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1. ABSTRACT

Advances in the understanding of the immune
response to tumors has led to the development of new
strategies to design therapeutic vaccines.  One of these
strategies is the development of protein transfer of
immunostimulatory molecules onto the surface of tumor
cells,  thereby directing the immune response to the tumor
antigens carried by the modified tumor cells.  This strategy
has been developed as an alternative to gene transfer, the
more classical technique of introducing immunostimulatory
molecules onto tumors.  In this report we briefly review
current strategies for immunotherapy and then focus on
several approaches to protein transfer and their historical
basis.  Finally, the application of these protein transfer
approaches to develop cancer vaccines are reviewed and
discussed.

2. INTRODUCTION

Tumors have been shown to express unique
tumor antigens that can be used to immunize a host against
tumor cells bearing those antigens (1,2).  Knowing that

tumor cells possess antigens that can be recognized by T
cells as "foreign",  immunotherapy for the treatment of
cancer has become an area of intense investigation.  These
immunotherapeutic theories/approaches are not recent.
Hypotheses by both Paul Ehrlich and William Coley,
proposed in the late 1800's, suggested the use of anticancer
antibodies or bacterial toxins to stimulate the immune
system for anti-tumor therapy.

Tumor specific immunity is mostly cell-
mediated, with humoral immunity playing a minor role in
most cases.  This cell-mediated immunity can be the result
of both CD8+ and CD4+ effector T cells (3,4).  In many
cases, CD8+ cytotoxic T lymphocytes (CTLs) are the
effectors recognizing intracellularly-expressed tumor
antigens presented by class I major histocompatibility
complex (MHC) molecules at the tumor surface.  However,
CD4+ T cells also play an important role, as tumor antigens
can be ingested by professional antigen-presenting cells
(APC) and presented in the context of MHC class II
molecules.  The role of CD4+ T cells has been shown to
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enhance or regulate the CTL response and work in concert
with macrophages for cytokine production, while some
CD4+ cells have a direct cytopathic effect (5-8).

3. TUMOR ESCAPE MECHANISMS

Although some tumor antigens have been
characterized and anti-tumor CTLs can be isolated and
shown to be effective, many tumor cells still fail to induce a
strong immune response.  Many factors contribute to a
tumor's ability to evade an immune response.  These factors
include the ability to modulate antigen, down regulate
surface molecules involved in T cell recognition of tumor
cells, or secretion of immunosuppressive factors (9-11).

3.1.  Antigen modulation
Tumor cells can escape the immune response by

antigen modulation or by selective pressure of the immune
response (12-13).  In the presence of specific antibodies or
CTLs, tumor cells can down-regulate or alter antigen
expression.  Alternatively, tumor cells may express a
heterogeneous array of tumor antigens at any given time.
Therefore, when a response to one antigen is mounted only
some of the tumor cells are destroyed.  The tumor cells
expressing different antigens survive the response by not
being recognized.

Similarly, tumors cells can evade the immune
system by down-regulation of MHC molecule expression,
or a defect in the antigen processing and presentation
pathway (9).  MHC molecules are highly polymorphic
glycoproteins controlling T cell immune responses by
binding and presenting certain peptides that have been
processed from either exogenous or intracellular antigens.
MHC class I is essential for recognition of antigens by
CD8+ cytotoxic T cells, the main effectors of tumor
immunity.  Without the expression of MHC class I, tumor
cells cannot be recognized by CD8+ cytotoxic T cells.
Therefore, tumors can go undetected by tumor-specific
effectors.  Many tumors of both human and murine origin,
such as human colon carcinoma  (14)  and the murine D122
Lewis lung carcinoma (15), have been shown to have
altered surface expression of MHC class I.  The
relationship between a loss in MHC class I expression and
tumor growth has been studied most rigorously in the AKR
strain of mice (16).  These mice have a high incidence of
spontaneously arising leukemias.  These leukemias have
significantly reduced levels of H-2K, one of the MHC class
I molecules.  Determined through many in vitro studies, the
immune response against these leukemias is directed
toward tumor antigens presented by H-2K molecules.
Therefore, lack of H-2K expression severely inhibits T cell
immune responses to these leukemias.

3.2.  Immunosuppressive factors
One way that tumors may escape recognition by

the immune system is through the release of soluble factors.
Some of these factors are tumor antigens released by the
tumor cell.  When these antigens are taken up by resident
APCs in the absence of an inflammatory response,
tolerance is promoted (17-19).  In addition tumor cells have
also been implicated to suppress the generation and activity

of APCs in general, and more specifically dendritic cells
(DC), by secretion of vascular endothelial growth factor
(VEGF) (20-23).  These DCs, which are the most potent
activators of T cells, are altered in their migratory, homing,
and maturation patterns (20-24).  In addition to secreting
VEGF, tumors have been reported to secrete IL-10 (10,17),
TGF-β (25),  both anti-inflammatory cytokines, and MUC-
1, which has been reported to induce apoptosis of activated
T cells (11).

3.3. Lack of costimulation
By interfering with APCs, most specific T cells

are anergized during contact with tumor-specific peptides
either presented by the tolerizing APC, or by the tumor
cells themselves. During a normal immune response,
antigen specific T cells require and receive two specific
signals through surface receptors in order to proliferate and
respond to antigen (26).  Tumor cells, when presenting
antigens on MHC molecules, can provide the first signal.
However, since most tumor cells lack costimulatory
molecules, such as B7-1 or B7-2, that are needed to provide
the second signal for development of full effector function
of T cells, they are anergized instead (27).  This prevents an
anti-tumor immune response from developing, thereby
leading to the escape of tumors from the immune system.

4.  IMMUNOTHERAPEUTIC TREATMENTS

Many immunotherapeutic strategies have been
designed for the treatment of tumors in mouse models.
However, these treatments or therapeutics have achieved
limited success in clinical trials, unless used in combination
with chemotherapy.

4.1. Adjuvants
 Some mechanisms of inducing anti-tumor

immunity involve non-specific stimulation of the immune
system.  Adjuvants, such as BCG (28-30), or mitogens
including anti-CD3 antibodies (31) or superantigens
(32,33), have been used to treat established tumors or have
been mixed with tumor lysates to create a tumor vaccine.
Although these treatments have had some effect, generally
immune activity is not heightened enough to induce full
tumor rejection.

4.2. Cytokine treatment and TIL therapy
Another therapy, which received much attention

in the 1980's, is systemic administration of cytokines,
mainly IL-2 (34).  IL-2 has been shown to be the major T
cell growth factor, and large doses of IL-2 in vitro stimulate
NK cells and CTL to kill normally resistant targets (35,36).
Use of IL-2 in vivo has had limited success, and systemic
treatment often has severe side effects.  Due to the toxic
effects, ex vivo stimulation of immune cells with cytokines
has been developed (36-39).  This therapy involves the
generation of lymphokine activated killer (LAK) cells by
stimulation of T cells and NK cells with high doses of IL-2
or other cytokines.  These LAK cells are then
readministered to the patient.  Lymphocytes isolated from
tumor tissue, tumor-infiltrating lymphocytes (TIL), are also
stimulated in vitro and readministered.  This therapy has
had limited success and still requires systemic cytokine
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treatment.  Other cytokines administered systemically, such
as IL-12 and GM-CSF, have also met limited success.  IL-
12 has been found to be highly toxic when delivered
systemically, depending on treatment schedules (40).  In a
recent study by Rosenberg and co-workers (41), co-
administering IL-12 or GM-CSF in tandem with tumor
specific peptide had no effect on the generation of anti-
tumor immunity.  The side effects of delivering cytokines
systemically continue to outweigh the ultimate benefits for
tumor immunotherapy.

Recently, researchers have been looking at the
delivery of cytokines locally by genetically engineered
cells (42).  Here, cytokines can be delivered locally by
tumor cells transduced with cytokine genes.  IL-2 (43-45),
IL-4 (46,47), IL-12 (48,49) and GM-CSF (50,51), have
been stably transfected into tumor cells.  These tumor cells,
when administered to syngeneic hosts, have a lower tumor
incidence and in some cases induce rejection of established
tumor.  Administration of cytokines locally can still prime
anti-tumor responses without adverse side effects.
Cytokines have also been administered locally by several
other methods.  Some investigators have genetically
engineered fibroblasts to secrete cytokines such as IL-12
(52) and IL-2 (53).  Mice immunized with tumor cells
mixed with transfected fibroblasts have a higher resistance
to tumor growth (53).  Moreover, mice treated with IL-12
secreting fibroblasts mixed with tumor cells can reject
established tumors (52).  Alternatively, cytokines can be
delivered by biodegradable polymer microspheres, which
slowly release cytokines into the surrounding area (54).
Pardoll and co-workers have found that if IL-12 is
encapsulated in microparticles, which time releases IL-12,
and is co-injected with wild-type tumor cells, a strong anti-
tumor response develops which is equal to that of
transfected tumor cells (55).  Many of these techniques for
cancer vaccination show promise in protecting mice from
further tumor challenge (44,46,52,56).

 Both IL-12 and GM-CSF are potent activators of
not only acquired immunity, but innate immunity as well
(57,58).  IL-12 augments the development of CTLs in vivo
(59-61).  Tumor cells transfected with IL-12 or co-
administered with fibroblasts transfected with IL-12 have
been shown to attract macrophages (Mφ) and NK cells
(48,62,63).  This facilitates uptake of tumor antigens in an
inflammatory environment, thus leading to powerful anti-
tumor immunity.  IL-12 has been reported to work in
concert with B7-1 in generating strong CTL responses, as
well as tumor regression (64-69). GM-CSF has been shown
to be a growth factor and activator of dendritic cells (70).
GM-CSF alone or in combination with B7-1+ tumor cells
can elicit strong anti-tumor responses (50,51,71-74).

4.3. APC and DC-based vaccines
Another method of turning a tumor cell into an

APC is to fuse the tumor cell directly to APCs.  This is
usually accomplished by incubating the tumor cells and
APCs together and using a fusogen, such as polyethylene
glycol.  Introduction of B7-1 or B7-2 molecules onto the
surface of hepatoma cells by fusion with activated B cells
has been shown to induce tumor-specific immunity (75).
Recently approaches using the more potent T cell activator,

DC, as the fusion partner has resulted in induction of strong
anti-tumor immune responses (76-79).  In one report it was
shown that merely pre-mixing DCs and tumor cells prior to
immunization resulted in induction of anti-tumor immunity
(80).

Current trends in cancer vaccines are being
designed to present tumor antigens on professional APCs,
such as dendritic cells (81-83).  Dendritic cells are the most
potent activators of T cell responses.  DCs or precursors are
recovered from hosts and stimulated in vitro to proliferate
and differentiate.  They are then pulsed with peptides,
tumor antigens, tumor lysates, or tumor specific mRNA
(84-86).  Immunization with DCs under these conditions
can be used as a vaccine to successfully prevent tumor
development and therapy to treat established tumors.  One
drawback of this therapy is that DCs are relatively low in
number and somewhat procedurally difficult to obtain in
large enough numbers to provide for routine administration
as a vaccine.  Recently, a cytokine known as FLT3 ligand
(FLT3L) has been described to elicit large numbers of DC
in vivo (87-91).  FLT3L has also been shown to induce
regression of established tumors (92-94).  This may obviate
the need to generate DC in vitro, for subsequent
manipulations.  This therapy, however, is most effective
when the identity of the tumor antigens responsible for
recognition by T cells is known.  Although great strides
have been made in determining tumor antigens and
antigenic epitopes, many are still unknown (2,95).
Other cancer vaccines under investigation do not require
the identification of the tumor antigen.  These
approaches rely on the tumor itself to present antigen to
the T cell (96,97).  However, tumor cells may not
express all the necessary molecules needed to induce a
protective immune response, such as costimulatory
molecules and cytokines produced by normal host
APCs. Therefore, the tumor cells will be unable to
induce a protective immune response.  Thus, methods
are available to introduce new proteins onto the surface
of cells.  These methods include: gene transfer, in which
the gene of the cell surface molecule is transfected or
the tumor cells are transduced to produce new protein;
cell fusion, as discussed above, tumor cells are fused to
antigen presenting cells (APCs); and protein transfer, in
which the protein is coupled to a lipid tail and can be
inserted into the lipid bilayer of tumor cell membranes.

4.4. Gene transfer of tumor cells with costimulatory
molecules

As mentioned above, studies have shown that
tumor cells lacking costimulatory/cell adhesion molecules,
such as B7-1, are poorly immunogenic.  Expression of B7-
1 (98-105) and other adhesion molecules, such as ICAM-1
(106,107), on the tumor cell by transfection result in
induction of tumor immunity and subsequent tumor
rejection in animals.

Previous results from our laboratory showed that
the human renal carcinoma cell line, RCC-1 does not
express B7-1 and does not stimulate autologous T cells in
vitro (104).  After transfection of B7-1, RCC-1 induces
strong proliferative and CTL responses in vitro (104).  This
has also been shown for tumor cell lines of other
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Figure 1. The schematic of a recombinant glycosyl-
phosphatidylinositol anchored protein.  The extracellular
portion of the recombinant molecule is linked to the GPI-
anchor through an ethanolamine at the C-terminal end of
the protein.  The glycan moeity connected to the
ethanolamine consists of three mannose residues and a
glucosamine which links to a phospholipid,
phosphatidylinositol with two fatty acids.

histological origin (108).  These results indicate that tumor
specific immunity can be generated by expressing
costimulatory molecules on tumor cells.  Apart from B7-1,
other cell surface adhesion molecules, such as ICAM-1,
ICAM-2, ICAM-3, VCAM-1, LFA-3 have shown to
provide co-stimulation for T cell proliferation (109-113).
These molecules have also been demonstrated to stimulate
T cells at different stages of activation (110), indicating that
perhaps a combination of various costimulatory molecules
on the surface of tumor cells will create a potent tumor
vaccine.

The method of choice for introduction of new
proteins is gene transfer, by either transfection or viral
transduction of tumor cells.  This technique can introduce
many disadvantages when initiating human clinical trials.
Transfection of primary tumor cells is difficult, therefore
the establishment of tumor cell lines is needed.   In
addition, transfection of cells is time consuming, requiring
weeks for selection of homogeneous cell populations
expressing transfected molecules.  Co-transfection, for the
expression of several genes, can also prove to be difficult.
The use of viruses to transduce cells has eliminated most
time constraints, but this technique also has its
disadvantages.  This method utilizes vectors of viral origin
that may introduce mutations at the site of DNA
integration.  In addition, it has been shown that the host can
develop strong immune responses to the vector, making it
difficult to immunize more than once with the same vector
(114-116).

4.5. Protein transfer of tumor cells with
immunostimulatory molecules

We have investigated an alternative method for
the introduction of costimulatory molecules onto the
surface of tumor cells to eliminate the problems
encountered with gene transfer (117-119).  This method,

termed “protein transfer” can be used to anchor proteins to
surface of the cell membrane, one of which uses unique
proteins that are anchored to cell membranes via a
glycosyl-phosphatidylinositol (GPI) linkage (120-122).

5. GLYCOSYL PHOSPHATIDYLINOSITOL-ANCHORED
PROTEINS

The majority of known cell surface proteins are
anchored to the membrane by a transmembrane domain that
spans the entire lipid bilayer, followed by a cytoplasmic
tail.  Some cell surface glycoproteins are anchored to the
cell membrane by utilizing lipids attached co-
translationally to the protein.  The most well characterized
is the GPI-anchor (123-125).  This anchor is composed of
an ethanolamine and three mannose residues, a
nonacetylated glycosamine and a phosphatidylinositol
(Figure 1).  The GPI-anchored precursor protein contains a
hydrophobic signal sequence at the C-terminus.  When the
precursor protein enters the ER, the C-terminal
hydrophobic sequence is cleaved and the attachment to the
ethanolamine moiety of the pre-formed GPI-tail occurs by a
transamidase through the ethanolamine residue (126,127).
These proteins are then glycosylated and transported to the
cell surface.  Many proteins such as decay accelerating
factor (DAF) (128), CD59 (129), LFA-3 (130,131), neural
cell adhesion molecule-1 (NCAM-1) (132-134) and Fc
gamma receptor III (CD16B) (135,136) are anchored to the
cell surface by a GPI-linkage.

Membrane anchoring via a GPI-anchor has been
associated with many unique properties.  These proteins
have a higher lateral mobility within the cell membrane
(137) and are targeted to the apical cell membrane
(138,139).  Moreover, purified GPI-anchored molecules
can spontaneously incorporate into membranes through
their lipid tail (120).  Observations by Medof et al. (140)
have shown that incubation of cells with the complement
regulatory protein, now known as DAF, results in its
incorporation onto the surface of erythrocytes and
subsequent inhibition of complement activity.  Since then,
most of the known GPI-anchored molecules have been
shown to reincorporate onto erythrocytes and nucleated
cells after a short incubation with cells (120).  GPI-
anchored mediated protein transfer has even been reported
to occur in vivo in transgenic mice expressing CD59 under
an erythroid restricted promoter (141).  Endothelial cells
lining the blood vessels in transgenic mice acquire CD59
from circulating erythrocytes (141).  Most importantly,
after incorporation onto the cell surface, these molecules
retain their function.

The property of GPI-anchored proteins to transfer
to foreign cell membranes has evolved into a simple and
useful technology to express novel proteins on the cell
surface without resorting to gene transfer.  This has been
proposed as an alternative to gene transfer to develop
cancer vaccines where gene transfer is not desirable or
feasible (118,119).  Subsequently, other approaches to
protein transfer, have been described and tested in the
development of cancer vaccines (142,144).  In the
following sections we discuss the evolution of the protein
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Figure 2. Single or two step methods of protein transfer.
Proteins which are engineered with hydrophobic amino
acids or the signal sequence for GPI attachment can be
expressed by direct incubation in a single step (I).  Proteins
which do not directly incorporate into lipid bilayers need a
scaffolding or platform to anchor them onto the cell
membrane (II, III).  The advantage of the one step process
is the transfer of multiple proteins is tightly controlled.  The
scaffolding or platform approach reduces the need to
engineer purify proteins from membranes of mammalian
cells and instead soluble proteins can be anchored through
the metal chelating NTA-lipids (II) or lipid-modified
scaffolding molecules, such as palmitate-protein A (III).

transfer technology and current applications of GPI-
anchored and engineered lipid-linked proteins of clinical
interest in the development of therapeutic cancer vaccines.

6. STRATEGIES OF PROTEIN TRANSFER

There are many proposed strategies for protein
transfer, however they all fall into one of two categories, a
one step method or a two step, scaffolding method (Figure
2).  The one step method utilizes recombinant proteins
which are directly linked to a GPI-anchor or a stretch of
hydrophobic amino acids.  The two step method requires a
scaffolding protein or metal chelator directly linked to
lipids which can incorporate into the cell membrane (first
step).  The recombinant protein is then linked to the
scaffolding protein or metal chelator (second step).  In the
following sections, four approaches of protein transfer are
described which fall into these two categories.

6.1. Transmembrane proteins engineered into GPI-
anchored forms

Although mature GPI-anchored proteins
expressed on the cell surface do not have a transmembrane
polypeptide domain, their mRNA sequence predicted that
the precursors of GPI-anchored proteins have a
hydrophobic stretch of amino acids at the C-terminus
resembling TM domains.  Site directed mutagenesis and
recombinant DNA techniques revealed that the C-terminal
hydrophobic domain and 15-20 amino acids of the
extracellular domain proximal to the C-terminus posses the
signal for GPI-anchor attachment.  Analysis of the GPI-
anchor attachment signal sequences of many cloned GPI-

anchored proteins revealed a lack of consensus sequence
for GPI-attachment (145-147).  In the case of Qa-2 protein,
the TM domain carries the signal for the GPI-anchor
addition.  Extensive studies by Udenfriend and coworkers
have established the amino acid requirements for GPI-
anchor attachment (145,148-150).

TM-proteins can be converted into GPI-anchored
forms by replacing the TM and cytoplasmic domains with a
GPI-anchor (127,139,151-159). This manipulation involves
ligating the cDNA encoding the extracellular domain of a
TM-anchored protein to the cDNA coding for the anchor
attachment signal of a GPI-anchored protein.  The chimeric
construct is transfected into cells, which are then analyzed
for surface expression of the protein and its susceptibility to
phosphotidylinositol-phospholipase C (PI-PLC).  Initial
studies using this recombinant DNA methodology were
focused on constructing chimeric molecules to identify the
signal sequence for GPI-anchor attachment on endogenous
GPI-anchored proteins.  In a series of experiments, Caras et
al (139, 158, 159) and Tykocinski et al (146) assigned the
GPI-anchor addition signal of DAF to the last 37 amino
acids at the C-terminus. Subsequently, GPI-anchored forms
of type I and type II integral membrane proteins and
secretory and viral envelope proteins were constructed to
characterize the structural requirements of their
extracellular domains to carry out specific functions.

The immunologically important CD4 protein was
converted to a GPI-anchored form to map the domains
required for HIV-1 binding and infection (160,161).
Further investigation found that incorporating GPI-CD4
onto CD4 negative cells could render them susceptible to
HIV infection (162).  Other immunologically important
molecules such as CD16A (163,164), CD8 (165), mouse
MHC class I (154,166,167), MHC class II (152), TCR
(168), ICAM-1 (153,169), B7-1 (119,170), B7-2 (170,171)
and LFA-1 I domain (172), were also converted to GPI-
anchored forms for investigating the functional
consequences of this new mode of membrane association.
Studies from our laboratory (164) and others (173) on
membrane isoforms of CD16 have shown that GPI and
TM-anchored forms differ in their signal transduction.
GPI-anchored T cell receptor efficiently recognized antigen
presented by MHC class II molecules (168).  GPI-anchored
mouse MHC class I molecule H2-Dd conferred protection
from NK cell lysis in vivo and in vitro (166).  However, in
other studies GPI-anchored H2-Db was not able to load
endogenously processed antigenic peptides, though it
bound to exogenously added antigenic peptides as
efficiently as its TM-counterpart (174).  Studies with Thy-1
and CD16A also suggest that membrane anchor can induce
subtle conformation changes in the extracellular domain of
a receptor (175,176).  DAF protects cells from complement
mediated damage equally well whether in GPI- or TM-
anchored form (177).  Recently, we have demonstrated that
GPI-anchored B7-1 can bind to CD28 and induce T cell
proliferation as efficiently as the transmembrane B7-1
(119,120).  These results suggest that the type of membrane
anchor can influence function of extracellular domain in
some receptors, but not in all.
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Table 1.  Applications of protein transfer using GPI-anchored proteins
Molecule Application Reference
DAF Reconstitution of complement regulation in vitro 140, 181, 182
CD59 In vitro and in vivo reconstitution of complement-deficiency 182-184, 211
CD16B Ligand binding and endocytosis 118
Human B7-1 Stimulation of allogeneic T cells, Stimulation of anti-tumor immunity in vivo 119, 207
CD4 HIV-mediated gene transfer of CD4- cells 162
Mouse B7-1 Stimulation of anti-tumor immunity in vivo 205
MHC class I Sensitize MHC class negative cells to CTLs 154

6.2. GPI-mediated protein transfer
Purified proteins that contain a GPI-anchor are

able to spontaneously incorporate into the lipid bilayer of
nucleated (117-119,178) and non-nucleated cells (130,140).
Reconstitution of GPI-anchored proteins into cell
membranes is a specific process, mediated by hydrocarbon
chains of the lipid moiety as chemical or enzymatic
removal of the acyl chains completely abolished the
incorporation.  The GPI-mediated protein transfer, has
become an attractive strategy to express new proteins on
cell membranes.  Both naturally occurring and engineered
GPI-anchored proteins transfer equally well.  The
membrane incorporation process is dependent on
temperature and duration of incubation and concentration
of the purified protein (117,118,140).  Fatty acid binding
serum proteins such as BSA and orosomucoid inhibit the
transfer (118,140).  Under serum free conditions,
genetically engineered, affinity purified GPI-anchored
proteins incorporate maximally after 2 h incubation at 37oC
(119,179).  A number of tumor cell lines including primary
breast carcinoma cells have been modified with GPI-B7-1
and show similar kinetics of incorporation (119).

Initially, the GPI-protein transfer was used to
determine the functional consequence of defective
expression of GPI-anchored receptors in Paroxysmal
Nocturnal Hemoglobinuria (PNH) patients' erythrocytes.
PNH is an acquired abnormality of hematopoietic cells
affecting GPI-anchor biosynthesis or attachment, thus
selectively affecting the membrane expression of GPI-
anchored proteins (125,180).  The complement regulatory
activity of erythrocytes from PNH patients could be
reconstituted by incorporation of GPI-anchored DAF and
CD59 (140,181-183) by protein transfer.  Other cell types
that are sensitive to complement mediated lysis can also be
rescued by incorporation of CD59 (184).  Apart from
complement regulatory proteins, PNH erythrocytes also
lack the cell adhesion molecule LFA-3 and therefore, do
not adhere to T cells expressing CD2, a natural ligand for
LFA-3 (185).  Expression of LFA-3 by protein transfer
reconstituted the ability of PNH erythrocytes to adhere to T
cells (130) suggesting that adhesion function of a cell can
be manipulated by protein transfer.

In all these studies, purification and incorporation
of GPI-anchored proteins did not  alter their ligand binding
capacity (154,160,161).  Also, modification of tumor cells
with GPI-B7-1 led to the stimulation of allogenic T cells
(119).  Applications in which GPI-anchored proteins have
been tested for treatment of diseases are shown in Table
1.

6.3. Chemical modification of proteins with palmitic
acid

The chemical modification of antibodies by
palmitic acid has been well described (186-189).  The
advantage of this process is the ease of which it can be
accomplished.  Derivatization by palmitic acid covalently
couples the protein to the N-hydroxysuccinimide ester of
palmitic acid (186).  The derivatized protein can be inserted
into the plasma membranes of cells.  This method has been
used to study in vitro cell-cell interactions, receptor-
mediated events, and to dissect distinct receptor pathways
through a more natural interaction (190-195).  The primary
drawback of this methodology is that the palmitate
derivatization of functionally active amino acids on the
protein can lead to loss of functional activity of the protein.
Moreover, the random nature of the palmitate derivatization
also results in random orientation of proteins or antibodies,
that when incorporated onto the surface of cells, may not be
best to facilitate interactions with its ligands.  More
recently, a method to use palmitate derivatization in a two
step process to add proteins to the surface of cells was
shown.  Peacock and co-workers (196) have shown that it
is possible to modify protein A by palmitic acid.  They
showed that the resulting pal-protein A could incorporate
onto the surface of cells and retained its ability to bind the
Fc portion of antibodies (196).  This method allows the
construction of a platform, palmitate-protein A (pal-protein
A) on which one can then assemble any number of
antibodies or Ig-fusion proteins.  The advantage of this
design is that once cells were coated with pal-protein A,
antibodies could be coated or expressed in the correct
orientation, thereby maximizing interactions with its
ligands and retaining Ag-binding affinity.  This could be
useful in studying receptor-ligand interactions in vitro
using Ig-fusion proteins as well.  Recently, Chen et al (143)
using pal-protein A and B7-1-Ig-fusion protein showed that
by varying the level of costimulatory signal, i.e. by level of
B7-1-Ig-fusion protein onto cells, they could dissect
differences in cytokine release and T cell proliferation
depending on the level of costimulation.  Historically, these
responses and studies were conducted using cells modified
by gene transfer.

6.4. Protein transfer using metal chelator lipids
Immobilized metal chelators, such as

iminodiacetic acid and nitrilotriacetic acid (NTA), have
been used routinely for the purification of recombinant
proteins by metal-ion affinity chromatography (197).
These chelators, in the presence of Ni2+ or Zn2+, facilitate
the binding to polyhistidine tags (his-tag) of the
recombinant proteins.  Some recent studies have shown that
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NTA can be covalently linked to lipids, which can be used
to anchor his-tag proteins onto planar lipid membranes
(198).  A recent study by van Broekhoven et. al. described
the incorporation of a novel-chelator lipid (NTA-DTDA)
and the anchoring of recombinant B7-1 and CD40
extracellular domains fused to a his-tag (142).  In this study
they show the expression is strictly dependent on the
incorporation of chelator-lipids into the plasma membrane
of cells.  This is because this technique uses a two-step
process, instead of just a one-step method like protein
transfer by GPI-anchored proteins (Figure 2).  The
advantage in this system, is that soluble proteins which are
significantly easier to produce and purify can be anchored
to the cells as well.  GPI-anchored proteins due to their
surface expression must be purified from cell membranes
which requires significant labor and the protein yields are
limited (143).  Incorporation of chelator lipids is
concentration dependent and can be enhanced by helper
lipids, such as DMPC and POPC, and also fusogens like
polyethylene glycol.  van Broekhoven et. al. showed that
anchoring of B7-1 and CD40 his-tag fusion proteins could
costimulate an allogeneic T cell response in vitro (142).
Their studies also extended to generating an anti-tumor
response in vivo, which is discussed in section 7.

6.5. Protein transfer using proteins with engineered
hydrophobic tails

Recently another approach to protein transfer was
described.  Wahlsten et. al. (144) described a novel way to
attach the super-antigen toxic shock syndrome toxic-1
(TSST1) to tumor cells using hydrophobic amino acids.  In
their report, they created a genetic recombinant form of
TSST1 by fusing TSST1 cDNA to the transmembrane
region sequence of c-erb-B-2 called TSST1-TM.  The
protein was produced in E.coli and purified by metal
affinity chromatography.  Wahlsten et al. utilized the
hydrophobic tail from c-erb-B-2, instead of a lipid tail, to
facilitate incorporation of TSST1-TM (144).  Studies in
E.coli as well as eukaryotic cells have demonstrated that
hydrophobic protein sequences can facilitate membrane
insertion (199,200).  Incorporation of TSST1-TM onto
tumor cells led to a polyclonal stimulation of human
PBMCs.  They also tested this protein transfer method in
tumor studies in vivo. (See section 7).

7. DESIGNING CANCER VACCINES USING PROTEIN
TRANSFER

Most murine and human tumors develop despite
being antigenic.  This lack of immunogenecity even in the
presence of unique tumor antigens has been attributed to
three factors: the lack of costimulatory molecules on most
tumors, immunosuppression by tumors, and T cell
ignorance or anergy to the antigens displayed by the tumor.
The lack of costimulatory molecules, especially B7-1
(98,105,201) and B7-2 (202,203), necessary for T cell
activation, render tumors unable to provide costimulatory
signals to tumor specific T lymphocytes. However, they
can provide the first signal, TCR recognition by presenting
the tumor antigen on MHC class-I molecules.  In the
absence of a costimulatory signal these TCR stimulated
tumor-specific T cells become anergic and may eventually

die.  In this way, tumor cells can incapacitate the T cell
population specific for their antigens and escape from any
immunosurveillance.  Expression of B7-1 (98-104) and
other costimulatory molecules such as ICAM-1 (106,107)
on the tumor cell by gene transfection can induce specific
anti-tumor immunity and subsequent tumor rejection in
animal models.  Gene transfection of tumor cells, as
previously stated, has many disadvantages.  Thus, protein
transfer has been pursued as an alternative method to create
therapeutic cancer vaccines.

7.1. Protein transfer modified tumor cells as a vaccine
Protein transfer provides an alternative method

for the introduction of immunostimulatory molecules onto
the surface of cells and eliminates most of the problems
encountered with gene transfer (117-119,122,204).  GPI-
protein transfer, as well as the other described protein
transfers, is fast and requires only a short incubation of the
cells with the purified protein.  This technique also allows
for simultaneous incorporation of a number of molecules,
virtually on all cell types including primary tumor cells, at
any stage of their cycle.

Studies conducted by our laboratory have shown
that GPI-B7-1 coated onto tumor cells augments an
allogeneic response (119).  GPI-protein transfer studies, by
Tykocinski and co-workers and our laboratory, have shown
that more than one molecule can be delivered to the cell
surface simultaneously without interference and both
molecules retain functional activity (205, Poloso et. al.
unpublished observations).  Using the his-tag system, van
Broekhoven et al. was able to simultaneously incorporate
mB7-1 and CD40 (142).  There are some differences in the
ability of both mB7-1 and CD40 to incorporate between the
two proteins, which they attributed to difference in the
molecular mass of B7-1 and CD40 (45 kDa and 25 kDa,
respectively).  Because the proteins are not directly
anchored with lipid or hydrophobic tail, his-tag proteins
compete for a limited number of chelator lipids which must
be incorporated into the plasma membrane prior to his-tag
binding (142).  Nevertheless, the incorporation of mB7-1
and CD40 onto tumor cells used to immunize mice resulted
in the priming of CTLs as measured by an in vitro CTL
assay (142).  Immunization with what the authors call
‘engrafted tumors’ with mB7-1 and/or CD40 resulted in
a significant delay in the development of tumors after a
parental tumor challenge.  In this study, mice
immunized with tumor cells engrafted with both mB7-1
and CD40 had the largest delay in tumor development,
justifying the idea that more than one
immunostimulatory molecule may be necessary for an
optimal anti-tumor response.  These results agree with
previous studies using gene transfected tumor cells with
multiple molecules, such as B7-1 and ICAM-1 (107).

Wahlsten et al. has described the construction of a
superantigen TSST-1-TM, which contains a hydrophobic tail
allowing for the insertion into the membrane of cells (144).
Using this method to express a superantigen on tumor cells,
these investigators have simultaneously lowered the toxicity
of super-antigen treatment and linked it directly to the
tumor cells that need to be lysed in order to
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Figure 3. Preparation and modification of isolated membranes with GPI-B7-1 by protein transfer.  A) Intact cells are suspended
in a hypotonic buffer and homogenized.  The lysate is then centrifuged over a sucrose gradient and the interface (containing
cellular membranes) is harvested and washed.  Recombinant GPI-anchored proteins, such as B7-1, can then be incubated with
these membranes and the resulting membranes incorporate B7-1 into their lipid bilayers.  B) Flowcytometric analysis of isolated
membranes from MDA-231 breast cancer cells (upper panels) and SKMEL melamona (lower panels) after incubation with (right
panels) or without (left panels) GPI-B7-1.  Filled histograms represent staining by PSRM3, an anti-B7-1 antibody, while the open
histogram represents staining by an isotype control.

facilitate uptake of tumor antigens from these cells.
Immunization with tumor cells coated with TSST-1-TM or
TSST-1-TM lacking the MHC class II binding domain
resulted in significant anti-tumor immunity.  Immunization
with this vaccine induced regression of established parental
tumors (144).

7.2. Protein transfer modified isolated tumor
membranes as a vaccine

One of the limitations of protein transfer is
related to the stability of the incorporated molecule on the
cell surface.  Live or irradiated cells gradually lose surface
expression of the incorporated protein upon multiple cell
divisions (118,119,142).  However in clinical settings
where live cells are undesirable to use, non-proliferating,
irradiated cells or cell membrane preparations can be
modified by protein transfer and for subsequent use.
Isolated tumor cell membranes offer many advantages over
intact cells.  Since membranes do not have the metabolic
functions of cells and do not divide, they provide a stable
environment for protein transfer of GPI-anchored
molecules.  Cell membranes are isolated from intact cells
by homogenization and centrifugation over a sucrose
gradient (Figure 3a, (206)).  Isolated membranes can then
be modified by protein transfer, washed, and analyzed by
flowcytometry or ELISA (Figure 3b).  Stability studies
using GPI-B7-1 have shown that this protein is stable on
isolated membranes from a mouse thymoma for at least 4,
and  up to 7 days on isolated membranes from various

human tumor cell lines (179,207).  Moreover, membranes
can be prepared from fresh and frozen tumor tissue and the
membranes can also be easily stored in frozen aliquots.
The fresh or frozen membranes can be modified equally to
express GPI-anchored costimulatory molecules by protein
transfer, for immunization protocols (207).  The
costimulatory molecule modified membranes can also be
stored as frozen aliquots with minimal loss of the
incorporated molecules (179).  The optimal conditions for
protein transfer of GPI-proteins onto isolated membranes is
much the same as cells.  Optimal expression is seen at 37oC
for 2-4 hours (179).

To our knowledge, protein transfer is the only
method available to add new cell surface receptors on
isolated membranes (207).  Isolated membranes can be
made directly from tumor tissue obtained from patients and
subsequently modified by protein transfer (179).  This is
advantageous since the establishment of cell lines from
surgically removed or frozen tumor specimens is difficult
and often not successful (179,208).  It has also been
determined that a major limiting factor in gene transfer
based vaccines in clinical studies is the limited number of
successfully transfected tumor cells (209).

Vaccination with GPI-B7-1 modified isolated
tumor membranes results in the generation of tumor
specific T cells and also CTL generation in vivo, which can
be measured in vitro (207).  The responding cells in the
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cytotoxicity assay were determined to be CD8+ T cells by
antibody depletion studies.  Vaccination also completely
protects mice from a parental tumor challenge in this
thymoma tumor model (207).  Vaccination of GPI-B7-1
modified membranes in other tumor systems have resulted
in either partial protection or a significant delay in tumor
development (unpublished observations).  Furthermore, our
collaborative work has shown that tumor liposomes
reconstituted with mB7-2 can protect mice from parental
tumor challenges (210).

Our data showing protein transfer of GPI-B7-1
onto isolated membranes as a vaccine in combination with
soluble IL-12 suggests that the addition of IL-12 greatly
enhances the cytolytic activity of tumor specific T cells
recovered from the spleen of immunized animals (207).
Whether this is due to the actual activity of individual T
cells or due to eliciting a larger number of CTLs is unclear.

8. CONCLUDING REMARKS

Understanding the mechanism of GPI-anchor
modification of proteins has resulted in techniques to create
GPI-anchored forms of cell surface glycoproteins
(119,154,170).  The special property of naturally occurring
and engineered GPI-anchored molecules to incorporate
spontaneously onto cell membranes has been utilized in a
simple, rapid technique for transient expression of foreign
molecules on virtually any cell type.  This technique has
overcome several of the limitations of gene transfer
techniques and thus offers many advantages in
consideration of human clinical trials.  Using this technique
we have demonstrated that GPI-anchored B7-1 can
spontaneously incorporate onto many tumor cell lines (117-
119) and provide them with the capacity to stimulate tumor
specific T cells.  Also, we have demonstrated this approach
can result in the complete protection of mice from
developing tumors after a wild-type tumor challenge (207).
Beyond the GPI-method of protein transfer there are
several other attractive alternative methods of protein
transfer which have been successfully applied to cancer
vaccines in mouse models (142-144).  An important next
step will be to see if these methods can prove to be
effective in the clinical setting and compare to other
strategies currently undergoing trials.  We have
demonstrated that protein transfer of GPI-
immunostimulatory molecules can also be applied to
human isolated tumor membranes from human tumor
specimens (179).  Whether these strategies are as
efficacious as tumor transfected or DC-based vaccines still
needs to be determined.

9. ACKNOWLEDGEMENTS

                 This work was supported by NIH grant # RO1 CA
70833

10. REFERENCES

1. Hellstrom, I. & K. E. Hellstrom: T cell immunity to
tumor antigens. Crit Rev Immunol 18, 1-6 (1998)

2.  Kawakami, Y. & S. A. Rosenberg: Human tumor
antigens recognized by T-cells. Immunol Res 16, 313-339
(1997)
3.  Greenberg, P. D.: Adoptive T cell therapy of tumors:
mechanisms operative in the recognition and elimination of
tumor cells. Adv Immunol 49, 281-355 (1991)
4.  Melief, C. J. M.: Tumor eradication by adoptive transfer
of cytotoxic T lymphocytes. Adv Cancer Res 58, 143-175
(1992)
5.  Wang, P., F. Vanky & E. Klein: MHC class-I-restricted
auto-tumor-specific CD4+CD8- T-cell clones established
from autologous mixed lymphocyte-tumor cell culture
(MLTC). Int J Cancer 51, 962-967 (1992)
6.  Iwahashi, M., H. Tanimura, T. Yamaue, T. Tsunoda, M.
Tani, M. Tamai, K. Noguchi & T. Hotta: Defective
autologous mixed lymphocyte reaction (AMLR) and killer
activity generated in the AMLR in cancer patients. Int J
Cancer 51, 67-71 (1992)
7.  Hung, K., R. Hayashi, A. Lafond-Walker, C.
Lowenstein, D. Pardoll & H. Levitsky: The central role of
CD4+ T cells in the antitumor immune response. J Exp
Med 188, 2357-2368 (1998)
8.  Pardoll, D. M. & S. L. Topalian: The role of CD4+ T
cell responses in antitumor immunity. [Review] [49 refs].
Curr Opin Immunol 10, 588-594 (1998)
9.  Restifo, N. P., Y. Kawakami, F. Marincola, P.
Shamamian, A. Taggarse, F. Esquivel & S. A. Rosenberg:
Molecular mechanisms used by tumors to escape immune
recognition:  Immunogenetherapy and the cell biology of
major histocompatibility complex class I. J Immunother 14,
182-190 (1993)
10.  Salazar-Onfray, F.: Interlukin-10: a cytokine used by
tumors to escape immunosurveillance. Med Oncol 16, 86-
94 (1999)
11.  Gimmi, C. D., B. W. Morrison, B. A. Mainprice, J. G.
Gribben, V. A. Boussiotis, G. J. Freeman, S. Y. L. Park, M.
Watanabe, J. L. Gong, D. F. Hayes, D. W. Kufe & L. M.
Nadler: Breast cancer-associated antigen, DF3/MUC1,
induces apoptosis of activated human T cells. Nat Med 2,
1367-1370 (1996)
12.  Shawler, D. L., M. C. Miceli, S. B. Wormsley, I.
Royston & R. O. Dillman: Induction of in vitro and in vivo
antigenic modulation by the anti-human T-cell monoclonal
antibody T101. Cancer Res 44, 5921-5927 (1984)
13.  Schroff, R. W., M. M. Farrell, R. A. Klein, R. K.
Oldham & K. A. Foon: T65 antigen modulation in a phase I
monoclonal antibody trial with chronic lymphocytic
leukemia patients. J Immunol 133, 1641-1648 (1984)
14.  Momburg, F., A. Ziegler, J. Harpprecht, P. Moller, G.
Moldenhauer & G. J. Hammerling: Selective loss of HLA-
A or HLA-B antigen expression in colon carcinoma. J
Immunol 142, 352-358 (1989)
15.  Hui, K. M.: Re-expression of major histocompatibility
complex (MHC) class I molecules on malignant tumor cells
and its effect on host-tumor interaction. Bioessays 11, 22
(1989)
16.  Festenstein, H. & W. Schmidt: Variation in MHC
antigenic profiles of tumor cells and its biological effects.
Immunol Rev 60, 85-127 (1981)
17.  Steinbrink, K., M. Wolfl, H. Jonuleit, J. Knop & A. H.
Enk: Induction of tolerance by IL-10-treated dendritic cells.
J Immunol 159, 4772-4780 (1997)



Protein Transfer methods for designing cancer vaccines

769

18.  Sauter, B., M. L. Albert, L. Francisco, M. Larsson, S.
Somersan & N. Bhardwaj: Consequences of cell death:
exposure to necrotic tumor cells, but not primary tissue
cells or apoptotic cells, induces the maturation of
immunostimulatory dendritic cells. J Exp Med 191, 423-
434 (2000)
19.  Steinman, R. M., S. Turley, I. Mellman & K. Inaba:
The induction of tolerance by dendritic cells that have
captured apoptotic cells. J Exp Med 191, 411-416 (2000)
20.  Chen, Z., P. S. Malhotra, G. R. Thomas, F. G. Ondrey,
D. C. Duffey, C. W. Smith, I. Enamorado, N. T. Yeh, G. S.
Kroog, S. Rudy, L. McCullagh, S. Mousa, M. Quezado, L.
L. Herscher & C. Van Waes: Expression of
proinflammatory and proangiogenic cytokines in patients
with head and neck cancer. Clin Cancer Res 5, 1369-1379
(1999)
21.  Gabrilovich, D. I., H. L. Chen, K. R. Girgis, H. T.
Cunningham, G. M. Meny, S. Nadaf, D. Kavanaugh & D.
P. Carbone: Production of vascular endothelial growth
factor by human tumors inhibits the functional maturation
of dendritic cells [published erratum appears in Nat Med
1996 Nov;2(11):1267]. Nat Med 2, 1096-1103 (1996)
22.  Gabrilovich, D., T. Ishida, T. Oyama, S. Ran, V.
Kravtsov, S. Nadaf & D. P. Carbone: Vascular endothelial
growth factor inhibits the development of dendritic cells
and dramatically affects the differentiation of multiple
hematopoietic lineages in vivo. Blood 92, 4150-4166
(1998)
23.  Ohm, J. E., M. R. Shurin, C. Esche, M. T. Lotze, D. P.
Carbone & D. I. Gabrilovich: Effect of vascular endothelial
growth factor and FLT3 ligand on dendritic cell generation
in vivo. J Immunol 163, 3260-3268 (1999)
24.  Ishida, T., T. Oyama, D. P. Carbone & D. I.
Gabrilovich: Defective function of Langerhans cells in
tumor-bearing animals is the result of defective maturation
from hemopoietic progenitors. J Immunol 161, 4842-4851
(1998)
25.  de Visser, K. E. & W. M. Kast: Effects of TGF-beta on
the immune system: implications for cancer
immunotherapy. Leukemia 13, 1188-1199 (1999)
26.  Mueller, D. L., M. K. Jenkins & R. H. Schwartz:
Clonal expansion versus functional clonal inactivation: A
costimulatory signalling pathway determines the outcome
of T cell antigen receptor occupancy. Annu Rev Immunol 7,
445-480 (1989)
27.  Harding, F. A., J. G. McArthur, J. A. Gross, D. H.
Raulet & J. P. Allison:  CD28-mediated  signalling co-
stimulates murine T cells and prevents induction of anergy
in T-cell clones. Nature 356, 607-609 (1992)
28.  Ribi, E., K. C. Milner, D. L. Granger, M. T. Kelly, K.
Yamamoto, W. Brehmer, R. Parker, R. F. Smith & S. M.
Strain: Immunotherapy with nonviable microbial
components. Ann NY Acad Sci 277, 228-238 (1976)
29.  Freedman, V. H., T. A. Calvelli, S. Silagi & S. C.
Silverstein: Macrophages elicited with heat-killed bacillus
Calomette-Guerin protect C57BL/6J mice against a
syngeneic melanoma. J Exp Med 152, 657-673 (1980)
30.  Yarkoni, E. & H. J. Rapp: Regression by active
specific immunotherapy of established dermal tumor
transplants and lymphnode metastases in guinea pigs. Infect
Immun 31, 514-516 (1981)

31.  Ellenhorn, J. D. I., R. Hirsch, H. Schreiber & J. A.
Bluestone: In vivo administration of anti-CD3 prevents
malignant processor tumor growth. Science 242, 569-571
(1988)
32.  Newell, K. A., J. D. I. Ellenhorn, D. S. Bruce & J. A.
Bluestone: In vivo T-cell activation by staphylococcal
enterotoxin B prevents outgrowth of a malignant tumor.
Proc Natl Acad Sci USA 88, 1074-1078 (1991)
33.  Hedlund, G., M. Dohlsten, C. Petersson & T. Kalland:
Superantigen-based tumor therapy:  In vivo activation of
cytotoxic T cells. Cancer Immunol Immunother 36, 89-93
(1993)
34.  Rosenberg, S. A., M. T. Lotze & J. J. Mule: New
approaches to the immunotherapy of cancer using
interleukin-2. Ann Intern Med 108, 853-64 (1988)
35.  Lotze, M. T., A. E. Chang, C. A. Seipp, C. Simpson, J.
T. Vetto & S. A. Rosenberg: High-dose recombinant
interleukin 2 in treatment of patients with disseminated
cancer. J Am Med Assoc 526, 3117-3124 (1986)
36.  Rosenberg, S. A., B.S. Packard, P.M. Aebersold, D.
Solomon, S.L. Topalian, S.T. Toy, P. Simon, M.T. Lotze,
J.C.Yang, C.A. Seipp, S.C. Simpson, C. Carter, S.D. Bock,
D. Schwartzentruber, J.P. Wei, & D.E. White.: Use of
tumor-infiltrating lymphocytes and interleukin-2 in the
immunotherapy of patients with metastatic melanoma. New
Engl J Med 319, 1676-1680 (1988)
37.  Rosenberg, S. A.: Lymphokine-activated killer cells:
anew approach to immunotherapy of cancer. J Natl Cancer
Inst 75, 595-603 (1985)
38.  Mule, J. J., S. Shu, S. L. Schwartz & S. A. Rosenberg:
Adoptive immunotherapy of established pulmonary
metastases with LAK cells and recombinant interleukin-2.
Science 225, 1487-1489 (1984)
39.  Yang, J. C. & S. A. Rosenberg: Current approaches to
the adoptive immunotherapy of cancer. Adv Exp Med Biol
233, 459-467 (1988)
40.  Leonard, J. P., M. L. Sherman, G. L. Fisher, L. J.
Buchanan, G. Larsen, M. B. Atkins, J. A. Sosman, J. P.
Dutcher, N. J. Vogelzang & J. L. Ryan: Effects of single-
dose interleukin-12 exposure on interleukin-12- associated
toxicity and interferon-gamma production. Blood 90, 2541-
2548 (1997)
41.  Rosenberg, S. A., J. C. Yang, D. J. Schwartzentruber,
P. Hwu, F. M. Marincola, N. P. Restifo, M. Sznol, S. L.
Schwarz, P. J. Spiess, J. R. Wunderlich, J. H. Einhorn, L.
Rogers-Freezer & D. E. White: Impact of cytokine
administration on the generation of antitumor reactivity in
patients with metastatic melanoma receiving a peptide
vaccine. J Immunol 163, 1690-1695 (1999)
42.  Pardoll, D. M.: Paracrine Cytokine Adjuvants in
Cancer Immunotherapy. Annu Rev Immunol 13, 399-415
(1995)
43.  Fearon, E. R., D. M. Pardoll, T. Itaya, P. Golumbek, H.
I. Levitsky, J. W. Simons, H. Karasuyama, B. Vogelstein &
P. Frost: Interleukin-2 production by tumor cells bypasses
T helper function in the generation of an antitumor
response. Cell 60, 397-413 (1990)
44.  Ley, V., P. Langlade-Demoyen, P. Kourilsky & L.
Larsson-Sciard: Interleukin 2-dependant activation of
tumor-specific cytotoxic T lymphocytes in vivo. Eur J
Immunol 21, 851-854 (1991)



Protein Transfer methods for designing cancer vaccines

770

45.  Gansbacher, B., K. Zier, B. Daniels, K. Cronin, R.
Bannerji & E. Gilboa: IL-2 gene transfer into tumor cells
abrogates tumorigenicity and induces protective immunity.
J Exp Med 172, 1217-1224 (1990)
46.  Golumbek, P. T., A. J. Lazenby, H. I. Levitsky, L. M.
Jaffee, H. Karasuyama, M. Baker & D. M. Pardoll:
Treatment of established renal caner by tumor cells
engineered to secrete interleukin-4. Science 257, 713-716
(1991)
47.  Tepper, R. I., P. K. Pattengale & P. Leder: Murine
interleukin-4 displays potent anti-tumor activity in vivo.
Cell 57, 503-512 (1989)
48.  Tahara, H., L. Zitvogel, W. J. Storkus, H. J. Zeh, T. G.
McKinney, R. D. Schreiber, U. Gubler, P. D. Robbins &
M. T. Lotze: Effective eradication of established murine
tumors with IL-12 gene therapy using a polycistronic
retroviral vector. J Immunol 154, 6466-6474 (1995)
49.  Nishimura, T., K. Watanabe, T. Yahata, L. Ushaku, K.
Ando, M. Kimura, I. Saiki, T. Uede & S. Habu:
Application of interleukin 12 to antitumor cytokine and
gene therapy. Cancer Chemother Pharmacol 38 (Suppl),
S27-S34 (1996)
50.  Armstrong, C. A., R. Botella, T. H. Galloway, N.
Murray, J. M. Kramp, I. S. Song & J. C. Ansel: Antitumor
effects of granulocyte-macrophage colony-stimulating
factor production by melanoma cells. Cancer Res 56, 2191-
2198 (1996)
51.  Dranoff, G., E. Jaffee, A. Lazenby, P. Golumbek, H. I.
Levitsky, K. Brose, V. Jackson, H. Hamada, D. Pardoll &
R. C. Mulligan: Vaccination with irradiated tumor cells
engineered to secrete murine granulocyte-macrophage
colony-stimulating factor stimulates potent, specific, and
long-lasting anti-tumor immunity. Proc Natl Acad Sci USA
90, 3539-3543 (1993)
52.  Zitvogel, L., H. Tahara, P. D. Robbins, W. J. Storkus, M.
R. Clarke, M. A. Nalesnik & M. T. Lotze: Cancer
immunotherapy of established tumors with IL-12: Effective
delivery by genetically engineered fibroblasts. J Immunol 155,
1393-1403 (1995)
53.  Fakhrai, H., D. L. Shawler, R. Gjerset, R. K. Naviaux, J.
Koziol, I. Royston & R. E. Sobol: Cytokine gene therapy with
interleukin-2-transduced fibroblasts:  Effects of IL-2 dose on
anti-tumor immunity. Hum Gene Ther 6, 591-601 (1995)
54.  Langer, R.: New methods of drug delivery. Science 249,
1527-1531 (1990)
55.  Golumbek, P. T., R. Azhari, E. M. Jaffee, H. I. Levitsky,
A. Lazenby, K. Leong & D. M. Pardoll: Controlled release,
biodegradable cytokine depots: a new approach in cancer
vaccine design. Cancer Res 53, 5841-5844 (1993)
56.  Schendel, D. J. & B. Gansbacher: Tumor-specific lysis of
human renal cell carcinomas by tumor-infiltrating
lymphocytes:  Modulation of recognition through retroviral
transduction of tumor cells with interleukin 2 complementary
DNA and exogenous treatment. Cancer Res 53, 4020-4025
(1993)
57.  Chehimi, J. & G. Trinchieri: Interleukin-12: a bridge
between innate resistance and adaptive immunity with a role in
infection and acquired immunodeficiency. J Clin Immunol 14,
149-161 (1994)
58.  Trinchieri, G.: Interleukin-12: a cytokine at the
interface of inflammation and immunity. Adv Immunol 70,
83-243 (1998)

59.  Swiniarski, H., S. F. Wolf, K. Sturmhoefel, R. L.
Peterson, A. J. Dorner & M. O'Toole: IL-12-Dependent
enhancement of CTL response to weak class I-restricted
peptide immunogens requires coimmunization with T
helper cell immunogens. Clin Immunol 94, 200-211 (2000)
60.  Chouaib, S., J. Chehimi, L. Bani, N. Genetet, T. Tursz,
F. Gay, G. Trinchieri & F. Mami-Chouaib: Interleukin 12
induces the differentiation of major histocompatibility
complex class I-primed cytotoxic T-lymphocyte precursors
into allospecific cytotoxic effectors. Proc Natl Acad Sci
USA 91, 12659-12663 (1994)
61.  Scott, P. & G. Trinchieri: IL-12 as an adjuvant for cell-
mediated immunity. Semin Immunol 9, 285-291 (1997)
62.  Pulaski, B. A., V. K. Clements, M. R. Pipeling & S.
Ostrand-Rosenberg: Immunotherapy with vaccines
combining MHC class II/CD80+ tumor cells with
interleukin-12 reduces established metastatic disease and
stimulates immune effectors and monokine induced by
interferon gamma. Cancer Immunol Immunother 49, 34-45
(2000)
63.  Tahara, H., H. J. Zeh III, W. J. Storkus, I. Pappo, S. C.
Watkins, U. Gubler, S. F. Wolf, P. Robbins, D. & M. T.
Lotze: Fibroblasts genetically engineered to secrete
interleukin 12 can suppress tumor growth and induce
antitumor immunity to a murine melanoma in vivo. Cancer
Res 54, 182-189 (1994)
64.  Chen, P. W., D. C. Geer, E. R. Podack & B. R.
Ksander: Tumor cells transfected with B7.1 and IL-12
cDNA induce protective immunity. Ann NY Acad Sci 795,
325-327 (1996)
65.  Noguchi, Y., E. Richards, Y. Chen & L. Old: Influence
of interleukin 12 on p53 peptide vaccination against
established Meth A sarcoma. Proc Natl Acad Sci USA 92,
2219-2223 (1995)
66.  Gajewski, T. F., J.-C. Renauld, A. Van Pel & T. Boon:
Costimulation with B7-1, IL-6, and IL-12 is sufficient for
primary generation of murine antitumor cytolytic T
lymphocytes in vitro. J Immunol 154, 5637-5648 (1995)
67.  Coughlin, C. M., M. Wysocka, H. L. Kurzawa, W. M.
Lee, G. Trinchieri & S. L. Eck: B7-1 and interleukin 12
synergistically induce effective antitumor immunity.
Cancer Res 55, 4980-4987 (1995)
68.  Gajewski, T. F., J.-C. Renauld, A. Van Pel & T. Boon:
Costimulation with B7-1, IL-6, and IL-12 is sufficient for
primary generation of murine antitumor cytolytic T
lymphocytes in vitro. J Immunol 154, 5637-5648 (1995)
69.  Tahara, H., L. Zitvogel, W. J. Storkus, H. J. Zeh,
McKinneyTG., R. D. Schreiber, U. Gubler, P. D. Robbins
& M. T. Lotze: Effective eradication of established murine
tumors with IL-12 gene therapy using a polycistronic
retroviral vector. J Immunol 154, 6466-6474 (1995)
70.  Caux, C., C. Dezutter-Dambuyant, D. Schmitt & J.
Banchereau: GM-CSF and TNF-a cooperate in the
generation of dendritic Langerhans cells. Nature 360, 258-
261 (1992)
71.  Stripecke, R., D. C. Skelton, P. K. Pattengle, H.
Shimada & D. Kohn, B.: Combination of CD80 and
granulocyte-macrophage colony-stimulating factor
coexpression by a leukemia cell vaccine:  preclinical
studies in a murine model recapitulating Philadelphia
chromosome-positive acute lymphoblastic leukemia. Hum
Gene Ther 10, 2109-2122 (1999)



Protein Transfer methods for designing cancer vaccines

771

72.  Chong, H., S. Todryk, G. Hutchinson, I. R. Hart & R.
G. Vile: Tumour cell expression of B7 costimulatory
molecules and interleukin-12 or granulocyte-macrophage
colony-stimulating factor induces a local antitumour
response and may generate systemic protective immunity.
Gene Ther 5, 223-232 (1998)
73.  Sumimoto, H., K. Tani, Y. Nakazaki, T. Tanabe, H.
Hibino, H. Hamada, M. Azuma & S. Asano: GM-CSF and
B7-1 (CD80) co-stimulatory signals co-operate in the
induction of effective anti-tumor immunity in syngeneic
mice. Int J Cancer 73, 556-561 (1997)
74.  Soo Hoo, W., K. A. Lundeen, J. R. Kohrumel, N. L.
Pham, S. W. Brostoff, R. M. Bartholomew & D. J. Carlo:
Tumor cell surface expression of granulocyte-macrophage
colony-stimulating factor elicits antitumor immunity and
protects from tumor challenge in the P815 mouse
mastocytoma tumor model. J Immunol 162, 7343-7349
(1999)
75.  Guo, Y., M. Wu, H. Chen, X. Wang, G. Liu, G. Li, J.
Ma & M. Sy: Effective tumor vaccine generated by fusion
of hepatoma cells with activated B cells. Science 263, 518-
520 (1994)
76.  Wang, J., S. Saffold, X. Cao, J. Krauss & W. Chen:
Eliciting T cell immunity against poorly immunogenic
tumors by immunization with dendritic cell-tumor fusion
vaccines. J Immunol 161, 5516-5524 (1998)
77.  Cao, X., W. Zhang, J. Wang, M. Zhang, X. Huang, H.
Hamada & W. Chen: Therapy of established tumour with a
hybrid cellular vaccine generated by using granulocyte-
macrophage colony-stimulating factor genetically modified
dendritic cells. Immunol 97, 616-625 (1999)
78.  Gong, J., N. Nikrui, D. Chen, S. Koido, Z. Wu, Y.
Tanaka, S. Cannistra, D. Avigan & D. Kufe: Fusions of
human ovarian carcinoma cells with autologous or
allogeneic dendritic cells induce antitumor immunity. J
Immunol 165, 1705-1711 (2000)
79.  Gong, J., D. Avigan, D. Chen, Z. Wu, S. Koido, M.
Kashiwaba & D. Kufe: Activation of antitumor cytotoxic T
lymphocytes by fusions of human dendritic cells and breast
carcinoma cells. Proc Natl Acad Sci USA 97, 2715-2718
(2000)
80.  Celluzzi, C. M. & L. D. Falo, Jr.: Physical interaction
between dendritic cells and tumor cells results in an
immunogen that induces protective and therapeutic tumor
rejection. J Immunol 160, 3081-3085 (1998)
81.  Zitvogel, L., J. I. Mayordomo, T. Tjandrawan, A. B.
DeLeo, M. R. Clarke, M. T. Lotze & W. J. Storkus:
Therapy of murine tumors with tumor peptide-pulsed
dendritic cells:  Dependence on T cells, B7 costimulation,
and T helper cell 1-associated cytokines. J Exp Med 183,
87-97 (1996)
82.  Paglia, P., C. Chiodoni, M. Rodolfo & M. P. Colombo:
Murine dendritic cells loaded In vitro with soluble protein
prime cytotoxic T lymphocytes against tumor antigen in
vivo. J Exp Med 183, 317-322 (1996)
83.  Celluzzi, C. M., J. I. Mayordomo, W. J. Storkus, M. T.
Lotze & L. D. Falo: Peptide-pulsed dendritic cells induce
antigen-specific CTL-mediated protective tumor immunity.
J Exp Med 183, 283-287 (1996)
84.  Melero, I., R. G. Vile & M. P. Colombo: Feeding
dendritic cells with tumor antigens: self-service buffet or a
la carte? Gene Ther 7, 1167-1170 (2000)

85.  Nestle, F. O., S. Alijagic, M. Gilliet, Y. Sun, S.
Grabbe, R. Dummer & G. Burg: Vaccination of melanoma
patients with peptide- or tumor lysate-pulsed dendritic cells
[see comments]. Nat Med 4, 328-332 (1998)
86.  Boczkowski, D., S. K. Nair, J. H. Nam, H. K. Lyerly &
E. Gilboa: Induction of tumor immunity and cytotoxic T
lymphocyte responses using dendritic cells transfected with
messenger RNA amplified from tumor cells. Cancer Res
60, 1028-1034 (2000)
87.  Maraskovsky, E., K. Brasel, M. Teepe, E. R. Roux, S.
D. Lyman, K. Shortman & H. J. McKenna: Dramatic
increase in the numbers of functionally mature dendritic
cells in Flt3 ligand-treated mice: multiple dendritic cell
subpopulations identified. J Exp Med 184, 1953-1962
(1996)
88.  Pulendran, B., J. Lingappa, M. K. Kennedy, J. Smith,
M. Teepe, A. Rudensky, C. R. Maliszewski & E.
Maraskovsky: Developmental pathways of dendritic cells
in vivo: distinct function, phenotype, and localization of
dendritic cell subsets in FLT3 ligand- treated mice. J
Immunol 159, 2222-2231 (1997)
89.  Maraskovsky, E., E. Daro, E. Roux, M. Teepe, C. R.
Maliszewski, J. Hoek, D. Caron, M. E. Lebsack & H. J.
McKenna: In vivo generation of human dendritic cell
subsets by Flt3 ligand. Blood 96, 878-884 (2000)
90.  Mach, N., S. Gillessen, S. B. Wilson, C. Sheehan, M.
Mihm & G. Dranoff: Differences in dendritic cells stimulated
in vivo by tumors engineered to secrete granulocyte-
macrophage colony-stimulating factor or Flt3- ligand. Cancer
Res 60, 3239-3246 (2000)
91.  Pulendran, B., J. Banchereau, S. Burkeholder, E. Kraus, E.
Guinet, C. Chalouni, D. Caron, C. Maliszewski, J. Davoust, J.
Fay & K. Palucka: Flt3-ligand and granulocyte colony-
stimulating factor mobilize distinct human dendritic cell
subsets in vivo. J Immunol 165, 566-572 (2000)
92.  Chen, K., S. Braun, S. Lyman, Y. Fan, C. M. Traycoff, E.
A. Wiebke, J. Gaddy, G. Sledge, H. E. Broxmeyer & K.
Cornetta: Antitumor activity and immunotherapeutic properties
of Flt3-ligand in a murine breast cancer model. Cancer Res 57,
3511-3516 (1997)
93.  Lynch, D. H., A. Andreasen, E. Maraskovsky, J.
Whitmore, R. E. Miller & J. C. Schuh: Flt3 ligand induces
tumor regression and antitumor immune responses in vivo. Nat
Med 3, 625-631 (1997)
94.  Braun, S. E., K. Chen, B. R. Blazar, P. J. Orchard, G.
Sledge, M. J. Robertson, H. E. Broxmeyer & K. Cornetta: Flt3
ligand antitumor activity in a murine breast cancer model: a
comparison with granulocyte-macrophage colony-stimulating
factor and a potential mechanism of action. Hum Gene Ther
10, 2141-2151 (1999)
95.  Wang, R. F.: Tumor antigens discovery: perspectives for
cancer therapy. Mol Med 3, 716-731 (1997)
96.  Berd, D., H. C. Maguire & M. J. Mastrangelo: Induction
of cell-mediated immunity to autologous melanoma cells and
regression of metastases after treatment with a melanoma cell
vaccine preceded by cyclophosphamide. Cancer Res 46, 2572-
2579 (1986)
97.  McCue, C. S., R. W. O'Donnell & D. M. Marquis: Renal
cell carcinoma treated by vaccines for active specific
immunotherapy: correlation of survival with skin testing by
autologous tumor cells. Cancer Immunol Immunother 32,
62-67 (1990)



Protein Transfer methods for designing cancer vaccines

772

98.  Chen, L., S. Ashe, W. A. Brady, I. Hellstrom, K. E.
Hellstrom, J. A. Ledbetter, P. McGowan & P. S. Linsley:
Costimulation of antitumor immunity by the B7 counter
receptor for the T lymphocyte molecules CD28 and CTLA-
4. Cell 71, 1093-1102 (1992)
99.  Chen, L., P. McGowan, S. Ashe, J. Johnston, I.
Hellstrom & K. Hellstrom: B7-1/CD80-transduced tumor
cells elicit better systemic immunity than wild-type tumor
cells admixed with corynebacterium parvum. Cancer Res
54, 5420-5423 (1994)
100.  Townsend, S. E. & J. P. Allison: Tumor rejection
after direct costimulation of CD8+ T cells by B7-
transfected melanoma cells. Science 259, 368-370 (1993)
101.  Townsend, S. E., F. W. Su, J. M. Atherton & J. P.
Allison: Specificity and longevity of antitumor immune
responses induced by B7-transfected tumors. Cancer Res
54, 6477-6483 (1994)
102.  Li, Y., P. McGowan, I. Hellstrom, K. E. Hellstrom &
L. Chen: Costimulation of tumor reactive CD4+ and CD8+
T lymphocytes by B7, a natural ligand for CD28, can be
used to treat established mouse melanoma. J Immunol 153,
421-428 (1994)
103.  Chen, L., P. McGowan, S. Ashe, J. Johnston, Y. Li, I.
Hellstrom & K. E. Hellstrom: Tumor immunogenicity
determines the effect of B7 costimulation on T cell-
mediated tumor immunity. J Exp Med 179, 523-532 (1994)
104.  Wang, Y.-C., L. Zhu, R. McHugh, S. D. Graham, C.
D. Hillyer, D. Dillehay, K. W. Sell & P. Selvaraj: Induction
of autologous tumor-specific cytotoxic T-lymphocyte
activity against a human renal carcinoma cell line by B7-1
(CD80) costimulation. J Immunother 19, 1-8 (1996)
105.  Baskar, S., S. Ostrand Rosenberg, N. Nabavi, L. M.
Nadler, G. J. Freeman & L. H. Glimcher: Constitutive
expression of B7 restores immunogenicity of tumor cells
expressing truncated major histocompatibility complex
class II molecules. Proc Natl Acad Sci USA 90, 5687-5690
(1993)
106.  Chen, P. W., V. K. Shreedhar & H. N.
Ananthaswamy: Rejection of murine melanoma cells
transfected with the intercellular adhesion molecule-1 gene.
Int J Oncol 6, 675-680 (1995)
107.  Cavallo, F., A. Martin-Fontecha, M. Bellone, S.
Heltai, E. Gatti, P. Tornaghi, M. Freschi, G. Forni, P.
Dellabona & G. Casorati: Co-expression of B7-1 and
ICAM-1 on tumors is required for rejection and the
establishment of a memory response. Eur J Immunol 25,
1154-1162 (1995)
108.  Sule-Suso, J., F. Arienti, C. Melani, M. P. Colombo
& G. Parmiani: A B7-1-transfected human melanoma line
stimulates proliferation and cytotoxicity of autologous and
allogeneic lymphocytes. Eur J Immunol 25, 2737-2742
(1995)
109.  Damle, N. K., K. Klussman & A. Aruffo: Intercellular
adhesion molecule-2, a second counter-receptor for
CD11a/CD18 (leukocyte function-associated antigen-1),
provides a costimulatory signal for T-cell receptor-initiated
activation of human T cells. J Immunol 148, 665-671
(1992)
110.  Damle, N. K., K. Klussman, P. S. Linsley & A.
Aruffo: Differential costimulatory effects of adhesion
molecules B7, ICAM-1, LFA-3, and VCAM-1 on resting

and antigen-primed CD4+ T lymphocytes. J Immunol 148,
1985-1992 (1992)
111.  van Seventer, G. A., Y. Shimizu, K. J. Horgan & S.
Shaw: The LFA-1 ligand ICAM-1 provides an important
costimulatory signal for T cell receptor-mediated activation
of resting T cells. J Immunol 144, 4579-4586 (1990)
112.  Damle, N. K., K. Klussman, G. Leytze, H. D. Ochs,
A. Aruffo, P. S. Linsley & J. A. Ledbetter: Costimulation
via vascular cell adhesion molecule-1 induces in T cells
increased responsiveness to the CD28 counter-receptor B7.
Cell Immunol 148, 144-156 (1993)
113.  Liu, Y., B. Jones, A. Aruffo, K. M. Sullivan, P. S.
Linsley & C. A. J. Janeway: Heat stable antigen is a
costimulatory molecule for CD4 T cell growth. J Exp Med
175, 437-445 (1992)
114.  Nabel, E. G., G. Plautz & G. J. Nabel: Transduction
of a foreign histocompatibility gene into the arterial wall
induces vasculitis. Medical Sci 89, 5157-5161 (1992)
115.  Ada, G. L.: Vaccines.  In: Fundamental Immunology.
768 ed. W E Paul, editor. Raven Press,Ltd., New York.
1309-1352 (1993)
116.  Davis, H. L., B. A. Demeneix, B. Quantin, J.
Coulombe & R. G. Whalen: Plasmid DNA is superior to
viral vectors for direct gene transfer into adult mouse
skeletal muscle. Hum Gene Ther 4, 733-740 (1993)
117.  Nagarajan, S. & P. Selvaraj: Reconstitution of CD16
expression on nucleated cells using purified CD16.
FASEBJ 5, A1718 (1991)
118.  Nagarajan, S., M. Anderson, S. N. Ahmed, K. W. Sell
& P. Selvaraj: Purification and optimization of functional
reconstitution on the surface of leukemic cell lines of GPI-
anchored Fcg receptor III. J Immunol Meth 184, 241-251
(1995)
119.  McHugh, R. S., S. N. Ahmed, Y.-C. Wang, K. W.
Sell & P. Selvaraj: Construction, purification and
functional reconstitution on tumor cells of glycolipid-
anchored human B7-1 (CD80). Proc Natl Acad Sci USA 92,
8059-8063 (1995)
120.  Selvaraj, P., R. S. McHugh & S. Nagarajan:
Engineering GPI-anchored Proteins.  In: MBIU 7: GPI-
anchored membrane proteins and carbohydrates.  D.
Hoessli and S. Ilangumaran, editors. Landes Biosciences,
Texas. 197-211 (1999)
121.  Medof, M. E., S. Nagarajan & M. L. Tykocinski:
Cell-surface engineering with GPI-anchored proteins.
FASEB J 10, 574-586 (1996)
122.  Tykocinski, M. L., D. R. Kaplan & M. E. Medof:
Antigen-presenting cell engineering The molecular toolbox.
Am J Pathol 148, 1-16 (1996)
123.  Low, M. G.: The glycosyl-phosphatidylinositol achor
of membrane proteins. Biochim Biophys Acta 988, 427-454
(1989)
124.  Udenfriend, S. & K. Kodukula: How glycosyl-
phosphatidylinositol-anchored membrane proteins are
made. Annu Rev Biochem 64, 563-591 (1995)
125.  Ferguson, M. A. J. & A. F. Williams: Cell surface
anchoring of proteins via glycosyl-phosphatidylinositol
structures. Annu Rev Biochem 57, 285-320 (1988)
126.  Bailey, C. A., L. Gerber, A. D. Howard & S.
Udenfriend: Processing at the carboxyl terminus of nascent
placental alkaline phosphatase in a cell-free system:



Protein Transfer methods for designing cancer vaccines

773

Evidence for specific cleavage of a signal peptide. Proc
Natl Acad Sci USA 86, 22-26 (1989)
127.  Fasel, N., M. Rousseaux, E. Schaerer, M. E. Medof,
M. L. Tykocinski & C. Bron: In vitro attachment of
glycosyl-inositolphospholipid anchor structures to mouse
Thy-1 antigen and human decay-accelerating factor. Proc
Natl Acad Sci USA 86, 6858-6862 (1989)
128.  Medof, M. E., E. I. Walter, W. L. Roberts, R. Haas &
T. L. Rosenberry: Decay accelerating factor of complement
is anchored to cells by a C-terminal glycolipid. Biochem
25, 6740-6747 (1986)
129.  Stefanova, I., I. Higert, H. Kristofova, R. Brown, M.
G. Low & V. Horejsi: Characterization of a broadly
expressed human leukocyte surface antigen MEM-43
anchored in the membrane through phosphatidylinositol.
Mol Immunol 20, 153 (1989)
130.  Selvaraj, P., M. L. Dustin, R. Silber, M. G. Low & T.
A. Springer: Deficiency of lymphocyte function associated
antigen-3 (LFA-3) in Paroxysmal Nocturnal
Hemoglobinuria: Functional correlates and evidence for a
phosphatidylinositol membrane anchor. J Exp Med 166,
1011-1025 (1987)
131.  Seed, B.: An LFA-3 cDNA encodes a phospholipid-
linked membrane protein homologous to its receptor CD2.
Nature 329, 840-842 (1987)
132.  He, H. T., J. Finne & C. Goridis: Biosynthesis,
membrane association, and release of N-CAM-120, a
phosphatidylinositol-linked form of the neural cell adhesion
molecule. J Cell Biol 105, 2489-2500 (1987)
133.  Lyles, J. M., D. Linnemann & E. Bock: Biosynthesis
of the D2-cell adhesion molecule: Post- translational
modifications, intracellular transport, and developmental
changes. J Cell Biol 99, 2082-2091 (1984)
134.  Murray, B. A., E. A. Hemperly, E. A. Prediger, G. M.
Edelman & B. A. Cunningham: Alternatively spliced
mRNAs code for different polypeptide chains of the
chicken neural cell adhesion molecule. J Cell Biol 102,
189-193 (1986)
135.  Selvaraj, P., W. F. Rosse, R. Silber & T. A. Springer:
The major Fc receptor in blood has a phosphatidylinositol
anchor and is deficient in paroxysmal nocturnal
hemoglobinuria. Nature 333, 565-567 (1988)
136.  Huizinga, T. W. J., C. E. Van Der Schoot, C. Jost, R.
Klaassen, M. Kleijer, A. E. G. K. Von dem Borne, D. Roos
& P. A. T. Tetteroo: The PI-linked receptor FcRIII is
released on stimulation of neutrophils. Nature 333, 667-669
(1988)
137.  Ishihara, A., Y. Hou & K. Jacobson: The Thy-1
antigen exibits rapid lateral diffusion in the plasma
membrane of rodent lymphoid cells and fibroblasts. Proc
Natl Acad Sci USA 84, 1290-1293 (1987)
138.  Lisanti, M. P., I. W. Caras, M. A. Davitz & E.
Rodriguez-Boulan: A glycolipid membrane anchor acts as
an apical targeting in polarized epithelial cells. J Cell Biol
109, 2145-2156 (1989)
139.  Caras, I. W., G. N. Weddell, M. A. Davitz, V.
Nussenzweig & D. W. J. Martin: Signal for attachment of a
phospholipid membrane anchor in decay accelerating
factor. Science 238, 1280-1283 (1987)
140.  Medof, M. E., T. Kinoshita & V. Nussenzweig:
Inhibition of complement activation on the surface of cells

after incorporation of decay-accelerating factor (DAF) into
their membranes. J Exp Med 160, 1558-1563 (1984)
141.  Kooyman, D. L., G. W. Byrne, S. McClellan, D.
Nielsen, M. Tone, H. Waldmann, T. M. Coffman, K. R.
McCurry, J. L. Platt & J. S. Logan: In vivo transfer of GPI-
linked complement restriction factors from erythrocytes to
the endothelium. Science 269, 89-92 (1995)
142.  van Broekhoven, C. L., C. R. Parish, G. Vassiliou &
J. G. Altin: Engrafting costimulator molecules onto tumor
cell surfaces with chelator lipids: a potentially convenient
approach in cancer vaccine development. J Immunol 164,
2433-2443 (2000)
143.  Chen, A., G. Zheng & M. L. Tykocinski: Hierarchical
costimulator thresholds for distinct immune responses:
application of a novel two-step Fc fusion protein transfer
method. J Immunol 164, 705-711 (2000)
144.  Wahlsten, J. L., C. D. Mills & S. Ramakrishnan:
Antitumor response elicited by a superantigen-
transmembrane sequence fusion protein anchored onto
tumor cells. J Immunol 161, 6761-6767 (1998)
145.  Berger, J., A. D. Howard, L. Brink, L. Gerber, J.
Hauber, B. R. Cullen & S. Udenfriend: COOH-terminal
requirements for the correct processing of a
phosphatidlylinositol-glycan anchored membrane protein. J
Biol Chem 263, 10016-10021 (1988)
146.  Tykocinski, M. L., H.-K. Shu, D. J. Ayers, E. I.
Walter, R. R. Getty, R. K. Groger, C. A. Hauer & M. E.
Medof: Glycolipid reanchoring of T-lymphocyte surface
antigen CD8 using the 3' end sequence of decay-
accelerating factor's mRNA. Proc Natl Acad Sci USA 85,
3555-3559 (1988)
147.  Waneck, G. L., D. H. Sherman, P. W. Kincade, M. G.
Low & R. A. Flavell: Molecular mapping of signals in the
Qa-2 antigen required for attachment of the
phosphatidylinositol membrane anchor. Proc Natl Acad Sci
USA 85, 577-581 (1988)
148.  Gerber, L. D., K. Kodukula & S. Udenfriend:
Phosphatidylinositol glycan (PI-G) anchored membrane
proteins:  Amino acid requirements adjacent to the site of
cleavage, and PI-G attachment in the COOH-terminal
signal peptide. J Biol Chem 267, 12168-12173 (1992)
149.  Udenfriend, S. & K. Kodukula: How glycosyl
phosphatidylinositol-anchored membrane proteins are
made. Annu Rev Biochem 64, 563-591 (1995)
150.  Kodukula, K., L. D. Gerber, R. Amthauer, L. Brink &
S. Udenfriend: Biosynthesis of
glycosylphosphatidylinositol (GPI)-anchored membrane
proteins in intact cells: specific amino acid requirements
adjacent to the site of cleavage and GPI attachment. J Cell
Biol 120, 657-664 (1993)
151.  Straus, D. S., I. Stroynowski, S. G. Schiffer & L.
Hood: Expression of hybrid class I genes of the major
histocompatibility complex in mouse L cells. Proc Natl
Acad Sci USA 82, 6245-6249 (1985)
152.  Wettstein, D. A., J. J. Boniface, P. A. Reay, H. Schild
& M. M. Davis: Expression of a class II major
histocompatibility complex (MHC) heterodimer in a lipid-
linked form with enhanced peptide/soluble MHC complex
formation at low pH. J Exp Med 174, 219-228 (1991)
153.  Staunton, D. E., A. Guar, P.-Y. Chan & T. A.
Springer: Internalization of a major group human



Protein Transfer methods for designing cancer vaccines

774

rhinovirus does not require cytoplasmic or transmembrane
domains of ICAM-1. J Immunol 148, 3271-3274 (1992)
154.  Huang, J.-H., R. R. Getty, F. V. Chisari, P. Fowler, N.
S. Greenspan & M. L. Tykocinski: Protein transfer of
preformed MHC-peptide complexes sensitizes target cells
to T cell cytolysis. Immun 1, 607-613 (1994)
155.  Clissold, P. M., H. J. Ebling & P. J. Lachmann:
Construction, expression and functional analysis of a
glycolipid-linked form of CR1. Eur J Immunol 23, 2346-
2352 (1993)
156.  Altmann, D. M., N. Hogg, J. Trowsdale & D.
Wilkinson: Cotransfection of ICAM-1 and HLA-DR
reconstitutes human antigen-presenting cell function in
mouse L cells. Nature 338, 512-514 (1989)
157.  Englund, P. T.: The structure and biosynthesis of
glycosyl phosphatidylinositol protein anchors. Annu Rev
Biochem 62, 121-138 (1993)
158.  Caras, I. W. & G. N. Weddell: Signal peptide for
protein secretion directing glycophospholipid membrane
anchor attachment. Science 243, 1196-1198 (1989)
159.  Caras, I. W., G. N. Weddell & S. R. Williams:
Analysis of the signal for attachment of a
glycophospholipid membrane anchor. J Cell Biol 108,
1387-1396 (1989)
160.  Diamond, D. C., R. Finberg, S. Chaudhuri, B. P.
Sleckman & S. J. Burakoff: Human immuodeficiency virus
infection is efficiently mediated by a glycolipid-anchored
form of CD4. Proc Natl Acad Sci USA 87, 5001-5005
(1990)
161.  Jasin, M., K. A. Page & D. R. Littman:
Glycosylphosphatidylinositol-anchored CD4/Thy-1
chimeric molecules serve as human immunodeficiency
virus receptors in human, but not mouse, cells and are
modulated by gangliosides. J Virol 65, 440-444 (1991)
162.  Brodsky, R. A., S. M. Jane, M. E. Medof, E. G.
Vanin, T. Shimada, T. R. Peters & A. W. Nienhus: Purified
CD4.DAF can incorporate into CD4- cells and function as a
receptor for targeted HIV-mediated gene transfer. Hum
Gene Ther 5, 1231-1239 (1994)
163.  Kurosaki, T. & J. V. Ravetch: A single amino acid in
the GPI attachment domain determines the membrane
topology of Fc gamma RIII. Nature 342, 805-807 (1989)
164.  Wirthmueller, U., T. Kurosaki, M. S. Murakami & J.
V. Ravetch: Signal Transduction by FcgammaRIII (CD16)
Is Mediated through the Gamma Chain. J Exp Med 175,
1381-1390 (1992)
165.  Meyerson, H. J., J.-H. Huang, J. D. Fayen, H.-M.
Tsao, R. R. Getty, N. S. Greenspan & M. L. Tykocinski:
Functional dissociation of CD8a's Ig homologue and
connecting peptide domains. J Immunol 156, 574-584 (1996)
166.  Sentmann, C. L., M. Y. Olsson-Alheim, U. Lendahl & K.
Karre: Influence of glycosylphosphatidylinositol-linked H-2Dd
molecules on target cell protection and natural killer cell
specificity in transgenic mice. Eur J Immunol 26, 2127-2132
(1996)
167.  Cariappa, A., D. C. Flyer, C. T. Rollins, D. C.
Roopenian, R. A. Flavell, D. Brown & G. L. Waneck:
Glycosylphosphatidylinositol-anchored H-2Db molecules are
defective in antigen processing and presentation to cytotoxic T
lymphocytes. Eur J Immunol 26, 2215-2224 (1996)
168.  Lin, A. Y., B. Devaux, A. Green, C. Sagerstrom, J. F.
Elliott & M. M. Davis: Expression of T cell antigen

receptor heterodimers in a lipid-linked form. Science 249,
677-679 (1990)
169.  Carpen, O., P. Pallai, D. E. Staunton & T. A.
Springer: Association of intercellular adhesion molecule-1
(ICAM-1) with actin-containing cytoskeleton and alpha-
actinin. J Cell Biol 118, 1223-1234 (1992)
170.  Brunschwig, E. B., E. Levine, U. Trefzer & M. L.
Tykocinski: Glycosylphosphatidylinositol-modified murine
B7-1 and B7-2 retain costimulator function. J Immunol
155, 5498-5505 (1995)
171.  Groves, J. T., C. Wulfing & S. G. Boxer: Electrical
manipulation of glycan-phosphatidylinositol-tethered
proteins in planar supported bilayers. Biophys J 71, 2716-
2723 (1996)
172.  Knorr, R. & M. L. Dustin: The lymphocyte function-
associated antigen 1 I domain is a transient binding
molecule for intercellular adhesion molecule (ICAM)-1 and
ICAM-3 in hydrodynamic flow. J Exp Med 186, 719-730
(1997)
173.  Nagarajan, S., S. E. Chesla, L. Cobern, P. Anderson,
C. Zhu & P. Selvaraj: Ligand binding and phagocytosis by
CD16 (Fc gamma receptor III) isoforms. J Biol Chem 270,
25762-25770 (1995)
174.  Camerini, D., S. P. James, I. Stamenkovic & B. Seed:
Leu-8/TQ1 is the human equivalent of the Mel-14 lymph
node homing receptor. Nature 342, 78-80 (1989)
175.  Conzelmann, A., A. Spiazzi, C. Bron & R. Hyman:
No glycolipid anchors are added to Thy-1 glycoprotein in
Thy-1-negative mutant thymoma cells of four different
complementation classes. Mol Cell Biol 8, 674-678 (1988)
176.  Chesla, S. E., P. Li, S. Nagarajan, P. Selvaraj & C.
Zhu: The membrane anchor influences ligand binding 2D
kinetic rates and 3D affinity of FcγRIII (CD16). J Biol
Chem 275, 10235-10246 (2000)
177.  Lublin, D. M. & K. E. Coyne: Phospholipid-anchored
and transmembrane versions of either decay-accelerating
Factor or membrane cofactor protein show equal efficiency
in protection from complement-mediated cell damage. J
Exp Med 174, 35-44 (1991)
178.  Zhang, F., W. G. Schmidt, Y. Hou, A. F. Williams &
K. Jacobson: Spontaneous incorporation of the glycosyl-
phosphatidylinositol-linked protein Thy-1 into cell
membranes. Proc Natl Acad Sci USA 89, 5231-5235 (1992)
179.  Poloso, N., S. Nagarajan, G. W. Bumgarner & P.
Selvaraj: Development of therapeutic vaccines by direct
modification of cell membranes from surgically removed
human tumor tissue with immunostimulatory molecules.
Vaccine 19, 2029-2038 (2001)
180.  Low, M. G.: Biochemistry of the glycosyl-
phosphatidylinositol membrane protein anchors. Biochem J
244, 1-13 (1987)
181.  Medof, M. E., A. Gottlieb, T. Kinoshita, S. Hall, R.
Silber, V. Nussenzweig & W. F. Rosse: Relationship
between decay accelerating factor deficiency, diminished
acetylcholinesterase activity, and defective terminal
complement pathway restriction in paroxysmal nocturnal
hemoglobinuria erythrocytes. J Clin Invest 80, 165-174
(1987)
182.  Wilcox, L. A., J. L. Ezzell, N. J. Bernshaw & C. J.
Parker: Molecular basis of the enhanced suseptibility of
erythrocytes of paroxysmal noctunal hemoglobinuria to
hemolysis in acidified serum. Blood 78, 820-829 (1991)



Protein Transfer methods for designing cancer vaccines

775

183.  Sloand, E. M., J. P. Maciejewski, D. Dunn, J. Moss, B.
Brewer, M. Kirby & N. S. Young: Correction of the PNH
defect by GPI-anchored protein transfer. Blood 92, 4439-4445
(1998)
184.  Wing, M. G., J. Zajicek, D. J. Seilly, D. A. Compston &
P. J. Lachmann: Oligodendrocytes lack glycolipid anchored
proteins which protect them against complement lysis.
Restoration of resistance to lysis by incorporation of CD59.
Immunol 76, 140-145 (1992)
185.  Selvaraj, P., M. L. Plunkett, M. L. Dustin, M. E. Sanders,
S. Shaw & T. A. Springer: The T-lymphocyte glycoprotein
CD2 binds the cell surface ligand. Nature 326, 400-403 (1987)
186.  Huang, A., L. Huang & S. J. Kennel: Monoclonal
antibody covalently coupled with fatty acid. A reagent for In
vitro liposome targeting. J Biol Chem 255, 8015-8018 (1980)
187.  Colsky, A. S., J. Stein-Streilein & J. S. Peacock:
Surrogate receptor-mediated cellular cytotoxicity. A method
for "custom designing" killer cells of desired target specificity.
J Immunol 140, 2515-2519 (1988)
188.  Colsky, A. S. & J. S. Peacock: Palmitate-derivatized
antibodies can function as surrogate receptors for mediating
specific cell-cell interactions. J Immunol Meth 124, 179-187
(1989)
189.  Colsky, A. S. & J. S. Peacock: Palmitate-derivatized
antibodies can specifically "arm" macrophage effector cells for
ADCC. J Leuk Bio 49, 1-7 (1991)
190.  Colsky, A. S., L. E. Mendez & J. S. Peacock: FcR-
independent antibody-mediated cellular cytotoxicity. J Leuk
Bio 49, 548-555 (1991)
191.  Peacock, J. S., T. R. Londo, D. A. Roess & B. G. Barisas:
Biologic activity of antigen receptors artificially incorporated
onto B lymphocytes. J Immunol 137, 1916-1923 (1986)
192.  Peacock, J. S., M. E. Zschokke, B. G. Barisas & D. A.
Roess: Antigen activation of human B lymphocytes bearing
artificial antigen receptors. Immunol Let 29, 247-253 (1991)
193.  Roess, D. A., M. E. Zschokke, J. S. Peacock & B. G.
Barisas: Triamcinolone acetonide inhibits lymphocyte
differentiation in B cells decorated with artificial antigen
receptors. Biochem Biophys Res Comm 179, 1276-1280 (1991)
194.  Londo, T. R., J. S. Peacock, D. A. Roess & B. G. Barisas:
Lateral diffusion of antigen receptors artificially incorporated
onto B lymphocytes. J Immunol 137, 1924-1931 (1986)
195.  Peacock, J. S. & B. G. Barisas: Photobleaching recovery
studies of T-independent antigen mobility on antibody-bearing
liposomes. J Immunol 131, 2924-2929 (1983)
196.  Kim, S. A. & J. S. Peacock: The use of palmitate-
conjugated protein A for coating cells with artificial receptors
which facilitate intercellular interactions. J Immunol Meth 158,
57-65 (1993)
197.  Arnold, F. H.: Metal-affinity separations: a new
dimension in protein processing. Biotechnol (N Y) 9, 151-156
(1991)
198.  Dorn, I. T., K. Pawlitschko, S. C. Pettinger & R. Tampe:
Orientation and two-dimensional organization of proteins at
chelator lipid interfaces. Biol Chem 379, 1151-1159 (1998)
199.  Popot, J. L. & M. Saraste: Engineering membrane
proteins. Curr Opin Biotechnol 6, 394-402 (1995)
200.  von Heijne, G.: Membrane proteins: from sequence to
structure. Annu Rev Biophys Biomol Struct 23, 167-192 (1994)
201.  Gimmi, C. D., G. J. Freeman, J. G. Gribben, G. Gray &
L. M. Nadler: Human T-cell clonal anergy is induced by

antigen presentation in the absence of B7 costimulation. Proc
Natl Acad Sci USA 90, 6586-6590 (1993)
202.  Yang, G., K. Hellstrom, I. Hellstrom & L. Chen:
Antitumor immunity elicited by tumor cells transfected with
B7-2, a second ligand for CD28/CTLA-4 costimulatory
molecules. J Immunol 154, 2794-2800 (1995)
203.  Hodge, J. W., S. Abrams, J. Schlom & J. A. Kantor:
Induction of antitumor immunity by recombinant vaccinia
viruses expressing B7-1 or B7-2 costimulatory molecules.
Cancer Res 54, 5552-5555 (1994)
204.  Medof, M. E., S. Nagarajan & M. L. Tykocinski: Cell-
surface engineering with GPI-anchored proteins. FASEB J 10,
574-586 (1996)
205.  Brunschwig, E. B., J. D. Fayen, M. E. Medof & M. L.
Tykocinski: Protein transfer of glycosyl-phosphatidylinositol
(GPI)-modified murine B7-1 and B7-2 costimulators. J
Immunother 22, 390-400 (1999)
206.  Maeda, T., K. Balakrishnan & S. Q. Mehdi: A simple
and rapid method for the preparation of plasma membranes.
Biochim Biophys Acta 731, 115-120 (1983)
207.  McHugh, R. S., S. Nagarajan, Y. C. Wang, K. W. Sell &
P. Selvaraj: Protein transfer of glycosylphosphatidylinositol-
B7-1 into tumor cell membranes: A novel approach to tumor
immunotherapy. Cancer Res 59, 2433-2437 (1999)
208.  Smythe, J. A., P. D. Fink, G. J. Logan, J. Lees, J. Rowe
& I. E. Alexander: Human fibroblast transduced with CD80 or
CD86 efficiently trans-costimulate CD4+ and CD8+ T
lymphocytes in HLA-restricted reactions:  Implications for
immune augmentation cancer therapy and autoimmunity. J
Immunol 163, 3239-3249 (1999)
209.  Simons, J., E. Jaffee, C. Weber, H. Levitsky, W. Nelson,
M. Carducci, A. Lazenby, L. Cohen, C. Finn, S. Clift, K.
Hauda, L. Beck, K. Leiferman, A. J. Owens, S. Piantadosi, G.
Dranoff, R. Mulligan, D. Pardoll & F. Marshall: Bioactivity of
autologous irradiated renal cell carcinoma vaccines generated
by ex vivo granulocyte-macrophage colony-stimulating factor
gene transfer. Hum Gene Ther 57, 1537-1546 (1997)
210.  Westerman, L. E., S. C. Sund, P. Selvaraj & P. E. Jensen:
Induction of tumor-specific immunity in mice by
immunization with reconstituted tumor membrane liposomes
containing recombinant B7-2. J Immunother 23, 456-463
(2000)
211.  van den Berg, C. W., T. Cinek, M. B. Hallett, V. Horejsi
& B. P. Morgan: Exogenous glycosyl phosphatidylinositol-
anchored CD59 associates with kinases in membrane clusters
on U937 cells and becomes Ca2+-signaling competent. J Cell
Biol 131, 669-677 (1995)

Keywords: Tumor Immunotherapy, Gene Transfer, CD80,
GPI, Lipid Anchor, Transmembrane Anchor, Costimulatory
Molecules, Tumor, Review

Send correspondence to: Dr Periasamy Selvaraj, 1639
Pierce Dr., 7309 Woodruff Memorial Building, Atlanta,
GA 30322, Tel: 404-727-5929, Fax: 404-727-8540, E-mail
address: pselvar@emory.edu


