduced with

these ligands is different from DC/CD40L.

Table 4 The effect of the TNF family ligands on the expression of co-
stimulatory molecules on transduced DC.

Control Ad-LacZ | Ad-CD40L | Ad-RANKL | Ad-4-1BBL
CDl11c 76 £2% 74 £ 3% 78 £ 3% 79 + 3% 76 + 3%
CD80 46 = 3% 53+2% 68 + 3%* 49 + 3% 50+ 4%
CD86 20+ 2% 25+ 3% 53 + 2%* 28 + 3% 29 + 2%
5 80 + 3% 78 £ 4% 87+ 3% 82+ 4% 78 £2%
CD40 26+ 1% 30£2% 59 +2%* 34+ 2% 38+ 3%

DC were transduced with Ad-CD40L, Ad-RANKL or Ad-4-1BBL on Day
5. Non-transduced DC or DC transduced with Ad-LacZ were used as
controls. On Day 7 DC were collected and stained with antibodies against
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different co-stimulatory molecules, the expression of which was detected by

FACScan analysis. The experiment was repeated 3 times. Mean = SD of

experiment are shown (* p<0.001).
5.3.6 CD40L, RANKL and 4-1BBL increase survival of DC in growth factor-depleted
cultures
CD40 ligation has been shown to inhibit both spontaneous (148), and tumor-induced apoptosis of
DC (123). Similarly, it has been shown that RANKL increases DC survival by inhibiting
apoptosis of DC (68). To evaluate the role of TNF ligands on DC survival, we incubated 1x10°
cells/well of transduced DC in the medium without addition of mGM-CSF and mIL-4. Cells
were counted every day for 3 weeks. DC transduced with CD40L, RANKL and 4-1BBL formed

multiple spontaneous clusters (data not shown). DC which were untreated or transduced with

Ad-LacZ did not appear to be clustered.
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Figure 5. 6 The TNF ligands prolong DC survival in cultures. Control
DC and DC transduced with Ad-LacZ, Ad-CD40L, Ad-RANKL or
Ad-4-1BBL were grown in medium without GM-CSF and IL-4.
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Cells were counted using Trypan blue exclusion method every other
day. Experiment was repeated 3 times. Mean + SD are shown.

Figure 5.6 demonstrates that DC modified with either one of tested TNF ligands survived
in growth factor-depleted cultures longer than control or DC/LacZ. For example, on Day 10 none
of the control and less then 10% of DC transduced with Ad-LacZ were present in cultures.
However, 50% of DC/4-1BBL, 75% of DC/CD40L and 85% of DC/RANKL were still viable.
These data suggest that DC genetically modified to overexpress CD40L, RANKL or 4-1BBL
survive longer in cytokine-free cultures. Taken together, these data suggest that a significant
prolongation of DC survival in cultures is the mechanism of induction of antitumor immunity

shared by all three tested ligands.

5.4 CONCLUSIONS

Our data demonstrate that all tested TNF ligands induce a strong antitumor immunity when
injected directly into the tumor site in the form of adenoviral vectors or genetically modified DC
(Table 5). However, out of all adenoviral vectors, Ad-4-1BBL had the strongest effect on MC38
tumor growth and Ad-CD40L and Ad-4-1BBL had the strongest inhibition of TS/A tumor. In
contrast, DC transduced with Ad-CD40L has the most significant antitumor effect in both MC38
and TS/A tumor models compare to DC/RANKL or DC/4-1BBL. In addition, we showed that
out of three tested TNF ligands, only CD40L induced IL-12 production and up-regulation of co-
stimulatory molecules in transduced DC. RANKL and 4-1BBL did not exhibit effects on 1L.-12
secretion and co-stimulatory molecules expression on transduced DC. However, all tested

ligands induced survival of DC in growth factor-depleted cultures. The longest survival was
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observed in the DC/RANKL group. This could be one of the mechanisms playing an important
role in generating antitumor immunity by DC transduced with tested TNF ligands. Taken
together our data demonstrate that CD40L, RANKL and 4-1BBL play in important role in DC-

generated antitumor effect and could be used as genetic immune vaccines for cancer treatment.

Table 5 Summary of antitumor effect of the TNF family ligands.

Delivery Antitumor effect

approaches MC38 TS/A
sCD40L -
Ad-CD40L ++ +
DC/CD40L +++ +++++
Ad-RANKL ++ +
DC/RANKL ++ +++
Ad-4-1BBL ++ +
DC/4-1BBL ++ +++
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Summary of conclusions:

1. CDA40L:

Ad-CDA40L induces a significant antitumor effect on MC38 tumor model
Ad-CD40L dramatically suppresses TS/A tumor growth

Transduced DC considerably inhibit MC38 tumor growth

Transduced DC generate a strong antitumor immunity with complete rejection
of TS/A tumors

Transduction stimulates DC to produce high levels of IL-12

Transduction up-regulates expression of co-stimulatory molecules

Transduction significantly prolongs survival of DC in cultures

2. RANKL:

Ad-RANKL stimulates a strong antitumor effect on MC38 tumor model
Ad-RANKL significantly decreases TS/A tumor growth

Transduced DC considerably inhibit MC38 tumor growth

Transduced DC induce a dramatic antitumor effect on TS/A tumor

Transduction significantly induces survival of DC in culture

3. 4-1BBL:

Ad-4-1BBL induces a strong antitumor effect on MC38 tumor
Ad-4-1BBL dramatically suppress TS/A tumor growth
Transduced DC significantly inhibit MC38 tumor growth
Transduced DC stimulate a strong antitumor effect on TS/A tumor

Transduction significantly induces survival of DC in culture
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6.0 DISCUSSION

The absence of characterized tumor-associated antigens for many cancers forced the
development of alternative DC-based therapies. The recent pilot study in patients with melanoma
and breast carcinoma demonstrated a potent antitumor potential of intratumoral administration of
DC without addition of tumor antigens (104). Combination of intratumoral injection of DC with
cytokines might further increase the efficacy of the therapy. For example, an intratumoral
injection of syngeneic DC in combination with the low dose of adenoviral vector encoding TNF-
a elicited marked tumor suppression without toxicity and tumor-specific immune responses in
four tumor models (137). Using an adenoviral vector expressing CD40L and the number of DC
that alone had no effect on tumor growth, Kikuchi et al. have reported that the growth of CT26
colon adenocarcinoma and B16 melanoma murine s.c. tumors is significantly suppressed by
direct administration of DC into established tumors that had been pretreated with Ad-CD40L two
days previously (158). We have shown here that intratumoral administration of DC genetically
modified to express IL-12 or CD40L significantly inhibits tumor growth or causes complete
tumor rejection in murine prostate, colon or breast carcinoma models (147, 156). These data
demonstrate that the combination of intratumoral administration of DC together with cytokines
could evoke tumor suppression without systemic toxicity, providing a new paradigm for the use

of cytokines and DC as antitumor therapy.
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Different members of TNF family of proteins have demonstrated a significant antitumor
potential in a number of preclinical murine and human tumor models. However, the mechanisms
of their action as well as the sensitivity of malignant cells were different. We have investigated
the antitumor properties of adenoviral vectors encoding CD40L, RANKL, and 4-1BBL, as well
as genetically engineered DC overexpressing these ligands, using murine tumor cells both in

vitro and in vivo (Table 6).

Table 6. Comparison analysis of properties of the tested TNF family ligands.

Antitumor | Antitumor
Survival Up-regulation of IL-12 effect of effect of
CD40 CD80 CD86 | production | adenoviral | transduced
vectors DC
CD40L ++++ +++ 4+ | +++ -
RANKL ++++ + + + - ++ ++++
4-1BBL +++ + + + - +++ ++++

Here we hypothesized that genetic modification of tumor cells to express TNF ligands
will trigger TNF receptors on local APC to present tumor antigen to T cells in vivo. Our results
suggest that administration of Ad-4-1BBL, Ad-RANKL or Ad-CD40L on Day 7 after tumor
inoculation resulted in significant inhibition of MC38 and TS/A tumor growth, whether they
were administered as adenoviral vectors or transduced DC. However, none of the tested ligands
had a direct antitumor effect in vitro. The effect of CD40L-based therapy is in agreement with
our and other previously described results which showed that Ad-CD40L-treatment of these

tumor lines is very effective (60, 156). Similarly, the antitumor effect of Ad-4-1BBL supports
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recently shown data (154). However, antitumor property of Ad-RANKL and DC transduced with
Ad-RANKL or Ad-4-1BBL were never studied. In addition, the induction of DC survival in
cultures by 4-1BBL transduction is also a novel finding.

We have shown that overexpression of CD40L on DC stimulated production of IL-12 by
these cells. In contrast, we observed that RANKL and 4-1BBL did not induce IL-12 production
by DC. These data are not in agreement with several investigators (61, 65, 153) who showed that
these ligands stimulate DC to secrete IL-12. However, these researchers used soluble proteins or
stably-expressing cell lines to activate DC. Maybe adenoviral vectors and transduced DC should
be activated in different ways. Also, DC/RANKL and DC/4-1BBL, in contrast to DC/CD40L,
did not show a significant increase in DC maturation. Co-stimulatory molecules on DC surface
were comparable to the control and LacZ-treated groups, not elevated like in CD40L-transduced
DC. These results suggest that RANKL and 4-1BBL used different mechanisms in generating
antitumor effect than CD40L.

Our data demonstrate that therapy with adenoviral vectors encoding CD40L, RANKL or
4-1BBL and DC transduced with these vectors elicits a significant antitumor effect in two
different tumor models. Furthermore, all tested TNF ligands increase DC survival in growth
factor-depleted cultures. CD40L, RANKL and 4-1BBL enhance DC survival dramatically
compared to control groups. It is possible that prolongation of DC survival could be one
mechanism that is common to all three molecules in inducing antitumor immunity in mice.
Therefore, CD40L, RANKL and 4-1BBL-based immunotherapies could be an effective approach

for inducing antitumor immunity following a local intratumoral administration.
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Taken together, our data suggest that the treatment of tumor-bearing mice with an
intratumoral administration of adenovirus encoding the mCD40L, mRANKL or m4-1BBL genes
or DC genetically modified to express these genes caused a significant inhibition of tumor
growth in vivo. However, DC/CD40L displayed the highest antitumor effect which results in a
tremendous decrease of MC38 tumor and a complete rejection of TS/A tumors. We concluded
that Ad-CD40L transduction of DC or tumor cells at the tumor site is the most effective approach
to induce specific long lasting antitumor immunity, as compared to Ad-RANKL and Ad-4-
IBBL. In addition, CD40L transduction of DC induced a significant production of IL-12 and up-
regulation of co-stimulatory molecules. Therefore, our data suggested that among all tested TNF
ligands, Ad-CD40L transduction of DC at the tumor site is the most effective approach to induce
specific long lasting antitumor immunity.

The effectiveness of CD40L-based treatments was not surprising because CD40 ligation
plays a critical role in DC life cycle. It is well established that CD40-CD40L interaction plays an
important role in the generation of antitumor immunity and the regulation of DC generation,
maturation, survival and function (70, 128). In fact, it has been demonstrated that CD40L
enhances DC efficiency to present antigen to T cells (66, 159), up-regulates the expression of co-
stimulatory molecules CD80, CD86, CD40, MHC class I/Il, adhesion molecules ICAM, and
LFA-3 on DC (3), heightens secretion of proinflammatory cytokines IL-12, IL-6, IL-8, TNF-a
(66) by DC, and enhances the DC survival (118, 156). Activation by CD40L in the presence of
proinflammatory cytokines or INF-y was necessary for the “cross-priming” function of DC, by
which ingested tumor apoptotic body-derived antigens were presented to T cells in the context of
HLA class I, leading to the activation of tumor-specific cytotoxic T effector cells (160-162).

Therefore, in the following research we concentrated our attention on studying CD40L effects on
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DC. We hypothesized that CD40 stimulation may enhance the effectiveness of the host’s
antitumor immune response afferently by improving antigen presentation, and efferently by
enhancing cytotoxic activity and cytokine secretion of DC. Therefore, we focused on evaluating
the role of CD40L in generating antitumor immunity in mice.

Based on the know properties of CD40L in different stages of the DC life cycle,
including generation, maturation, trafficking, and antigen presentation we have chosen a
systemic administration of soluble CD40L protein to generate antitumor immunity. In addition, it
is known that addition of protein to the tumor site will have only a short duration of effect due to
high rate of degradation and might influence only tumor cells locally instead of activating DC in
the body. On the other side it has been shown that systemic administration of sCD40L may
induce significant antitumor effects in other tumor models. However, the effect of sCD40L has
not been evaluated in murine MC38 colon adenocarcinoma. Thus, we have chosen to use a
systemic administration of CD40L protein to evaluate its potential effect on tumor. However, our
data suggest that soluble CD40L protein has no significant antitumor activity in the murine
MC38 model. These results also justify the development of alternative genetic immunization
approaches for tumor treatment.

The ability of CD40L gene transfer to stimulate antitumor immunity in vivo has been
demonstrated previously by several groups. Stable expression of CD40L on MC38 colon
carcinoma cells and MCA 205 fibrosarcomas resulted in inhibition of tumor growth following
inoculation of the genetically modified tumor cells (117, 118). Similarly, it has been
demonstrated that the in vivo genetic modification of tumor cells to express CD40L will trigger
CD40 on local antigen-presenting cells to present tumor antigen to T cells, thus eliciting

antitumor immunity to suppress growth of the tumor (60).
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We have examined the antitumor effects of two different methods of intratumoral
delivery of the CD40L gene, either directly by adenoviral injection or indirectly by injection of
genetically modified DC. Our results demonstrate that the treatment of both MC38 and TS/A
tumor-bearing mice with intratumoral administration of adenovirus encoding the mCD40L gene
caused a significant inhibition of tumor growth. Similarly, it has been shown that Ad-CD40L
treatment of established AC29 tumor induces a significant antitumor effect (163) and
intratumoral injection of one of two synchronous tumors resulted in regression of both. However,
Yanagi et al. demonstrated that Ad-CD40L treatment of hepatocellular carcinoma induces only
weak antitumor immunity (164). These data are not in agreement with our results since we have
shown that Ad-CD40L considerably suppresses tumor growth. Furthermore, we have
demonstrated that the use of Ad-CD40L infected DC resulted in a significant anti-tumor
response in MC38 tumor model, caused a complete rejection of TS/A tumors in 80% of mice,
and induced a specific systemic immunity. These data are similar to Kikuchi’s, who showed that
DC genetically modified to express CD40L elicit strong antitumor effects in the B16 melanoma
tumor model (165). In addition, it has been demonstrated that simultaneous administration of

Ad-CD40L and naive DC induces tumor regression (158).

In the next set of experiments we focused on identification of primary mechanisms
responsible for the significant antitumor immunity induced by DC genetically modified to
express CD40L. To test this, we examined different functional activities of transduced DC.

First, we have shown that DC modified to overexpress CD40L produce high amounts of
IL-12, which is one of the most important cytokines secreted by DC. It plays a critical role in
regulation of Th1/Th2 balance and in generation of antitumor immunity by DC. In addition, the

expression of CD40, CD80, CD86 and class II was elevated by CD40L transduction of DC,
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which is in agreement with multiple studies (3, 66). This was an important observation, because

co-stimulatory molecules play a major role in T cell activation by DC.

Next, we demonstrated that the adhesiveness of DC was altered by CD40L expression,
with the modified cells becoming organized into clusters. Moreover, DC transduced with Ad-
CDA40L survived significantly longer in cultures compared to control DC. Therefore, it is likely
that CD40L-transfected DC activate each other in tight clusters by multiple CD40-CD40L
interactions, resulting in accelerated maturation of cells reflected by the increased expression of
co-stimulatory molecules CD80, CD86, and MHC molecules, as well as increased production of

IL-12.

Next, we conducted studies to determine if overexpression of CD40L on DC increases
their potential to present tumor antigen to T cells, which is the most important function of DC.
We tested this hypothesis in syngeneic MLR assay. We demonstrated that CD40L-transduced
DC display significantly higher levels of tumor antigens presentation to T cells in vitro compared
to control DC. These data were confirmed in subsequent studies which showed that CD40L-
transduced DC induce higher levels of cytotoxic T cell activation in vivo when compared to
control cells. These results are in agreement with others which demonstrated that transduction of
DC with Ad-CDA40L stimulates cytotoxic T lymphocytes (166, 167). Therefore, these data serve
as additional support for our main findings demonstrating that DC modified with CD40L gene
elicit a strong antitumor effect in vivo (Chapter 2).

In addition, immunohistochemical staining of tumor tissues obtained form control and
treated mice demonstrated an increased accumulation of T effectors within the tumor and an
increased accumulation of tumor-infiltrating CD1lc+ DC in animals treated with CD40L-

transduced DC. Our data show that an elevated accumulation of DC at the tumor site in
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DC/CD40L-treated group was observed as early as 24 hr post injection and was still increased 1
week later. This finding is in good agreement with numerous clinical data demonstrating that
higher number of DC within the tumor was associated with the better prognosis and lower
metastasis in cancer patients (47, 96, 126, 127).

Furthermore, trafficking studies have demonstrated that transduction with CD40L
induces migration of injected DC from tumors to lymphoid tissues. DC transduced with CD40L
were found in lymph nodes 2 hr and in spleens 48 hr post treatment. In contrast, in control
groups DC were present in lymph nodes only 24 hr post treatment and were not found in spleens
of these animals. These findings were important because we showed that not only CD40L
induces high infiltration of tumors with DC but, also, stimulates the migration of activated DC to
the lymph nodes to present tumor antigen to T cells and generate antitumor effect. This could be
one of the most important mechanisms of CD40L-mediated antitumor immunity by modified
DC.

Therefore, analyzing all described mechanisms, we speculate that immunotherapy with
genetically modified DC overexpressing CD40L induces many important DC functions which
play a major role in generation of a strong specific antitumor immunity by modified DC.

Taken together (Figure 6.1), we suggest that intratumoral administration of DC
genetically modified to overexpress CD40L significantly induces maturation, survival, 1L-12
production, and infiltration of DC at the tumor site. In addition, CD40L transduction stimulates
DC migration from tumor site and trafficking to lymph nodes and other lymphoid organs. In the
lymph nodes, DC transduced with Ad-CD40L display an elevated ability to present TAA and

stimulate T cell proliferation. Taken together, CD40L significantly up-regulates antitumor
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immune response. Furthermore, DC modified to express the CD40L gene considerably increase

CTL response, which inhibits tumor growth and causes tumor rejection.
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Figure 6. 1 Summary of the antitumor effect generated by DC/CD40L-
based immunotherapy.

Therefore, our data demonstrate that intratumoral administration of DC transduced with
Ad-CD40L is a very effective immunotherapy for cancer. We have demonstrated that
transduction of DC with Ad-CD40L induces a strong activation, stimulation and maturation of
DC. In addition, DC/CD40L display a prolonged survival, up-regulated TAA presentation,

significant T cell activation potential, increased tumor infiltration and induced trafficking from
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the tumor site to the lymphatic tissues. Taken together, all these dramatically amplified DC
functions produce a strong antitumor immunity with generation of specific immune memory.

All the previously described experiments were based on examining the functional activity
of DC generated from tumor-free animals. However, the main purpose of DC-based
immunotherapy is generation or isolation of DC from cancer patient, activating these cells by
different methods, and injecting these modified DC back into patient’s blood, skin, lymph nodes
or tumors. Therefore, interactions between tumor cells and cells of the immune system might be
critical for tumor growth and progression. In fact, tumor-derived factors were shown to
dramatically alter the function and survival of immunocompetent cells in the local tumor
microenvironment as well as systemically (4, 47, 48). Plentiful data clearly demonstrate the
importance of developing therapies directed to protect DC and their precursors from tumor-
induced down-regulation of cell differentiation, function and survival. Thus, better understanding
of the mechanisms involved in the tumor-mediated inhibition of DC generation, maturation, and
function may led to the development of novel strategies for the prevention of
immunosuppression in cancer patients and the development of novel DC-based
immunotherapeutic strategies.

It is well known that DC play a crucial role in the generation of antitumor immunity. We
verified that tumors suppress the efficiency of DC-based therapies in cancer using two tumor
models. We noticed that untreated DC have antitumor potential when injected into the tumor site.
However, when we used DC generated from tumor-bearing mice, our data demonstrate that these
DC did not induce an antitumor effect. The growth curve of tumors treated with DC generated
from tumor-bearing mice was similar to growth of untreated tumors. These data suggested that

tumor inhibits the antitumor potential of DC.
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In the next set of experiments, we examined the functional activity responsible for the
decreased antitumor potential of DC in cancer. First, we demonstrated that DC generated from
colon or breast adenocarcinoma-bearing mice show a marked inhibition of maturation when
compared to DC generated from tumor-free animals. Our data have shown that DC generated
form tumor-bearers produce a decreased amount of IL-12 and expressed down-regulated levels
of CD80 and CD86. These results are in agreement with studies demonstrating that tumor
suppresses the expression of co-stimulatory molecules on DC (18, 44, 45). It is well known that
if antigen-presenting cells do not express CD80 or CD86, they will fail to provide an appropriate
second signal for T cells. In fact, we have demonstrated that DC generated from tumor bearers
displayed a decreased ability to stimulate T cell proliferation compared to control DC generated
from tumor-free mice. A similar toleragenic effect of melanoma-associated DC was also
reported: tumor-derived DC from progressing metastases might actively induce tolerance in the
immune system against tumor tissue. This process might ultimately lead to acceptance of
metastatic tumor growth with a “silenced” immune system incapable of rejecting the tumor (39).

Furthermore, DC as well as bone marrow precursors from tumor-bearing animals
expressed low levels of CD40 protein and CD40 mRNA. This was of a special interest to us,
since, as has been mentioned, CD40 ligation plays a critical role in the DC life cycle. Thus, we
have suggested that CD40 ligation on tumor-derived DC might induce lower levels of IL-12
production due to inhibition of CD40 expression. In addition, down-regulated expression of
CD40 on DC in cancer could explain why CD40L transduced DC had the strongest antitumor
effect compared to two other tested treatments (DC/RANKL and DC/4-1BBL). Furthermore,
down-regulation of CD40 expression on DC generated from tumor-bearing mice was

accompanied by inhibition of expression of co-stimulatory molecules CD80 and CD86, and
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suppression of the ability of DC to stimulate proliferation of T cells. In addition, more profound
inhibition of DC maturation was observed in vivo in mice bearing s.c.- or i.v.-injected MC38
tumor cells. Endogenous CDI11c+ DC isolated from the spleen of tumor-bearers expressed
significantly lower levels of CD40, CD80 and CD86 molecules compared to control DC. These
data showed that tumor inhibited DC both in vitro and in vivo. Thus, it could be concluded that
abrogation of DC maturation is a common feature of tumor cell DC interaction both in vitro and
in vivo.

Taken together, our data suggest that tumor-induced DC dysfunction could be generated
by down-regulation of CD40 expression on DC, and, thus, suppressing CD40-mediated
signaling. Therefore, protection of DC from tumor-induced DC dysfunction could be an
important mechanism in generating strong antitumor immunity. For instance, recovery of
decreased CD40 signaling (18) may potentially increase the efficacy of anticancer
immunotherapy. Thus, we hypothesized that in order to overcome deficient CD40 signaling in
DC in cancer, the genetic modification of DC with the CD40L gene might induce enhanced
antitumor responses by protecting DC from tumor-mediated suppression.

In the next set of experiments we examined whether CD40L-transduction of DC might
overcome tumor-induced suppression of antitumor potential of DC. We generated DC from
tumor-bearing and tumor-free mice, transduced them with Ad-CD40L and injected into the
tumor site. As controls, non-transduced DC and DC transduced with Ad-LacZ were used. Our
results have shown that transduction of DC generated from tumor bearing mice with CD40L
rescues DC from tumor-induced suppression. DC generated from TS/A-bearing mice display a

significant antitumor effect compared to controls.
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Thus, better understanding of the mechanisms involved in the tumor-mediated inhibition
of DC generation, maturation, and function may led to the development of novel strategies for
the prevention of immunosuppression in cancer patients and the development of novel DC-based
immunotherapeutic strategies. Therefore, in the next set of experiments we evaluated the effect
of CDA40OL-transduction on DC and whether infection of DC with Ad-CD40L would
protect/rescue DC from tumor-induced dysfunction.

Next, we tested the hypothesis that autocrine/paracrine CD40 ligation on genetically
modified DC might restore suppressed IL-12 production by DC in cancer. DC were generated
from control and TS/A-bearing mice and measured IL-12 production. Our data showed that
DC/CDA40L group secretes similar levels of IL-12 whether they were from control or tumor-
bearing animals. This suggests that transduction of DC with the CD40L gene protects them from
tumor-induced inhibition of IL-12 production and this phenomenon is involved in increased
antitumor potential of CD40L-transduced DC in the tumor microenvironment.

Furthermore, we have shown that CD40L transduction of DC generated from TS/A-
bearing mice rescues tumor-suppressed expression of co-stimulatory molecules. We have
demonstrated that DC from tumor bearers, which were transduced with Ad-CD40L, display a
significant increase in CD80, CD86 and CD40 expression compared to controls. Furthermore,
CD40L-transduction restores the expression of these co-stimulatory molecules to similar levels,
expressed by DC/CD40L group from tumor-free animals. Thus, our data suggest that
transduction of DC generated from tumor-bearing mice rescues DC from tumor-mediated
suppression of the expression of co-stimulatory molecules, which are known to play a crucial

role in stimulation of T cells and induction of antitumor responses.
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In addition, we have tested whether CD40L transduction protects the ability of DC to
induce proliferation of T cells in the allogeneic MLR assay. Our data demonstrate that DC
transduced with Ad-CD40L display similar levels of T cell stimulation whether they were
generated form the control or tumor-bearing mice. These results suggest that the transduction
with Ad-CD40L induces the ability of DC to stimulate T cell proliferation and could explain the
significant antitumor effect generated by DC/CD40L-based immunotherapy.

Taken together, our results demonstrate that DC generated from tumor-bearing mice
display a decreased antitumor potential. We have shown that the CD40L transduction of DC not
only stimulates induction of a strong antitumor immunity of control DC, but also up-regulates
the potential of DC generated from tumor-bearing mice to generate strong antitumor immunity.
This is a novel mechanism of antitumor effect of transduced DC. Therefore, our results
demonstrate that CD40L-based immunotherapy induces strong antitumor immunity and protects
DC from tumor-mediated suppression of their antitumor potential (Figure 6.2). In addition, these
data suggest that CD40L might increase the resistance of DC to tumor-induced inhibition of DC

maturation and function.

The significance of our research is that the primary mechanisms responsible for the
antitumor immunity generated by genetically modified DC have not been yet studied. In our
research, we focused on evaluating different DC functional activities induced by CD40L
transduction which might play a critical role in generating a significant antitumor effect.
Moreover, we developed a novel method to study trafficking of DC injected into the tumor site.

The migration pattern of DC has not been evaluated yet.
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Figure 6. 2 CD40L-based immunotherapy stimulates strong antitumor
immunity and protects DC from tumor-mediated suppression of
their functional activities.

It has been demonstrated that tumor-secreted factors induce DC dysfunction. However,
we used a novel approach to protect DC function in cancer. Our data suggest that the immune
gene therapy with CD40L-transduced DC protects DC from tumor-mediated suppression.

In addition, the role of RANKL and 4-1BBL in DC immunobiology has not been defined.
We have shown that immunotherapies with both adenoviral vectors and transduced DC
expressing RANKL or 4-1BBL induce strong antitumor immunity in both tested tumor models.
Furthermore, DC modified with these two genes display prolonged survival in cultures.

Overall, our data provide supporting evidence for the concept of antitumor
immunotherapy based on the administration of Ad-CD40L or DC transduced with adenoviral
vector encoding CD40L. Immunotherapy with modified DC playing a key role in the induction
of specific antitumor immune responses seems to be one of the promising alternative approaches
in the treatment of cancer. Genetically modified DC overexpressing CD40L protein may serve as
a basis for all DC-based clinical protocols, including the development of therapies for patients

with cancer, HIV and infectious diseases.
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FUTURE DIRECTIONS

All together our data demonstrate that DC genetically modified to overexpress CD40L could be
used as a therapeutic approach in cancer. We have shown that the transduction of DC with
CD40L up-regulates many important DC functions and protects DC from tumor-induced
suppression. However, there are still a lot of questions that require further investigation.

The infiltration of DC into tumors has been associated with significantly prolonged
patient survival and reduced incidence of metastasis in patients with different types of cancer
(102). However, several studies have demonstrated that tumor induces apoptotic death of DC
(123). Therefore, investigation of the mechanisms involved in tumor-induced apoptosis of DC
will allow for the definition of effective means to protect DC from premature death and thus
improve tumor-specific immune responses.

Tumors secrete multiple soluble factors which have a significant effect on DC
development and function. Thus, the interaction between soluble factors and DC will require
further study to reveal the intricate processes leading up to the tumor-induced inhibition of DC. It
is important to examine different intracellular mechanisms induced/suppressed in DC by tumor-
associated molecules.

We have demonstrated that tumor-mediated inhibition of the functional maturation of DC
might be mediated by down-regulated expression of CD40 on DC, and, thus, deficient CD40-

mediated signaling. Further understanding of the cellular and intracellular mechanisms
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responsible for inhibition of CD40 expression on DC will allow us to protect DC formation and
restore the suppressed antitumor potential of these cells in cancer.

We have demonstrated that CD40L transduction of DC significantly increases the
antitumor potential of DC generated from tumor-bearing animals. However, this therapy did not
completely rescue DC from tumor-mediated suppression. Thus, further investigations of the
mechanisms involved in the inhibition of antitumor potential of DC could lead to the discovery
of novel therapeutic agents that will be directed to decrease tumorogenicity and increase

immunogenicity of DC.
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