Chapter 1

Introduction to Engineering Immunity



1. Immunotherapy

The goal of engineering immunity is to harness and engineer the immune
system in order to treat infectious diseases or cancer. The concept of
immunotherapy has been successfully used to prevent and fight many deadly
diseases. Immunotherapy essentially started with the revolutionary invention of
vaccination more than 300 years ago, when Edward Jenner discovered that
deliberate infection with attenuated cowpox virus induces mild disease, and the
resultant immunity can circumvent smallpox infection (Jenner, 1798). Table 1-1
lists milestone events in the history of immunotherapy.

It was found that a similar vaccination approach is especially difficult to
treat some chronic infectious diseases such as human immunodeficiency virus
(HIV) or cancer, largely due to negative immunoregulatory mechanisms
(Waldmann, 2003). Recent advances in understanding the nature of immune
response, immunological signaling pathways, and immunological mediators has
led to several new promising therapeutic strategies, which are briefly highlighted

here with a focus on cancer immunotherapy.

New Generation Vaccines:

Given the vital need for effective therapies for cancer and for certain
chronic diseases, the development of a new generation of vaccines has been at
the forefront of active immunotherapy research. With these diseases, live
attenuated pathogens are not necessarily optimal to induce an appropriate

magnitude of immune response. In the case of cancer, self-tolerance



mechanisms could delete most responsive T cells against antigenic epitopes of
tumor cells. In order to generate a more immunogenic response, epitope
enhancement has been used by alternating the sequence of antigens (Berzofsky,
1993). One approach that uses this method is to select the high affinity of the
epitope peptide for a major histocompatibility complex (MHC) molecule. Several
peptides have been identified with enhanced binding potential towards MHC for
treatment of HIV and cancer (Ahlers et al., 1997; Irvine et al., 1999; Parkhurst et
al., 1996; Pogue et al., 1995; Rosenberg et al., 1998; Sarobe et al., 1998). One
could also modify the epitope sequence to elevate the binding affinity of peptide-
MHC complex for the T cell receptor, resulting in the more effective T cell
immunity. This is especially applicable to tumor antigen epitopes because self-
tolerance mechanism leaves only low avidity T cells. Several altered peptide
ligands showed the elevated capacity to stimulate and expand reactive T cells in
vivo (Fong et al., 2001; Slansky et al., 2000; Zaremba et al., 1997).
Reformulation of vaccines by using combinations of all types of adjuvants,
including multiple peptides or proteins, antigen-loaded dendritic cells,
recombinant viruses or bacteria and naked DNA can be also effective to elicit
appropriate  magnitude of immune response. Adjuvants are important
components of most cancer vaccines, and could facilitate the activation of
antigen presenting cells (APCs) to stimulate T cells more efficiently. In principle,
any molecules capable of boosting immune response can be included in adjuvant
agents. Cytokines, such as granulocyte-macrophage colony stimulating factor

(GM-CSF), interleukin-2 (IL-2), IL-12, IL-4, etc, have been added as adjuvant in



cancer vaccines (Salgaller and Lodge, 1998). Lipopolysaccharide (LPS) and
monophosphoryl lipid A (MPL) produced by bacteria are known to be effective in
activating cytotoxic T lymphocytes (CTLs). Since bacterial DNA contains
unmethylated CpG dinucleotides, it has been found recently to be an efficient
immunostimulatory molecule (Krug et al., 2003; Medzhitov, 2001). Given that
antigen ends up in cytoplasm for further processing and presentation, it is
beneficial if one can develop adjuvant capable of delivering antigen to cytoplasm.
Microparticles (Lo-Man et al., 1998, O'Hagan et al, 1998) and
immunostimulatory complexs (ISCOMs) (Takahashi et al., 1990) have been
reported to be able to efficiently deliver antigen to the cytoplasm. Heat-shock
proteins can also facilitate the intracellular delivery of antigens to APCs and
promote the presentation to MHC molecules (Srivastava, 2002).

Dendritic cell (DC) based vaccines shows a great promise for cancer
vaccine development (Nestle et al., 2001). Tumors (Celluzzi and Falo, 1997;
Celluzzi and Falo, 1998), apoptotic bodies (Nouri-Shirazi et al., 2000), tumor
lysates (Chang et al., 2002), tumor RNA (Heiser et al., 2001) and tumor DNA
(Condon et al., 1996; Whiteside et al., 2002) can be loaded to DCs. Most of
these approaches showed great success in tumor rejection in animal models and

many of them are in different phases of human clinical trials.

Target the Negative Immunoregulatory Mechanism:
In order to prevent self-destructive immune response that could cause

autoimmune disease, the immune system has evolved a range of negative



immunoregulatory mechanisms to ensure safety. Cytotoxic T-lymphocyte
antigen-4 (CTLA-4) is a negative co-stimulatory molecule; its expression is
usually induced upon T cell activation (Chambers et al., 2001). As a binding
competitor, higher affinity of CTLA-4 toward B7 can block the co-stimulatory
interaction of CD28 with B7, which is vital for T cell activation. Allison and co-
workers demonstrated that antibody blocking CTLA-4 action can improve T cell
response against tumors and the regression of established transplanted tumors
was observed (Chambers et al., 2001). Inhibition by regulatory T cells provides
another means of negative control for the maintenance of self-tolerance. Among
CD4 T cells, there is a population of CD4°CD25" T cells that impedes T cell
action against tumor antigens. Administration of monoclonal antibody directed to
regulator T cells in mice showed decreased numbers of circulating CD4'CD25" T
cells, resulting in the rejection of certain syngeneic tumors (Sakaguchi et al.,

2001; Sutmuller et al., 2001).

Monoclonal Antibodies for Passive Inmunotherapy:

In 1900, Paul Ehrlich implied that molecules that react with tumors could
be useful for cancer therapy, suggesting a possible approach of antibody-
mediated passive immunotherapy (Ehrlich, 1956). In the last decade, significant
advances have been made toward the use of monoclonal antibodies against
cancer cells. The two most successful antibodies are rituximab (Rituxan) and
trastuzumab (Herceptin). Patients with non-Hodgkin lymphoma exhibited an

overall response rate of 57% after receiving rituximab treatment (McLaughlin,



1999; McLaughlin et al., 1998a; McLaughlin et al., 1998b; McLaughlin et al.,
1998c). Transtuzumab is a humanized antibody against the tyrosine kinase
receptor HER2/neu and administration of this antibody achieved an overall
response rate of 15% of patients with breast cancer expressing the high level of
HER2 (Baselga et al., 1998; Baselga et al., 1999).

In order to increase the therapeutic efficacy of antibodies, several
strategies of modifying and redesigning antibodies have been developed. Clynes
and co-workers observed that interaction of antibodies with Fc-y receptors on the
surface of effector cells is the major contribution in eliciting antibody-dependent
cellular cytotoxicity (ADCC) (Clynes et al., 2000; Ravetch and Clynes, 1998).
Furthermore, they found that engagement of Fc-y RIll to antibodies can promote
ADCC, while antibodies binding to Fc-y Rl can inhibit ADCC. Thus engineering
antibodies with high affinity toward Fc-y RIll and low affinity toward Fc-y RIl can
increase their therapeutic impact. Antibodies conjugated with toxins and
radionuclides can increase their cytotoxicity and make them better cytocidal
agents (Waldmann, 2003). A CD33-specific antibody armed with immunotoxin
calicheamicin has been approved by FDA to treat myelogenous leukemia
(Kreitman et al., 1998). Compared to unmodified antibody, radiolabeled CD20-
specific antibody showed enhanced efficacy for treatment of non-Hodgkin

lymphoma (Witzig et al., 2002).

2. Cancer T Cell Therapy



As we mentioned, the feasibility of using monoclonal antibodies against
cancer has been firmly validated by recent clinical success in breast cancer and
B cell lymphomas. T cell based immunotherapy in principle should offer even
wider therapeutic potential because of the nature of T cell immunity (Pardoll,
2002a). Significant advances have been made in elucidating of the antigenic
mechanism of tumor recognition and destruction by T cells. It becomes clear that
cytotoxic T lymphocytes (CTLs), or CD8" T cells, are the effector T cells to
ultimately take the action to reject tumor cells (Dudley and Rosenberg, 2003).
CTLs cause the destruction of tumor cells by several possible mechanisms,
including the release of inflammatory cytokines such as tumor-necrosis factor a
(TNF-a) and interferon y (IFN-y), expression of apoptosis-inducing surface
ligands such as FAS ligand (FASL) and TNF-related apoptosis-inducing ligand
(TRAIL), and cytotoxic degranulation, which triggers the perforin-mediated lysis
(Dudley and Rosenberg, 2003; Guidotti and Chisari, 2001; Harty et al., 2000).
However, much evidence gleaned from clinical practices and animal models
showed that circulating tumor-specific CTLs are not sufficient to reject the
established tumors. An appropriate vaccination method can readily generate
tumor-reactive CD8 T cells in vivo, but vaccination alone rarely causes complete
regression of tumors. Even in transgenic models, in which every CD8 T cell
expresses tumor-specific T cell receptors (TCRs), tumors are still able to grow
(Dudley and Rosenberg, 2003; Prevost-Blondel et al., 1998; Wick et al., 1997).

The exact reason that causes the failure of complete tumor elimination

after vaccination or in TCR transgenic animals is not completely understood.



Many mechanisms have been proposed to account for such a failure (Table 1-2,
(Dudley and Rosenberg, 2003)): many experiments showed that most tumor
reactive CD8 T cells isolated from tumor sites have attenuated function, which is
called anergy (Staveley-O'Carroll et al., 1998); T cell differentiation was proven to
be difficult in the tumor microenvironment (Ochsenbein, 2002; Ochsenbein et al.,
2001); the negative regulatory mechanism provided by CD25°CD4" can impede
the immune reaction against tumors (McHugh and Shevach, 2002; Shevach,
2002; Shevach, 2003; Shimizu et al., 1999); as tumors progressively grow,
additional suppression mechanisms such as down-regulation of TCR and MHC
expression could occur (Dudley and Rosenberg, 2003); tumors can evolve to
lose or mutate tumor-antigens to escape TCR recognition (Khong and Restifo,
2002); etc.

Facing such difficult situations, recently many exciting developments on T
cell based cancer immunotherapy have been achieved and many new strategies
have been demonstrated. In particular, recent two clinical studies using adoptive
transfer of tumor-specific T cells demonstrated that in vitro activated T cells can
inhibit tumor growth. These trials provide many new insights and hopes for T cell

immunotherapy (Dudley et al., 2002; Yee et al., 2002).

Adoptive Inmunotherapy:
T cell adoptive immunotherapy involves the selection of tumor reactive T
cells with optimal characteristics such as expression of TCRs with high avidity

against tumor antigens. The selected T cells are then expanded in vitro with the



suitable stimulation condition. The expanded cells are transferred back to the
host; this step may require the pre-treatment of the host with immunosuppressive
drugs to ensure that the host environment can adapt the transferred cells into
functional T cells. As shown in Figure 1-1, this entire procedure provides a
number of opportunities to circumvent the inefficient immune response generated
by the tumor-bearing host (Dudley and Rosenberg, 2003; Ho et al., 2003;
Pardoll, 2002b). For example, the selection step could yield T cells with high
reactivity toward tumor antigens, which are normally deleted from T cell
repertoire in host owing to self-tolerance mechanisms; the in vitro expansion step
could render a large number of tumor reactive T cells; immune suppression of
host could create a favorable environment for the transferred highly tumor-
reactive T cells to be maintained.

After several failures of pre-clinical trials, Rosenberg and co-workers
conducted a new trial with an improved protocol (Dudley et al., 2002). Tumor-
infiltrating lymphocytes (TILs) were isolated from 13 patients with metastatic
melanoma and cultured in vitro. The digested tumor tissue was added as
antigen-loaded APCs and large quantities of IL-2 were supplied into the cultured
medium to promote T cell proliferation. Highly tumor-reactive T cells were
selected by cytokine secretion assay and further expanded in medium containing
high concentration of IL-2. Once over 5x10° T cells from TIL cultures with
specific tumor recognition were obtained, a rapid expansion protocol was
employed to achieve roughly 1000-fold increase of the desired T cells. All the

patients had a prior lymphodepletion before receiving adoptive transfer of



approximately 8x10' in vitro-expanded cells. Results from clinic were very
impressive: 6 of the 13 patients had true partial responses to treatment (50%
reduction at all tumor sites) and an additional 4 of 13 patients exhibited mixed
responses (defined as shrinkage of some lesions but growth at others). In
addition to tumor regression, some pronounced immunological findings enhance
the potency of this approach: in vivo proliferation of the transferred cells was
observed in some patients; two patients developed stable engraftment of single T
cell clones (60% of the total peripheral blood CD8 T cells in one patient and 75%
of the CD8 T cells in another patient).

In parallel studies, Greenberg and co-workers performed a similar trial
with a different protocol (Yee et al., 2002). Peripheral blood lymphocytes (PBLs)
were grown in medium supplemented with antigen-loaded dendritic cells, the
most powerful stimulator for T cells. The tumor antigens employed in the trial
were two well-characterized melanoma antigens: MART-1 and gp100. After 3
times of weekly stimulation, most of the T cells were unable to elicit the proper
anti-tumor responses. A chromium release assay was used to select clones
capable of lysing antigen-bearing tumor cells. Greenberg and co-workers were
able to identify such T cell clones, indicating existence of tumor reactive T cells in
host, which can be activated and expanded. These T cell clones were then
rapidly expanded with the addition of anti-CD3 antibody, irradiated allogeneic
PBMCs, irradiated allogeneic lymphoblastoid cell line and IL-2, in medium.
Approximately 6 billion of such T cells with pure antigen specificity were

transferred back to patients every 2 weeks. For the first infusion of T cells, no IL-
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2 was administrated. At the subsequent infusion, low dosage of IL-2 was
supplied to patients, with the consideration that low amount of IL-2 could
selectively activate T cell clones with expression of high affinity of IL-2 receptors.
Analysis of the 10 patients receiving such T cell infusion provided many
important insights on adoptive T cell transfer. FACS staining using antigen-MHC
tetramer for patients’ peripheral blood clearly showed the persistence of the
transferred T cells. The half-life for T cells without administration of IL-2 was
about 1 week and was extended to 2.5 weeks when |L-2 was used, indicating
that IL-2 can prolong the life of antigen-specific cytotoxic T lymphocytes.
Analysis of tumor biopsies from patients also revealed that 37% of tumor
infiltrated T cells were tumor-antigen positive and less than 1% of these T cells
resided in peripheral blood, suggesting that the infused antitumor T cells indeed
were able to traffic to tumor sites. Unfortunately, none of the patients showed
objective clinical responses to the treatment (shrinkage of tumor more than 50%).
Examination of tumors from patients revealed the loss of the melanosomal
antigen (either MART-1 or gp100) in 3 out of 5 patients, confirming the genetic
instability of tumor cells.

Nevertheless, Greenberg’s trial demonstrated that adoptive transferred T
cells could persist in host and migrate to tumor sites. Coupled with successful
example of Rosenberg’'s trial and other previous reports, these series of
experiments show promise of adoptive T cell therapy in treatment of several
diseases, including CMV, EBV, melanoma and leukemia (Dudley et al., 2002;

Rooney et al., 1995; Walter et al., 1995; Warren et al., 1998; Yee et al., 2002).
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With current pace of progress in understanding the lymphocyte characteristics
and the role of the host immune environment on the efficacy of adoptive therapy,

this therapeutic method will become a reliable clinical practice in the near future.

Redirecting T Cell Specificity:

As we described previously, CTLs are required to efficiently eliminate
tumors. Both Rosenberg and Greenberg chose melanoma for T cell-based
immunotherapy in part because it is relatively easier to grow tumor-specific CD8
T cells from melanoma patients than any other types of cancer. Generation of
active, tumor-specific lymphocytes is still a very difficult task (Ho et al., 2003).
Alternatively, one can redirect T cell specificity against tumor antigens by TCR
gene transfer (Pardoll, 2002b; Sadelain et al., 2003). As shown in Figure 1-2,
this approach may seem to be very straightforward, but it has been proven to be
quite difficult, presumably due to the nature of TCRs. Fortunately, much
progress has been made on this front, and several groups have reported the
successful transfer of TCR gene into T cells, with the resulting T cells exhibiting
the desired antigen specificity (Clay et al., 1999a; Clay et al., 1999b; Cooper et
al., 2000; Fujio et al., 2000; Kessels et al.,, 2000; Kessels et al., 2001;
Stanislawski et al., 2001).

Nishimura and co-workers reported the first example of genetic
modification of human peripheral blood (PBL) by virus-mediated transfer of TCR
genes (Clay et al.,, 1999b). Genes encoding a and B chains of TCR against

melanoma associated antigen MART-1 were cloned into A7 retrovirus.
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Expression of o chain was driven by 5 LTR promoter, and 3 chain expression
was under control of the hybrid SRa promoter. After virus transduction, over
22% of PBL cells were able to express a MART-1 specific TCR. Clones isolated
from these transduced cells could respond to antigenic stimulation and secrete
IFN-y, demonstrating the idea of redirecting antigen specificity of T cells.

Since then, several other groups also reported the use of TCR gene
transfer to edit T cells (Cooper et al., 2000; Fujio et al., 2000; Kessels et al.,
2000; Kessels et al., 2001; Stanislawski et al., 2001). Two recent impressive
papers from the Theobald group (Stanislawski et al., 2001) and the Schumacher
group (Kessels et al.,, 2001) showed the success of retroviral delivery of TCR
genes into T cells, and demonstrated that the transduced T cells are functional in
vivo. Schumacher and co-workers inserted the cDNA of F5 TCR recognizing the
H-2Db-restricted, influenza derived NP antigen, into a moloney-based retroviral
vector (Kessels et al., 2001). Retrovirus-mediated virus infection resulted in up
to 20% of the T cells expressing functional F5 TCR. These cells were adoptively
transferred into animals. Up to 1000-fold expansion of transferred T cells was
observed after influenza infection. They further demonstrated that immuno-
compromised RAG-deficient mice, after receiving the redirected T cells, could
survive from tumor challenge.

Theobald and co-workers took advantage of the approach of redirecting T
cell specificity to overcome tumor immune responses imposed by immunological
tolerance (Stanislawski et al., 2001). A peptide, designated as MDMZ2, a

potential antigen for many malignant cells, was isolated from the HLA-A2
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complex and found to be able to induce high magnitude immune responses using
T cells derived from individuals lacking HLA-A2 expression. In contrast, MDM2
could not elicit even modest immune reactions in human expressing HLA-AZ2; this
outcome may be due to low presentation of such an antigen on MHC so that the
cognate T cells are deleted during positive selection. After transfer of murine
derived, humanized MDM2 responsive TCR gene into HLA-A2 positive human T
cells, the resultant T cells were able to kill tumors bearing MDM2 antigen.

The ability to redirect T cell specificity by TCR gene transfer expands the
scope of adoptive transfer when the suitable antigenic T cell clones are unable to
be isolated from patients. This method also engenders another exciting
opportunity for building better T cells. One obstacle for the success of adoptive
therapy is the lack of availability of sufficiently high-avidity tumor reactive T cells
(Dudley and Rosenberg, 2003; Ho et al., 2003). TCR gene transfer may help
overcome this problem. With TCR gene transfer, one can clone the low affinity
TCR into a retrovirus vector. A library of TCR can be generated by PCR
mutation. The library can then be displayed on the surface of yeast (Holler et al.,
2000) or on retrovirually transduced T cells (Kessels et al., 2000). Appropriate
screening methods such as peptide-MHC tetramer staining can be applied to
select for high affinity TCR (Holler et al., 2000). However, whether the in vitro-
generated high affinity TCR could be applicable in vivo remains unclear. One
obvious concern is the possibility of breaking the immunological tolerance. Also
the engineered T cells may have the reduced ability to migrate so that they may

essentially have impaired effector function.
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TCR gene transfer to redirect T cell specificity has great potential in
immunotherapy. It provides an alternative way to generate a large quantity of T
cells with anti-tumor specificity in vitro and creates new prospects for the

research of T cell biology, tumor immunity and cancer T cell therapy.

Chimeric Antigen Recepftors:

T cell therapy using either natural occurring a3 TCRs or transduced TCRs
has a few of potential limitations. TCR-mediated antigen recognition requires the
recognition of MHC on antigen presenting cells. For tumor therapy, one has to
isolate a range of T cell clones that recognize the same tumor antigen but with
different MHC restrictions. This is a very demanding task and certainly
complicates the clinical application of this method. Another limitation imposed by
TCR-based T cell therapy is that only protein-based tumor antigens can be
targeted; carbohydrate and glycolipid are two important categories of non-protein
tumor antigens (Sadelain et al., 2003).

There is another class of investigation on genetic modification of T cells
with a strategy of generating tumor-specific T cells using gene transfer of
chimeric antigen receptors (CARs, Figure 1-3). CARs are composed of an
antigen recognition domain fused to a cytoplasmic portion of T cell activation
domain. On a natural T cell surface, the T cell uses two different molecules to
perform recognition and activation: antigen recognition is realized through the

o and B chains of TCR, while the activation signal is mediated through the CD3

complex, which consists of a 6e-chain heterodimer, a ye-chain heterodimer and a
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C-chain homodimer (Figure 1-4A) (Germain and Stefanova, 1999). Binding of the
TCR to a peptide-MHC complex on an APC surface can induce cross-linking of
the TCR and trigger the phosphorylation of immunoreceptor tyrosine-based
activation motifs (ITAMs), which are parts of CD3 complex, initiating the
activation of T cell (Germain and Stefanova, 1999). CAR combines these two
functions in a single molecule (Figure 1-4B). The recognition domain of CAR can
be derived from a monoclonal antibody, receptor or surface ligand. And the
activation domain can be signaling motifs of CD3 complex. It is hoped that upon
binding of antigen, the CAR will be cross-linked and activation motifs can then be
phosphorylated in the same way as in physiological TCR signaling.

Eshhar and co-workers reported their pioneer work on CAR in 1993
(Eshhar et al., 1993). They constructed a CAR, which included a hapten-
specific, immunoglobulin-derived single-chain variable fragment (svFv) as the
recognition domain, and a cytoplamic region of the CD3( chain. This chimeric
receptor gene was transferred into a mouse CTL hybridoma cell line and the
resultant cells were able to respond to hapten-bearing cells. In addition, they
showed that the activation motif derived from the FceRy chain, which mediates
activation signal of the receptor FceR1 expressed on the surface of natural-killer
cells, could also serve as an activation motif for the CAR (Figure 1-4B). In the
subsequent paper, the same group constructed another CAR in mouse CTL
hybridoma to target tumor cells expressing the HER2/neu (Eshhar et al., 1993).

Over the last decade, many cancer antigens have been targeted by the

engineered CARs (Abken et al., 2003; Altenschmidt et al., 1997; Beecham et al.,

16



2000a; Beecham et al., 2000b; Chames et al., 2002; Daly et al., 2000; Darcy et
al., 2000; Haynes et al., 2001; Haynes et al., 2002; Hombach et al., 2001;
Hombach et al., 2000; Hwu et al., 1995; Kershaw et al., 2000; Krause et al.,
1998; Maher et al., 2002; McGuinness et al., 1999; Niederman et al., 2002;
Nolan et al., 1999; Parker et al., 2000; Patel et al., 2000; Ren-Heidenreich et al.,
2002; Sadelain et al., 2003; Wang et al., 1998; Yun et al.,, 2000). These
experiments have not only demonstrated that CARs can direct the hybridoma T
cell lines to the intended tumor antigens, but also confirmed that the primary T
cells either from murine or human, once transduced with CARs, can convey anti-
tumor specificity. In animal models, CARs have been used in vivo efficiently to
target tumor antigens ERBB2 (Altenschmidt et al., 1997), the colorectal
carcinoembryonic antigen (CEA) (Darcy et al., 2000; Haynes et al., 2002), the
adenocarinoma antigen TAG-72 (McGuinness et al., 1999), and ovarian
carcinoma antigen FBP (Hwu et al., 1995; Wang et al., 1998). Sadelain and co-
workers recently showed that human PBLs, infected with the designed CARs,
after adoptively transfer into SCID mice, were able to reject established
lymphomas. The investigators also demonstrated that expansion in the presence
of IL-15 was vital for persistence of adoptively CAR-transferred T cells and the
therapeutic efficacy (Brentjens et al., 2002).

With no MHC restriction, the approach using CAR-modified T cells offers
significant advantages over the physiological T cell approach on adoptive T cell
therapy. However, this method contains certain limitations. The biggest

limitation is the quality of activation signal elicited by CARs. This is in part
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manifested by a modest in vivo anti-tumor response when CAR-modified T cells
were adoptively transferred into tumor-challenged mice. To address this
limitation, Hwu and co-workers imparted dual specificities into targeted T cells to
enhance the anti-tumor activity (Kershaw et al., 2002). In their experimental
procedure, the CAR-directed T cells were first activated via their physiological
TCRs stimulated by the allogeneic stimulator cells. This subset of T cells, once
expanded, conferred dual specificities: one is provided by CARs and anther is
provided by natural allogeneic responsive TCRs. These selectively expanded
cells were then transferred back to the tumor-bearing host mice. Immunization
by allogeneic cells could further expand and activate the transferred T cells.
Anti-tumor specificity conveyed by CARs directed these cells into tumor sites.
Since these cells had been activated by their natural TCRs, they had more
potential to kill tumor cells. As expected, they observed more potent ability for

these dual specific T cells to eliminate tumors.

3. The Unique Role of CD4 T Cells in Anti-tumor Immunity

As we mentioned before, the role of CD8 T cells in anti-tumor immunity is
is to perform tumor killing upon direct recognition of tumor antigens presented by
MHC I. What roles CD4 T cells play in the tumor battle, however, needs further
investigation.

There is accumulating evidence showing that CD4 T cells have an
indispensable role in antitumor immunity. Several tumor antigens recognized by

CD4 T cells in the context of MHC |l molecules have been identified from tumor
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patients (Renkvist et al., 2001). Direct evidence for the critical role of CD4 T cells
in induced tumor immunity comes from experiments with depletion of CD4 T cells
by antibody blocking or in CD4 knockout animal models (Cavallo et al., 1992;
Dranoff et al., 1993; Golumbek et al., 1991; Hock et al., 1991; Levitsky et al.,
1994; Ostrandrosenberg, 1994; Pan et al., 1995; Pulaski et al., 1993). Several
lines of evidence consistently demonstrated that depletion or absence of CD4 T
cells attenuated significantly the ability of the immune system to reject tumors. In
the experiment for evaluating separate contributions of T cells in the elimination
of the Friend murine leukemia virus (MuLV)-induced tumor FBL-3, the
investigators found that CD4 T cells can elicit the antitumor immunity
independent of CD8 T cells (Greenberg, 1991; Greenberg et al., 1985). One of
Greenberg’s experiments showed that adoptive transfer of CD4 T cells into mice
bearing MHC lI-negative tumors resulted in the control of tumor growth via
mechanisms requiring no CD8 participation (Greenberg et al., 1985). Tumor
vaccination experiments revealed that simultaneous vaccination with the tumor-
related CD4 epitope and CD8 eptitope resulted in much better tumor responses
than with a tumor-unrelated CD4 epitope (Ossendorp et al., 1998). Further
evidence can be derived from tumor-specific CD4 T cell tolerance. Levitsky and
co-workers adoptively transferred transgenic CD4 T cells with specificity against
tumors and observed progressive induction of tumor-specific anergy of these
cells after tumor challenge (Staveley-O'Carroll et al., 1998). Blankenstein and
co-workers reported that antitumor responses exhibited a surprising increase in

mice lacking B cells, and argued that presentation of tumor antigens to B cells
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could redirect the CD4 reaction into the non-productive form of humoral immune
(Th2 type) response instead of the productive (Th1-type) response (Qin et al.,
1998). Pardoll and co-workers suggested that the degree of unresponsiveness
of CD4 T cells against tumors is more pronounced, as evidenced by the cells
encountering anergy induction or clonal diversion, while tolerance induction of
CD8 T cells is more passive, as shown by the cells’ ignorance of antigen or
failure to trigger memory responses (Pardoll and Topalian, 1998).

Thus, it becomes clear that the involvement of CD4 T cells is critical for
generation of productive immunity against cancer. Dissection of the cellular and
molecular interactions pertaining to anti-tumor reaction revealed that CD4 T cells
orchestrate multiple effector functions, and collaborate with CD8 T cells to yield
effective antitumor immune responses. At first, CD4 T cells provide tremendous
help to induce CD8 T cell-based antitumor responses. In addition to secreting
cytokines, CD4 T cells provide indirect help to CD8 T cells by stimulating APCs
(Bennett et al., 1997). Heath and co-workers demonstrated that CD8 T cell
priming requires the co-recognition of antigens by both CD4 and CD8 T cells on
the same APCs in an MHC restricted manner, which explained the previous
finding that cytokines such as IL-2 can only transfer CD4 help to the proximal
CD8 T cells (Bennett et al., 1997). It was discovered that interaction between
CD40 on the CD4 cell surface and CD40L on APCs is essential to activate APCs
to be able to prime cognate CD8 T cells (Bennett et al., 1998; Ridge et al., 1998;
Schoenberger et al., 1998). Blocking the binding of CD40/CD40L led to

inefficient priming of CD8 cells and subsequent induction of immune responses
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(Koch et al., 1996). CD40 ligation could upregulate the expression of CD80,
CD86 and intercellular adhesion molecule 1 (ICAM-1), which are important co-
stimulatory molecules for priming CD8 T cells (Cella et al., 1996; Shinde et al.,
1996). This evidence agrees with the model that APCs cross-present cognate
antigens for both CD8 and CD4 T cells to allow the delivery of CD4 help to
proximal CTL CD8 T cells (Figure 1-5).

The accumulating evidence also implicates that CD4 T cells can have
several routes to contribute their antitumor immunity independent of CD8 T cells.
In an early experiment, Greenberg found that the adoptively transferred tumor-
specific CD4 T cells could activate tumoricidal macrophages that were useful for
control of tumor growth (Greenberg, 1991). Recent tumor cell-based vaccination
experiments revealed that Th1 and Th2 CD4 T cells, in response to vaccines,
could release their cognate cytokines, which in turn recruit and activate
macrophages and eosinophils, respectively (Hung et al., 1998). Thus, for the
CTL independent model, CD4 T cells activated by tumor antigens could mediate
the production of oxygen radicals (nitric oxides or superoxides) by macrophages,
and the release of granule contents by eosinophils, to empower the antitumor
reaction (Figure 1-5).

Appreciation of the pivotal roles of CD4 T cells in generating efficient
antitumor immunity is of importance for design of cancer vaccines and T cell

therapy to achieve maximal therapeutic efficacy.
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4. Hematopoietic Stem Cells As Targets for Gene Therapy

Hematopoietic stem cells (HSCs) are multipotent stem cells that can
develop into any types of cells in peripheral blood (Bodine et al., 1998; Brown et
al., 2001; Kondo et al., 2003; Orlic et al., 2001; Weissman, 2002; Weissman et
al., 2001). Millions of mature blood cells can be generated from HSCs via the
extensive proliferation and differentiation in hematopoietic system. In general,
HSCs can differentiate into lymphoid (B and T cells), myeloid (granulocytes and
monocytes), megakaryocytic (platelets) and erythroid (red cells) lineages (Figure
1-6). One important property of HSCs is that they can self-renew without lineage
changes (Eaves et al., 1991; Thomas et al., 1975a; Thomas et al., 1975b). The
ability of self-renewal makes HSCs powerful sources for transplantation
applications, since a small number of HSCs can repopulate the entire

hematopoietic system for patients receiving radio- or chemo-therapy.

Mouse Hematopoietic Stem Cells:

Several experiments have demonstrated that mouse HSCs can repopulate
the entire hematopoietic system after transfer into irradiated hosts (Orlic et al.,
2001; Weissman et al., 2001). In these animal experiments, it was shown that
repopulating hematopoietic system of mice only require a single HSC, although
the minimal number for the transferring bone marrow cells has to be larger than
1x10° (Boggs et al., 1982; Harrison et al., 1988; Nakano et al., 1989). Powerful
assays have also been developed to evaluate and quantify the relative ability of

individual genetically distinguishable HSCs to repopulate recipient mice (Micklem
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et al., 1972). These assays estimated that in adult mice, 80% of HSCs are
located in the bone marrow, 19% of HSCs reside in the spleen, and only 0.5% of
HSCs can be identified in the peripheral blood (Bodine et al., 1995; Bodine et al.,
1994). When treating the mice with hematopoietic growth factors or antitumor
drugs, investigators also discovered the redistribution of HSCs in the PBL
(Bodine et al., 1996; Brasel et al., 1995a; Brasel et al., 1995b; Brasel et al., 1997;
Brasel et al., 1996; Molineux et al., 1997; Neben et al., 1993; Neipp et al., 1998).
In one example, Granulocyte-Colony Stimulating Factor (G-CSF) was
administered to animals and it was observed that 88% of HSCs occupy the
spleen and 2% of HSCs reside in the peripheral blood (Bodine et al., 1995;
Bodine et al., 1994; Bodine et al., 1996). When mice were treated with
cyclophosphamide (CP), an antitumor agent, a 30-fold increase of HSCs in the

PBL was found (Neben et al., 1993).

Human Hematopoietic Stem Cells:

Bone marrow transplantation has become a common clinical practice in
the treatment of many inherited and acquired hematopoietic diseases. Success
of these treatments relies on the fact that human hematopoiesis can be
regenerated from a small number of transplanted HSCs. Although bone marrow
and the PBL cells are the most available sources of human HSCs, cord blood
and fetal liver HSCs can be alternative sources (Amos and Gordon, 1995;
Broxmeyer, 1995; Russell et al., 1998). Cord blood as a rich source for HSCs

has been exemplified by an experiment showing that HSCs derived from 100 mL
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cord blood are adequate to regenerate a person’s hematopoietic system
(Broxmeyer, 1995).

It is interesting to revisit some of the animal models developed when
investigators tried to identify an in vivo transplantation assay for human HSCs.
The early successful animals used for human HSC transplant were
immunodeficient sheep (Shimizu et al., 1998; Zanjani, 2000; Zanjani et al.,
1995a; Zanjani et al., 1996). Usually the rapid expansion of the hematopoietic
system of sheep begins at day 50 of gestation, while its immune system is not
functional until day 70 of gestation. Thus, between days 50 and 70 of gestation
is the best time window to infuse human HSCs. The expansion period can allow
human HSCs to expand efficiently and the immune deficiency can allow sheep to
develop tolerance toward human antigens. The success rate for such
transplantation is about 70% and human cells can occupy the average of 5% of
cells in the sheep peripheral blood. The properties of human HSCs such as self-
renewal are retained. The persistent human cells in sheep can be expanded by
administration of human cytokines such as IL-3, GM-CSF, Stem Cell Factor
(SCF), etc (Srour et al., 1992a; Srour et al., 1992b; Srour et al., 1993; Zanjani et
al., 1995b).

Other animal models pursued are immunodeficient mice (Dao et al.,
1999). To date, human HSCs have been successfully transplanted into BNX
mice (beige, nude, xid) and SCID (severe combined immunodeficiency) mice
(Dick, 1997; Shultz, 1991). BNX mice are completely immune deficient due to

the accumulated three mutations (the beige mutation causes natural killer cell

24



deficiency; the nude mutation causes thymus deficiency; the xid mutation causes
the functional deficiency of B cells). Unlike the transplantation experiments done
for sheep, less than 1% of human cells could be identified in BNX mice’s bone
marrow and spleen (Kamelreid and Dick, 1988). Inspired by the fact that human
cytokines such as IL-3 and GM-CSF can facilitate the expansion of human cells,
investigators found that infusion of human stromal cells capable of producing
human IL-3 can increase the percentage of human cells to 6% in recipient bone
marrow (Nolta et al., 1994). When SCID mice were used as recipients to receive
human bone marrow transplantation, as much as 3% of human cells can be
found in mouse bone marrow (Bock et al., 1993; Bock et al., 1995; Lapidot et al.,
1992; Lubin et al., 1991). Shultz and co-workers demonstrated that when SCID
strain was crossed into NOD strain (NOD strain mice are susceptible to Non-
Obese Diabetes), the resulting NOD/SCID mice were more immunodeficient, and
were better than SCID in engrafting human HSCs (Kollet et al., 2000; Shultz et
al., 1995).

Recently, notable work has been done by Weissman’s group at Stanford
University, showing that infant mice, once infused with human cord blood cells,
can maintain human cells as the mice grow (Personal Communication). Analysis
of the adult mice demonstrated the presence of human B- and T-lymphocytes in
the peripheral blood. Class switch upon antibody production in the human B
cells was also observed, implying that the generated human CD4 T cells are
functional (to mediate B cell class switch). This opens up a new arena for

studying human HSC biology and human immunology in mice.
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HSC Gene Therapy:

The biological capacities of HSCs are enormous (Kondo et al., 2003). The
fact that HSCs can repopulate the host's hematopoietic system makes them
particularly desirable to be used for correcting some inherited or acquired
diseases (Anderson, 1984; Anderson, 1992; Bordignon and Roncarolo, 2002;
Dunbar, 1996; Dunbar, 1998; Hu and Dunbar, 2002; Kohn, 1999). HSCs
integrated with new genes can expand the scope and utility of bone marrow
transplantation (BMT), because the recipients then have a continuous stream of
intended therapeutic materials (Kohn, 1999). More importantly, the ability of
HSCs to induce immune tolerance to transgenes and their associated proteins
makes gene transfer especially suitable to be coupled with BMT (Bordignon and
Roncarolo, 2002; Sykes et al., 1993).

Owing to the low frequency of integration, attempts to use adeno-
associated viruses (AAVs) to introduce genes into HSCs have largely failed
(Miller et al., 1995; Ponnazhagan et al.,, 1998). Thus, the efforts have been
mainly focused on oncoretrovirus- and lentivirus-mediated gene transfer into
HSCs (Bauer et al., 1994; Hanenberg et al., 1997; Leurs et al., 2003; Miller,
1992a; Miller, 1992b; Miller, 2003; Miller et al., 1993; Walsh et al., 1993;
Williams, 1990; Williams and Smith, 2000; Wilson et al., 1997). These viruses
share some features (Mulligan, 1993; Varmus, 1988; Varmus, 1982) which are
crucial for adaptation to HSC gene transfer, namely: recognition of target cells,

achieved by interaction between the envelope protein of the virus and the
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specific molecules on cell surface; reverse transcription, which must occur to
synthesize the cognate DNA, which is mainly controlled by cytoplasmic
concentration of deoxynucleotide triphosphates (dNTPs); the resulting DNA
entering the nucleus and integrating into the host genome, which is catalyzed by
integrase packaged by the virus.

The Moloney Murine Leukemia Viruses (MMulLVs), which can cause
leukemia in mice, were the first retroviruses to be used for gene therapy (Miller,
1992b). As mentioned, the envelope protein determines the specificity of the
virus. Currently the envelope protein of ecotropic retroviruses (Eco) is popularly
used to package MMuLVs to infect mouse HSCs, because Eco can only
recognize a murine basic amino acid transport protein (mCAT) and has no
capability to infect human cells, providing the safety of use in laboratories
(Albritton et al., 1993; Albritton et al., 1989; Davey et al., 1997; Fass et al., 1997;
Kim et al., 1991). For transduction of human HSCs, the envelope protein from
amphotropic retroviruses, which recognizes a phosphate transporter protein, Pit-
2, is dominantly used (Miller et al., 1994; Mulligan, 1993). The envelope protein
from Vesicular Stomatitis Virus type G (VSV-G) binds to a cell membrane
phospholipid, so viruses packaged by VSV-G can infect virtually any type of cells
(Burns et al., 1993; Schlegel et al., 1983; Yee et al., 1994). It should be noted
that one unique property of VSV-G is that the packaged viruses can be
concentrated to have very high titers (Chen et al., 1996; Ory et al., 1996; Yang et

al., 1995).
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Several versions of recombinant oncoretrovirus vectors have been
engineered. LTR units from different viruses have the distinct capacity to induce
protein expression in different cell types (Miller, 1992b). For instance, LTRs from
MMuLVs are particularly active in lymphoid cells, while LTRs derived from Mouse
Stem Cell Viruses (MSCVs) generally promote high protein expression in both
myeloid and lymphoid cells (Beckengeser et al., 1991; Onodera et al., 1998;
Pawliuk et al., 1996; Pawliuk et al., 1997). The LTRs can also be silenced over
time in HSCs (Challita et al., 1995a); appropriate engineering can partially
circumvent this problem (Challita et al., 1995b; Robbins et al., 1997).
Interestingly, the LTR from MSCV exhibits exceedingly good resistance to the
gene silencing (Cheng et al., 1998).

Unlike oncoretrovirus, lentivirus can integrate transgenes into non-dividing
cells (Lewis et al., 1992; Poeschla, 2003). This property offers certain
advantages for its application in HSC gene transfer, considering that HSCs are
usually quiescent and have prolonged cell cycles. Lentivirus employs its own
viral proteins to promote the transport of preintegration complex into the nucleus
using host cell nuclear transport machinery (Bukrinsky et al., 1993; Gallay et al.,
1995). The most commonly known lentiviruses are the Human
Immunodeficiency Virus 1 (HIV1) and 2 (HIV2). VSV-G is the most common
envelope proteins used to package lentivirus, although use of Eco and
amphotropic envelope was also reported (Naldini et al., 1996; Sutton et al.,
1998). A successful example of lentivirus-mediated gene transfer into HSCs was

the gene therapy for Sickle Cell Disease in mouse models, in which onco-
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retroviral vectors failed to transfer the required gene expression cassette for
expressing human B-globin (May et al., 2000; Pawliuk et al., 2001).

Toward the use of retrovirus-mediated gene transfer into HSCs, various
protocols have been devised for the application in mouse models. The most
refined protocol includes treatment of donor mice with 5-fluorouracil (a cell cycle
specific drug that specifically targets to cycling cells like hematopoietic progenitor
cells) for 5 days to deplete the progenitor cells and enrich HSCs (Figure 1-7)
(Hodgson and Bradley, 1979; Suzuki et al., 2002). Three cytokines (IL-3, IL-6
and SCF) are added into culture to further expand HSCs without losing
significant stem cell properties (Bodine et al., 1989; Bodine et al., 1991). These
stimulated HSCs are then exposed to retroviruses to receive transgenes (Figure
1-7). If necessary, several rounds of infection can be performed to increase the
overall transfection efficiency. The infected HSCs are transferred into lethally or
sub-lethally irradiated mice. It takes 4-6 weeks for the recipients to reconstitute
the entire hematopoietic system.

HSC gene therapy has been employed in animal models to evaluate the
feasibility of this approach to treat severe combined immune deficiencies
(Belmont et al., 1988; Wilson et al., 1990), inborn errors of metabolism (Correll et
al., 1990a), and hemoglobinopathic genes (Bender et al., 1989; Bender et al.,
1988; Correll et al., 1990b; Dzierzak et al., 1988). Birkenmeier and co-workers
reported the first successful example of HSC gene transfer to treat human Sly
Syndrome (B-glucuronidase deficiency) in a mouse model (Wolfe et al., 1992).

To date, successful treatment of several human diseases has been
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demonstrated in animal models. These diseases include X-SCID, caused by the
deficiencies of the Jak3 and common y-chains (Bunting et al., 1998b; Lo et al.,
1999; Mendoza et al.,, 2001; Otsu et al., 2000; Otsu et al., 2001), Chronic
Granulomatous Disease (CGD) caused either by gp91phox or p47phox
deficiency (Bjorgvinsdottir et al., 1997; Mardiney et al., 1997), etc.

The safety issue of retrovirus-mediated gene transfer approach has been
subjected to intense discussion and debate. In mice, it is well documented that
insertion of LTR elements into oncogenic sites have the possibility to cause
leukemogenesis (Corcoran et al., 1984; Suzuki et al., 2002). Over thousands of
BMT experiments using either oncoretroviruses or lentiviruses in mice, the
occurrence of abnormal growth of hematopoietic cells was observed in two cases
(Bunting et al., 1998a; Li et al., 2002). It was estimated that the chance to have
leukemia causing insertion by retrovirus-mediated gene transfer was less than
1/10,000 (Mucenski et al., 1988). The safety concern was dramatically raised
when two out of 9 children who receiving gene therapy for the X-SCID disease
developed leukemia (Cavazzana-Calvo et al., 2000; Hacein-Bey-Abina et al.,
2003; Kaiser, 2003; Marshall, 2003). In the trial, the French team was able to
restore the immune system for 9 out of 11 children with X-SCID disease, showing
the first successful example of human gene therapy. The clinical trial used
retroviruses to deliver the gene for common y chain into patients via HSC
transplantation to correct the deficient gene. The first observed leukemia case

involved in replication of a single yd T cell, while the second case involved in

over-production of three types of an aff T cell. Further analysis revealed that the
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retroviral vector was inserted into a site close to LMOZ2 gene in both cases, which
was a known proliferative gene (Hacein-Bey-Abina et al., 2003). The retrovirus-
activated LMO2 gene could cooperate with the transduced yc gene to promote
the over-growth of the inserted clone. Many lessons were learned from this trial.
In future studies, safer strategies have to be devised, including incorporation of
insulator elements in the vector to prevent induction of up- or down-stream
associated genes, use of tissue-specific or more controllable promoters, inclusion
of suicide genes, etc. This trial emphasizes the importance of continuous
development of animal models to evaluate every possible aspect of safety issues

involved in HSC gene therapy.

5. The Role of IL-2 on T Cell Regulatory Function and Memory

IL-2 is one of the major cytokines to regulate T cell function. It is an
important growth factor to mediate T cell proliferation upon antigenic stimulation;
it also can promote T cell survival by elevating expression level of anti-apoptotic
molecules such as Bcl-2 (Akbar et al., 1996; Gillis and Smith, 1977; Van Parijs et
al., 1999). In view of its positive role, IL-2 has been used in immunotherapy to
enhance immune response against cancer (Waldmann, 2003). In fact, IL-2 was
the first cytokine to receive approval from the US Food and Drug Administration
(FDA) for the treatment of metastatic renal cancer and malignant melanoma
(Atkins et al., 1999; Rosenberg et al., 1994). The role of IL-2 in immune system
was expanded when investigators discovered that IL-2 knockout mice, although

mounting a reduced immune response towards viral infection, developed
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autoimmune disease (Sadlack et al., 1993). Similarly, targeted disruption of the
high affinity IL-2 receptor gene led to the accumulation of activated T cells and
autoimmunity (Suzuki et al., 1995; Willerford et al., 1995). These observations
suggest that IL-2 has important roles in maintaining peripheral tolerance. The
exact mechanism on how IL-2 controls the expansion of T cells is not completely
understood, and one possibility is that IL-2 can render activation induced cell
death (AICD), which is likely regulated through Fas-mediated apoptosis
(Lenardo, 1996). This may limit the therapeutic impact that IL-2 can generate; IL-
2 can instruct the tumor responsive T cells to recognize tumors as self-antigens
and promote AICD-induced apoptosis (Waldmann, 2003). More experiments are
required to further confirm this speculation.

The fact that IL-2 receptor o chain (IL-2Ra, CD25) is consistently
upregulated in CD4"CD25" T cells suggested that IL-2 have roles in regulatory T
cell (Treg) biology (Nelson, 2004). Malek and co-workers expressed IL-2Rp
transgene in IL-2RpB knockout mice with selective expression only in the thymus
and found that this transgene could rescue CD4°CD25" T cell development,
suggesting that IL-2 is required for Treg development in thymus (Malek et al.,
2000; Malek et al., 2002). To investigated the role of IL-2 signaling in peripheral,
the same group also transferred CD4°CD25" T cells from wild-type mice into IL-2
deficient mice and found that transferred Tregs failed to expand, indicating that
IL-2 is also required for Treg expansion and maintenance in periphery (Malek et
al., 2002). Several lines of evidence showed that Tregs treated with IL-2 reduced

their suppressive activity, and Tregs lacking IL-2RB gene could still exert
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negative regulation to prevent autoimmunity, implying that IL-2 is not required for
Tregs to maintain regulatory function (Bach, 2003; Gavin et al., 2002; Malek et
al., 2002). Nevertheless, the involvement of IL-2 in Tregs has been firmly
demonstrated, although the detailed molecular mechanisms are still
controversial.

It is increasingly clear that cytokines are key molecular mediators in
regulation of generation and maintenance of T cell memory (Schluns and
Lefrancois, 2003). For CD8 T cells, it has become clear that the members of the
common cytokine receptor y chain (yc) family, including interleukin 2 (IL-2), IL-7
and IL-15, contribute significantly to memory T cell production and differentiation
(Schluns and Lefrancois, 2003). Notably IL-2 was found to have a dual role in
development of CD8 memory: IL-2 increased the population of the CD8 memory
if present at the initial activation of T cells, but decreased the size if present
during memory maintenance (Dai et al., 2000). In sharp contrast, Ahmed and co-
workers evaluated the effects of IL-2 treatment during the expansion, contraction
and memory phases of the CD8 T cell responses (Blattman et al., 2003) and
revealed that IL-2 treatment at the expansion phase has a negative effect on the
survival of effector CD8 T cells; treatment of IL-2 at the death phase can increase
the proliferation and survival of antigen-specific effector CD8 T cells. When |L-2
was used to treat the resting memory CD8 T cells, rapid expansion of memory
cells was observed, indicative of a positive effect of IL-2 on memory
maintenance. Further studies are required to resolve these controversial

observations on the role of IL-2 in T cell memory. .
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6. Research Objectives and Thesis Outline

Towards engineering immunity, this thesis focuses on T cell
immunotherapy. We propose a concept of instructive immunotherapy for cancer,
as compared to active and passive immunotherapy. In the context of cancer
therapy, active immunotherapy involves activating the effectors in the host
immune system to inhibit cancer cell growth and reject tumors (e.g., cancer
vaccination), while passive immunotherapy is a term for directly providing the
host with the effectors to react against cancer (e.g., adoptive transfer of in vitro
expanded antitumor T cells). Our concept of instructive immunotherapy is to use
a strategy to guide the host in developing in vivo effector cells capable of
targeting cancer. This strategy arises from combination of gene therapy, stem
cell therapy and immunotherapy to program HSCs to develop into lymphocytes
with desired antitumor specificity. The choice of HSCs endows this method a
unique feature. Taking advantage of the longevity and self-renewal of HSCs, life-
long supplies of tumor-specific lymphocytes can be generated in vivo, which
exceed the current methods of repetitive immunization and adoptive transfer.

Following the introduction chapter 1, | will devote the second chapter to
test the feasibility of this approach. Retrovirus-mediated gene transfer of cDNA
into RAG-deficient hematopoietic precursor cells allows the long-term production
of functional antigen-specific T cells. Chapter 3 describes the results of imparting
antitumor specificity to T cell repertoire via bone marrow transplantation of

programmed wild-type HSCs. Co-expression of o and  chains of CD8-specific T
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cells permitted efficient production of desired antitumor CTLs with an occupation
of approximately 20% of total CD8 T cell repertoire. Significant tumor rejection
was observed in mice, demonstrating the feasible approach of instructive cancer
immunotherapy. In recognition of the important roles of helper T cells in
antitumor immunity, chapter 4 elaborates a two-arm model to augment tumor-
specific immune responses. In the experiment, the two arms, both antitumor
CD4- and CD8 T cells, were generated by HSC gene transfer method. The
resultant immune system in mice can not only suppress tumor growth, but also
eradicate large, solid and vascularized tumors.

Successful immunotherapy relies on understanding the molecular
mechanisms that control immune responses. For instance, although IL-2 has
been approved by FDA to treat renal cancer and melanoma, many results from
mice show that the physiological role of IL-2 is complex and unpredictable,
hindering the design of better strategies which would maximize the therapeutic
impact of IL-2. | address the role of IL-2 in negative regulatory function and T cell
memory in last two chapters, both of which are important for achieve the overall
success of immunotherapy. Chapter 5 describes the role of IL-2 in maintaining
regulatory T cell homeostasis and self-tolerance, and correlates this role with the
signaling molecule STAT5. The final chapter (Chapter 6) details the role of IL-2

in generation and maintenance of CD4 T cell memory.
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Table 1-1: History of immunotherapy (adapted from Nat. Med, 9, 269 (2003))

Time Milestone Accomplishments

1796 Jenner introduces vaccinia (cowpox) immunization to prevent subsequent
smallpox infection

1879-1886 Louis Pasteur introduces first laboratory-weakened infectious agent
(chicken cholera bacterium) and strongly thereafter develops weakened
rabies for active immunization

1888 Emile Roux and Alexandre Yersin isolate toxin from diphtheria

1890 Emil von Behring and Shibasabo Kitasato in Koch’s laboratory find that
injecting diphtheria toxin into animals produces a serum containing an
antitoxin that provides passive anti-diphtheria immunity to people

1900 Paul Ehrlich suggests that molecules that react with tumors could play a
role in cancer therapy, presaging antibody-mediated passive immunity

1954-1955 Jonas Salk and Albert Sabin introduce killed and live attenuated polio
vaccines that soon lead to the elimination of poliomyelitis

1965 IgG anti-D (anti-RH) is administrated to prevent of RH immunization and
thus prevent erythroblastosis fetails; this is a translation of the basic
insight that passive administration of a specific IgG antibody inhibits the
active production of that antibody

1975 George Kohler and Cesar Milstein develop hybridoma technology for
monoclonal antibody generation

1977 Smallpox is declared eradicated through vaccination

1982 The first report of successful use of a monoclonal antibody to treat a
human neoplasm is reported

1986 The first monoclonal antibody, muromonab-CD3 (Orthoclone OKT3), is
approved by FDA

1986 The first humanized antibody is produced by replacing the
complementarity regions in a human body with those of mouse

1986-2000  IL-2, IFN-a, IFN-B and IFN-y are approved for use in the treatment of
neoplasia, hepatitis and multiple sclerosis

1988-1991  The methodology for isolating tumor antigens recognized by CTLs is
introduced; the first human antigen from melanoma patients identified by
CTLs is isolated

1997 The first humanized monoclonal antibody (daclizumab, Zenapax) is
approved by the FDA

1997 The first monoclonal antibody (rituximab, Rituxan) for the treatment of
malignancy is approved

1998 An antibody to TNF-a (infliximab, Rituxan), and p75 TNF receptor linked to
the Fc or IgG1 (etanercept, Enbrel) are approved for use in the treatment
of rheumatoid arthritis and Crohn disease

2000 The first toxin-linked monoclonal antibody (gemtuzumab ozogamicin
Mylotarg) is approved by the FDA

2002 The first radionuclide-linked monoclonal antibody (ibritumomab tiuxetan,

Zevalin) is approved by the FDA
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Table 1-2: Mechanisms that account for failure of efficient immune responses against
tumors (adapted from Nat. Rev. Cancer, 3, 667 (2003))

Possible Mechanisms

The generation phase of Lack of T cell help

anti-tumor immune Non-activated APCs

responses Active suppression by regulatory T cells

The tumor-reactive Insufficient number of tumor-antigen-specific precursor CTLs
CD8" lymphocytes Insufficient avidity of T cells for tumor antigens

Downregulation of T cell receptor signal transduction
Downregulation of T cell receptor for tumor antigens
Inadequate T cell function (cytokine, lysis)

The effector phase of Apoptosis of T cells when encountering tumor

the antitumor immune T cell failure to extravasate from vasculature to tumor stroma
response Tumor produces local immuno-suppressive factors

The tumor cells Loss of tumor-antigen expression

Loss of HLA expression
Resistance to CTL lysis
Loss of apoptotic or other self-destructive functions
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Figure 1-4: (A) Cartoon structure of natural antigen receptors: B cell receptor
(BCR), T cell receptor (TCR) and Rc R1 receptor. (B) Cartoon structure of
representative chimera antigen receptors. (Adapted from Nat. Rev. Cancer, 3, 35

(2003))
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