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Preface

Immunotherapy for the treatment of cancer has been a long-standing, continuously evolv-
ing strategy. The emergence of new therapeutic molecules, increased knowledge of gene
regulation and protein interactions, and the development of novel technologies have
maintained this therapeutic approach at the forefront of cancer treatment. The numerous
results and observations obtained from clinical trials have allowed a greater understand-
ing of the in vivo mechanisms and pathways involved in the anti-tumoral response; and
therefore, have also provided for the improvement of cancer immunotherapy.

The idea of using immunotherapy to eradicate cancer emerged in the 19th century
when Dr. William Coley discovered the effect of bacteria on tumor regression. A few years
later, Drs. Richet and Héricourt injected patients with “antitumor-serum” generated in
animals to provide them with antibodies directed against tumor associated proteins, a tech-
nique called passive immunotherapy. Early on, the BCG vaccine was also used to stimulate
the immune system (active immunotherapy) and eradicate cancer. More recently, cancer
immunotherapy has included the use of immune cells infused during bone marrow trans-
plant (adoptive immunotherapy), antibodies, and cytokines. It has since been associated
with a combination of various other approaches, e.g. cell and gene therapy. Stem cell-based
therapies, tissue engineering, and targeting have also contributed to the latest successes in
pre-clinical immunotherapy studies.

A large array of techniques is required for the implementation of these continuously
developing immunotherapeutic approaches. It is therefore very important that scientists
have access to the latest protocols of various techniques. This Immunotherapy of Cancer
volume of the Methods in Molecular Biology book series describes detailed procedures for
trainees and experts in the area of basic, clinical science who wish to undertake their
own new immunotherapy studies. In addition to the protocols, general overviews provide
useful updates in each area, as well as summaries of recent pre-clinical and clinical trials.

Patricia Yotnda
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Chapter 1

Hypoxic Tumors and Their Effect on Immune Cells
and Cancer Therapy

Patricia Yotnda, Danli Wu, and Anna May Swanson

Abstract

The abnormal decrease or the lack of oxygen supply to cells and tissues is called hypoxia. This condition is
commonly seen in various diseases such as rheumatoid arthritis and atherosclerosis, also in solid cancers.
Pre-clinical and clinical studies have shown that hypoxic cancers are extremely aggressive, resistant to
standard therapies (chemotherapy and radiotherapy), and thus very difficult to eradicate. Hypoxia affects
both the tumor and the immune cells via various pathways. This review summarizes the most common
effects of hypoxia on immune cells that play a key role in the anti-tumor response, the limitation of
current therapies, and the potential solutions that were developed for hypoxic malignancies.

Key words: Hypoxia, aggressive cancers, radio- and chemoresistance, metastasis, immuno-
suppression.

1. Introduction

A large number of human solid tumors profoundly lack oxygen,
exhibiting hypoxic and anoxic tumor areas; this condition called
hypoxia is due to an imbalance between delivery of oxygen and
nutrients via the blood circulation and consumption by cancer
cells. To survive in this hostile environment, cancer cells upregu-
late key genes that are involved in the survival and proliferation
pathways. Hypoxic cancers are generally aggressive and metastatic
and thus correlated with a poor prognosis. Furthermore, these
hypoxic tumors are of major concern because they are resistant
to traditional radiotherapy, phototherapy, and chemotherapy, and
also to conventional cancer immunotherapy. Thus it is important

P. Yotnda (ed.), Immunotherapy of Cancer, Methods in Molecular Biology 651,
DOI 10.1007/978-1-60761-786-0_1, © Springer Science+Business Media, LLC 2010
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2 Yotnda, Wu, and Swanson

to expand our understanding of hypoxic tumors and their inter-
action with the immune response in order to adjust and propose
alternative cancer immunotherapy strategies. In this review we
have summarized important concepts that need to be taken into
account to develop efficient cancer immunotherapies for these
hypoxic tumors.

2. Hypoxic
Tumors

Hypoxia is an abnormal decrease of oxygen levels in tissue. In
healthy tissues, the level of oxygen varies depending on the organ
but is well adapted to the needs of the corresponding cells. In
pathological tissues, however, the oxygen tension is low compared
to the corresponding healthy tissue, and this decrease can lead to
anoxia, a total deprivation of oxygen. Compelling evidence has
been presented demonstrating reduced tissue oxygenation in both
malignant and non-malignant conditions like chronic inflamma-
tion (chronic inflammatory bowel disease, ischemia/reperfusion
injury, and rheumatoid arthritis), heart disease, stroke, diabetic
retinopathy, cystic fibrosis, chronic bronchitis, psoriasis, vascular
diseases, wounds, infections, and kidney disease.

In solid tumors, the incidence of hypoxia is high and has
long been correlated with aggressive and metastatic tumor phe-
notypes. An increasing list of cancers with hypoxic regions has
been reported over the last decade and includes endometrial car-
cinoma, ovarian, melanoma, lymphoma, breast, bladder, brain,
head and neck, renal, colon, gastric, pancreatic, prostate, and
non-small cell lung cancers (1–10). These hypoxic tumors are
resistant to conventional radiotherapy, chemotherapy, and cell
therapy (1–5). For the purpose of diagnosis, various meth-
ods of detection have been used to localize and evaluate the
extent of tumor hypoxic regions. Such methods include immuno-
histochemistry on biopsy sections using antibodies specific for
endogenous proteins expressed or overexpressed in low oxygen
tension such as hypoxia inducible factor (HIF), carbonic anhy-
drase IX (CAIX), glucose transporter-1 (GLUT-1), lysyl oxidase
(LOX), and lactate dehydrogenase (LDH). Exogenous probes,
often nitroimidazole-based hypoxia markers (i.e., pimonidazole
and EF5) injected into the host or directly injected intratu-
moraly (before surgical removal of the tumor tissue) and detected
by immunohistochemistry are also used for analysis of hypoxic
tumors. These detection techniques are limited by the neces-
sity of invasively harvesting tissue samples. Methods of mea-
surement using PO2 electrodes allow a non-invasive detection
and quantification of hypoxia. However, this technique is limited
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to easily accessible tumors. Techniques based on detection of
proteins released during hypoxia (i.e., circulating human vascu-
lar endothelium growth factor (VEGF) and osteopontin) have
also been developed and used to quantify hypoxia both in ani-
mal tumor models and in human tumors, but the lack of infor-
mation on the localization and extent of the hypoxic zone
results in incomplete diagnosis. Other techniques include the
classical blood-oxygen-level-dependent (BOLD) MRI and more
recently electron paramagnetic resonance imaging (7). Finally,
non-invasive imaging techniques like positron emission tomog-
raphy (PET)/CT-scan using radio-labeled nitroimidazole com-
pounds like 18F-Fluoromisonidazole (8, 10) that specifically bind
hypoxic cells have also been tested and are now widely imple-
mented in clinics to reveal hypoxic tumors. For all these tech-
niques, the spatiotemporal variations of hypoxic areas in tumors
should been taken in account for the analysis, diagnosis, and ther-
apeutic strategy proposed for each tumor.

3. Causes of
Hypoxia

In tumor masses, hypoxia can arise via a number of mechanisms.
Fast growing hypoxic tumors have poor vessel bio-distribution
(vascular architecture) and/or low vessel number (vascular den-
sity). Furthermore, the tumor vasculature also has increased
vascular defects. Indeed, inadequate neo-vasculature with irreg-
ularities such as abnormal vessel wall, blind ends, arterio-venous
anastomosis, distortions, twists, and elongation of vessels can
compromise the supply of oxygen to tissue. Abnormal smooth
muscle or enervation, and an incomplete endothelial lining or
basement membrane have also been observed in hypoxic tumors
(11) and contribute to defective tissue oxygenation. The tumor
vessels can also be damaged by activated neutrophils, stimulated
via hypoxia-mediated release of inflammatory cytokine, increasing
vessel permeability.

Highly proliferating cancer cells that outgrow the neovascu-
larization also participate in the formation of hypoxic areas in the
tumors. The augmented proliferation directly increases the dis-
tance of diffusion for oxygen and nutrients, thus creating hypoxic
regions in the enlarged tumors. This high proliferation rate of
cancer cells is associated with a high consumption of oxygen and
nutrients, also causing hypoxia. Tumor growth itself can also lead
to compression of the blood vessels by the tumor mass and high
interstitial pressure, again impeding oxygen delivery. Finally, ane-
mia resulting from the disease or the treatment regimen, or the
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treatment itself can be a contributing factor (9). Any combination
or all of these mechanisms can result in a hypoxic tumor.

4. Problems in
Hypoxic Tumors

It is now accepted that the tumor and its microenvironment exert
an influence on the progression of the disease via various mech-
anisms and also play a role in the response to cancer therapy.
Because of their poor response to treatment, hypoxic cancers and
their microenvironment are an important area of investigation;
a better understanding of these hypoxic cancer cells (proteomic
and genomic changes, interaction with the immune system, etc.)
would allow tailoring of efficient therapies and better outcomes.

4.1. Tumor
Environment of
Hypoxic Tumors

Low oxygen tension directly affects tumor environment param-
eters such as pH, level of lactic acid, level of growth factors
and nutrients (amino acids and glucose), metabolism, and the
extracellular matrix (ECM) structure and cell composition (6).
Changes in these parameters due to the lack of oxygen have a
wide range of side effects on immune cells and alter the efficacy
of the antitumor response.

In an environment deprived of oxygen, tumor cells switch
from oxidative respiration to glycolysis, and as a result they pro-
duce large amounts of lactic acid. To survive, tumor cells export
the toxic lactic acid into the extracellular microenvironment. In
hypoxia, membrane located transporters, exchangers, and pumps
are upregulated (12), facilitating the removal of this acid from the
intracellular space to the extracellular space, but thereby decreas-
ing the extracellular pH (12). Hypoxia also creates this acidifi-
cation via the upregulation of carbonic anhydrases (13) and the
production of CO2 (14). There is evidence that acidic pH pro-
motes an invasive phenotype in certain cancers (15, 16) and that
severe tissue acidosis impairs the immune response. Moreover,
due to the high glucose consumption by hypoxic tumor cells, the
availability of glucose is low in these tumors. Glucose is deliv-
ered via blood vessels and thus its concentration in the tumor
masses decreases with the disappearance of functional blood ves-
sels, which also contributes to the overall reduction in glucose
availability. In response to these events and as a survival mech-
anism, hypoxic tumors tend to switch to autophagy (17). This
adaptive metabolic response limits the production of endoge-
nous reactive oxygen species (ROS) and thus prevents cell death
(18–20).

Accumulation of waste products such as ROS and nitrate
(NO), as well as necrosis products, also changes the hypoxic
tumor microenvironment and affects immune cell function. NO
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has been shown to promote tumor cell growth and to select for
p53 tumor mutants. Several studies including ours (unpublished
data) have shown that ROS is detrimental to the survival and ade-
quate function of immune cells.

The ECM and associated stroma regulate the diffusion of
oxygen and nutrients, but also secrete regulatory molecules (e.g.,
angiotensin II); its density impacts the infiltration of tumors by
immune cells. Hypoxia modulates the ECM compartment via
HIF-mediated production of lysyl oxidase (which catalyzes colla-
gen) and matrix metalloprotease (MMP) and allows tumor metas-
tasis. Stromal cell derived factor-1 (SDF-1) is increased in hypoxic
tumors and recruits bone marrow stem cells for the formation of
new blood vessels (21, 22), thus further favoring the malignancy
by allowing metastasis. Moreover, the secretion of SDF-1 leads
to the attraction of mesenchymal stem cells, which are known
to be immunosuppressive (23). In this manner the ECM impairs
various immune cells, thus reducing their antitumor efficacy and
supporting tumor proliferation.

Hypoxia has also been reported to induce hemoconcentra-
tion, leading to higher blood viscosity, the aggregation of blood
cells including immune cells within the vessels, and reduced blood
flow (24), resulting in acute hypoxia. This increased hemocon-
centration also reduces the delivery of chemotherapeutic drugs,
or antibodies, and prevents immune cells from infiltrating tumor
masses by trapping them in the vessels. As mentioned previ-
ously, high interstitial pressure is also characteristic of hypoxic
tumors and has a detrimental effect on the viability and func-
tion of immune cells, and thus on their capability to react to
tumor-antigen targets. Together, these events induced by hypoxia
in tumor masses and the tumor microenvironment have impor-
tant implications for the immune response and thus on cancer
immunotherapy.

4.2. Hypoxic Cancer
Cells

Cancer cells have developed methods by which they can sur-
vive periods of low oxygen availability. Central to this process is
hypoxia-inducible factor 1 (HIF-1), a key factor in cellular adapta-
tion to hypoxic conditions, including cell survival, angiogenesis,
and the switch from aerobic to anaerobic metabolism. Overex-
pression of HIF-1 in human cancers has been shown to correlate
with poor prognosis and increased tumor aggression. In mouse
models examining immune function, HIF-1 has different roles in
the various immune cells (e.g., protection of myeloid cells from
apoptosis but promotion of apoptosis in thymocytes) (25). The
HIF complex is a heterodimer, composed of HIF-1α and HIF-1β

subunits. While the β subunit is unaffected by oxygen levels, the α

subunit is stabilized in hypoxia and targeted for rapid proteosomal
degradation in normoxia. As a potent transcription factor, HIF-1
activates numerous target genes via binding to hypoxia response
elements (HRE) present in their promoter region. Through this
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gene regulation, HIF mediates the expression of several key pro-
teins like VEGF, erythropoietin (EPO), CAIX, GLUT-1, and a
cluster of glycolytic enzymes (i.e., phosphoglycerate kinase 1, lac-
tate dehydrogenase A). These proteins are involved in different
pathways (angiogenesis, erythropoiesis, pH regulation, glucose
uptake, etc.) that compensate for altered metabolic needs and
enable the survival and proliferation of hypoxic tumors by various
mechanisms. A new role for HIF as tumor suppressor has recently
been reported by Scortegagna et al. with their finding that HIF
prevents epithelial-mesenchymal transformation (26).

Angiogenesis is important to support the proliferation of
tumor cells; it allows the supply of oxygen and nutrients nec-
essary for continued growth. VEGF is a key growth factor for
new vessel formation, as it promotes the proliferation, migra-
tion, elongation, network formation, and branching of endothe-
lial cells (27–29). Tumor growth factor-beta (TFG-β) is also
upregulated during hypoxia to resist glucose starvation (30), and
it is released by tumor cells or hypoxia-associated T regulatory (T-
reg) cells; HIF-1 and TGF-β act in synergy to upregulate VEGF
production (31).

Hypoxic tumors are highly metastatic; to metastasize, can-
cer cells must detach from the tumor mass and spread via blood
circulation and lymphatic system (32). Such metastatic poten-
tial is regulated by HIF-1-mediated repression or induction of
several genes. One example is the adhesion protein E-cadherin,
which acts by dimerizing with other E-cadherin molecules on
nearby cells, contributing to maintain a normal tissues struc-
ture (33). HIF-1 downregulates E-cadherin and consequently
frees the tumor cells to migrate, facilitating local invasion and
metastasis. In addition, it has been reported that the detachment
of hypoxic tumor cells is also mediated by decreased adhesion
to vitronectin and downregulated expression of integrins (34).
HIF-1 also induces the expression of MMPs and LOX that dis-
rupt the structure of the ECM. The expression of these proteins
in hypoxic tumors can have a prognostic value. Also important
for metastasis are chemokine receptors, which allow attachment
of the migrating tumor cells at a new site. One such is CXCR4,
the expression and function of which is enhanced by HIF-1 on
malignant cells. CXCR4 expression is correlated with poor prog-
nosis in many cancers and has been shown to be important in
cell migration and metastasis. Other genes like autocrine motility
factor, keratins, receptor tyrosine kinase c-Met (35), and, as men-
tioned before, SDF-1 are also regulated by HIF-1 and actively
participate in the metastasis of cancer cells. Finally, as men-
tioned above, acidosis generated by hypoxic tumors also promotes
metastasis.

The natural cellular response to sustained hypoxia is apop-
tosis. Thus, the pressure of a hypoxic tumor environment can
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act in selecting cells with alterations of apoptosis pathways, par-
ticularly cells that acquire p53 mutations and deletions (36–38),
thus allowing their survival. These residual surviving hypoxic cells
often evolve into a more aggressive phenotype (36). The overex-
pression or activation of p53 blocks the accumulation of HIF-1α.
Similarly, p53 mutation significantly reduces the apoptosis rate in
hypoxic tumor cells showing that the tumor suppressor protein
p53 is a powerful negative regulator of HIF-1 (36). Likewise,
cancer cells also cheat hypoxia-induced death by overexpressing
the anti-apoptotic protein Bcl-XL (39). Molecules involved in
DNA repair are inhibited by hypoxia, with concomitant increase
genome instability leading to higher rates of mutation in hypoxic
cells and to their survival (40, 41). Finally, the role of HIF-1 in
the increase of telomerase activation via overexpression of human
telomerase reverse transcriptase (hTERT), and the resulting pro-
longed life span of hypoxic tumor cells was recently reported
by Bell et al. (42), showing that different survival pathways are
“turned on” by HIF-1. Therefore, therapies for hypoxic cancers
should preferentially target HIF, or multiple mechanisms sup-
porting cancer progression, rather than any one individual sur-
vival pathway.

Hypoxic tumors are highly immunosuppressive; they mod-
ulate the immune response directly or indirectly by recruiting
other cells. They directly affect immune cells via the expres-
sion or upregulation of several molecules known to be immuno-
suppressive, the most important being TGF-β, which strongly
impairs tumor-specific T cells. Another example is HLA-g, a non-
classical major histocompatibility complex (MHC) molecule. In
non-pathological conditions its expression is restricted to immune
privileged sites such as the trophoblast and the eyes, and its
main function is to prevent immune attack of these privileged
tissues by ablating T and natural killer (NK) cell functions. How-
ever, numerous studies have shown that secreted or membrane-
bound HLA-g molecules are expressed in a large number of
tumor types as well as overexpressed in hypoxic tumor areas,
leading to a drastic decrease of the antitumor response. Simi-
larly, expression and secretion of soluble of MHC class I chain-
related molecules (MICs) is upregulated by many hypoxic can-
cers (via NO), favoring their immune escape by MIC-induced
downregulation of NKG2D receptors, which suppress NK-cell
activation (43). Hypoxic tumors also indirectly suppress immune
cells by promoting the infiltration of TGF-β-producing myeloid
suppressor cells (MSC) (44) and T-reg cells. Once present in
the tumor, T-reg cells also inhibit a variety of immune cells
by contact-dependent mechanisms (31). Hypoxic tumors are
known to recruit a high numbers of macrophages and granulo-
cytes, leading to the hyperproduction of reactive oxygen species
(ROS) with consequent NF-kB inhibition, and the production
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of pro-inflammatory cytokines such as interleukin (IL)-10 and
TGF-β. Finally, these tumors induce the activation and survival of
neutrophils that damage the vessel and worsen the disease. Thus,
via immunosuppression, HIF expression, and genomic changes,
hypoxic cancer cells can survive and progress toward aggres-
sive and metastatic malignancy. Overall, the immunosuppressive
milieu fostered by the tumor and enhanced by hypoxia results in
the inability of the immune system to control tumor growth and
the resistance of tumors to cell therapy.

4.3. The Effect of
Hypoxia on Immune
Cells

To eradicate hypoxic cancers immune cells need to infiltrate the
tumor mass, to survive, be fully functional, and persist. It has been
reported by several groups including ours that the hypoxic tumor
exerts its influence on key actors of the antitumor response by
a range of mechanisms, all of which contribute to a suppression
or attenuation of the anti-tumor response. To propose an effec-
tive immunotherapy it is crucial to understand the interactions
between the hypoxic tumor, its microenvironment, and immune
cells.

4.3.1. Macrophages Tumors mediate an influx of infiltrating macrophages, which
once resident in the tumor are identified as tumor-associated
macrophages (TAM). In rapidly growing tumors, a high num-
ber of TAM correlates with the aggressiveness of the malignancy.
Hypoxia upregulates the expression of integrins αM and β2 and
MMP (45) in macrophages, facilitating their migration from the
vasculature into hypoxic tissue. Hypoxia also inhibits expression
of the chemokine receptors CCR2 (46) and CCR5 (47), to
keep them in the tumor mass (48). This entrapment is further
reinforced by hypoxia-mediated upregulation of their mitogen-
activated protein kinase phosphatase (MKP-1) leading to indirect
inhibition of the expression of chemokine receptors (48). In the
oxygen-deprived microenvironment, TAMs secrete inflammatory
cytokines (e.g., IL-1), which chemoattract immune effector cells.
However, macrophages in hypoxia have been shown to have a
reduced phagocytic capacity (49), likely due to the requirement
for oxygen conversion into ROS within the phagocytic vesicle for
cytotoxic activity. Still, more investigation is required since con-
tradictory finding have been reported (50).

HIF-1 decreases the effectiveness of TAM to present tumor
antigens (51, 52), and thus indirectly prevents the activation of
T cells. Hypoxia reduces the expression of CD80 on mono-
cytes and macrophages (51) leading to an altered induction of
immune response. Finally, TAM NO production is reduced by
tumor-mediated acidosis (53). These hypoxic TAMs switch from
immune cells (54) to pro-tumor cells (55, 56) and like tumor
cells they adapt to low oxygen tension (57) by becoming resis-
tant to apoptosis (58). Among the other genes upregulated in
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macrophages during reduced oxygen is inhibitor DNA binding-2
(Id2), which is involved in the survival and differentiation of many
cells. In addition, IL-4, IL-10, and TGF-β1 secreted by hypoxic
tumor cells prompt macrophages to release factors that promote
tumor proliferation (fibroblast growth factor 2 (FGF2), platelet-
derived growth factor (PDGF), acidic/basic FGFs (a/bFGFs)
(59), and epidermal growth factor (EGF) (60–62)) and metas-
tasis (macrophage inhibitory factor (MIF) (63), tissue factor (TF)
(64)). These hypoxic TAMs are polarized toward the M2 phe-
notype and release prostaglandin E, IL-10 and TGF-β, factors
which suppress T-cell activation (65). In conjunction with this
inhibition of the antitumor response, they express VEGF (66, 67)
and MMP (57), which stimulate angiogenesis and extracellu-
lar matrix restructuration, thus further promoting tumor pro-
gression and metastasis (65, 68, 69). TAMs also produce inter-
feron gamma (IFN-γ) in reduced oxygen tension (52) such as
in hypoxic tumors; however, IFN-γ molecules are very labile in
an acidic milieu and thus have limited activity. Altogether, TAMs
promote tumor progression and deflection of a robust antitumor
response.

4.3.2. Neutrophils Hypoxic environments like inflammation and tumors recruit large
numbers of neutrophils (70). In tumors devoid of oxygen, the
upregulation of chemokines (IL-1 and IL-8) and polypeptides
exerts a strong chemotactic and activation activity on neutrophils
(71, 72). Hypoxic monocytes and macrophages also upregulate
chemokines with the potential to attract neutrophils (73). Once in
the hypoxic environment, neutrophil susceptibility to apoptosis is
reduced, via HIF-1-mediated modulation of the NF-κB pathway
(74, 75). Hypoxia also regulates neutrophil adhesion via reactive
oxygen species (76), LFA-1 (77) and IL-1, and increases their
survival (78). In vivo, neutrophils have been found in large num-
bers in hypoxia areas (79). Hypoxia exerts a deleterious effect on
neutrophil function by limiting their killing activity (80, 81) and
migration (82). Low pH in pathological microenvironments acti-
vates neutrophils (83) and modulates their oxidative burst (81).
Indeed as it appears that HIF-1 protein stabilization and degra-
dation in tumor cells is regulated by ROS (hydrogen peroxidase
alters HIF-1 expression) (84), thus reduction of ROS released
in the tumor microenvironment would promote tumor devel-
opment. Of note, the effect of ROS on hypoxic cells depends
of the form and the cellular location of the free radicals pro-
duced. Activated neutrophils can participate in extracellular acid-
ification (85), and thus probably also affect T- viability and func-
tion. Eltzschig et al. reported that adenosine induced during low
oxygen tension acts as an anti-inflammatory signal to attenuate
extreme neutrophil accumulation (86, 87). These results were
recently confirmed by studies showing the role of HIF-induced
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netrin-1 (Ntn1) expression in this phenomenon (88, 89). Finally,
neutrophil-mediated injury (90) also leads to blood vessel dam-
age and thus prevents T and NK cells infiltration. Still, the full
extent of the consequences of hypoxia on neutrophils remains to
be fully appreciated.

4.3.3. Dendritic Cells Dendritic cells (DC) play a central and important role in the
immune response as they are powerful antigen-presenting cells
(APC). They have the capacity to process and present antigen
to T cells. DC-mediated activation and regulation of the T-cell
response is dependent upon their differentiation and maturation
status. Indeed, their inadequate or incomplete maturation leads
to a change in cytokine secretion and in decreased expression of
co-stimulatory molecules, resulting in the defective activation of
T cells, or worse in the induction of T-cell anergy/tolerence and
T-reg. In colorectal cancers, DC have been positively correlated
with T-reg and disease progression (91), probably due to the pres-
ence in these tumors of high amount of VEGF and IL-10 that
have been described to inhibit DC maturation (92–94). Hypoxia
decreases the capacity of mice DC to uptake antigen (both in
presence or absence of LPS stimulation) and increases IL-6 pro-
duction following LPS activation (95). Surprisingly, the induc-
tion of T-cell proliferation in a MLR assay was higher follow-
ing stimulation with LPS-treated DC in hypoxia (95). This study
underlined the oxygen independent role of HIF in LPS-treated
DC. Elia et al. demonstrated that in hypoxia, immature human
DC have a reduced antigen uptake and an altered chemokine
secretion pattern that shows an increase in molecules that pro-
mote inflammation via the recruitment of neutrophils (via NAP-3
(CXCL1), CXCL8) rather than lymphocytes (96). Indeed, they
reported in hypoxic immature DC a downregulation of CCL18
and MCP-1 (CCL2) chemokines that are known to be T-cell
attractants (97–99) and an upregulation of IP-10 (CXCL10) that
increases adhesion of T cells to the vessel wall (100). Their study
also revealed that despite these changes, hypoxia has no unfa-
vorable effect on the maturation of DC and that their ability
to induce proliferation of allogeneic and antigen-specific T cells
was preserved. Other studies reported that hypoxia inhibits DC
migration via a decrease of MMP (101–103). Mancino et al.
found detrimental effects of hypoxia on human DC differen-
tiation (from monocytes) and maturation, as identified by the
decreased expression of CD40, CD80, CD83, and CD86 co-
stimulation molecules, and an impaired stimulation of T cells
(as measured by decreased proliferation of allogeneic T cells and
interferon gamma (INF-γ) production) (104).

The effect of hypoxia-associated microenvironmental changes
on DC, such as acidosis and increased level of adenosine, have also
been investigated. Gottfried et al. reported that lactic acid affects
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DC phenotype and decreases IL-12 secretion (105). Adenosine is
a product of ATP degradation, and its production is increased
during hypoxia. Adenosine was shown to affect DC function
(106) by inhibiting IL-12 production in mature DC and to act
as a chemotaxin for immature DC (107). Furthermore, adeno-
sine was also shown to inhibit vesicular MHC class I cross-
presentation by resting DC, but had no effect on immature and
CpG-activated DC (108). There have been an increasing number
of publications on DC and hypoxia in recent years; however, the
impact of hypoxia on DC is still controversial. Indeed, some stud-
ies have found the effects of hypoxia to be detrimental on DC (73,
96, 104, 105), whereas others have found no impairment of the
maturation and function of DC and reported that DC matured
in hypoxia upregulate genes associated with cell movement and
migration (109), or show positive effects of acidosis on antigen
uptake and presentation by DC (110). It is crucial when compar-
ing studies of the impact of hypoxia on DC to take into account
the duration of exposure to hypoxia, as well as the kinetics of
DC maturation following stimulation pre- or post-hypoxia. From
a clinical point of view, it is important to consider the fact that
tumor-associated DC could be exposed to hypoxia for long peri-
ods of time and that their maturation could occur either before
or after entering hypoxic areas.

4.3.4. T and Natural
Killer (NK) Cells

While there has been undeniable data stressing the importance of
cellular immune response in the control of cancer proliferation,
it is clear that T-cell growth and survival is profoundly impaired
at low oxygen tension (111–113) and, thus, that hypoxic tumors
escape T-cell attacks. Hypoxia has the potential to adversely affect
the consequences of T-cell receptor (TCR) activation by antigen
(25, 114–116) leading to the inhibition of naïve T-cell differen-
tiation into cytotoxic T lymphocytes (CTL). Hypoxia mediates
a decrease of Kv1.3 protein levels (depolarizing the T cell) (115)
and a decrease in Ca2+ signaling (117), both of which are involved
in T-cell activation (118), thus preventing T-cell activation, and
hence T-cell proliferation. Caldwell et al. have reported that the
cytokine pattern is also altered in hypoxic T cells (116). Indeed,
hypoxia decreases IL-2 production (119–121), which is required
for full T-cell activation. T cells that survive hypoxia have an
altered the Th1:Th2 cytokine secretion pattern, inducing release
of Th2 cytokines such as IL-1, IL-6, and IL-8, and a decreased
in the Th1 cytokines IL-2 and INF-γ, which are required for
an efficient cytotoxic T-cell response. Hypoxia was also found to
increase the level of pro-apoptotic proteins (BNIP3 and BAX) and
decrease the level of anti-apoptotic proteins (BCL-xL) (122, and
Yotnda unpublished data) in T cells. In a recent report, Kiang
et al. indicated that inhibiting inducible nitric-oxide synthase
(iNOS) rescues T cells from hypoxia-induced apoptosis (123)
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revealing the role of NO in T-cell death. Loeffler et al. found
in an in vivo EMT6 tumor mouse model that the number of T
cells infiltrating hypoxic tumor areas is equal to T-cell numbers
in normoxic areas (79). However, in a xenograft mice model of
hypoxic lymphoma, we found that T cells are able to well infiltrate
the normoxic tumors but detected only minimum infiltration in
the hypoxic areas of these tumors (121). IP-10, a chemoattrac-
tant for T cells, is produced during hypoxia (124) and is in part
responsible for T-cell homing to the tumor sites. However, the
compromised survival of the infiltrating T cells after several hours
or days in hypoxia or anoxia would explain the absence of T cells
in tumors lacking oxygen. Of note, the lytic activity of T cells,
which develops in hypoxia, is amplified (116); similarly, their pro-
tection from activation-induced cell death (AICD) is enhanced
in low oxygen tension (116, 121). Makino et al. suggested that
HIF-1 is responsible for the survival of antigen receptor-driven T
cells (111). However, using HIF-1α-I.1-deficient mice, Lukashev
et al. showed that both HIF-1α and an activation-inducible short
isoform I.1 of HIF downregulated T-cell function (125).

Lactic acid released in hypoxic tumors inhibits the chemoat-
traction of leucocytes. Fisher et al. demonstrated that tumor cell-
derived lactic acid affects the proliferation and killing activity of
human T cells (126). Low pH was also reported to decrease
T-cell proliferation in response to IL-2 (127) and NK activity
(128). Finally, the LAK activity of lymphocytes is inhibited by an
acidic pH (129–131). In addition to hypoxic effects of tumors,
T cells are also particularly susceptible to the detrimental effects
of repeated hypoxia and reoxygenation, such as ischemia reperfu-
sion injury.

Reactive oxygen species (ROS) are produced by most tumors
and are detrimental to T-cell viability and function (132, 133).
ROS such as superoxide anions, hydrogen peroxide (H2O2),
hydroxyl radicals and hypochlorous acid are involved in a wide
panel of reactions including DNA damage and are produced by
various mechanisms. After antigen stimulation and expansion,
only a limited number of cells will survive and become memory
T cells. The majority of these activated T cells will die by apop-
tosis (both through the FAS and Bim pathways) to maintain a
constant T cells number (homeostasis). This death is related to an
increased level of ROS (7, 134) (both superoxide and hydrogen
peroxide) generated by T-cell receptor stimulation (135, 136).
T cells are also susceptible to ROS produced by surrounding
cells. Hypoxia generates ROS as a result of anaerobic metabolism.
Reperfusion after ischemia also causes ROS production in various
tissues due to a decrease of their intracellular level of pyruvate. In
a tumor microenvironment, ROS are produced by the malignant
cells themselves (132, 137), while in the context of inflamma-
tion it is produced by granulocytes. In tumors, ROS regulates
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HIF expression (84). Macrophage-mediated protective response
against pathogens involves the production of ROS, which affect
the functions and survival of the surrounding T cells (138, 139).
Macrophages can also mediate ROS production indirectly via
secretion of tumor necrosis factor (TNF)-α (140). Several stud-
ies have demonstrated that heat shock generates ROS, impair-
ing T cells and downregulating the TCR-CD3 complex as well
as production of IL-2 (141–143). ROS abolishes IFN-α stimu-
lation in CD8, NK/T and NK cells (138), thereby reducing the
cellular immune response. Among all the ROS, H2O2 is the most
stable (longest half-life) and the most damaging to T cells. In
the presence of H2O2, the function of memory T cells is dras-
tically diminished (144); they lose their ability to secrete IL-2,
TNF-α and IFN-γ following activation with phorbol myristate
acetate/ionomycin. These T cells die within 6–8 h after exposure
to extracellular H2O2. Among the memory T-cell populations,
effector cells are the most susceptible. Altogether, ROS produced
by hypoxic tissues cancer suppress immune effector cells.

Adenosine is produced during the degradation of purine and
is present in inflamed and malignant tissues. Sitkovsky et al. have
extensively investigated the immunosuppressive effect of extra-
cellular adenosine on T cells during hypoxia (25). Their stud-
ies showed that adenosine levels increase in hypoxia, and lym-
phocytes (T and NK) expressed the A2AR or A2BR adenosine
receptors; moreover, the increase in adenosine correlates with the
impairment of T-cell activation and function (145–149) as well as
with the decrease of lytic activity (150) and cytokine production
(150–152) in NK cells.

Regulatory T-cell induction, proliferation, and survival are
promoted by tumor cells that secret IL-10 and TGF-β, as well
as by defective dendritic cells. T-reg cells are further supported by
hypoxia-mediated adenosine production (153). Hypoxia upreg-
ulates FoxP3 (154), which is important for T-reg cells, as well
as ecto-apyrase (CD39) and ecto-5’-nucleotidase (CD73), which
promote extracellular adenosine production (155) and thus fur-
ther increase adenosine levels in the tumor microenvironment.

Finally, prostaglandin (PGE) a product of the cyclooxyge-
nases (COX-1 and-2) is released during inflammation and hypoxia
and correlated with poor outcome (156). Like adenosine, PGE
also plays an important role in immunosuppression (157), and
impacts NK function (158).

4.3.5. B Cells Fewer studies have explored the effect of hypoxia on B cells.
However, it is known that hypoxia does not affect the produc-
tion of antibody. Furthermore, HIF-1α deficiency has been linked
to altered differentiation of B1 cells, impaired maturation of B2
cells, as well as to autoimmunity (159, 160). Piovan et al. recently
reported that hypoxia regulates CXCR4 expression on B cells
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(161), and this molecule is expressed on many B-lymphomas;
notably, we have found that B-lymphomas have hypoxic areas.
Similarly to what has been reported for other cells, HIF-1α is
involved in the survival of B cells and in their progression into the
S phase of the cell cycle (162).

5. Therapies
Targeting Hypoxic
Cancers

5.1. Limitations of
Standard Therapies

Hypoxic cancers are aggressive and metastatic and consequently
detrimental to the disease outcome. Hypoxic areas of tumors are
often resistant to chemo- and radiotherapy, since locally deficient
drug biodistribution and altered cellular metabolism reduces the
efficacy of these agents (163, 164). Additionally, residual surviv-
ing hypoxic cells may evolve into a more aggressive phenotype
(36), and as hypoxia also has the potential to adversely affect the
cellular immunotherapy of tumors (165) it is a major concern for
cancer therapy.

Radiation kills tumor cells via the production of free radi-
cals derived from oxygen, subsequently inducing DNA fragmen-
tation. Hypoxia confers resistance to radiation therapy due to
the lack of oxygen, and to a decrease in DNA repair systems,
lowering the efficacy of radiation. Chemotherapy on the other
hand uses a wide range of mechanisms of action leading to a
broad range of effects. Hypoxic tumor resistance of to chemother-
apy is mainly due to the fact that several of the most widely
used drugs require oxygen to produce toxic free radicals that
will kill the tumor cells. Furthermore, the reduced proliferation
rate of hypoxic tumors affects the efficacy of drugs that target
highly proliferative tumor cells, such as antiproliferative drugs
or drugs that take advantage of events occurring during prolif-
eration. The abnormal vasculature of hypoxic tumors also pre-
vents the efficient distribution of drugs thereby affecting their
efficacy. Downregulation of pro-apoptotic molecules Bid and Bax
by hypoxia in tumor cells (166) also reduces tumor susceptibility
to chemotherapy. Finally, proteomic and genomic changes also
diminish the effect of anticancer drugs, i.e., hypoxia selects p53
mutated cells that are no longer sensitive to several chemother-
apies. Likewise, hypoxia upregulates proteins such as the glyco-
protein multidrug resistance (MDR1) that confer resistance to
therapeutic drugs (167). Acidosis was also reported to confer pro-
tection against drugs such as topotecan, vincristine, teniposide, as
well as cisplatin cytotoxicity (168). Cell therapy alone or com-
bined with other therapies has been successful for many cancers,
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as killing via T or NK cells was proven an efficient therapy for
certain malignancies. However, as described previously, hypoxic
tumors suppress T and NK cells, decrease antigen presentation
by DC, and inhibit the killing activity of macrophages, leading
to a poor cellular antitumor response. In view of these factors,
it is evident that an assessment of the hypoxic tumor (localiza-
tion, accessibility, extent (large or small area), grade (chronic or
acute), and evolution) is critical before deciding on a therapeutic
strategy.

5.2. Potential
Solutions for Therapy
of Hypoxic Cancers

Given the current problems faced when treating hypoxic tumors,
it is crucial to rethink and improve non-surgical therapies for these
malignancies. Over the years many therapies have been proposed
to eradicate tumors deprived of oxygen.

Chemotherapy adapted to treat hypoxic tumors has made
tremendous progress with the development of bioreductive
drugs, which are non-toxic in vivo and only become cytotoxic
after one electron reduction in hypoxia. A number of these drugs
have been evaluated for their safety and efficacy. The most com-
monly used is tirapazamine (TPZ), which has a low non-specific
toxicity (169) and PR-104 (170). Recent clinical reports using
the bioreductive anthraquinone banoxantrone prodrug (AQ4N)
showed preferential activation of the drug only in hypoxic tis-
sues (170, 171). Antioxidants are also upregulated in hypoxic
cancers and activate drugs like Mitomycin C, vitamin E, and
folate, resulting in tumor cell death; these drugs have been evalu-
ated for their antitumor activity in prostate cancers and showed
promising results. Drugs that inhibit HIF-1 have therapeutic
consequences and limit the proliferation of tumor cells. Puppo
et al. demonstrated in neuroblastoma that topotecan blocks HIF-
mediated VEGF production and angiogenesis (172). Similarly,
Shin et al. recently reported that bortezomib increases FIH-
mediated repression of HIF (173). Injection of EPO combined
with chemotherapy was proposed to circumvent the detrimental
effect of hypoxia on chemotherapy and radiotherapy but has had
limited success. In tests it failed to reduce tumor burden, and thus
does not appear to be useful for clinical application (174, 175).
Drugs that mimic NO have shown an antitumor effect when com-
bined with chemotherapy (176). Indeed, drugs for which the
toxicity does not depend on O2, such as mTOR inhibitors, are
attractive therapies for hypoxic tumors (177). Finally, drugs that
decrease the interstitial pressure of hypoxic tumor (e.g., pacli-
taxel) and allow normal blood flow and reoxygenation could
potentiate chemotherapy or radiotherapy (178).

An increasing number of radiosensitizers have been pro-
posed to improve the efficacy of radiotherapy for hypoxic tumors.
Radiosensitizers mimic oxygen in hypoxic cells to allow DNA
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damage and cell death. However, most of these radiosensitiz-
ers have limitations such as toxicity preventing the use of effi-
cient doses, and poor sensitization to radiation. The therapeutic
value of new drugs such as nitroimidazoles (nimorazole) (179)
was validated in head and neck cancers (179–181) and showed
that combined with radiotherapy it improved the outcome of the
treatment. Another radiotherapeutic strategy, ARCON (acceler-
ated radiotherapy, carbogen, nicotinamide), uses nicotinamide to
induce vasodilatation (decreased occlusion of blood vessel) and
carbogen to increase the oxygen pressure of the tumor mass (182)
in combination with radiotherapy. Clinical studies using ARCON
in head and neck cancers, glioma, bladder cancer, non-small-cell
lung cancers, and breast cancers have been reported (182–184).
A novel radiosensitizer, TX-1877 ((2-nitroimidazole-acetamide),
together with radiation, resulted in pancreatic tumor regression
in nude mice bearing subcutaneous (s.c.) or orthotopic human
tumors (185). Furthermore, Oshikawa et al. showed in a squa-
mous cell carcinoma mouse model that TX1877 response is in
part mediated by anti-tumor CD8 T-cells (186). Stern et al.
have investigated the uses of immunoadjuvants (LPS or lipid-A)
and IFN-γ to stimulate inducible nitric oxide synthase (iNOS)
to produce NO for the purpose of increasing radiosensitiza-
tion of hypoxic tumors and successfully control tumor progres-
sion (187, 188). Wilson et al. have investigated the efficacy of
radiation-activated prodrugs such as nitroarylmethyl quaternary
salts (NMQ), which are activated via reduction with ionizing radi-
ation rather than by enzymes (189, 190). However, these appeal-
ing new drugs need further investigation. Alternatives such as
the use of hyperbaric oxygen breathing associated to radiother-
apy have also been reported. In a phase II study, Sunh et al.
combined radiotherapy with an allosteric modifier of hemoglobin
(efaproxiral/RSR-13) and found a benefit for patients with brain
metastases (191). Hyperbaric oxygen (HBO) requires that the
patient inhale 100% oxygen at elevated pressure (greater than
1.5 atmospheres absolute), with oxygen then distributed to tis-
sues in a passive way. This strategy has been investigated in head
and neck cancers, with the benefits being an increased level of
oxygen and reduced inflammation (192). However, side effects
resulting from this approach limit its clinical application. More
recently, Bennett et al. reported that HBO combined with radio-
therapy controlled local tumors and increased the survival of
patients with head and neck cancer, and this combination also
controlled local cancers of the uterine cervix (193). Finally, hyper-
thermia has also been investigated; this therapy uses high temper-
atures as a treatment approach. In hypoxic cancers, blood ves-
sels are not available to diffuse the heat generated by the therapy,
thus killing the cancer cells (194). Conversely, the presence of
blood vessels prevents damage of normal tissue by evacuating the
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heat. It has been shown that hypothermia enhances the efficiency
of radiotherapy as well as the effect of some drugs in hypoxic
tumors (195).

Numerous gene therapy approaches to treating hypoxic
tumors have been explored in the past few decades (196).
Among them are approaches that use various hypoxia-regulated
genes such as cytosine deamisase (197), nitroreductase sui-
cide therapy (190, 198), hypoxia-regulated oncolytic viruses
(199, 200), adenoviruses that encode hypoxia regulated thymi-
dine kinase gene (HRE-HSK/TK) (201, 202), antisense HIF-1α

plasmids, and siRNA targeting HIF and CAIX molecules. Bac-
teria such as Clostridium oncolyticum genetically modified with
cytosine deaminase have also been reported as therapeutic tools
against hypoxic tumors (203, 204). Many of these gene ther-
apy approaches showed success and anticipate a bystander-effect,
such that non-modified malignant cells would also respond to the
therapy.

Antibodies targeting HIF or CAIX alone or in combination
with radiotherapy or IL-2 have also been investigated and showed
encouraging results in renal cell carcinoma (205, 206). Antibody-
directed enzyme prodrug therapy allows an enzyme to be deliv-
ered into the tumor mass before a prodrug is administered (207).
The targeted enzyme converts and activates the prodrug, which
becomes toxic solely at the tumor. In human colorectal cancer,
gene therapy using adenovirus encoding iNOS combined with
radiotherapy has been explored (208).

Several studies have targeted tumor hypoxic areas using cell
therapy. Griffiths et al. have engineered macrophages to deliver
human cytochrome P4502B6 as an anticancer drug (209). Using
a spheroid tumor model they showed that macrophages were
able to deliver the drug to hypoxic tumors, and tumor cell death
in the presence of cyclophosphamide. Unfortunately the limita-
tion of this approach seem to be the restriction of specific hom-
ing of macrophages, and thus the potential for them to release
the therapy in non-malignant tissues (57). We have engineered
tumor specific T cells that express IL-2 in hypoxic tumors, and
thus better survive the lack of oxygen, thereby improving tumor
regression (121).

Another alternative approach utilizes an oxygen-dependent
domain (ODD) attached to a therapeutic protein. The presence
of oxygen targets these proteins for degradation, thus restricting
their effects to hypoxic areas. One such example used a diphtheria
toxin-A fusion containing the ODD (210, 211), and in a pre-
clinical mouse model of Lewis lung carcinoma, Koshikaw et al.
showed increased apoptosis of hypoxic tumor cells and retarda-
tion of tumor growth. In a similar pre-clinical study using capase-
3 fused to ODD, Inoue et al. prolonged survival and cured 60%
of rats with malignant ascites (81).



18 Yotnda, Wu, and Swanson

6. Conclusion

It is evident that hypoxic tumors are a major concern and should
be targeted to improve the outcome of malignant diseases. The
improvement and development of new tools to non-invasively
detect and measure oxygen tension in vivo will ensure a bet-
ter assessment and diagnosis of hypoxic tumors. As single/mono
therapies have been proven inefficient in eradicating hypoxic
tumors, combining multiple therapeutic approaches should cir-
cumvent current limitations and improve the overall efficacy of
tumor treatment. The better understanding of the effects of
hypoxia and the tumor microenvironment gained over the past
decade will provide us with new strategies to tackle hypoxic
tumors.
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Chapter 2

Characterization of Regulatory T Cells in Tumor
Suppressive Microenvironments

Guangyong Peng

Abstract

Increasing evidence suggests that immunotherapy is a promising strategy for treating patients with
invasive and metastatic cancers, but clinical trails are discouraging so far. Recent studies showed
that several subsets of regulatory tumor-infiltrating lymphocytes (TILs), such as naturally occurring
CD4+CD25+ regulatory T cells (Treg), and adaptively induced Treg cells of Tr1, Th3, CD8+, as well as
γδ Treg cells, have been identified in human cancers. These Treg-cell subsets form a tumor suppressive
microenvironment that presents a major barrier to successful anti-tumor immunotherapy. Thus, how to
modulate the Treg-cell function in tumor microenvironments is essential for cancer treatment and elim-
ination. To date, there is no unique and selective marker for all subsets of Treg cells, and a combination
of assays for Treg-associated markers and suppressive activity is still the most common way used to define
these tumor-associated Treg cells. In this chapter, we describe protocols to purify and characterize tumor-
associated Treg cells from peripheral blood and TILs of cancer patients, which is critical for predicting
clinical outcomes and monitoring the effects of tumor immunotherapy.

Key words: Regulatory T cells, tumor suppressive microenvironment, CD4+CD25+ T cells, Tr1
cells, Th3 cells, γδ T cells, FoxP3, CFSE.

1. Introduction

Over the past several years, regulatory T cells (Treg) have been
extensively studied in both physiological and pathological con-
ditions in the human immune system. It is now widely accepted
that Treg cells have a broad immunosuppressive capacity on
different lineages of immune cells and play a central role in con-
trolling immune tolerance and homeostasis of the immune system

P. Yotnda (ed.), Immunotherapy of Cancer, Methods in Molecular Biology 651,
DOI 10.1007/978-1-60761-786-0_2, © Springer Science+Business Media, LLC 2010

31



32 Peng

(1–3). Furthermore, Treg-cell research brings a new view into
current tumor immunology and has become one of the most
important issues in anti-tumor immunity (4–7). A large body of
studies revealed elevated levels of Treg cells among total T-cell
populations isolated from tumor tissues or peripheral blood in
patients with various cancers, including lung cancer (8), colorec-
tal cancer (9), breast cancer (10), ovarian cancer (11), melanoma
(12–14), gastric cancer (15, 16), and lymphoma (16). More
importantly, studies in some types of human cancers, including
ovarian cancer, renal cell carcinoma, lung cancer and gastric can-
cer, identified correlations between Treg cells and tumor progres-
sion, and poorer patient prognosis (11, 17–20). Recent studies
also demonstrated that tumor-associated Treg cells are hetero-
geneous, existing as subsets including the following: naturally
occurring Treg cells and adaptively induced Treg cells of Tr1,
Th3, CD8+, as well as γδ Treg cell subsets, which have all been
identified in human cancers (21–26). It is now clear that these
tumor-associated Treg cells form a tumor-suppressive microen-
vironment and inhibit immune responses against cancer, which
is a major obstacle for successful tumor immunotherapy (3, 4,
6, 7, 18). Tumor-associated Treg-cell concept prompts us to
rethink the current immunotherapeutic strategies against can-
cer. It is now widely acknowledged that modulating Treg-cell
functions in tumor microenvironments is essential for cancer
treatment and elimination. Actually, several strategies, including
depletion, blocking development, trafficking, or suppressive activ-
ities, have been proposed to manage Treg-cell function to treat
cancers (5, 7, 26–28), and some of them have already been inte-
grated into the clinical trials and have returned promising results
(29, 30).

Detection and characterization of these tumor-associated
Treg cells in peripheral blood and TILs from cancer patients are
critical for predicting clinical outcome and monitoring the effects
of cancer immunotherapy. Since highly heterogeneous popula-
tions of Treg cells exist with multiple suppressive mechanisms,
including cell–cell contact dependent effects and/or soluble fac-
tor(s), it is impossible to distinguish different subsets of Treg cells,
or distinguish tumor-associated Treg cells from other Treg cells
based on a single phenotypic marker or some other property. A
combination of assays for Treg-associated markers and suppres-
sive activity is still the most common strategy used to define
these cells (3, 6, 31, 32). In addition, the most studied Treg-
cell population in tumor microenvironments is CD4+CD25+

naturally occurring Treg cells, and commercial availability of
isolation kits and detection antibodies facilitate the basic and
clinical studies on the role of this population in anti-tumor
immunity.
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2. Materials

2.1. Cell Culture
and Maintenance

Cells and suitable medium, serum, and other relevant supple-
ments are varied depending on the cell types under investigation.

1. Human T-cell growth medium: RPMI 1640 containing 10%
human heat-inactivated serum type AB (supplemented with
2 mM L-glutamine, 2-mercaptoethanol, and 50 U/ml of
IL-2.

2. Human tumor cell growth medium: RPMI 1640 medium
with 10% fetal calf serum (FCS) or fetal bovine serum
(FBS). Some epithelial-derived tumor cells (such as breast
cancer and prostate cancer cells) are established and main-
tained in the keratinocyte medium (Invitrogen, Inc.) con-
taining 25 μg/ml bovine pituitary extract, 5 ng/ml epi-
dermal growth factor, 2 mM L-glutamine, 10 mM HEPES
buffer, 2% heat-inactivated FCS, and 100 U/ml penicillin–
streptomycin.

2.2. Purification
of Peripheral Blood
Mononuclear Cells
(PBMCs)

1. RPMI 1640.
2. Ficoll separation solution: Ficoll-Paque Plus, density

1.077 g/ml, store in the dark.
3. Freezing medium: 10% DMSO in FCS, freshly prepare and

keep at 4◦C.

2.3. Generation
of Tumor-Infiltrating
T Cells

1. T-cell growth medium: see Section 2.1.
2. 10× enzyme digestion medium (100 ml, store at –80◦C,

dilute with RPMI 1640, and filter before use): Col-
lagenase type IV (5 mg), deoxyribonuclease type IV
(150,000 units), hyaluronidase type V (500 mg) (Sigma),
RPMI 1640 medium, gentamicin (50 mg/ml), penicillin
(10,000 u/ml)/streptomycin (10,000 μg/ml), Fungizone
(250 μg/ml), and L-glutamine (200 mM).

3. 24-well plates.
4. Cell strainer, 100 μm nylon.
5. Autoclaved scissors and forceps.

2.4. T-Cell Subset
Purification

1. CD4+ and CD8+ T-cell purification: Human CD4 and CD8
microbeads for positive selection (Miltenyi Biotec).

2. CD4+CD25+ Treg-cell purification: CD4+CD25+ regula-
tory T cell isolation kit, or CD4+CD25+CD127dim/− reg-
ulatory T cell isolation kit (Miltenyi Biotec).

3. MS or LS columns and adapters (Miltenyi Biotec).
4. Buffer: pH 7.2 PBS containing 2% FCS (or 0.5% BSA) and

2 mM EDTA. Keep the buffer at 4◦C.
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2.5. Flow Cytometry
Analysis

1. A panel of antibodies specific for T-cell markers, either
directly conjugated to a fluorochrome or non-conjugated.
These antibodies include anti-CD4, anti-CD25, anti-GITR,
anti-CTLA4, anti-FoxP3, anti-CD127, anti-CCR5, anti-
CCR7, anti-CD62L, anti-CD45RA, and anti-CD45RO.

2. Staining buffer: pH 7.4 PBS containing 2% FCS, filter and
store at 4◦C.

3. Permeabilization Kit (BD Bioscience): Cytofix/ Cyto-
permTM solution and Perm/WashTM solution.

4. Fixation buffer: Paraformaldeyhde (4%) in PBS.
5. Phorbol myristate acetate (PMA) and ionomycin (sigma).
6. GolgiStop (BD Bioscience).
7. Flow cytometer: FACScaliburTM, FACScanTM, and

FACSSort, etc.

2.6. Cytokine
Production Profile

1. Anti-CD3 antibody (clone OKT3).
2. T-cell assay medium: RPMI 1640 medium containing 2%

human heat-inactivated serum type AB supplemented with
2 mM L-glutamine and 2-mercaptoethanol.

3. Cytokine detection kits of ELISA kits or Bio-Plex
Chemokine Assay kits.

2.7. Suppressive
Function Assays

2.7.1. 3H-Thymidine
Incorporation Assay

1. Anti-CD3 antibody (clone OKT3).
2. Purified CD4+ responding cells and monocyte-derived den-

dritic cells.
3. U-bottom 96-well plates.
4. 3H-thymidine: 1 mCi/ml, 1:100 diluted in RPMI 1640

(1 μCi/well).
5. MicroScintTM-20 scintillation fluid (Packard Instruments).
6. A liquid scintillation counter (ß-counter; Beckmann Instru-

ments).
7. T-cell assay medium: RPMI 1640 medium containing 2%

human heat-inactivated serum type AB supplemented with
2 mM L-glutamine and 2-mercaptoethanol.

2.7.2.
Carboxyfluorescein
Succinimidyl Ester
(CFSE) Dilution Assay

1. 5 μM CFSE (Molecular Probes, concentration stock 1000×
in DMSO at –80◦C).

2. Reaction buffer: 1% FCS in PBS.
3. Stop buffer: 100% FCS or FBS.
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4. Wash buffer: 1% FCS in PBS.
5. Flow cytometer: FACScaliburTM, FACScanTM, FAC-

SSort, etc.

2.7.3. Suppression
Assay for IL-2 and IFN-γ
Release from Effector
T Cells

1. Anti-CD3 antibody (clone OKT3).
2. CD4+ or CD8+ effector T cells, monocyte-derived dendritic

cells.
3. U-bottom 96-well plates.
4. Effector T-cell-specific peptide and a control non-specific

peptide.
5. ELISA kits for IL-2 and IFN-γ detection.
6. T-cell assay medium: RPMI 1640 medium containing 2%

human heat-inactivated serum type AB supplemented with
2 mM L-glutamine and 2-mercaptoethanol.

2.8. Transwell Assay 1. Anti-CD3 antibody (clone OKT3).
2. Purified CD4+ responding cells; APCs or monocyte-derived

dendritic cells.
3. 24-well plates with pore size 0.4 μm; U-bottom 96-well

plates.
4. 3H-thymidine: 1 mCi/ml, 1:100 diluted in RPMI 1640

(1 μCi/well).
5. A liquid scintillation counter.
6. T-cell assay medium: RPMI 1640 medium containing 2%

human heat-inactivated serum type AB supplemented with
2 mM L-glutamine and 2-mercaptoethanol.

3. Methods

CD25 has been used as a highly expressed Treg-specific cell sur-
face marker to isolate CD4+CD25+ naturally occurring Treg cells,
but CD25 is not selectively expressed on Treg cells, as it is also
expressed on activated effector T cells (33). Lack of specificity also
occurs with other Treg markers such as glucocorticoid-induced
TNFR family related gene (GITR) and cytotoxic T lymphocyte
antigen-4 (CTLA-4), which have enriched expression on Treg
cells as well as activated effector T cells. Foxp3, which was recently
identified as essential to Treg differentiation, is the best Treg-
cell marker to date (34–36). However, FoxP3 is an intracellu-
lar molecule that requires cell fixation and permeabilization for
detection; thus, it can not be used as a marker for purification.
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More recently, cell surface IL-7 receptor α chain (CD127) has
been identified as a relatively specific marker for Treg cells, and
the T-cell population with lacking or lower expression of CD127
population was considered as functional Treg cells (37, 38). In
addition, CD127 expression can discriminate FoxP3+ Treg cells
from activated CD25+ T cells and be used as a purification marker
(39). Besides CD4+CD25+ naturally occurring Treg cells gen-
erated in the thymus, there are other CD4+ Treg-cell popula-
tions of Tr1 and Th3 cells, which are exclusively generated in the
periphery (40–42). These two adaptively induced Treg cells have
a unique feature in that they can secrete a large amount of IL-10
and/or TGF-β, which can be used as characterization markers.
Taken together there is no specific and selective marker for Treg
cells, and the definition and purification of CD4+ Treg cells are
still based on the combination of several Treg-associated markers.
In addition, the assays for suppressive activity are the most impor-
tant methods for further defining CD4+ Treg-cell population as
well as other subsets of Treg cells, including inhibition of naïve
T-cell proliferation and cytokine production by effector T cells.

3.1. Purification
of PBMCs from
Whole Blood

Peripheral blood samples are collected from healthy donors or
cancer patients by leukapheresis, and PBMCs are further purified
from the blood samples based on ficoll-sodium metrizoate density
gradients.

1. Warm RPMI 1640 to 37◦C.
2. Pour the heparinized blood samples or buffy coats (15 ml)

into a 50-ml Falcon tube and dilute with an equal volume of
RPMI 1640 (15 ml:15 ml).

3. Aliquot 20 ml of Ficoll-Paque Plus separation solution into
new 50-ml Falcon tubes.

4. Carefully lay the diluted whole blood/RPMI 1640 or buffy
coat/RPMI 1640 mixture (30 ml) on the top of the ficoll
layer with a 10-ml pipette.

5. Spin the tubes for 20 min at a speed of 1100 × g without
brake.

6. Collect the interface comprising of mononuclear cells layer
into new 50-ml Falcon tubes, and add RPMI 1640 with
volume up to 50 ml and mix thoroughly (Note 1).

7. Spin at 180 × g for 8 min and then aspirate the supernatant
and gently resuspend cell pellet with 50 ml RPMI 1640
medium.

8. Spin at 625 × g for 7 min and then aspirate the supernatant
and resuspend cells with 20 ml of RPMI 1640.

9. Spin at 625 × g for 5 min, aspirate the supernatants, freeze
cells at 10 × 106/ml/vial in the freeze medium, and store
the cells in liquid nitrogen.
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3.2. Generation
of Tumor-Infiltrating
T Cells (TILs)

Fresh tumor tissues are collected from different stages of identi-
fied primary types of tumors obtained from hospitalized cancer
patients who undergo surgery, and TILs will be generated from
these tumor tissues. Tissue-infiltrating lymphocytes can also be
generated from the tumor-matched normal tissues using the same
generation protocol as TILs (13, 23).

1. Prepare enzyme digestion medium. Add the following com-
ponents into RPMI 1640 and then filter the mixture to make
it sterile. The final concentrations of the components are
as follows: DNase (30 U/ml), hyaluronidase (0.1 mg/ml),
collagenase (1 mg/ml), L-glutamine (2 mM), penicillin
(50 U/ml) (optional), streptomycin (50 μg/ml) (optional),
gentamicin (10 μg/ml), and Fungizone (1.25 μg/ml)
(optional). Medium can be store at 4◦C up to 1
month.

2. Prepare T-cell growth medium (2.1.1).
3. Wash the fresh tumor pieces twice in RPMI 1640.
4. Remove fatty, connective, and/or necrotic tissues from the

tumor mass in a 10-cm dish. Then, cut the tissue into 1- to
2-mm pieces in the RPMI 1640 (Note 2).

5. Transfer the minced tumor pieces into a 15-ml or a 50-ml
conical tube and incubate them with the triple enzyme
digestion medium for 2 h at room temperature with gentle
shaking.

6. Wash the digested tissue twice with RPMI 1640; centrifuge
at 1500 rpm for 5 min.

7. Resuspend tissue in 10 ml RPMI 1640 and filter through a
100-μm cell strainer.

8. Collect the tissue trapped on the strainer and put them
into several wells containing 1 ml of T-cell growth medium
in a 24-well plate, and culture for 5–10 days to generate
TILs.

3.3. Isolation of CD4+

or CD4+CD25+ Treg
Cells from PBMCs
and/or TILs

CD4+CD25+ T cells can be purified from PBMCs and/or TILs of
cancer patients. The purification can be performed either through
FACS sorting after double staining the cells with anti-human
CD4 and CD25 antibodies conjugated to PE or FITC, or using
microbeads conjugated to the antibodies.

Currently, two relatively specific Treg-cell markers CD25
and CD127 are used for the purification of CD4+ Treg cells.
The following procedures are based on the CD4+CD25+ regu-
latory T cell isolation kit from Miltenyi Biotec Inc. The isola-
tion is performed in a two-step procedure. First, CD4+ T cells
are purified by negative selection. Non-CD4+ cells are indirectly
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magnetically labeled with a cocktail of biotin-conjugated antibod-
ies and anti-biotin microbeads. The labeled cells are subsequently
depleted by separation over a MACS column. In the second step,
CD4+CD25+ T cells are directly labeled with CD25 microbeads
and isolated by positive selection from the pre-enriched CD4+

T-cell fraction.
1. Determine the cell numbers of PBMCs or TILs.
2. Wash the cells once with the buffer and centrifuge the cell

suspension at 300 × g for 10 min. Pipette off supernatant
completely.

3. Resuspend cell pellet in 90 μl of buffer per 107 cells and
add 10 μl of Biotin-Antibody Cocktail per 107 cells. Mix
well and incubate for 10 min at 4–8◦C.

4. Add 20 μl of Anti-Biotin MicroBeads per 107 cells and mix
well and incubate for an additional 15 min at 4–8◦C.

5. Wash the cells by adding 1–2 ml of buffer and centrifuge at
300 × g for 10 min at 4–8◦C. Pipette off supernatant com-
pletely and resuspend up to 108 cells in 500 μl of buffer.

6. Place LS column in the magnetic field of a suitable MACS
separator and prepare the column by rinsing with 2 ml of
buffer (Note 3).

7. Apply the cell suspension to the column.
8. Collect unlabeled cells that pass through and wash the

column with 2 × 1 ml of buffer. Collect total effluent,
which contains the unlabeled pre-enriched CD4+ T-cell
fraction (Note 4).

9. Centrifuge cells at 300 × g for 10 min. Pipette off super-
natant completely and resuspend cell pellet in 90 μl of
buffer.

10. Add 10 μl of CD25 Microbeads, mix well, and incubate
for 15 min at 4–8◦C.

11. Wash the cells by adding 10–20× labeling volume of buffer
and centrifuge at 300 × g for 10 min. Pipette off super-
natant completely and resuspend up to 108 cells in 500 μl
of buffer.

12. Place MS column in the magnetic field of a suitable MACS
separator and prepare the column by rinsing with 500 μl
of buffer (Note 3).

13. Apply cell suspension onto the column. Collect unlabeled
cells that pass through and wash the column with 3 ×
500 ml of the buffer.

14. Remove column from the separator and place it on a suit-
able collection tube.
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15. Pipette 1 ml of buffer onto the column. Immediately flush
out the fraction with magnetically labeled cells by firmly
applying the plunger supplied with the column.

16. Check the purity by FACS staining before proceeding to
functional assays (Note 5).

3.4. FACS Analysis
of Treg-Cell-
Associated
Markers

Since there is no specific marker to distinguish human Treg cells
from other subsets of T cells, the definition of human CD4+ Treg
cells needs a combination of several associated markers, including
CD25, GITR, CTLA4, FoxP3, CD127dim/−, CCR5, CCR7, and
CD45RA. Some markers require intracellular staining for detec-
tion. To characterize adaptive CD4+ Treg cells, the intracellular
cytokines of IL-10 and/or TGF-β can also be analyzed as defini-
tive markers.

3.4.1. Surface Staining 1. Prepare and count the cells, and then suspend cells in ice-
cold staining buffer (50 μl for each test /1–2×106 cells) in
plastic tubes or microwell plates (Note 6).

2. Add a pre-titrated optimal concentration of a fluorochrome-
conjugated anti-human monoclonal antibody specific for
a Treg-cell-associated marker. Mix well and incubate for
15–30 min on ice or at 4◦C in dark (Note 7).

3. Wash the cells twice with 1 ml staining buffer/wash (150
μl staining buffer/wash with microwell plates), spin at
250 × g, and discard the supernatant.

4. Add 500 μl FACS staining buffer to each tube to resuspend
cell pellet and analyze the cells on a flow cytometer, such as
FACScaliburTM (Note 8).

3.4.2. Intracellular
Staining

1. Prepare and count the cells, spin at 250 × g, and discard the
supernatant (Note 9).

2. Thoroughly resuspend cells in 100 μl of Cytofix/
CytopermTM solution for 10–20 min at 4◦C.

3. Wash the cells twice in Perm/WashTM solution (1 ml/wash
for staining in tubes), spin, and remove the supernatant.

4. Thoroughly resuspend fixed/permeabilized cells in 50 μl of
Perm/WashTM solution containing a predetermined opti-
mal concentration of fluorochrome-conjugated anti-human
monoclonal antibody specific for a Treg-cell-associated
marker. Mix well and incubate for 15–30 min on ice or at
4◦C in dark (Note 10).

5. Wash the cells twice with 1 ml Perm/WashTM solu-
tion/wash (150 μl staining buffer/wash with microwell
plates), spin at 250 × g, and discard the supernatant.

6. Add 500 μl FACS staining buffer to each tube to resuspend
the cell pellet, and analyze the cells on a flow cytometer.
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3.5. Detection
of Cytokine
Production from Treg
Cells

Treg cells have a common characteristic, that is, they do
not secrete IL-2 upon TCR-mediated stimulation. In addition,
CD4+CD25+ naturally occurring Treg cells also fail to produce
other cytokines such as IL-4, IL-5, and IFN-γ, although Tr1,
Th3, and some tumor antigen-specific Treg cells can produce a
large amount of IL-10 and/or TGF-β.

1. Culture Treg cells in T-cell medium with low concentration
of IL-2 (5 U/ml) for 2–3 days.

2. Prepare 2 μg/ml of anti-CD3 antibody (OKT3) in pH 7.4
PBS and add 100 μl/well to 96-well U-bottom plates, and
keep the plates overnight at 4◦C.

3. Wash CD4+ Treg cells twice with T-cell assay medium (with-
out IL-2), resuspend with T-cell assay medium (without
IL-2), and adjust the number at 1×106/ml.

4. Add 100 μl/well of Treg cells into an anti-CD3-precoated
96-well plate and incubate the cells at 37◦C in 5% CO2
for 24 h.

5. Collect the supernatants and test the production of cytokines
using ELISA kits or Bio-Plex Chemokine Assay kits
(Note 11).

3.6. Determination
of Suppressive
Activity of Treg Cells

Possession of a potent suppressive activity is the common fea-
ture for different subsets of human Treg cells. The suppressive
activity of Treg cells can be determined by assays of inhibition of
naïve/effector T-cell proliferation and cytokine secretion (IFN-γ
and IL-2) by effector T cells (13, 26). The T-cell proliferation
can be determined either by a 3H-thymidine incorporation assay
or by a CFSE dilution assay (28).

3.6.1. Inhibition of Naïve
T-cell Proliferation Using
a 3H-Thymidine
Incorporation Assay

The proliferation of naïve CD4+ T cells can be measured by two
assay approaches: (a) with antigen-presenting cell (APC) involve-
ment. This assay system includes APCs and soluble anti-CD3
antibody (at a final concentration of 100 ng/ml). (b) Without
APC involvement. This assay system needs plate-bound anti-CD3
(2 μg/ml) antibody (28). The following procedure is based on
the approach of non-APC involvement (Fig. 2.1).

1. Culture Treg cells in T-cell medium with low concentration
of IL-2 (5 U/ml) for 2–3 days.

2. Prepare naïve CD4+ T cells (positive selection or negative
selection using microbeads; procedure described in Section
3.3) and culture in T-cell medium (Note 12).

3. Prepare 2 μg/ml of anti-CD3 antibody in pH 7.4 PBS and
add 100 μl/well to 96-well U-bottom plates, and keep the
plates overnight at 4◦C.

4. Wash naïve CD4+ T cells and Treg cells twice with T-cell
assay medium and pellet the cells.
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Fig. 2.1. Suppression of naïve CD4+ T-cell proliferation by Treg cells. The proliferative activity of freshly prepared naïve
CD4+ (responding) T cells (1 × 105) was inhibited by different numbers of CD4+CD25+ naturally occurring Treg cells
and CD4+ MTIL20 Treg cells in the presence of anti-CD3 antibody. Proliferation of naïve CD4+ T cells was assayed by
adding 3H-thymidine during the last 16 h of culture. In contrast, CD4-C2 T cells enhanced rather than suppressed the
proliferative activity of responding CD4+ T cells. MTIL20: a melanoma-derived CD4+ Treg cell line. CD4-C2 T cells: an
effector T cell line. Results represent one of three independent experiments.

5. Resuspend naïve CD4+ T cells with T-cell assay medium
and adjust the number at 1×106/ml.

6. Resuspend Treg cells with T-cell assay medium and adjust
the number at 1×106/ml, 2×105/ml, and 1×105/ml.

7. Add 100 μl/well of naïve CD4+ T cells and 100 μl/well
different concentrations of Treg cells in the following com-
binations: (a) naïve CD4+ T cell alone (1×105/well); (b)
naïve CD4+ T cells plus Treg cells (1:1); (c) naïve CD4+

T cells plus Treg cells (1:1/5); (d) naïve CD4+ T cells plus
Treg cells (1:1/10); and (e) Treg cells alone (1×105/well).
Each group includes triplicate wells.

8. Incubate the cells at 37◦C in 5% CO2 for 56 h.
9. Prepare 3H-thymidine (add 100 μl 3H-thymidine of

1 mCi/ml into 0.9 ml of T-cell assay medium for each 96
well-plate) and add 10 μl to each well at a final concentra-
tion of 1 μCi/well.

10. Harvest cells after an additional 16 h of culture to a 96-well
format filter film and dry the film at room temperature.

11. Add 30 μl/well of scintillation fluid to the dried film and
measure the incorporation of 3H-thymidine using a liquid
scintillation counter.

3.6.2. Inhibition of Naïve
T-cell Proliferation Using
a CFSE Dilution Assay

CFSE is a fluorescent cell staining dye. CFSE can diffuse freely
inside the cells and is retained by the cell in the cytoplasm, but
it does not adversely affect cellular function. During each round
of cell division, relative fluorescence intensity of the CFSE is
decreased by half. The CFSE staining allows us to examine specific
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Fig. 2.2. Suppression of CFSE-labeled naïve CD4+ T-cell division by Treg cells. Naïve CD4+ T cells alone proliferated
well and exhibited several divisions after stimulation by OKT3. However, different types of Treg cells of CD4+CD25+

Treg cells, CD4+ MTIL20 Treg cells, and BTIL3 γδ Treg cells significantly inhibited the proliferation of naïve CD4+ T
cells. CFSE-labeled naïve CD4+ T cells were co-cultured with different types of Treg cells at a 1:1 ratio in OKT3-coated
24-well plates. After 3 days of culture, cells were harvested and analyzed for cell divisions by FACS gated on the CFSE-
labeled cells. CFSE-labeled naïve CD4+ T cells alone stimulated with or without OKT3 served as controls. MTIL20: a
melanoma-derived CD4+ Treg cell line. BTIL3 γδ Treg cells: a breast cancer-derived γδ Treg cell line. Data are one of
three independent experiments.

populations of proliferating cells and identify the successive cell
generations (26, 28) (Fig. 2.2).

1. Prepare naïve CD4+ T cells and suspend with concentration
of 1×107 cells per ml in PBS with 1% FBS.

2. Add CFSE to a final concentration of 5 μM (stock 1000× in
DMSO), vortex gently, and incubate at 37◦C for 10–15 min
(Notes 13 and 14).

3. Add an equal volume of pre-warmed FBS (100%) to stop
labeling, and incubate cells in a 37◦C water bath for 20 min
for the efflux of excessive CFSE.

4. Wash the stained cells twice in PBS with 1% FBS and resus-
pend cells in T-cell culture medium (Note 15).

5. For the suppressive assay, the stained naïve CD4+ T cells
(1×106/well) are cultured in an anti-CD3 (2 μg/ml)-
precoated 24-well plate with or without Treg cells at dif-
ferent ratios of 1:1, 1:1/5, and 1:1/10.

6. Harvest the cells after 3 days of culture, wash the cells twice
with 1 ml staining buffer per wash, spin at 250 × g, and
discard the supernatants.

7. Add 500 μl of FACS staining buffer to each tube to resus-
pend cell pellet and then analyze the cells on a flow cytome-
ter gating on the CFSE-positive population.

3.6.3. Suppression
Assay for IL-2 and IFN-γ
Release from CD4+

and CD8+ Effector
T Cells

1. Culture Treg cells in T-cell medium with low concentration
of IL-2 (5 U/ml) for 2–3 days.

2. Prepare effector CD4+ or CD8+ T cells and anti-CD3-
activated Treg cells, and culture them in the T-cell growth
medium (Note 16).
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Fig. 2.3. Treg cells inhibited IL-2 release from CD4+ effector T cells. CD4+CD25+

Treg cells, CD4+ MTIL20, and BTIL3 γδ Treg cells strongly inhibited the ability of CD4+

MTIL28-C1 helper T cells to secret IL-2. By contrast, naïve CD4+ T cells and CD4-C2
effector T cell line did not affect the ability of CD4+ MTIL28-C1 helper T cells to secret
IL-2. Anti-CD3 antibody-activated, tumor-derived different types of Treg cells or con-
trol CD4+ T cells were co-cultured with CD4+ MTIL28-C1 helper T cells for 24 h. After
washing, 28 mel tumor cells were added to the mixture. IL-2 secretion in the culture
supernatants were determined by ELISA after 18 h of incubation. Results are represen-
tative of three independent experiments. CD4+ MTIL28-C1: a melanoma-derived CD4+

T helper cell line. 28 mel: a melanoma cell line.

3. Wash effector CD4+ T cells and the anti-CD3-activated Treg
cells twice with T-cell assay medium and then resuspend and
co-culture them at a 1:1 ratio in T-cell growth medium con-
taining 10 U/ml IL-2 for 24 h.

4. After washing, the treated effector T cells (1 × 105/well)
are co-cultured with autologous DCs (2×104/well) pulsed
with the effector T-cell-specific peptide or a control peptide
for another 24 h in a 96-well plate in T-cell assay medium
(without IL-2) (Note 17).

5. Harvest culture supernatants and determine IL-2 and IFN-γ
secretion by ELISA (Fig. 2.3).

3.7. Determination
of Suppressive
Mechanisms of Treg
Cells Using a
Transwell Assay

Transwell experiments are performed in 24-well plates with a pore
size of 0.4 μm, which can distinguish whether the suppressive
activity mediated by Treg cells is through soluble factor(s) or
through a cell–cell contact manner (Fig. 2.4).

1. Culture Treg cells in T-cell medium with low concentration
of IL-2 (5 U/ml) for 2–3 days.

2. Prepare naïve CD4+ T cells (positive selection or negative
selection using microbeads; described in Section 3.3) and
APCs (PBMCs depleted CD4+ and CD8+ T cells using the
depletion microbeads).
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Fig. 2.4. The suppressive mechanisms of tumor-associated Treg cells. In the co-culture system, different types of Treg
cells including CD4+CD25+ Treg, CD4+ MTIL20 Treg, and BTIL3 γδ Treg cells strongly suppressed the proliferation of
naïve CD4+ T cells, whereas control CD4-C2 T cells did not inhibit the proliferation of naïve CD4+ T cells. In the transwell
system, cell–cell contact is required for T-cell suppression of CD4+CD25+ Treg cells and CD4+ MTIL20 Treg cells;
however, the suppressive activity of BTIL3 γδ Treg cells was mediated through soluble factor(s). In contrast, CD4-C2 T
cells in the inner wells did not inhibit the proliferation of the naïve CD4+ T cells in the outer wells. Equal numbers of naïve
CD4+ T cells were cultured in outer wells, and Treg cells or control CD4-C2 T cells were cultured in inner wells. Culture
conditions were identical between inner and outer wells. The OKT3-stimulated proliferation of naïve CD4+ T cells was
determined by 3H-thymidine incorporation assays. Results shown are mean ± SD from three independent experiments.

3. Wash naïve CD4+ T cells, APCs, and Treg cells twice with
T-cell assay medium, and resuspend these cells in T-cell assay
medium.

4. Add 2×105 freshly purified naïve CD4+ T cells together with
2×105 APCs in the outer wells of 24-well plates in medium
containing 0.5 μg/ml of anti-CD3 antibody.

5. Add equal number of Treg cells or control effector T
cells into the inner wells in the same medium containing
0.5 μg/ml anti-CD3 antibody and 2×105 APCs.

6. After 56 h of culture, the cells in the outer and inner wells
are harvested separately and transferred to 96-well plates.
The cells in each 24-well plate will be divided into two wells
in a 96-well plate.

7. Prepare 3H-thymidine (take 100 μl 3H-thymidine of
1 mCi/ml into 0.9 ml of T-cell assay medium for each
plate) and add 10 μl to each well at a final concentration
of 1 μCi/well.

8. Harvest cells after an additional 16 h of culture to a 96-well
format filter film and dry the film at room temperature.

9. Add 30 μl/well of scintillation fluid to the dried film and
measure the incorporation of 3H-thymidine using a liquid
scintillation counter.
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4. Notes

1. When you collect the white layer of the cells with a 10-ml
pipette, you should be careful to avoid contamination with
too much plasma above this layer and ficoll underneath this
layer, and avoid touching the bottom red layer of cells.

2. Do not let the tissue dry out.
3. You may choose different sizes of columns based on the

number of labeled cells.
4. Perform washing steps by adding buffer successively once

the column reservoir is empty.
5. To increase the purity of CD4+CD25+ cells, you should

not overload the cells in the columns, and you can also
repeat the magnetic separation procedure as described in
steps 12–15 using a new column.

6. All of the staining procedures must be performed on rest-
ing cells.

7. PI can be used to exclude dead cells and it can also be
mixed with the surface antibodies concomitantly with the
surface staining.

8. If you want to perform double staining with a surface
marker and an intracellular marker at the same time, it is
recommended that staining of cell surface antigen be done
with live, unfixed cells prior to fixation/permeabilization
and staining of intracellular cytokines.

9. Intracellular staining for some suppressive cytokines, such
as IL-4 and IL-10, requires cell activation using PMA and
ionomycin in the presence of GolgiStop for 5 h before the
staining.

10. To reduce non-specific immunofluorescent staining, the
FC receptors on human CD4+ T cells can be pre-blocked
by incubating cells with an excess of irrelevant purified
human Ig or by incubation with 10% FCS in PBS.

11. To determine the cytokines released from tumor-specific
Treg cell lines, you may co-culture the isolated Treg cell
lines with autologous tumor cells or peptide-pulsed autol-
ogous DCs for 24 h and then measure cytokines in the
culture supernatants.

12. Responder cells may either be naïve CD4+ T cells or
CD4+CD25− T cells, and may be autologous or allogeneic.

13. CFSE should be prepared in DMSO and stored in small
aliquots at –80◦C. CFSE decays quickly, and yellow
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discoloration indicates that the CFSE will no longer conju-
gate to proteins.

14. Do not label the cells with CFSE at a high concentration if
you want to look at cell division in a short time period. For
the investigation at longer time points, you can increase the
CFSE concentration for the labeling.

15. At this time point, you may take a day zero CSFE-staining
samples to determine initial labeling, and run cells imme-
diately by FACS analysis or fix in 1–4% paraformaldehyde.

16. Treg cells can be cultured and activated in OKT-3
(2 μg/ml)-coated plates for 24 h.

17. DCs are derived from the monocytes in culture with IL-4,
GM-CSF, and TNF-α (26). If you do not know the spe-
cific antigen recognized by the effector cells, you can also
determine IL-2 and IFN-γ secretion from the effector T
cells with a non-specific stimulation by OKT3.
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Chapter 3

Generation of Cytotoxic T Lymphocytes for Immunotherapy
of EBV-Associated Malignancies

Corey Smith and Rajiv Khanna

Abstract

Current approaches for the treatment of tumours typically employ broad acting radiotherapeutic and
chemotherapeutic approaches, which have led to high success rates but can be associated with unwanted
side-effects. Cytotoxic T cell (CTL)-based immunotherapy offers an alternative approach that is designed
to specifically target protein antigens expressed in malignant cells and is thus likely to limit any adverse
side-effects. Defining tumour-specific antigens is therefore critical for the successful application of CTL-
based therapy. Epstein-Barr virus (EBV)-associated malignancies offer an attractive target for CTL-based
immunotherapy due to presence of virally encoded antigens in the malignant cells. Recent success in
treating Epstein-Barr virus (EBV)-associated post-transplant lymphoproliferative disorder (PTLD) using
cytotoxic T cell (CTL)-based immunotherapy has led to interest in the development of CTL-based
immunotherapy to treat other EBV-associated malignancies in which antigen expression patterns are
well defined but limited to a restricted number of proteins.

Key words: CTL, immunotherapy, EBV, LCL, adenoviral vector, polyepitope.

1. Introduction

Infection with Epstein-Barr virus typically leads to an asymp-
tomatic latent infection in most individual. However, EBV can
be associated with malignancies that arise in both immunocom-
petent and immunocompromised individuals (1). EBV therefore
offers an attractive target for the development of CTL-based
immunotherapy for the treatment of these malignancies and has
been successfully applied to treat post-transplant lymphoprolif-
erative diseases (PTLD) that occur in both stem cell and solid
organ transplant patients (2, 3). PTLD display a latency type 3
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gene expression profile characterised by the expression of all of
the EBV latent genes. This therapy is based on the use of EBV-
transformed lymphoblastoid cell lines (LCL) to generate CTL
primarily directed against the immunodominant latent antigens,
EBV nuclear antigens (EBNA) (3–6).

A number of studies have employed LCL-based expansion
to generate CTL to treat EBV-associated latency type 2 malig-
nancies (4, 5). However, these malignancies express a limited
array of typically subdominant antigens, the Latent membrane
proteins (LMP) 1 and 2 and EBNA1, suggesting that strate-
gies aimed at optimising the generation of CTL to target these
antigens would maximise the potential effectiveness of any CTL-
based therapy. The strategy we have developed to produce CTL
to treat EBV-associated latency type 2 malignancies, the AdE1-
LMPpoly vector, encodes a polyepitope of CTL epitopes from
LMP1 and 2 fused to a truncated EBNA1 gene in a repli-
cation deficient adenoviral expression vector (6). This strategy
allows for the rapid generation of CTL following stimulation of
PBMC with autologous PBMC infected with AdE1-LMPpoly for
14 days.

This chapter will outline current methods being employed
to generate CTL specific for EBV antigens expressed in different
malignancies and T-cell assays to determine the functionality of
CTL cultures.

2. Materials

2.1. Purification
of Peripheral Blood
Mononuclear Cells
(PBMC)

1. RPMI-1640 with L-glutamine (Gibco Invitrogen, Carlsbad,
CA, USA) is supplemented with gentamicin alone (referred
to as RPMI).

2. Lymphoprep (GE Healthcare).
3. Trypan Blue (Sigma-Aldrich) is supplied as a 0.4% solution

and is stored at room temperature.

2.2. Generation
of Lymphoblastoid
Cell Lines (LCL)

1. RPMI and RPMI supplemented with 10% foetal bovine
serum (Sigma-Aldrich) (referred to as RPMI/10% FBS).

2. B95.8 strain of EBV.
3. Cyclosporin A is stored at –20◦C.

2.3. Generation
of CTL Lines

1. RPMI and RPMI/10% FBS.
2. Autologous LCL for the generation of CTL using LCL.
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3. Replication-incompetent adenovirus for the generation of
CTL using recombinant adenoviral-based vectors. The
replication-incompetent adenovirus used in our laboratory
is produced at the Centre for Cell and Gene Therapy, Bay-
lor College of Medicine, Houston, TX, USA. Refer to Smith
et al. for construction of the AdE1-LMPpoly vector used in
our studies (6).

4. Recombinant interleukin-2 (IL-2) (Norvatis, Basel, Switzer-
land) is dissolved at 60,000 IU/ml and stored at –80◦C.

5. Trypan Blue.
6. Albumex 4 (CSL Limited, Parkville, VIC, Australia) contain-

ing 4% (w/v) human albumin.
7. Dimethyl sulfoxide (DMSO) is supplied by Sigma-Aldrich.
8. 1.8 ml Cryovials (Nunc, Roskilde, Denmark).

2.4. Generation
of Phytohaemagglu-
tanin (PHA)-Blast
Cells

1. PBMC.
2. RPMI/10% FBS.
3. PHA is stored at –20◦C at a stock concentration of 2 mg/ml.
4. IL-2.

2.5. CTL Assay 1. PHA-blasts.
2. CTL peptide epitopes (Mimotopes, Clayton, VIC, Australia)

derived from EBV antigens are dissolved at 2 mg/ml in 10%
DMSO and stored at –80◦C. Working stocks are diluted
to 200 μg/ml in RPMI and stored at –20◦C (see Notes 1
and 2).

3. Sodium dodecyl sulphate (SDS) (Sigma-Aldrich) is dissolved
in distilled water to a final concentration of 10% (w/v).

4. Chromium 51 (51Cr) is supplied by Perkin Elmer (Waltham,
MA, USA) and stored at 4◦C.

5. LumaPlates are supplied by Perkin Elmer.

2.6. Intracellular
Cytokine Staining

1. PBS supplemented with 2% FBS.
2. CTL peptide epitopes; see 51Cr release assay.
3. Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) is

dissolved in DMSO and stored at 5 μg/ml.
4. Ionomycin calcium salt (Sigma-Aldrich) is stored at 100

μg/ml.
5. APC-conjugated anti-human CD3, PerCP-conjugated anti-

human CD8, FITC-conjugated anti-human CD4 and PE-
conjugated anti-human IFN-γ are supplied by BD Bio-
sciences, San Jose, CA, USA.



52 Smith and Khanna

6. The BD Cytofix/Cytoperm Plus Fixation/Permeabilization
Kit with BD GolgiPlug protein transport inhibitor contain-
ing brefeldin A is supplied by BD Biosciences.

7. Paraformaldehyde (Sigma-Aldrich) is dissolved in PBS to a
final concentration of 2% (w/v) and stored at 4◦C.

3. Methods

3.1. Purification
of Peripheral Blood
Mononuclear Cells
(PBMC)

1. Dilute the blood sample 1:1 with room temperature RPMI
and carefully layer 25 ml of blood into 50-ml tubes, each
containing 10–15 ml of Lymphoprep.

2. Centrifuge the sample at 800 g for 20–30 min at room tem-
perature with the centrifuge brake switched off.

3. Remove the mononuclear cell interface and transfer into
50-ml tubes containing 30-ml aliquots of RPMI (see Note
3). Adjust volume of each tube to 50 ml with RPMI.

4. Centrifuge at 311 g (1200 rpm) for 10 min at room tem-
perature with the brake on. Aspirate and discard the super-
natant.

5. Resuspend the cell pellets in RPMI and combine into one or
two tubes at a final volume of 50 ml per tube. Centrifuge at
room temperature, 216 g (1000 rpm), for 10 min.

6. Discard the supernatant and resuspend the pellet(s) in a final
volume of 50 ml of RPMI. Remove 50 μl from the tube,
dilute 1:1 with Trypan Blue and determine the number of
viable cells using a Haemocytometer (see Note 4).

7. The PBMC cell suspension can now be used immediately
or prepared for storage in liquid N2 (see Sections 3.4.7
and 3.4.8).

8. For storage in liquid N2, centrifuge the cells at 216 g
(1000 rpm) for 10 min. Wash the cells twice by adding
20 ml of Albumex. Resuspend in an appropriate volume of
Albumex + 10% DMSO and aliquot into cryovials.

9. Lower temperature of T cells using a controlled rate freezer.
Then transfer to a vapour phase liquid N2 storage tank.

3.2. Generation
of Lymphoblastoid
Cell Lines (LCL)

1. Resuspend 2–5×106 PBMC in 500 μl RPMI. Add 500 μl
of RPMI containing 100–500 infectious units of EBV. Incu-
bate for 1 hr at 37◦C in a CO2 incubator.

2. Add 9 ml of RPMI/10% FBS and centrifuge at 1000 rpm
for 5 min. Resuspend cells in RPMI/10% FBS containing
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10 μg/ml of Cyclosporin A. Perform 6–8 twofold serial
dilutions of infected cells in a 24-well plate (see Note 5).

3. Incubate at 37◦C in a CO2 incubator. Replenish media
weekly for up to 4 weeks by discarding half and adding fresh
RPMI/10% FBS with 10 μg/ml of Cyclosporin A.

4. Three to four weeks post-infection, LCL colony forma-
tion should be evident in the lower dilutions. When con-
fluent, harvest the lowest dilution containing evidence of
colony formation and transfer to a T25 flask containing
RPMI/10% FBS.

5. LCL can now be expanded and used to generate CTL
(see Note 6).

3.3. Generation
of CTL Using LCL

This method is used to generate CTL cultures that predominately
recognise the immunodominant latent antigens of EBV, EBNA3–
6. PBMC for this method are prepared prior to use and stored in
liquid N2.

1. Thaw PBMC (between 2×106 and 3×106 PBMC are
required per culture) as quickly as possible. Transfer into
9 ml of RPMI/10% FBS and centrifuge at 1000 rpm for
10 min. Resuspend in 10 ml RPMI+10% FBS. Incubate
for 1 h.

2. Determine the number of viable cells using the trypan blue
exclusion method. Resuspend at 2–3×106 PBMC/ml and
add 1 ml per well of a 24-well plate.

3. Harvest 1–2×106 autologous LCL and gamma irradiate at
8000 rads to prepare stimulator cells. Wash and resuspend
the stimulator cells in 10 ml of RPMI/10% FBS.

4. Determine the number of viable LCL using the trypan blue
exclusion method. Resuspend stimulator cells at 6.7×104

to 1×105 cells/ml and add 1 ml per well of PBMC to give
a final ratio of 30 PBMC to 1 LCL.

5. On day 3 or 4 discard half of the culture supernatant
and add 1 ml of RPMI/10% FBS containing IL-2 to
generate a final concentration of 120 IU/ml. Additional
IL-2 is added every 3–4 days until the end of the culture
period.

6. On day 7 discard half of the culture supernatant and gently
resuspend the cells. Determine the remaining volume and
the number of viable cells using the trypan blue exclusion
method. Prepare LCL stimulators (as for steps 3 and 4)
and add to give a ratio of 30 cultured cells to 1 LCL. If the
total cell number is greater than 3×106, split cells into two
wells and add RPMI/10% FBS and IL-2 to a total volume
of 2 ml per well.
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7. On day 10 or 11, repeat as for day 3 or 4.
8. On day 14, repeat as for day 7. If the total cell number

is greater than 10×106 transfer the cells into a T25 flask
standing upright and add RPMI/10% FBS and IL-2 to a
total volume of 12 ml. Lay the flask down flat if the total
cell number is greater than 15×106.

9. On day 17 or 18, repeat as for day 3 or 4.
10. On day 21, remove the cells from the incubator and

transfer cell suspension to a tube. Determine the num-
ber of viable cells using the trypan blue exclusion method.
Remove an appropriate number of cells for analysis of T-
cell function and store the remaining cells as outlined in
Section 3.1 (see Note 7).

3.4. Generation
of CTL Using
Recombinant
Adenoviral-Based
Vectors

This method is used in our laboratory to generate CTL that pre-
dominately target the subdominant latent EBV antigens, LMP1
and 2 and EBNA1.

1. Harvest 100 million PBMC per T75 tissue culture flask to be
used. Divide PBMC into two at a ratio of 3 (stimulators):7
(responders). Centrifuge cells at room temperature, 216 g
(1000 rpm), for 10 min.

2. Resuspend responder cells in 10 ml of RPMI/10% FBS.
Transfer responder cells into a T75 tissue culture flask and
place these cells into a CO2 incubator while the stimulator
cells are prepared.

3. Resuspend stimulator PBMC at 2×107 ml−1 in RPMI and
add the recombinant adenovirus at a multiplicity of infection
(MOI) of 10:1. Incubate for 1 h at 37◦C in a CO2 incubator.

4. Wash stimulator cells three times by resuspending in 10 ml
of RPMI/10% FBS and centrifuge at 216 g (1000 rpm) for
10 min. Resuspend cells in 1 ml of RPMI/10% FBS and
gamma irradiate for 2000 rads.

5. Resuspend the stimulator cells in 10 ml of RPMI/10% FBS.
Add to the T75 flask containing the responder cells. Transfer
the flask standing upright into the incubator. On days 3, 7
and 10 add 10 ml of RPMI/10% FBS containing IL-2 to
generate a final concentration of 120 IU/ml. Lay the flask
down flat in the incubator on day 3.

6. On day 14 remove the flask from the incubator and trans-
fer the T-cell suspension to a tube. Determine the num-
ber of viable cells using the trypan blue exclusion method.
Remove an appropriate number of cells for analysis of T-
cell function, typically between 5×105 and 1×106 cells per
test, and store the remaining cells as outlined in Section 3.1
(see Note 8).
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3.5. Generation
of Phytohaemag
glutanin (PHA) Blast
Cells

1. Resuspend PBMC at 1×106 cells/ml in RPMI/10% FBS.
Add PHA to a final concentration of 20 μg/ml. Dispense
2 ml of cells per well on a 24-well plate. Incubate at 37◦C in
a CO2 Incubator.

2. On Day 3, carefully remove half of the supernatant and add
RPMI/10% FCS to a final volume of 2 ml. Add IL-2 to a
final concentration of 120 IU/ml.

3. On Day 7, resuspend cells and transfer into a tube. Cen-
trifuge at 1000 rpm for 5 min. Resuspend in10 ml of
RPMI/10% FBS + 120 IU/ml IL-2 and transfer into a T25
flask.

4. Maintain cells twice weekly with fresh IL-2 supplemented
media. Expand into a T75 flask when confluent and store
after 1–2 weeks. Cells should remain viable for up to 8 weeks
in culture.

3.6. CTL Assay 1. Incubate donor-derived PHA-blasts (target cells) with
1 μg/ml of the appropriate HLA-matched peptides in
RPMI for 1 h at 37◦C. Wash cells three times with 10 ml
of RPMI and centrifuge at 1000 rpm for 5 min.

2. Label target cells with 50 μCi of51Cr. Incubate cells for 1 h
at 37◦C. Wash cells three times with 10 ml of RPMI/10%
FBS and centrifuge at 1000 rpm for 5 min.

3. Determine the number of viable cells using the trypan blue
exclusion method. Adjust target cell concentration to 105

cells/ml. Dispense 100 μl of target cells to the appropriate
wells of a 96-well round bottom plate.

4. Resuspend cultured T cells (effector cells) to a final concen-
tration of 1–2×106 cells/ml. Dispense 100 μl of effector
cells into the appropriate wells of the 96-well round bottom
plate to generate effector to target ratios of between 20:1
and 10:1. In six control wells containing target cells alone,
add 100 μl of RPMI/10% FBS (spontaneous release) and in
another six wells add 10% SDS (maximal release). Centrifuge
plates at 500 rpm/5 min and incubate at 37◦C for 5 h.

5. Centrifuge plates at 500 rpm for 5 min. Transfer 25 μl of
supernatant from each well into a LumaPlate. Allow plate to
dry overnight at room temperature.

6. Determine total counts using the Perkin Elmer Top-
Count NXT.

7. Determine the percentage lysis based on51Cr release com-
pared to spontaneous and maximal release. An example
of CTL activity using AdE1-LMPpoly-stimulated T cells is
shown in Fig. 3.1.
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Fig 3.1. CTL assay of AdE1-LMPpoly-stimulated T cells. PBMC from two EBV-positive
donors were stimulated with AdE1-LMPpoly. Following stimulation T cells were assessed
for cytolytic activity against LMP or EBNA1 peptide-pulsed targets. Data represent spe-
cific lysis at an effector: target ratio of 20:1.

3.7. Intracellular
IFN-γ Staining

1. Dilute the appropriate HLA matched peptide epitopes to
2 μg/ml in RPMI1640-10% FBS (final concentration in the
assay will be 1 μg/ml). Dilute PMA to 100 ng/ml and Ion-
omycin to 2 μg/ml in a single tube in RPMI1640-10% FBS
(see Note 9). Add 100 μl of the appropriate CTL epitope,
100 μl PMA/Ionomycin or 100 μl RPMI1640-10% FBS
(no peptide control) to the appropriate wells of a 96-well
V-bottom plate.

2. Dilute T cells to between 5×106 and 1×107 cells/ml in
RPMI1640-10% FBS. Add GolgiPlug to a concentration of
2 μl/ml of cells (final concentration of GolgiPlug in the
assay will be 1 μl/ml). Add 100 μl of cell suspension (5×105

to 1×106 cells) per well to the required wells of the 96-well
V-bottom plate. Incubate for 4–5 h at 37◦C in a CO2 incu-
bator.

3. Centrifuge the plate at 2300 rpm for 2 min. Wash cells twice
by adding 200 μl of PBS-2% FBS per well and centrifuge the
plate at 2300 rpm for 2 min.

4. Resuspend cells in 50 μl/well of PBS-2% FBS containing 2
μl of APC-conjugated anti-CD3, 8 μl of PerCP-conjugated
anti-CD8 and 1 μl of FITC-conjugated anti-CD4 per 106

cells. Incubate for 30 min at 4◦C. Wash the cells as in step 3.
5. Resuspend cells in 100 μl per well of cytofix/cytoperm solu-

tion and incubate at 4◦C for 20 min. Centrifuge the plate at
2300 rpm for 2 min. Wash the cells twice by adding 200 μl
of Perm/Wash per well and centrifuge.

6. Resuspend fixed/permeabilised cells in 50 μl/well of
Perm/Wash solution containing 0.25 μl of PE-conjugated
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anti-IFNγ per 106 cells. Incubate for 30 min at 4◦C. Wash
the cells as in step 5.

7. Resuspend the cells in 200 μl of PBS-2% paraformalde-
hyde and store at 4◦C. Analyse the percentage of antigen-
specific CD3+CD8+ using a flow cytometer. Calculate the
percentage of CD3+CD8+ lymphocytes producing IFN-γ
in response to each CTL peptide, no peptide (neg-
ative control) and PMA/Ionymycin (positive control).
Representative FACS data following generation of CTL
following stimulation with recombinant adenovirus com-
pared to the response detected in PBMC are shown
in Fig. 3.2.
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Fig. 3.2. Intracellular IFN-γ staining of AdE1-LMPpoly-stimulated T cells. PBMC or AdE1-LMPpoly-stimulated T cells
from an EBV-positive donor were stimulated with LMP or EBNA-encoded peptides and assessed for intracellular IFN-γ
production. Data represent the percentage of IFN-γ-producing CD8+ T cells.

4. Notes

1. Prior to commencement of either preparation of functional
assays, establishment of the HLA-type of the donor is
required to determine the appropriate peptide epitopes to
be used.

2. See Hislop et al. for a list of known EBV-derived CTL epi-
topes and corresponding HLA restriction (7).
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3. The mononuclear cell interface is the whitish layer at the
interface between the yellowish-coloured uppermost plasma
and the clear Lymphoprep.

4. PBMC yields typically between 0.5×106 and 2×106

cells/ml of blood. However, lower yields are often evident
from patient donors, which need to be taken into account
when a particular number of cells are required for the gen-
eration of CTL.

5. Add 2 ml of cells to the first well and transfer 1 ml into
subsequent wells containing 1 ml of RPMI/10% FBS with
10 μg/ml of Cyclosporin A. Add an additional 1 ml of
RPMI/10% FBS with 10 μg/ml of Cyclosporin A to each
well to produce a final volume of 2 ml per well.

6. Once established, LCL are typically maintained by passage
every 3–4 days with fresh RPMI/10% FCS to maintain cell
viability.

7. Depending upon the size of the pre-existing memory CTL
pool and the HLA-type of the donor, expansion of T cells
with LCL will generate a five- to tenfold expansion in abso-
lute cell number.

8. Depending upon the size of the pre-existing memory CTL
pool and the HLA type of the donor, expansion with our
recombinant AdE1-LMPpoly vector typically generates a
one- to threefold expansion in absolute cell number after
14 days, and up to a 200-fold expansion in the number of
antigen-specific cells. However, specific CTL cannot be gen-
erated from all donors, despite the fact that donors are HLA-
matched to epitopes encoded for by AdE1-LMPpoly. This
is likely due to an absence of specific memory CTL in the
peripheral blood.

9. PMA and Ionymycin act as a strong positive control and
should induce IFN-γ from a high proportion of cul-
tured cells. They should be aliquoted for storage as freez-
ing/thawing reduces function.
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Chapter 4

Acquisition, Preparation, and Functional Assessment
of Human NK Cells for Adoptive Immunotherapy

Dean A. Lee, Michael R. Verneris, and Dario Campana

Abstract

Human natural killer (NK) cells, a subset of peripheral blood lymphocytes that lack a T- or B-cell receptor,
play a crucial role in the innate immune response to viruses and malignant cells. NK cells differentiate
infected or malignant cells from normal cells by a complex balance between activating and inhibitory
receptor–ligand interactions. Unlike T cells, NK cells do not proliferate in vitro in response to simple
crosslinking of a single activating receptor. While many methods to study T-cell function and phenotype
can also be applied to NK cells, this chapter addresses methods that are unique to the preparation and
assessment of human NK cells for immunotherapy.

Key words: Natural killer cell, lymphokine-activated killer, antibody-dependent cell cytotoxicity,
degranulation, depletion, flow cytometry, calcein, NK-cell expansion.

1. Introduction

It has been known for over 30 years that some lymphocytes
have the ability to recognize and lyse a variety of human malig-
nancies to which they have not previously been sensitized (1).
Human natural killer (NK) cells are a subset of peripheral blood
CD2+ lymphocytes that lack a T-cell receptor complex (and are
therefore CD3−) but express the neural cell adhesion molecule
(NCAM, CD56), the low-affinity immunoglobulin Fc-receptor
III (FcγRIII, CD16), or both (2). NK cells display a vari-
ety of activating receptors, including NKp30, NKp44, NKp46,
NKG2D, 2B4, and DNAM-1 (3). NK-cell activation is regulated
by heterogeneous expression of killer inhibitory receptors (KIR),
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which interact with various dimorphic HLA class I epitope fami-
lies (4). Thus, NK-cell diversity and specificity results from a wide
variety of germline-encoded activating and inhibitory receptors
that are non-clonally rearranged and whose expression is antigen
independent.

NK cells play a crucial role in the innate immune response
to viruses and tumors, differentiating infected or malignant cells
from normal cells through a complex balance between activating
and inhibitory receptor–ligand interactions (5). NK cell-mediated
lysis correlates with the surface expression of these receptors on
NK cells and of the corresponding ligands on tumor cells.

Early recognition that IL-2 activation of NK cells increased
their cytotoxicity toward resistant targets (6, 7) led to clinical
trials of in vitro activated autologous or haploidentical NK cells
(8–10). Thus, adoptive transfer of NK cells has been tested in
early-phase clinical trials and has emerged as a safe and poten-
tially efficacious immunotherapy for cancer (10), but develop-
ment of this therapeutic approach has been hampered by low
numbers of NK cells available from donors. The most common
strategy for obtaining sufficient numbers of NK cells for adop-
tive immunotherapy is leukapheresis followed by immunomag-
netic selection (11).

High numbers of NK cells in allogeneic hematopoietic cell
grafts are associated with improved transplant-associated out-
comes. Recipients of allografts with high NK-cell content have
significantly faster neutrophil recovery (12, 13), a lower inci-
dence of non-relapse mortality (13, 14), fewer bacterial and viral
infections, faster immune reconstitution (13), and less acute (15)
and chronic (12) graft-versus-host disease (GVHD). Rapid recov-
ery of NK cells after allogeneic hematopoietic stem cell trans-
plantation (HSCT) is associated with a reduction in the rates of
relapse, non-relapse mortality, and acute GVHD (16). Therefore,
augmenting NK-cell dose and reconstitution with peritransplant
adoptive transfer of donor NK cells might further improve trans-
plant outcomes via these mechanisms.

Because NK cells constitute a small percentage of periph-
eral blood mononuclear cells, generating them in numbers suf-
ficient to exert measurable clinical effects is problematic. Hence,
the outcome of NK-cell-based therapies might be substantially
improved by methods to produce large numbers of NK cells ex
vivo. Receptor crosslinking in vitro does not result in signifi-
cant sustained proliferation of NK cells, unlike T lymphocytes,
and their proliferative responses to cytokines (with or without
coculture with other accessory cells) have been modest and tran-
sient (17–20). Nevertheless, some expansion of NK cells (five-
to tenfold over 1–2 weeks) can be achieved through high-dose
IL-2 alone (21, 22). Activation of autologous T cells can also
mediate NK-cell expansion, presumably through release of local
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cytokines (23, 24). Support with mesenchymal stroma (25), EBV-
transformed lymphoblastoid cell lines (26), or genetically modi-
fied K562 cells (27–29) can promote the expansion of NK cells
from both peripheral blood and cord blood.

2. Materials

2.1. NK Cell
Purification

2.1.1. Magnetic
Purification of NK Cells
by CD3/CD14/CD20
Depletion or CD56
Positive Selection

1. Peripheral blood mononuclear cells (PBMC) obtained
by density-gradient isolation from whole blood, normal
donor buffy coat from blood bank red cell donation, or
leukapheresis

2. RPMI-1640 medium, 4◦C
3. Magnetic beads conjugated to antibodies against human

CD56, or CD3, CD14, and CD20 (Dynal, Invitrogen, Mil-
tenyi, Biotec)

4. Strong magnet for cell sorting
5. Conical tubes designed to fit the magnet

2.1.2. Purification of NK
Cells Using RosetteSep
Antibody Complexes

1. Whole blood or normal donor buffy coat from blood bank
red cell donation (see Note 1)

2. RPMI-1640 medium, room temperature (see Note 2)
3. RosetteSep Human NK Cell Enrichment Cocktail (StemCell

Technologies)
4. Ficoll-Paque or similar density-gradient separation medium,

room temperature

2.2. NK Cell
Activation

1. Purified NK cells
2. NK-cell activation medium: RPMI-1640 supplemented with

10% fetal calf serum, 2 mM L-glutamine, and 1000 IU/ml
recombinant human IL-2 (see Note 13)

2.3. Ex Vivo
Expansion of NK
Cells with Genetically
Modified K562 Cells
(K562-mb15-41BBL)

1. Peripheral blood mononuclear cells (PBMC) obtained
by density-gradient isolation from whole blood, normal
donor buffy coat from blood bank red cell donation, or
leukapheresis.

2. K562 gene-modified to express 41BBL and membrane-
bound IL-15 (K562-mb15-41BBL), growing in log phase.
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3. NK-cell growth medium: RPMI-1640 supplemented with
10% fetal calf serum, 2 mM L-glutamine, and 10 IU/ml
recombinant human IL-2.

2.4. Assessing NK
Activity

2.4.1. Direct Cytotoxicity
of Calcein-Loaded
Targets

1. NK cells to be assessed
2. Target cells (see Note 21) growing in log phase with viability

>95%
3. Calcein-AM, 2.5 mM (1.6 mg/ml) in DMSO (Molec-

ular Probes, BD Biosciences, Biotium) (see Notes 22
and 23)

4. Lysis buffer: 1% Triton X-100 in water
5. NK-cell assay medium: RPMI-1640 supplemented with 2%

fetal calf serum and 10 IU/ml recombinant human IL-2
6. 96-well U-bottom plates
7. 96-well fluorescent plate reader

2.4.2. Flow Cytometry
to Assess Target Cell
Killing

1. NK cells to be assessed
2. Target cells growing in log phase with viability >95%
3. NK-cell assay medium: RPMI-1640 supplemented with

2% fetal calf serum and 10 IU/ml recombinant human
IL-2

4. 12-well tissue culture plates
5. Fluorophore-labeled (not FL-3) antibodies specific for tar-

get cells (e.g., CD22 for B-lineage acute lymphoblastic
leukemia, CD33 for acute myeloid leukemia)

6. 7-AAD (BD Biosciences)
7. Flow cytometry buffer: PBS, 1% fetal calf serum

2.4.3. Flow Cytometry
to Assess NK-Cell
Activation and
Degranulation

1. NK cells to be assessed
2. Target cells growing in log phase with viability >95%
3. NK-cell assay medium: RPMI-1640 supplemented with 2%

fetal calf serum and 10 IU/ml recombinant human IL-2
4. 12-well tissue culture plates
5. Fluorophore-labeled antibodies specific for CD107a

and CD56
6. Fluorophore-labeled isotype control antibodies
7. Flow cytometry buffer: PBS, 1% fetal calf serum
8. Paraformaldehyde 0.5% in PBS
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3. Methods

3.1. NK-Cell
Purification

3.1.1. Magnetic
Purification of NK Cells
by CD3/CD14/CD20
Depletion or CD56
Positive Selection

1. Resuspend PBMC (see Note 1) in 4◦C RPMI-1640 (see
Note 2) at a concentration of 108 cells/ml.

2. Prepare magnetic beads sufficient for the starting num-
ber of PBMC. This will vary depending on manufacturer,
but is most often in the range of 1–2 μL/106 cells. For
CD3/CD14/CD20 depletion (see Note 3), an equal vol-
ume of each bead should be mixed together. In a tube(s)
designed to fit in the magnet you are using, add the beads
to at least twice their volume of RPMI-1640 (1 ml mini-
mum), vortex lightly, and place next to the magnet. Wait
at least 1 min until the beads are attracted to the side of the
tube next to the magnet. Repeat the process, and then resus-
pend the beads in the same volume of RPMI-1640 used in
step 1.

3. Mix the cells with the beads and incubate at 4◦C for 15–
30 min, with gentle resuspension every 5 min (see Note 4).

4. Place the tube next to the magnet for 3 min. If performing
depletion, carefully aspirate the cells in suspension and trans-
fer to another tube, discarding the magnetic cell pellet. If
performing CD56 positive selection (see Note 5), carefully
aspirate and discard the cells in suspension, and resuspend
the cell pellet in twice the volume of fresh RPMI-1640 used
in step 1.

5. Repeat step 4.
6. Centrifuge the cells at 400 g for 5 min. Resuspend cells as

indicated for intended use.

3.1.2. Purification of NK
Cells Using RosetteSep
Antibody Complexes

1. Transfer whole blood or buffy coat (see Note 6, 7) to conical
tubes, filling each tube no more than half full (Fig. 4.1).

2. Add RosetteSep 50 μL/ml for whole blood or 10 μL/ml
for buffy coat, and mix by vortexing lightly (see Note 8).

3. Incubate for 20 min at room temperature (see Note 9).
4. Dilute the cells with an equal volume of RPMI-1640 and

mix gently by inverting the tube several times. Do not vor-
tex.

5. Place Ficoll-Paque in the bottom of a clean tube—use one-
third of the tube volume (e.g., 5 ml for 15 ml tube, 15 ml
for 50 ml tube) (see Note 10).
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Fig 4.1. Enrichment of NK cells from blood bank normal donor buffy coat using RosetteSep. NK cells from a buffy coat
unit were quantified by flow cytometry using anti-CD56-FITC before (A) and after (B) enrichment using RosetteSep as
indicated in the protocol. Total NK cells recovered is typically 1–2 × 107.

6. Carefully layer the cell/RosetteSep suspension over the
Ficoll-Paque (see Note 9).

7. Centrifuge at 1200 g (see Note 11) for 20 min, using slow
acceleration and no deceleration (brake off) (see Note 9).

8. Aspirate the cells at the RPMI-Ficoll interface (see Note 12).
9. Wash the cells and resuspend as indicated for intended use.

3.2. NK Cell
Activation
(see Note 14)

1. Resuspend purified NK cells at 106 cells/ml in NK-cell acti-
vation medium.

2. Transfer cells to a tissue culture plate or flask sufficient
to result in approximately 1 cm depth of culture medium
(2 ml/well in a 24-well plate, 10–15 ml in a 25 cm2 flask,
etc. (see Note 15)).

3. Incubate for 24–48 h at 37◦C in humidified 5% CO2.

3.3. Ex Vivo
Expansion of NK
Cells with Genetically
Modified K562 Cells
(K562-mb15-41BBL)

1. Perform cell counts of viable PBMCs to be expanded.
2. Obtain sufficient K562-mb15-41BBL cells as needed for a

PBMC:K562-mb15-41BBL ratio of 1.5:1.
3. Expose the K562-mb15-41BBL cells to 10,000 cGy

γ-irradiation (see Note 16).
4. Wash the K562-mb15-41BBL cells once and resuspend at

1 × 106 cells/ml in NK-cell expansion medium.
5. Wash PBMC and resuspend at 1.5 ×106 cells/ml in NK-cell

expansion medium.
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6. Transfer cells to a tissue culture plate or flask sufficient to
result in approximately 1 cm depth of culture medium (e.g.,
30 ml in a 75-cm2 flask).

7. Incubate at 37◦C in humidified 5% CO2.
8. On days 2, 4, and 6, remove half of the medium from the

culture and replace it with an equal volume of fresh NK-cell
expansion medium (see Notes 17 and 18).

9. On day 7, count the cells (see Notes 19 and 20). If further
expansion is required repeat steps 2–9, replacing PBMC with
expanded NK cells and changing the NK cell:K562-mb15-
41BBL ratio to 1:10 for step 2 (see Note 18).

3.4. Assessing NK
Activity

3.4.1. Direct Cytotoxicity
of Calcein-Loaded
Targets (see
Notes 21–23)

1. Determine the number of NK-cell sources, conditions,
E:T ratios, and replicates needed for the experiment.
Include one replicate set of target cells only to determine
spontaneous release, and another to determine maximum
release (Fig. 4.2). Calculate the number of target cells (see
Note 21) needed for the experiment. Typically 104 target
cells/well are ideal for 96-well plates.

2. Resuspend the target cells at 106 cells/ml in NK-cell assay
medium.

3. Add 10 μL of stock calcein-AM solution to each milliliter
of cells and incubate for 1 h at 37◦C with gentle resuspen-
sion every 10–15 min.

Fig. 4.2. Lysis of NK-resistant Raji cells with or without ADCC as assessed by the calcein
assay. Raji cells were loaded with calcein as indicated in the protocol. Loaded cells were
then incubated with control IgG (A) or rituximab (B) and then cultured with NK cells at
indicated E:T ratios. Percent specific lysis was calculated as indicated in the protocol.
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4. While target cells are incubating, count the NK cells
and resuspend twice the number of cells needed for the
highest E:T ratio at 4 × 106 cells/ml in NK-cell assay
medium.

5. Perform three serial twofold dilutions by transferring half
of the resuspended NK cells to a clean tube with an equal
volume of NK-cell assay medium, and repeating this pro-
cess for as many E:T ratios as you have determined to
perform.

6. Wash the target cells twice and resuspend at 105 cells/ml
in NK-cell assay medium (see Note 24).

7. Add 100 μl (104) target cells to each well of a 96-well
U-bottom plate.

8. Add 100 μl of diluted NK cells to appropriate wells to
achieve an E:T ratio ranging from 40:1 to 5:1. Add 100 μl
of NK-cell assay medium to the wells designated for spon-
taneous release, and add 100 μl of Triton X-100 to the
wells designated for maximum release.

9. Incubate for 4 h at 37◦C and 21% CO2.
10. After incubation, transfer 100 μl of the supernatant to a

new plate.
11. Assess the fluorescence of each well (excitation filter at

485 nm, emission filter at 530 nm (see Note 25)).
12. Calculate percent specific lysis according to the formula:

Percent Specific Lysis =
(
FluorescenceExperimental − FluorescenceSpontaneous

)

(
FluorescenceMaximum − FluorescenceSpontaneous

) × 100

3.4.2. Flow Cytometry
to Assess Target Cell
Killing

Using flow-based assays to determine cytotoxicity requires the
ability to separate NK cells from both dead and live targets using
flow cytometric parameters. If the NK-cell population is suffi-
ciently pure, the two populations may be distinguishable on the
basis of side scatter and forward scatter characteristics alone (see
Note 26). More often, labeled antibodies specific for the target
cell are required to clearly distinguish the cell populations (see
Note 27), particularly when cell lysis of a large target results in
a small, granular dead cell that overlies the NK-cell population.
There are many different methods published for determining cell
cytotoxicity by flow cytometry. This method is based on the pub-
lication by Imai et al. (28).

1. Determine the number of NK-cell sources, conditions, E:T
ratios, and replicates needed for the experiment. Include
one set of target cells only to assess baseline cell death.
Calculate the number of target cells (see Note 26) needed
for the experiment. Typically 5 × 104 target cells/well are
ideal.
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2. Resuspend the target cells at 106 cells/ml in NK-cell assay
medium.

3. Count the NK cells and resuspend twice the number of
cells needed for the highest E:T ratio at 4 × 106 cells/ml
in NK-cell assay medium.

5. Perform three serial twofold dilutions by transferring half
of the resuspended NK cells to a clean tube with an equal
volume of NK-cell assay medium, and repeat this pro-
cess for as many E:T ratios as you have determined to
perform.

6. Wash the target cells twice and resuspend at 105 cells/ml
in NK-cell assay medium.

7. Add 500 μl (5 × 104) target cells to each well of a 12-well
plate.

8. Add 500 μl of diluted NK cells to appropriate wells to
achieve an E:T ratio ranging from 40:1 to 5:1. Add 100 μl
of NK-cell assay medium to the wells designated as baseline
cell death.

9. Incubate for 4 h at 37◦C and 21% CO2.
10. After 4 h, collect all of the cells from each well and transfer

to a 12 mm × 75 mm flow cytometry tube.
11. Wash once with flow cytometry buffer and resuspend each

cell pellet in 100 μl of buffer. Add 10 μl of labeled anti-
body recognizing the target cells. Incubate the cells on ice
for 30 min. Wash once and resuspend in 0.5 ml of flow
cytometry buffer.

12. Add 10 μl of 7-AAD. Incubate at room temperature for
10 min, then add 0.5 ml of 0.5% paraformaldehyde.

13. Assess the cells by flow cytometry. Set side scatter, forward
scatter, and fluorescence gates to identify a population of
live target cells. Acquire events and count the number of
viable cells recorded by the instrument in 30 seconds.

14. Calculate Percent Specific Lysis according to the formula:

Percent Specific Lysis =
(
Dead targetsExperimental − Dead targetsTarget cells only

)

(
Viable targetsTarget cells only

) × 100

3.4.3. Flow Cytometry
to Assess NK-Cell
Activation and
Degranulation

Several surface and intracellular markers have been used to assess
for activation and/or degranulation of NK cells. The most widely
used of these is CD107a, which identifies the expression of lysoso-
mal proteins (LAMP1) that are transiently displayed on the NK-
cell surface following degranulation (see Note 28) (Fig. 4.3).
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Fig. 4.3. Functional assessment of NK-cell degranulation. CD107a expression on NK cells was quantified by flow cytom-
etry using anti-CD56-FITC and anti-CD107a-PE. NK cells isolated from peripheral blood and activated overnight with IL-2
were cultured for 4 h alone (A) or with OS187 sarcoma cells as targets (B).

1. Determine the number of NK-cell sources, conditions, and
replicates needed for the experiment. For the assessment of
NK-cell degranulation, lower E:T ratios are more effective at
stimulating degranulation. Add two wells of NK cells alone.

2. Prepare the cytotoxicity assay with targets as in steps 2–9 of
Section 3.4.2.

3. Add 100 μl of CD107a antibody to each well (see Note 29),
except to one of the wells having NK cells alone. To this well
add 100 μl of the corresponding isotype control antibody.

4. After 4 h, collect all of the cells from each well. Split the
sample equally into two flow cytometry tubes.

5. Wash once with flow cytometry buffer and resuspend each
cell pellet in 100 μl of buffer. Add 10 μl of each labeled anti-
body. In tube 1 add the isotype control antibody for CD56.
In tube 2, add the CD56 antibody (see Note 30).

6. Incubate the cells on ice for 30 min. Wash once and resus-
pend in 0.5 ml of flow cytometry buffer.

7. Add 10 μl of 7-AAD. Incubate at room temperature for
10 min, then add 0.5 ml of 0.5% paraformaldehyde.

8. Assess the cells by flow cytometry. Set side scatter, forward
scatter, and fluorescence gates on the isotype-labeled NK
cells that did not have targets. Then set the gates identifying
NK cells on the CD56-labeled cells from this well. Acquire
an equal number of viable events from each sample.

9. The CD107a-labeled NK cells cultured alone establish the
baseline degranulation of NK cells in the absence of targets.
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4. Notes

4.1. NK Cell
Purification

4.1.1. Magnetic
Purification of NK Cells
by CD3/CD14/CD20
Depletion or CD56
Selection

1. NK cells can be purified with this method from whole
peripheral blood, density-isolated PBMCs, blood bank buffy
coat, cord blood, or leukapheresis products, but reagent
concentrations must be optimized for each source. Several
companies have marketed bead preparations pre-optimized
for these different sources.

2. The product insert and many published protocols for leuko-
cyte separation suggest using PBS or HBSS during wash and
incubation steps. For the protocols described in this chap-
ter, we have found that RPMI-1640 is often the same price
or cheaper than these buffered salt solutions and provides a
nutrient source that helps maintain viability.

3. Negative selection of NK cells by depleting PBMC of con-
taminating T cells (CD3), B cells (CD20), and mono-
cytes (CD14) results in a product that is 70–90% NK cells
as assessed for CD3−/CD56+ cells by flow cytometry. In
clinical practice, most trials have used an NK-cell-enriched
product by depletion of CD3 cells only, as removal of
T cells is necessary to avoid development of GVHD. These
products are typically 20–50% NK cells (30). If NK-cell
enriched products are to be delivered to patients receiving
highly immunosuppressed HSCT (haploidentical donors,
T-cell-depleted grafts, or Campath therapy), additional B-
cell depletion of the NK-cell product is recommended to
reduce the risk of EBV-associated B-cell lymphomas (11).

4. A wide variety of kits are available from several manufactur-
ers for either positive or negative selection. Some are based
on an initial antibody binding step using purified unconju-
gated or streptavidin-conjugated mAb, with a second step
using species-specific anti-IgG or biotin-conjugated mag-
netic beads. These two-stage products will require additional
steps here prior to the magnetic separation.

5. Positive selection of NK cells using anti-CD56-conjugated
magnetic beads has been performed (30, 31). Recovery
using this method was poor and although initial reports sug-
gested good NK-cell function, anecdotal reports have sug-
gested that NK cells positively selected in this manner have
reduced function. In addition, it should be noted that there
are a variable number of CD3+CD56+ T cells present in the
peripheral blood, and using a single CD56+ selection step
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will result in the isolation of CD3+CD56+ T cells in addi-
tion to the CD3−CD56+ NK cells. An alternative approach
is to perform both CD3 depletion and CD56 positive
selection.

4.1.2. Purification of NK
Cells Using RosetteSep
Antibody Complexes

6. The RosetteSep product requires sufficient red blood cells
(RBC) in the cell source in order to bind to the unwanted
leukocytes and carry them through the Ficoll-Paque to the
bottom of the tube. Thus, this method does not work well
for recovering NK cells directly from leukapheresis prod-
ucts or leukocyte reduction filters (see Note 7).

7. Adapting the methods of Warren et al. NK cells can be puri-
fied from fresh or cryopreserved PBMC with a significant
reduction in the amount of RosetteSep reagent required
for separation (32).

8. The product insert for RosetteSep includes volumes rec-
ommended for recovery of NK cells from whole blood. We
have titrated the RosetteSep NK reagent for recovery from
blood buffy coat products and found 10 μl of the reagent
for each ml of buffy coat to provide optimal recovery and
purity (Fig. 4.1).

9. As with other density-gradient methods, temperature, care-
ful layering, transport, and centrifugation are essential in
obtaining a clean separation of cells at the interface. Slow
acceleration and deceleration (no brake) are essential in
not disrupting the interface. We also find that layering the
cells over the Ficoll-Paque, rather than underlaying the
cells with Ficoll-Paque, results in a better interface. Cells,
medium, and Ficoll-Paque should all be kept at room tem-
perature, as this maintains the appropriate density of the
medium and avoids convection currents that disrupt the
interface.

10. Note that more Ficoll-Paque is recommended in this pro-
cedure than what is typically used for separation of PBMC
from whole blood. As cells move through the Ficoll-Paque,
the membrane-associated liquid dilutes the Ficoll-Paque
and reduces the density. With RosetteSep, leukocytes con-
jugated to the red cells increase this effect.

11. RosetteSep crosslinks unwanted leukocytes to the more
dense red blood cells. These large complexes have much
greater resistance while sedimenting through the Ficoll-
Paque and therefore require centrifugation at much higher
g forces than for usual PBMC separation from whole
blood.

12. As mentioned in Note 2, we use RPMI-1640 for all
steps. In this procedure, we also find that the phenol
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red in the RPMI-1640 aids in distinguishing the inter-
face, particularly with the much smaller number of cells
obtained than when using Ficoll-Paque for total PBMC
recovery.

4.2. NK Cell
Activation

13. IL-2 has been the standard cytokine used to generate
activated NK cells. IL-12, IL-15, IL-21, and others may
also be effective. IL-2 concentrations reported in the lit-
erature for NK-cell activation have ranged from 100 to
6000 IU/ml.

14. It is not known whether IL-2 activation needs to be per-
formed ex vivo prior to administration, or if adoptively
transferred NK cells can be activated sufficiently in vivo
by administering high doses of IL-2. In practice, IL-2 has
been used both in vivo and for ex vivo activation in most
clinical trials.

15. Like other lymphocytes, NK-cell function and viability are
optimized when cultured at cell densities that allow regu-
lar cell–cell contact. Therefore, it is important to choose a
plate or flask with an appropriate surface area for the vol-
ume of cells being cultured.

4.3. Ex Vivo
Expansion of NK
Cells with Genetically
Modified K562 Cells
(K562-mb15-41BBL)

16. The genetically modified K562 must be irradiated before
coculture with peripheral blood mononuclear cells. If an
irradiator is not available, the genetically modified K562
cells can be treated with mitomycin C or another antimi-
totic to prevent cell division.

17. It is important to monitor the cells daily during expansion
and change the medium earlier than described above if the
medium is becoming acidic (yellow). Typically, changing
the medium every 2 days is sufficient.

18. Proliferation of NK cells in these cultures starts on days 4–5
and continues thereafter. After 2–3 weeks, NK-cell prolif-
eration reaches a plateau but can be restimulated by the
addition of genetically modified K562 cells.

19. After 7 days of culture, genetically modified K562 should
no longer be present in the cultures owing to the combined
effect of irradiation (or anti-mitotic treatment) and NK-cell
cytotoxicity.

20. T cells do not expand in these cultures. Their percentage
should progressively decrease due to the expansion of NK
cells.

4.4. Assessing NK
Activity

21. A variety of cell lines have been used as targets for deter-
mining NK cell-activity. These cell lines are referred to as
NK-cell sensitive, meaning they can be killed by freshly
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isolated NK cells, or NK-cell resistant, meaning they can
only be killed by IL-2-activated NK cells. The most com-
monly used cell lines for detecting human NK-cell activ-
ity are K562 and 721.221 (sensitive) and Daudi and Raji
(resistant). Daudi and Raji are useful for assessing ADCC
as described below, typically with anti-CD20 mAb.

4.4.1. Direct Cytotoxicity
of Calcein-Loaded
Targets

22. The calcein assay is validated as a non-radioactive substi-
tute for Chromium51 cytotoxicity assay, with similar sensi-
tivity and specificity (33, 34). The principle and process are
nearly identical—target cells are loaded with an intracellular
marker that is released following lysis by the effector cells
and can be detected with high sensitivity and specificity in
the supernatant. The unlysed cells can be further analyzed
using flow cytometric methods (35, 36).

23. In our experience, viability-based (e.g., formazan, CytoTox
96) and LDH-based assays, both of which require assess-
ment of proteins or function endogenous to the target cell,
are not useful assays for measuring NK-cell cytotoxicity. NK
cells have some degree of autolysis during degranulation,
which results in high levels of LDH released from the NK
cells themselves. Likewise, the viable NK cells in high E:T
ratios overshadow the relatively smaller number of target
cells when assessing formazan degradation.

24. The additional role of ADCC in target cell lysis can be
assessed using this method by pre-incubation of the tar-
gets with an excess of antibody specific for the target cell.
For assessing ADCC in Raji or Daudi cells, we preincubate
the target cells for 30 min with 1–10 μg/ml of anti-CD20
(rituximab) and wash the cells prior to adding them to the
96-well plate (Fig. 4.2).

25. Some fluorescent plate readers allow both direct (detec-
tion on the same side of the plate as the excitation
beam) and indirect (detection on the opposite side of
the plate as the excitation beam) fluorescence measure-
ments. We have found that indirect measurement is much
more reliable, being less sensitive to variation caused by
bubbles, well alignment, meniscus variation, and absorp-
tion/autofluorescence of the medium.

4.4.2. Flow Cytometry
to Assess Target Cell
Killing

26. Using flow-based assays to determine cytotoxicity requires
the ability to separate NK cells from both dead and live
targets using flow cytometry parameters of light scatter or
fluorescence.

27. As mentioned in Note 24, ADCC can be assessed using
this method by pre-incubation of the targets with an excess
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of antibody specific for the target cell. However, care must
be taken not to use antibodies for ADCC that recognize
the same epitope used to identify the target cells by flow
cytometry.

4.4.3. Flow Cytometry
to Assess NK Cell
Activation
and Degranulation

28. NK-cell killing of target cells is mediated by the release of
granules containing granzymes and perforin that are lined
with lysosomal-associated membrane protein-1 (LAMP-
1, CD107a). Exocytosis of these granules results in neo-
expression of CD107a on the NK-cell surface, indicating
that degranulation has occurred. CD137, CD69, and intra-
cellular IFN-γ have also been used. These are activation
markers that increase in most NK cells independent of
degranulation and may be helpful in identifying responses
of non-cytotoxic cytokine-releasing NK cells.

29. Presence of the antibody to CD107a during the entire cul-
ture period greatly increases the sensitivity of the assay.
CD107a may be recycled rapidly from the NK-cell surface
after degranulation, resulting in accumulation of the fluo-
rescent probe within degranulating NK cells.

30. NK cells may also be identified using CD16. However,
following engagement with targets, NK cells can lose or
downregulate CD16 expression in a matrix metallopro-
teinase dependent fashion (37).
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Chapter 5

Enhanced Migration of Human Dendritic Cells
Expressing Inducible CD40

Natalia Lapteva

Abstract

Dendritic cells (DC) are the most potent antigen-presenting cells for priming and activating naïve CD4+

and CD8+ T lymphocytes. This property has led to their use as a cellular vaccine in a number of clinical
trials with promising results. However, the clinical efficacy of DC vaccines in patients has been unsatisfac-
tory, probably because of a number of key deficiencies, including limited migration of ex vivo generated
DCs to the secondary lymphoid tissues. To enhance human DC-based vaccines, we used the combina-
tion of an inducible CD40 receptor (iCD40) along with TLR-4 ligation. The iCD40 receptor permits
targeted, reversible activation of CD40. Using iCD40 in combination with lipopolysaccharides (LPS), we
enhanced DCs migration in vitro upon escalation of the AP1903 dimerizer drug doses. This result sug-
gests that the use of iCD40-modified and LPS-stimulated DCs is a potent strategy in DC-based cancer
immunotherapies.

Key words: Human dendritic cells, migration, chemotaxis.

1. Introduction

Dendritic cells (DCs) are the most potent antigen-presenting cells
and therefore they are central in the induction and regulation
of adaptive immune responses (1). In the steady state, imma-
ture DCs mainly reside in peripheral tissue, where they sample
the environment for danger signals. Upon activation with such a
signal, DCs become activated (upregulate expression of CD40,
CD80, and CD86 co-stimulatory molecules and chemokines
receptors, such as CCR7 and CXCR4) and efficiently home to
the T-cell zones of lymphoid organs where they present peripheral
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antigens and activate naïve T lymphocytes. Interestingly, it has
been shown that DC migrated to the lymph nodes can trans-
fer the antigens to resident DC and thus spread antigens to a
larger pool of cells (2). Also, the increased DC recruitment to
the draining lymph nodes induces higher frequency of peripheral
antigen-specific T cells (3). Moreover, DCs migrated to the lymph
nodes are essential for the proliferation and sustained activation of
antigen-specific T cells (4). Therefore, the success of DC-based
immunotherapy is highly dependent on efficient trafficking of the
DC to T-cell-rich areas in secondary lymphoid tissues.

DC-based cancer vaccines have been in clinical trials in
patients with a variety of cancers (1). Despite some encourag-
ing observations in these trials, vaccine-induced antigen-specific
T-cell responses have been insufficient to effectively reduce tumor
burden or prevent tumor progression in most patients, sug-
gesting that further improvements in the potency of DC-based
cancer vaccines are required (5). One of the important aspects
of DC-based therapy is efficient cell trafficking to the drain-
ing lymph nodes. Several clinical studies have shown that only
0.1–4% of ex vivo generated DCs migrated to the lymph nodes
(6, 7). This poor DC recruitment may contribute to the lim-
ited clinical responses to DC-based immunotherapies. Here we
describe the DC activation system based on targeted tempo-
ral control of the CD40 signaling pathway to extend the pro-
stimulatory state of DCs within lymphoid tissues. We have re-
engineered CD40 receptor so that the cytoplasmic domain of
CD40 was fused to synthetic ligand-binding domains along with a
membrane-targeting sequence (8, 9). Activation of the DCs with
lipid-permeable, dimerizing drug AP1903 and lipopolysaccha-
rides (LPS) significantly enhanced the dimmer-dependent in vitro
migration of DCs toward CCL19.

2. Materials

2.1. Generation
of Human Dendritic
Cells by Plastic
Adherence and Flow
Cytometry

1. Leukopaks (Gulf Coast Blood Center, Houston TX)
2. DC medium (Cell Genix GmbH, Antioch, IL)
3. RPMI medium 1640 (Mediatech, Inc, Manassas, VA)
4. D-PBS, 1× (Mediatech, Inc)
5. Lymphoprep Separation Medium (Greiner Bio-One, Inc,

Monroe, NC)
6. Human granulocyte-macrophage colony stimulation factor

(GM-CSF, R&D Systems, Minneapolis, MN)
7. Human interleukin 4 (IL-4, R&D Systems)
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8. 100-mm sterile tissue culture plate (Fisher Scientific, Pitts-
burgh, PA)

9. T75-cm2 sterile tissue culture flask (Fisher Scientific)
10. 50-ml sterile tubes (Fisher Scientific)
11. Fetal bovine serum (FBS, InvitroGen, Carlsbad, CA)
12. All anti-human monoclonal antibodies (Ab) used for flow

cytometry (HLA-A, B, C, HLA-DR, CD40, CD80, CD83,
CD3, CD14, CD16, CD19) are phycoerythrin (PE)-
conjugated (BD BioSciences, San Jose, CA)

2.2. Transduction
of Human Dendritic
Cells with
Ad5f35-ihCD40
and Activation with
Lipopolysaccharides
and AP1903
Dimerizer Drug

1. Ad5f35-ihCD40 (5×1012 vp/ml, produced in the Vector
core facility of Baylor College of Medicine, Houston, TX)

2. Ad5f35-Luciferase (Ad5f35-Luc) (5×1012 vp/ml, produced
in the Vector core facility of Baylor College of Medicine)

3. Lipopolysaccharides (LPS), cell culture tested, purified by
gel-filtration chromatography, γ-irradiated (Sigma Aldrich
Co, St. Louis, MO)

4. AP1903 (Alphora Research, Inc., Ontario, Canada)
5. 48-well flat bottom tissue culture plates (Fisher Scientific)
6. Teflon cell scrapers (Fisher Scientific)

2.3. Chemotaxis
Assay

1. Green-CMFDA cell tracker (Invitrogen)
2. Human CCL19 (R&D Systems)
3. 96-well Fluoroblock System with 8-μm pore size (BD Bio-

Sciences)
4. FLUOstar OPTIMA (BMG LABTECH GmbH, Offenburg,

Germany)

3. Methods

3.1. Generation
of Human DCs

DCs were generated from leukopaks obtained from Gulf Coast
Blood Center. Leukopaks are bags with approximately 50 ml of
human blood cells collected from normal peripheral blood by
automated apheresis procedure. Each leukopak contains a mix-
ture of monocytes, lymphocytes, platelets, plasma, and red blood
cells. All leukopacks used in this study were derived from healthy
donors (see Note 1).

1. Prewarm D-PBS and lymphoprep to room temperature.
2. Mix 50 ml of leukopak’s blood with 150 ml (3 volumes) of

D-PBS in a T75-cm2 culture flask.
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3. Layer 40 ml of blood-D-PBS mixture over 10 ml in a 50-ml
tube.

4. Spin cells for 30 min at 450 × g at room temperature with
the centrifuge’s brake set at “Off.”

5. Harvest peripheral blood mononuclear cell layer (PBMCs)
into two 50-ml tubes, and fill upto 50 ml of D-PBS in each
tube.

6. Centrifuge cells at 400 × g for 5 min at room temperature.
7. Loosen the pellets in each tube by finger-flicking. Resus-

pend cells in each tube in 25 ml of D-PBS and combine
cells in one 50-ml tube.

8. Centrifuge cells at 400 × g for 5 min at room temperature.
9. Count the cells and adjust cell concentration to 5×106

cells/ml in RPMI 1640 (serum free).
10. Transfer 10 ml of cells into 100-mm tissue culture plates.
11. Incubate cells for 2 h at 37

◦
C in a 5% CO2 incubator.

12. Wash away the non-adherent cells by rinsing the plates
three times with 10 ml/plate room temperature D-PBS (see
Note 2).

13. Replenish the plates with 10 ml of CellGenix DC Medium
supplemented with 800 U/ml GM-CSF and 500 U/ml of
IL-4 (see Note 3).

14. Culture cells for 5 or 6 days at 37
◦
C, 5% CO2 incubator.

Cytokine replenishing is not necessary.

3.2. Flow Cytometric
Analysis of Immature
DCs

DCs are harvested on day 5 of culture and analyzed for expres-
sion of DC markers, such as HLA-class I (HLA-A,B,C), HLA-
class-II (HLA-DR), CD40, CD80, and CD83. In addition, con-
tamination of the DC sample with CD3+ (T cells), CD19+ (B
cells), CD14+ (undifferentiated monocytes and macrophages),
and CD16+ (NK cells) is also analyzed (see Note 4).

1. Resuspend DCs in FACS buffer (D-PBS with 0.5%FBS) at
106 cells/ml.

2. Aliquot 50 μl of DCs into FACS tubes and keep them on ice.
3. Add 20 μl of each antibody into each tube. Incubate cells

for 30 min at 4
◦
C in the dark.

4. Add and mix 1 ml of FACS buffer to the cells.
5. Centrifuge DCs at room temperature at 400 × g for 5 min.
6. Remove the supernatants and reconstitute cell pellets in

400 μl of FACS buffer.
7. Perform flow cytometric analysis.

An example of typical flow cytometry data on immature DCs
harvested on day 5 of culture is shown in Fig. 5.1.
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Fig. 5.1. Phenotype of immature DCs cultured for 5 days with GM-CSF and IL-4. Expression of CD40, CD80, and CD83
maturation markers and purity of the cells (CD3+, CD14+, CD16+, and CD19+ contaminating cells) were assessed by
flow cytometry.

3.3. Transduction
of Human Dendritic
Cells with
Ad5f35-ihCD40 and
Activation with LPS
and AP1903
Dimerizer Drug

1. Harvest immature DCs on day 5 or 6 by gentle resuspension
(see Note 5) with a 10-ml serological pipette.

2. To remove remaining adherent cells, add 5 ml of cold D-PBS
and incubate plates for 15 min at +4◦C.

3. Combine all the cells in 50 ml tubes and centrifuge them at
400 × g for 5 min at room temperature.

4. Discard the supernatants, loosen pellets by finger-flicking,
and add 10 ml of CellGenix DC medium.

5. Perform cell count and adjust the cell concentration to 2 ×
106 cells/ml in CellGenix DC medium supplemented with
800 U/ml GM-CSF and 500 U/ml of IL-4.

6. Aliquot 250 μl of the cell suspension into each well of
48-well plate and add the 10,000 VP/cell (160 MOI) of
Ad5f35-ihCD40 or control adenovirus. Incubate cells with
the virus for 2 h at 37

◦
C in a 5% CO2 incubator.

7. Add 750 μl (containing 800 U/ml GM-CSF and 500 U/ml
of IL-4) into each well. Activate DCs with 1 μg/ml LPS and
1, 10, 50, 100, and 300 nM AP1903. Experimental groups
are described in Table 5.1.

3.4. Chemotaxis
Assay

Chemotaxis of DCs is measured in duplicates by migration
through a polycarbonate filter with 8-μm pore size in 96-
multiwell HTS Fluoroblok plates.
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Table 5.1
Experimental conditions

Mock

1 nM AP1903
10 nM AP1903

50 nM AP1903
100 nM AP1903

300 nM AP1903
LPS

Ad5f35-ihCD40
Ad5f35-ihCD40+LPS

Ad5f35-ihCD40+1 nM AP1903
Ad5f35-ihCD40+10 nM AP1903

Ad5f35-ihCD40+50 nM AP1903
Ad5f35-ihCD40+100 nM AP1903

Ad5f35-ihCD40+300 nM AP1903
Ad5f35-ihCD40+1 nM AP1903+LPS

Ad5f35-ihCD40+10 nM AP1903+LPS
Ad5f35-ihCD40+50 nM AP1903+LPS

Ad5f35-ihCD40+100 nM AP1903+LPS
Ad5f35-ihCD40+300 nM AP1903+LPS

Ad5f35-Luc+100 nM AP1903+LPS

1. DCs are harvested after approximately 20 h incubation
with activation stimuli.

2. 4 mM CM-FDA staining solution is added and gently
resuspended with cells.

3. Incubate DCs for 30 min at 37◦C and 5% CO2. (see
Note 6).

4. Vigorously pipette the cells up and down in the well and
then transfer into a sterile 15-ml tube. To remove remain-
ing adherent cells, scrape them using Teflon scraper.

5. Wash DCs three times in 10 ml of 1× D-PBS.
6. Perform cell count and resuspend cells in CellGenix DC

medium supplemented with 800 U/ml GM-CSF and 500
U/ml IL-4 at 106 cells/ml.

7. Fill the inserts with 50 μl (50,000 cells) of DCs (see
Note 7).
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8. Carefully load 250 μl of pre-warmed DC medium contain-
ing 100 ng/ml CCL19 or assay medium alone (as a control
for spontaneous migration) into the lower chamber.
Incubate cells for 1.5–2 h at 37◦C and 5% CO2.

9. Measure the fluorescence of cells migrated through the
microporous membrane, using the FLUOstar OPTIMA
reader with excitation 485 nm and emission 520 nm. (see
Note 8)

10. The mean fluorescence of spontaneously migrated cells is
subtracted from the total number of migrated cells toward
CCL19 for each condition. Typical results are presented on
Fig. 5.2.

Fig. 5.2. AP1903-dependent migration of human DCs. Chemotaxis of DCs was mea-
sured by migration through a polycarbonate filter with 8-μm pore size in 96-multiwell
HTS Fluoroblok plates. AP: AP1903, Luc: Ad5f35-Luciferase, iCD40: Ad5f35-ihCD40.

4. Notes

1. All leukopaks are routinely tested in Gulf Coast Blood Cen-
ter for HIV, hepatitis B and C, HTLV, and syphilis.

2. Cells of healthy donors adhere very well to plastic within
2-h incubation. Therefore, use 10-ml serological pipettes for
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washing away non-adherent cells and directly pipette D-PBS
on a cell layer.

3. GM-CSF from R&D Systems could be substituted with
leukine or sargramostim (GM-CSF) from Bayer Healthcare.
800 U/ml of leukine is used for DC differentiation.

4. The expression of DC markers (CD40, CD80, CD83, HLA-
A, HLA-B, HLA-C, and HLA-DR) is measured on DC
population gated on side and forward scatter dot plot. The
expression of CD3, CD14, CD16, and CD19 is evaluated
on all the cells. Typically, the percentage of contaminating
monocytes/macrophages, T, B-lymphocytes, and NK cells
does not exceed 30% of total cells.

5. Typically, DC yield from one leukopak is approximately
10–20 × 106.

6. Observe cell staining under a fluorescence microscope using
FITC filter. Majority of the cells should be green after
30-min incubation with CM-FDA.

7. Handle all inserts under aseptic conditions. Use pre-warmed
media to prevent cell shock. Fill the inserts with cells before
filling the bottom wells with media. This prevents bubbles
from getting trapped underneath the insert. The lower wells
can be filled through the sample port using a multi-channel
pipette.

8. Fluorescence signal is measured directly on the bottom of
the wells.
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Chapter 6

Differentiation of Human Embryonic Stem Cells
into Hematopoietic Cells In Vitro

Eun-Mi Kim and Nicholas Zavazava

Abstract

The ability of embryonic stem cells (ES) cells to form cells and tissues from all three germ layers can
be exploited to generate cells that can be used to treat diseases. In particular, successful generation
of hematopoietic cells from ES cells could provide safer and less immunogenic cells than bone cells,
obviating the need for severe host preconditioning when transplanted across major histocompatibility
complex barriers. To generate hematopoietic stem cells, protocols utilizing embryoid body (EB)-induced
differentiation of human ES (hES) cells have been applied in the authors’ laboratory. While this protocol
results in targeted differentiation into hematopoietic cells, much remains to be done to improve these
methods and make them more efficient.

Key words: Human embryonic stem cells, embryonic body, differentiation, hematopoiesis, stromal
cell lines.

1. Introduction

Pluripotent hES cells can provide new opportunities for devel-
oping and establishing new treatments, including the induction
of transplantation tolerance, because of their unique character-
istics: lack of MHC antigens, poor expression of co-stimulatory
molecules, and lack of T cells that can trigger graft-versus-host
reaction (1–3). Bone marrow, umbilical cord blood, and mobi-
lized peripheral blood are sources of hematopoietic cells, the
application of which is hampered by the need for human leuko-
cyte antigen matching. In contrast, because of their low degree
of immunogenicity and high propensity to proliferate, embryonic

P. Yotnda (ed.), Immunotherapy of Cancer, Methods in Molecular Biology 651,
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stem (ES) cells have emerged as a likely and more suitable alter-
native cell source for generating hematopoietic cells (4–11). For
these reasons, ES cell-derived HPCs are an appealing source of
hematopoietic therapies.

In recent years, a number of protocols have been successfully
developed to coerce hES cells) to differentiate into hematopoi-
etic cells (4, 5, 8, 10, 12–14). They can aggregate into clusters
known as embryoid bodies (EBs), characterized by the presence
of all the three germ layers (4, 9, 11, 15–18). The EB-induced
differentiation of hES cells can generate hematopoietic progeni-
tor cells (HPCs), which can be enhanced by mesoderm inducer
bone morphogenetic protein-4 (BMP4) and other hematopoietic
cytokines (14). Co-culture of hES cells with stromal cell lines such
as S17, OP9, and fetal liver-derived stromal cells has also success-
fully induced hematopoietic cell differentiation (5, 8, 16, 19–21).
We will describe the method that has been successfully applied
in our laboratory to obtain hES cells-derived HPCs: uniformed
EB-induced differentiation-based derivation of HPCs.

2. Materials

2.1. Generation of
Primary Mouse
Embryonic
Fibroblasts (MEF)

1. E13.5–14.5 pregnant female mice.
2. Dulbecco’s phosphate buffered saline (D-PBS) without

CaCl2 and MgCl2.
3. MEF medium: combine Dulbecco’s modified eagle’s

medium (DMEM), 10% heat-inactivated fetal bovine
serum, 1% penicillin–streptomycin antibiotics, and 1×
sodium pyruvate. Sterilize by passing through the filter and
store at 4◦C.

4. Cryopreservation medium: combine 5 ml of dimethyl sul-
foxide (DMSO) and 45 ml of heat-inactivated FBS. Steril-
ize by passing through the filter and store at 4◦C.

5. 0.25% Trypsin-EDTA (ethylenediaminetetraacetic acid).
6. 70-μm cell strainer.
7. Dissecting scissors and forceps.
8. Sterile culture dish.
9. Sterile disposable 10-ml glass pipette.

10. 15- and 50-ml conical centrifuge tubes.
11. 1.5-ml Cryovial.
12. 37◦C, 5% CO2 humidified incubator.
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13. Inverted tissue culture microscope with phase contrast
microscope (×10, × 20, and × 40 objectives).

14. Refrigerated centrifuge.
15. Biosafety cabinet with aspirator for tissue culture.
16. 37◦C water bath.
17. Gamma irradiator (137Cs).

2.2. Culture of
Human Embryonic
Stem Cells

1. 0.1% Gelatin: dissolve 0.5 g of the gelatin in 500 ml dis-
tilled water. Sterilize by autoclave and store up to 6 months
at room temperature.

2. Basic fibroblast growth factor (bFGF, 10 μg/ml): dissolve
10 μg of bFGF in 1 ml D-PBS containing 0.1% bovine
serum albumin (BSA) and store at –20◦C until use.

3. hES cells medium: Mix 100 ml knockout serum replace-
ment (Invitrogen, cat. no. 10828-028), 2.5 ml Gluta-
Max (Invitrogen, cat. no. 35050-061), 5 ml non-essential
amino acids (100× NEAA, Invitrogen, cat. no. 11140-
050), 3.5 μl 2-mercaptoethanol, 5 ml penicillin and strep-
tomycin (100×), and 500 μl of bFGF (10 μg/ml). Fill
up to 500 ml with DMEM/F12 (Invitrogen, cat. no.
11330-057), and filter the medium with a bottle-top
0.22 μm filter. Store at 4◦C for 2 week.

4. 1 mg/ml Collagenase solution: dissolve 50 mg of Colla-
genase type IV (Invitrogen, cat. no. 17104-019) in 50 ml
DMEM-F12 and filter using a 0.22-μm filter. Store at 4◦C
for up to 14 days.

5. 0.05% Trypsin-EDTA.
6. 6-well tissue culture plates.
7. 5- and 10-ml sterile glass serological pipettes.
8. 15- and 50-ml conical centrifuge tubes.
9. 0.22-μm bottle-top filter (500 ml).

2.3. In Vitro
Differentiation of ES
Cells into HPCs

1. EB medium: mix 100 ml Knockout serum replacement,
2.5 ml GlutaMax, 5 ml non-essential amino acids, 3.5 μl
2-mercaptoethanol, 5 ml penicillin–streptomycin (100×).
Fill up to 500 ml with DMEM/F12. Filter the medium
with a 0.22-μm bottle-top filter and store at 4◦C for
1 month.

2. Differentiation medium: Mix 50 ng/ml bone morpho-
genetic protein 4 (BMP-4), 300 ng/ml stem cell factor
(SCF), 10 ng/ml IL-3, 10 ng/ml IL-6, 50 ng/ml G-CSF,
and 300 ng/ml Flt3 ligand in EB medium.

3. Recombinant human stem cell factor (R&D, cat. no. 255-
SC), Flt3 ligand (R&D, cat. no. 308-FK), BMP-4 (R&D,
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cat. no. 314-BP), IL-3 (R&D, cat. no. 203-IL), and IL-6
(R&D, cat. no. 206-IL): reconstitute lyophilized powders
at 10 μg/ml in sterile DPBS containing 0.1% BSA and
store in 50-μl aliquots at –80◦C (store thawed aliquots for
1–2 weeks at 4◦C).

4. Recombinant human G-CSF (Amgen, cat. no. 3105100):
Store in 50-μl aliquots at –80◦C. Store thawed aliquots no
longer than 3 months at –20◦C and thawed aliquots for
1–2 weeks at 4◦C.

5. AggreWellTM 400 plates (STEMCELL Technologies, cat.
no. 27845).

6. Y-27632 ROCK inhibitor (Calbiochem, cat. no. 688000).
7. TrypLETM Express (Invitrogen, cat. no. 12604).
8. 6-well ultra-low adherence plate (STEMCELL Technolo-

gies, cat. no. 27145).
9. 40-μm cell strainer.

10. MACS buffer (Miltenyi Biotec, cat. no. 130-091-221).
11. CD34 MultiSort Microbeads (Miltenyi Biotec, cat. no.

130-056-701).

3. Methods

3.1. Generation of
Primary Mouse
Embryonic
Fibroblasts

3.1.1. Isolation of
Primary Mouse
Embryonic Fibroblast

1. Sacrifice an E13.5-14.5 pregnant female mouse by carbon-
dioxide asphyxiation.

2. Swab it with 70% ethanol, lay it on its back, and make a fine
incision to expose the abdominal cavity carefully.

3. Locate the uterine horns and carefully dissect them out into
a sterile 10-cm sterile tissue culture dish containing 1×
PBS. Wash the uterine horns carefully and transfer them
into a second sterile tissue culture dish containing 1× PBS:
Use only serological pipettes.

4. Dissect out the uterine horns and remove all of the
embryos along with the embryonic sacs. Gently remove the
embryos from the embryonic sacs and transfer all of the
embryos into another sterile tissue culture dish containing
1× PBS and wash three times with 10 ml PBS.
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5. Decapitate each embryo and remove all of its limbs and per-
form evisceration under a dissecting microscope to remove
various internal organs.

6. Transfer the remainder of the embryo into a sterile tissue
culture dish and finely mince it using sharp surgical blade.
Add 0.25% Trypsin-EDTA to completely cover the minced
tissue.

7. Incubate the contents at 37◦C for 15 min 2–3 times and
pass the cell suspension through a 40-μm cell strainer to
remove the undigested tissue chunks. Add DMEM con-
taining 10% FBS to neutralize trypsin activity.

8. Centrifuge at 300 × g for 10 min at 4◦C. Discard the
supernatant and resuspend the cell pellet in 50 ml of
DMEM supplemented with 10% FBS and 1% penicillin–
streptomycin.

9. Plate the cells into the same number of 100-mm dishes as
the number of fetuses used and culture until confluent.

3.1.2. Harvest Mouse
Embryonic Fibroblast
(MEFs) and Freeze

1. Wash the mouse embryonic fibroblast (MEF) cells in each
dish with 5 ml PBS.

2. Add 3 ml 0.25% Trypsin-EDTA solution to the dishes and
incubate cells for 3 min.

3. Add 5 ml MEF culture medium to each dish and mix well
with Trypsin-EDTA solution to neutralize.

4. Transfer the cells to a 50-ml conical tube and centrifuge
the suspension at 300 × g for 5 min.

5. Aspirate the supernatant and resuspend the cell pellet with
1 ml cryopreservation medium.

6. Add 1 ml of cell suspension to 1.5-ml cryovial.
7. Immediately freeze the cells in –80◦C freezer.

3.1.3. Mouse Embryonic
Fibroblasts Culture and
Propagation

1. Thaw one vial of MEFs quickly in 37◦C water bath and
transfer the thawed cell suspension to a 50-ml conical tube
containing 10 ml of MEF medium.

2. Centrifuge the cells at 300 × g for 5 min and remove the
supernatant by aspiration.

3. Resuspend the cell pellet in 50 ml of MEF medium and
plate into five 100-mm culture dishes not coated with
gelatin.

4. Culture the cells in a 37◦C, 5% CO2 humidified incubator
for 2–3 days. Monitor cell density daily.

5. When the cells reach about 80% confluence, wash each dish
with 5 ml PBS and trypsinize the cells for 3 min at 37◦C
with 2 ml of Trypsin-EDTA solution.
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6. Harvest and transfer the cells to a 50-ml conical tube con-
taining 10 ml of MEF medium. Centrifuge at 300 × g for
5 min and remove the supernatant by aspiration.

7. Resuspend the cell pellet in 50 ml of MEF medium and
split the cells into twenty-five 100-mm culture dishes con-
taining 8 ml of MEF medium.

8. Repeat steps 4–6.
9. Resuspend cell pellet in 20 ml of MEF medium and count

the cells then transfer calculated amount of cells to a 15-ml
conical tube. (see Note 2).

10. Irradiate the cells with 3000 rads of gamma irradiation,
then centrifuge at 300 × g for 5 min, and remove the super-
natant by aspiration.

11. Resuspend the cell pellet at 2×106 cells/ml with freezing
medium and aliquot cells into cryovials, then keep at –80◦C
freezer.

3.2. Culture of
Human Embryonic
Stem Cells (hES
Cells)

3.2.1. Gelatin Coating of
Tissue Culture Plate

1. Add 2 ml of 0.1% gelatin solution to each well of the 6-well
plate.

2. Leave the 6-well plate at room temperature for 30 min.
3. Remove the gelatin solution and wash the plate with PBS.

3.2.2. Preparation of
MEFs Feeder Plate

1. Prepare 0.1% gelatin-coated 6-well plate.
2. Thaw one vial (2×106cells) of irradiated MEFs by swirling

in 37◦C water bath (see Note 3).
3. Transfer the MEFs into 15-ml conical tube containing 4 ml

prewarmed MEF medium.
4. Centrifuge the cells at 300 × g for 5 min and remove the

supernatant.
5. Resuspend the MEFs in 12 ml MEF medium and add 1 ml of

MEF suspension to each well of the 6-well plate containing
1 ml fresh MEF medium per well.

6. Incubate the cells in a 37◦C, 5% CO2 humidified incubator
for 24 h.

3.2.3. Maintenance of
Human Embryonic Stem
Cells

1. Thaw one vial of H13 hES cells quickly in 37◦C water
bath and transfer the thawed cells to a 15-ml conical tube
containing hES cell medium.

2. Centrifuge the cells at 200 × g for 5 min and remove the
supernatant by aspiration.
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3. Resuspend the hES cells in 6 ml of hES cell medium.
4. Aspirate the medium from a MEFs feeder plate and add

1 ml hES medium to each well of the 6 well plate contain-
ing MEF cells.

5. Add 1 ml of hES cells to each well of the MEFs feeder
plate.

6. Incubate the cells in a 37◦C, 5% CO2 humidified incubator.
7. Refresh the hES cell culture medium daily.
8. After 5–7 days, aspirate the hES cell culture medium from

hES cells plate.
9. Add 1 ml Collagenase solution (1 mg/ml) to each well and

incubate for 5 min at 37◦C (see Note 4).
10. When the cells have began to peel up, aspirate the Colla-

genase solution with a Pasteur pipette, without disturbing
the attached cell layer.

11. Add 2 ml of hES cell culture medium to each well.
12. Hold a 5-ml pipette perpendicular to the surface of plate

and gently scrape the surface of the plate while pipetting
up and down (be careful not to create bubbles).

13. Transfer the hES cells into the 15-ml conical tube and sus-
pend the cells gently to separate cell colonies.

14. Centrifuge the hES cells at 200 × g for 5 min and aspi-
rate the MEF culture medium from a 6-well feeder plate
containing the irradiated MEFs (1×106 cells/plate).

15. Add 1 ml of hES cells culture medium to each well.
16. Aspirate the supernatant from the hES cells pellet and

resuspend the pellet with 6 ml of hES cells culture medium.
17. Add 1 ml of the cell suspension drop-wise to each well to

ensure even distribution.
18. Incubate the cells overnight in a 37◦C, 5% CO2 humidified

incubator to allow colonies to attach.
19. Refresh the hES cell culture medium daily and keep undif-

ferentiated hES cells (Fig. 6.1).

3.3. In Vitro
Differentiation of hES
Cells into HPCs
(Hematopoietic
Progenitor Cells)

3.3.1. Formation of EBs 1. Culture the undifferentiated hES cells in 6-well plates until
70–80% confluence is reached.

2. Aspirate the medium and rinse the cells once with 2 ml
of PBS.
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Fig. 6.1. hES cells expanded prior to differentiation form colonies and retain stem cell
marker expression. (A) Mouse embryonic fibroblasts. (B) Phase contrast image of hES
cells (H13). (C), (D) Immunofluorescent image of hES cells stained for Oct4 and SSEA-4
indicate that they retain an undifferentiated phenotype.

3. Add 0.75 ml of prewarmed 0.05% Trypsin-EDTA to each
well and incubate at 37◦C for 2 min.

4. Gently pipette the cell suspension 2–3 times with a sero-
logical pipette.

5. Transfer the cells to a 15-ml conical tube.
6. Centrifuge the cells at 300 × g for 5 min at room temper-

ature. Aspirate the supernatant and resuspend the pellet in
2 ml of EB medium.

7. Count viable cells using trypan blue.
8. Prepare the AggreWellTM 400 plate (Fig. 6.2A) (see

Note 5).
9. Rinse each well to be used with 1 ml of DMEM/F12 and

aspirate the medium.
10. Add 1 ml of EB formation medium per well of an

AggreWellTM 400 plate.
11. Centrifuge the AggreWellTM 400 plate at 3000 × g for

2 min in a swinging bucket rotor.
12. Add 1.2×106 cells to each well of AggreWellTM 400 plate

to a final volume of 2 ml of EB medium.
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Fig. 6.2. Generation of uniformed embryoid bodies (EBs). (A) Picture of AggreWellTM

400 plates contains microwells to make uniform cell aggregates. (B) EBs formed using
AggreWellTM 400 plates have a uniform shape on day 1. (C, D) Morphology of EBs on
day 1 and 8, respectively.

13. Add Y-27632 ROCK inhibitor to a final concentration of
10 μM to enhance cell survival during EB formation.

14. Centrifuge the AggreWellTM 400 plate at 100 × g for
3 min to capture the cells in the microwells.

15. Incubate the cells in a 37◦C, 5% CO2 humidified incubator
for 24 h.

3.3.2. EB-Derived
Hematopoietic
Differentiation

1. Harvest the EBs by gently pipetting up and down three
times.

2. Pass the EBs suspension through an inverted 40-μm cell
strainer on top of a 50-ml conical tube to remove single
cells. The aggregates will remain on top of the inverted cell
strainer.

3. Turn the cell strainer right-side up over a fresh 50-ml con-
ical tube and collect the aggregates by washing with 5 ml
of EB medium.

4. Allow the EBs to settle to the bottom of a 50-ml conical
tube by leaving them undisturbed for 5 min at room tem-
perature.



98 Kim and Zavazava

5. Carefully remove the medium and replace with 4 ml of
EB medium supplemented with SCF, Flt3L, IL-3, IL-6,
G-CSF, and BMP-4.

6. Transfer the EBs to one well of the low attachment 6-well
plates and incubate in a 37◦C, 5% CO2 humidified incuba-
tor (Fig. 6.2B–D).

7. Change the EB medium containing SCF, Flt3L, IL-3, IL-
6, G-CSF, and BMP-4 every 4–5 days.

8. After 15 days to 18 days, transfer the EBs to a 15-ml conical
tube.

9. Centrifuge the EBs at 200 × g for 3 min and aspirate the
supernatant.

10. Wash the EBs with PBS to remove differentiation medium
and centrifuge the EBs at 200 × g for 3 min and aspirate
the supernatant.

11. Add 2 ml of TrypLETM Express and place tube for 15 min
in a 37◦C water bath.

12. After incubation in TrypLETM Express, gently dissociate
the cells by passing the EBs three times through a 23-G
needle attached to a 1-ml syringe. As the EBs breaks
apart and dissociate into single cells, the solution becomes
cloudy.

13. Add 5 ml of differentiation medium without cytokines to
tube to dilute the TrypLETM Express.

14. Centrifuge the cells at 400 × g for 5 min and aspirate the
supernatant.

15. Add 5 ml PBS and suspend the cells and filter through a
sterile 40-μm cell strainer.

16. Centrifuge the cells for 5 min at 400 × g and aspirate the
supernatant and re-suspend the cells with PBS.

17. Count viable cells by trypan blue exclusion using a hemacy-
tometer and resuspend in the buffer or medium for analysis
(FACS anaysis, CFU assay, in vivo transplantation).

3.3.3. Isolation of
CD34+ HPCs

1. Harvest the differentiated cells and transfer them to a 15 ml
conical tube.

2. Centrifuge the cells at 400 × g for 5 min.
3. Aspirate the supernatant and resuspend the cells in 300 μl

of MACS buffer.
4. Add 100 μl of FcR blocking reagent and 100 μl of CD34

MultiSort Microbeads.
5. Mix well and incubate the cells for 30 min at 4◦C.
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6. Wash the cells by adding 1 ml MACS buffer and cen-
trifuge the cells at 300 × g for 2 min. Discard the super-
natant and resuspend the cell pellet in 500 μl MACS
buffer.

7. Assemble the MS column and prepare column by rinsing
with 500 μl MACS buffer.

8. Apply the cell suspension onto the column and wash the
column with 2 ml MACS buffer.

9. Remove the column from MACS and place it on a 15 ml
tube and add 3 ml MACS buffer into the column.

10. Flush out the magnetically labeled cells by firmly pushing
the plunger into the column and centrifuge at 400 × g for
5 min.

11. Aspirate the supernatant and resuspend the cells with PBS.
12. Count viable cells by trypan blue exclusion and resuspend

the cells in buffer or medium for analysis (FACS analysis
for purity, in vivo transplantation).

4. Notes

1. All procedures require sterilization facilities and a standard
cell culture workplace.

2. To ensure complete inactivation of the MEF cells, do not
exceed a density greater that 2×106 cells/plate.

3. The thawing procedure must be performed as quickly as
possible to ensure optimal cells recovery.

4. Do not use old Collagenase solution and do not incubate
the cells in Collagenase solution over 15 min.

5. AggreWellTM 400 plates contain microwells, which can
be used to aggregate hES cells. EBs generated using
AggreWellTM 400 plate are consistent in size and
shape.
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Chapter 7

Gene Therapy to Improve Migration of T Cells
to the Tumor Site

Antonio Di Stasi, Biagio De Angelis, and Barbara Savoldo

Abstract

One requirement for anti-tumor T cells to be effective is their successful traffic to tumor sites. Trafficking
of T cells to lymphoid organs and peripheral tissues is a multistage process. Soluble and tissue-bonded
chemokines interacting with chemokine receptors expressed by T lymphocytes certainly play a pivotal
role in determining migration under physiologic conditions and during inflammation. Therefore a match
between the chemokines the tumor produces and the chemokine receptors the effector T cells express
is required. Since chemokine produced by the targeted tumor may not match the subset of chemokine
receptors expressed by T cells, gene therapy can be used to force the expression of the specific chemokine
receptor by effector T cells so that the anti-tumor activity of adoptively transferred anti-tumor T cells is
maximized.

Key words: Chemokine, chemokine receptor, T cells, migration assay.

1. Introduction

1.1. Chemokines
and Migration

Chemokines are small proteins (8–10 kDa) with chemoattrac-
tant properties (1). They are divided into four groups (C, CC,
CXC, and CX3C), according to the number and the spacing
of the first two cysteine residues in the amino-terminal part
of the protein. Their effects are exerted through the binding
of seven-transmembrane domain G protein-coupled receptors
(7TM-GPCR). Chemokines play critical role in regulating home-
ostatic trafficking and inflammatory responses of hematopoietic
stem cells, lymphocytes, and dendritic cells (2). In addition,
chemokines are implicated in promoting autocrine or paracrine
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growth of cancer cells, in regulating angiogenesis, cancer cell inva-
sion, and metastasis, and in supporting immune cells infiltration
into tumors (3).

1.1.1. Migration
of Immune Cells from
the Circulation

Cells circulating in the blood flow exit the vasculature at post-
capillary venules, after an initially loose attach (tether) and roll
on endothelial cells (recruitment stage, step 1). This first step is
mediated through the interaction of homing receptors present
on the surface of T cells (mostly selectins but also some inte-
grins) with their respective ligands expressed on endothelial cells,
and allows cells to be exposed to chemical signals (step 2, up-
regulation of adhesive capabilities) consisting of chemokines,
cytokines, inflammatory lipid mediators, complement proteins
such as C3a and C5a, and microbial products. This interac-
tion results in the activation-dependent up-regulation of integrin
adhesive capabilities, with arrest (step 3, firm arrest) and then exit
of the circulating cell from the vasculature into tissue(s) (step 4,
transmigration) (4).

1.1.2. Migration of
Immune Cells to Tumors

Tumors develop when transformed cells evade the surveillance of
the immune system (5). Although the majority of tumors con-
tain immune cells, their presence is not sufficient to control can-
cer cells growth and/or spread (6). Predominant cell types at
tumor sites are macrophages and lymphocytes. In some cancers
the presence of natural killer cells, eosinophils, granulocytes, and
B cells has been reported (7). Chemokines are critical players in
causing infiltration by immune cells. Their role can be dual, as
they can favor the infiltration of effector T cells or induce migra-
tion of cells that create a favorable environment for the tumor.
Chemokines that promote recruitment of Th1 cells are small
inducible cytokine A4 (MIP-1-beta), interferon inducible pro-
tein 10 (IP-10), Rantes, MIP-1 alfa, and MCP-1 (8–11). How-
ever, many chemokines can be produced by the tumor itself to
escape immune surveillance (12). For instance, the chemokine
CCL2 attracts type II (or M2) polarized macrophages (tumor-
associated macrophages, TAM) with primarily pro-tumor func-
tions, as they produce factors promoting angiogenesis and impair-
ing NF-kB inflammatory pathways, and inhibitory cytokines, such
as IL-10 and PGE-2 (13, 14). In addition, TAMs produce other
chemokines such as CCL18 (15), which recruit naïve T cells
that become anergic because of the presence of M2 and imma-
ture dendritic cells (DC), and CCL17 and CCL22, which attract
CCR4+ expressed on Th2 and regulatory T cells (Treg cells),
which provide another immunoevasion strategy (16). CCL17 and
CCL22 can be produced by the tumor itself (for example, by
Reed-Sternberg cells in Hodgkin lymphoma) to attract CCR4+

Th2, Treg cells as well as monocytes (17).
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1.2. Significance of
Studying Migration
and Chemoattraction

The development of in vitro and in vivo assays to study cell migra-
tion can help in better understanding the physiological mech-
anisms involved in cells migration and define the components
implicated in the process. For oncological applications, character-
izing the interactions between chemokines and chemokine recep-
tors offers the opportunity to improve the homing of effec-
tor T cells to the tumor side, by chemokine receptor genetic
modification. An example of this application is presented in this
chapter where Hodgkin lymphoma (HL) is used as a model.
Indeed, this tumor generates a chemokine milieu that signifi-
cantly influences which T-cell subtypes traffic to and accumulate
in the tumor (17, 18). For instance, Reed-Stemberg cells pro-
duce the chemokines TARC/CCL17 and MDC/CCL22 that
attract Th2 cells and Tregs, which express CCR4, the receptor
for these chemokines (17, 19–22). In contrast, CD8+ effector
T cells, which lack CCR4 expression, are rarely detected within
HL tumors, a result likely attributable to an incompatible match
between the chemokines secreted by the tumor cells and the
chemokine receptors expressed by the effector T cells. The abun-
dance of Tregs (and Th2 cells) in tumors including HL can create
a hostile immune microenvironment by impairing the anti-tumor
activity of the few cytotoxic-effector T lymphocytes able to reach
the tumor site (23). Thus, increasing the number of cytototxic
T cells that efficiently reach the tumor site should enhance anti-
tumor responses. Here we describe how improved migration of
T cells at the tumor site can be studied using in vitro and in vivo
assays.

1.3. In Vitro
Evaluation of
Migration: Transwell
Migration Assay

Available techniques to examine in vitro migration have been
reviewed by Wilkinson et al. (24). Here we describe an in vitro
transwell migration assay protocol based on radioactive labeling
with 51Cr(25) to evaluate migration of T cells genetically mod-
ified to overexpress CCR4, the specific chemokine receptor for
TARC.

1.3.1. Filter-Based
Assay

Filter assays have been widely used by various authors since they
are of easy accessibility and execution (26). However, because the
cells cannot be observed in real time, any evidence of chemo-
taxis is indirect. The single-well Boyden chamber was first intro-
duced in 1962, but several modified versions have since been
developed. In Boyden’s initial experiments, a 150-μm thick, cel-
lulose ester membrane containing pores of 3-μm diameter was
used to separate two compartments (upper and lower) of a cham-
ber. A solution containing a potential chemoattractant was placed
in the lower compartment, and a leukocyte suspension was placed
in the upper compartment of the chamber, on top of the filter
membrane. Migration was measured by counting the leukocytes
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that had moved through the filter pores to the underside of the
membrane in response to presentation of the chemoattractant for
1–4 h at 37◦C. This system required large volumes of chemoat-
tractants and numbers of cells.

Polycarbonate filters are more commonly used today (27).
Unlike the cellulose, ester polycarbonate filters are thinner
(10 μm). The pores are holes punched by neutron bombardment
and the migration is dependent on a 2-D surface, whereas in cel-
lulose filters, the cells are moving through a 3-D matrix. Despite
this, the polycarbonate filter assays are more popular because
they are easy to run and automatized multi-well microplates are
now available, increasing the throughput of this procedure (28).
By precoating the filter with either monolayer of endothelial
cells (29), or extracellular matrix protein, or migration across an
endothelium into a fibrillar matrix, is possible to recreate more
physiological conditions.

1.3.2. Estimation
of Chemotaxis

To indirectly quantify the number of migrated cells through
microscope evaluation, cells can be labeled with fluorescent
dyes, such as BCECF-AM and calcein AM (30, 31). Migrated
cells can be more accurately quantified by simple counting or
using analytic techniques, such as radioactive labeling with 51Cr
(25), propidium-iodide-based laser scanning cytometry (32),
fluorescent-beads-based flow cytometric cell counting (33), or
firefly luciferase in a high-throughput assay (34).

1.4. In Vivo
Evaluation
of Migration

Some of the available techniques to examine cell trafficking are
based on cell labeling with tracing dyes (fluorescent dyes such
as CFSE (carboxyfluorescein diacetate), bromodeoxyuridine, or
radioisotopes). The major drawbacks of these techniques are the
cell toxicity mediated by the dye, and the labeling loss through
dilution during cell division (35, 36). To overcome such limita-
tions, reporter genes, such as green fluorescent proteins (GFP),
have been introduced (37). These optical markers allow examina-
tion of labeled cells by fluorescence microscopy and flow cytom-
etry. However for many of these techniques, tissue/cell isolation
is required, with no temporal information about dynamic cellular
processes. Optical imaging techniques can overcome this prob-
lem as mammalian tissues, while relatively opaque, permit trans-
mission of light in the visible and near infrared region of the
spectrum. The bioluminescence imaging (BI) (36) is an optical
imaging modality that detect externally light emitted from inter-
nal biological sources using a light-tight chamber equipped with a
cooled sensitive charge-coupled device (CCD) camera (for higher
sensitivity) and appropriate lenses (38). Here we describe the use
of BI to evaluate migration in vivo of T cells genetically modified
to overexpress CCR4, to the site of a tumor producing TARC.
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Other validated methods to study in vivo migration of cells have
been reviewed by Mandl et al. (36).

1.4.1. Bioluminescence
Imaging

Reporter genes that encode bioluminescent enzymes (e.g., Firefly
luciferase and Renilla luciferase) have been used as internal bio-
logical light sources. Since using two different substrates, they
can be used together to monitor two populations simultaneously
(i.e., effector and tumor cells) (39). The most frequently used
enzyme is Firefly luciferase (Photinus). This enzyme produces
light by catalyzing the oxidation of its small molecule substrate
luciferin D (luciferin (D-(–)-2-(60-hydroxy-20-benzo-thiazolyl)
thiazone-4-carbozylic acid) in an ATP-dependent process, with
the final release of oxyluciferin, AMP, and light. The reaction is
very energetically efficient: nearly all of the energy input into the
reaction is transformed into light. In the last few decades, many
luciferase genes have been isolated and used to build DNA vec-
tors (40). The advantages of genome integration of such reporter
genes are the possibility to carry on long-term studies and the
development of animal models of neoplastic diseases. A popular
device to measure bioluminescence is the IVIS R© Imaging Sys-
tem. Some of the characteristic of the IVIS system are tridimen-
sional spatial localization and co-registration with other imaging
modes (computerized tomography (CT), MRI, bioluminescence,
and fluorescent data simultaneously collected), ability to detect as
few as 50 cells in vivo (one cell in vitro), and combination of epi-
and trans-illumination for both superficial and deep tissue visual-
ization. A recent report described the molecular optimization of
firefly luciferase retroviral system to detect fewer than ten mouse
T cells in an immunocompetent mouse model of cancer using this
device (41).

2. Materials

2.1. Cell Lines
Culture

1. There are several HL-derived cell lines available that
produce the chemokine TARC. Examples are HDLM-2
and L-428 (German Collection of Cell Cultures, DMSZ,
Braunschweig, Germany). As negative control, an anaplas-
tic large cell lymphoma (ALCL)-derived cell line, Karpas-
299 (German Collection of Cell Cultures, DMSZ), that
does not produce TARC can be used. For experimental
purposes, this cell line has also been genetically engineered
to stably produce TARC by retroviral vector transduction
(42).

2. T25/T75 tissue culture-treated flasks (Corning Life
Sciences, Lowell, MA).
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3. RPMI-1640 medium (Hyclone, Logan, Utah) contain-
ing 10% fetal bovine serum (FBS, Hyclone) and 2 mM
L-glutamine (GIBCO-BRL, Gaithersburg, MD). Store at
4◦C. Warm at 37◦C before use.

4. Serum-free medium: AIM-V (GIBCO-BRL, Gaithersburg,
MD). Store at 4◦C. Warm at 37◦C before use.

2.2. Genetically
Modified Activated
T Cells

1. Peripheral blood mononuclear cells (PBMCs).
2. OKT3 (ortho-Biotech) 1 mg/ml (Bridgewater, NJ). Store

at 4◦C.
3. Purified Mouse Anti-Human CD28 1 mg/ml (BD

Pharmingen, San Diego, CA). Store at 4◦C.
4. Sterile water (Baxter Healthcare Corporation).
5. Recombinant human interleukin-2 (IL-2) (Chiron,

Emeryville, CA). Reconstitute in medium at 200 IU/μl.
Store at –80◦C in aliquots that can be used 5 or 6 times.

6. 24-well non-tissue culture-treated plates (BD Biosciences,
San Jose, CA).

7. 24-well tissue culture plate (BD Biosciences).
8. Recombinant fibronectin fragment (FN CH-296;

Retronectin; Takara Shuzo, Otsu, Japan). Reconstitute in
water at 1 mg/ml and store aliquots at –20◦C.

9. SFG-CCR4 retroviral supernatant (Vector Production
Facility, Baylor College, Houston, TX). Store at –80◦C in
appropriate aliquots (see Note 1).

10. T cells medium: 45% RPMI (Hyclone, Logan UT), 45%
Click’s (Irvine, Scientific, Santa Ana, CA), 10% FBS, and
2 mM Glutamine (Gibco-BRL, Gaithersburg MD). Store
at 4◦C. Warm at 37◦C before use.

11. Cell dissociation solution (Sigma-Aldrich, St Louis, MO).
Store at 4◦C.

12. IgG1-PE, IgG1-PerCP, CCR4-PE, CD8-PerCP, CD4-
APC antibodies (BD Bioscience, San Jose, CA).

2.3. Transwell
Migration Assay

1. 0.5-μm pore 24-well transwell plates (Corning Life Sciences,
Lowell, MA).

2. AIM V medium (Gibco-BRL). Store at 4◦C. Warm at 37◦C
before use.

3. Anti-human CCL17/TARC Antibody (R&D system, Min-
neapolis, MN). Reconstitute in DPBS (Gibco-BRL) at a
concentration of 0.1 mg/ml. Store aliquots at –20◦C to
–70◦C for 6 months. Avoid repeated freeze–thaw cycles.
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4. Mouse anti-human IgG1 (R&D system). Reconstitute in
DPBS (Gibco-BRL) at a concentration of 0.1 mg/ml. Store
aliquots at –20◦C. Avoid repeated freeze–thaw cycles.

2.4. Effector Cells
Radiolabeling

1. 51Cr (100 μcurie) (MP Biomedical, Solon, OH).
2. 1%-Triton X solution (Sigma).
3. Gamma counter Packard cobra quantum (Packard Instru-

ment Company, Downers Grove, IL).

2.5. In Vivo Imaging 1. SFG-eGFP-FFluciferase retroviral supernatant (Vector Pro-
duction Facility, Baylor College, Houston, TX). Store at
–80◦C in appropriate aliquots

2. Matrigel (BD Biosciences, San Jose, CA). Store at –20◦C.
Thaw on ice and keep it on ice when in use.

3. CB17/SCID mice (Harlan-Sprague, Indianapolis, IN).
4. IVIS R© Imaging System 100 Series equipment (Caliper Life

Sciences, Hopkinton, MA).
5. rhIL-2 (Teceleukin, Fisher Bioservices, Rockville, MD).

Reconstitute at 200 IU/μl and store at –80◦C.
6. D-luciferin, firefly, potassium salt, 1.0 g/vial (Caliper Life

Sciences, Hopkinton, MA). Reconstitute D-luciferin in PBS
w/o Mg2+ and Ca2+ at a concentration of 15 mg/ml, filter
sterilize through a 0.2–μm filter and store at –20◦C.

3. Methods

3.1. Generation and
Transduction of
Activated T Cells

1. On day 0, coat the appropriate amount of wells of a
24-well non-tissue culture treated plate with 0.5 ml of
water containing 1 μg/ml of OKT3 and 1 μg/ml of anti-
CD28 and incubate for 3–4 h at 37◦C.

2. Aspirate the antibody/solution and wash with 2 ml of com-
plete medium.

3. Resuspend PBMC at 0.5 ×106 ml−1 in T-cell medium, add
2 ml/well, and incubate at 37◦C, 5% CO2.

4. On day 1, remove 1 ml of medium and replace with fresh
T-cell medium containing rhIL-2 (100 U/ml).

5. On day 1, also, coat the required number of wells of a
non-tissue culture-treated 24-well plate, with retronectin
at a concentration of 7 μg/ml/well. Incubate at 4◦C for
16–24 h.
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6. On day 2 remove the retronectin-coated plate from 4◦C,
aspirate retronectin, and wash with medium.

7. Add 0.5 ml of SFG-CCR4 retroviral supernatant and incu-
bate for 20 min in the biosafety cabinet. Aspirate and add
another 0.5 ml of retroviral sup for 20 min.

8. Aspirate, add 1.5 ml of retroviral sup and add 0.5 ml of
T cells resuspended at the concentration of 1×106 ml−1

in complete medium containing rhIL-2 (100 IU/ml) (see
Note 2).

9. Spin plate at 1000 g for 20 min and incubate at 37◦C for
at least 48 h.

10. Two days after transduction, remove 1 ml of medium/sup
from each well.

11. Add 1 ml of eGFP-FFLuc supernatant to each well and
IL-2 (100 U/ml).

12. Spin plate at 1000 g for 20 min and incubate at 37◦C for
48 h.

13. After 48 h of incubation, collect cells from each well and
remove eventual adherent cells by using cell dissociation
medium.

14. Count cells (both transduced and NT), resuspend them at
the concentration of 0.5×106 ml−1 in complete medium
containing rhIL-2 (50 U/ ml), and aliquot 2 ml/well.

15. Feed cells every 3–4 days with medium containing rhIL-2
(50 U/ml). Once a week, collect cells, count them, and
replate them as described in Section 3.1, Step 11 until the
number of cells is sufficient to perform the assays described
below (Sections 3.2 and 3.3) is achieved.

3.2.
Immunophenotype

Assess transduction efficiency of T cells by FACS analysis.
1. Collect 1×106 of T cells and wash with PBS containing

1% FBS.
2. Aliquot 1×105 T cells/tube.
3. Add 5 μl (or as recommended by the manufacturer) of

appropriate antibodies combination to each tube:
control: isotype PE and isotype PerCP;
test tube: CCR4-PE and CD3-PerCP (or CD4-PerCP or
CD8-PerCP).

4. Incubate in the dark for 20 min (see Note 3).
5. Wash cells with PBS/1% FBS.
6. Analyze using FACScan (Becton Dickinson) equipped with

the filter set for triple fluorescence signals and cell quest soft-
ware (see Note 4).

The results of a representative transduction experiment are
shown in Fig. 7.1.
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Fig. 7.1. Panel A shows phenotypic analysis of T cells generated from one healthy donor and transduced with CCR4
retroviral vector. The histogram shows the expression of CCR4 in control (Non-Transduced, NT; dotted line) T cells and
in CCR4+ T lymphocytes (solid line). Surface expression of CCR4 was evaluated by FACS analysis. Panel B shows the
expression of CCR4, evaluated on CD4+ and CD8+ T cells, of NT T cells (gray bars) and CCR4+ T cells (black bars). Bars
represent the average ± standard deviation of T cells from 4 experiments. Panel C shows the expression of FF-lucifarese
of NT (upper plot) and CCR4+ (lower plot) T cells evaluated by FACS based on GFP expression.

3.3. Transwell
Migration Assay

3.3.1. Preparation of
Supernatant and of
Effector T Lymphocytes

1. Cell lines producing the chemokine of interest are kept in
culture in complete medium in T75 flasks. Cells should be
fed at least twice weekly, by removing half of the medium
and replacing it with fresh medium.

2. To perform the assay, culture the cell lines HDLM-2, L-428,
Karpas, and Karpas/TARC for 16 h in serum-free medium
(i.e., AIM V, to reduce the chemoattractant effect of protein
contained in the medium) at a concentration of 106 ml−1 in
T25 tissue culture-treated flasks (see Note 5).

3. Collect, count, and wash effector T cells in complete
medium. Label at least 2–3 × 106 cells (see Note 6).

4. Resuspend pelleted T cells by finger-flicking and perform
radiolabeling by adding 100 μCi of 51Cr in a radioactive
safety cabinet. Labeled cells are then incubated for 1 h
at 37◦C, gently resuspending cells by finger-flicking every
15 min (see Note 7).



112 Stasi, Angelis, and Savoldo

3.3.2. Lower Chamber
Preparation

1. Set up the same experimental condition for each set of effec-
tor cells, i.e., in this case NT – T cells and SFG-CCR4+ trans-
duced T cells (see Note 8).

2. Collect the supernatant, containing the chemokine of inter-
est, from the T25 flasks in a conical tube and spin at 400 g
for 5 min to remove residual cells.

3. Load the lower chamber with 500 μl of supernatant and
incubate at 37◦C while preparing effector cells. For example,
for this particular setting add the following:
a. HDLM-2 supernatant to two wells (one well for NT and

one well for CCR4+);
b. L-428 supernatant to two wells (one well for NT and one

well for CCR4+);
c. Karpas-299 supernatant to two wells (one well for NT

and one well for CCR4+),
d. Karpas-299/TARC supernatant to six wells (one well for

NT, one well for NT + isotype Ab, one well for NT +
anti-TACR Ab; one well for CCR4+, one well for CCR4+

T cells + Isotype Ab, one well for CCR4+ T cells + anti-
TACR Ab) (see Note 9).

4. Place 500 μl of the serum-free medium in one well as nega-
tive control (to measure random migration).

5. Place 400 μl of the serum-free medium in one well where
later T cells will be added (see Section 3.3.3, Step 3) (to
measure maximal migration).

3.3.3. Upper Chamber
Preparation

1. Wash 51Cr-labeled T lymphocytes by centrifugation at 400 g
for 5 min using 5 ml of complete medium; count cells after
the third wash, and then resuspend them at the concentra-
tion of 1×106 ml−1 in AIM-V medium.

2. Add 100 μl of T cells into appropriate transwell inserts
(upper compartment of the plate).

3. Add 100 μl of cells to the lower compartment of well con-
taining the 400 μl of medium (see Section 3.3.2, Step 5,
maximal migration).

4. Incubate the plates for 4–5 h at 37◦C, 5% CO2 (see
Note 10).

3.3.4. Collection of
Migrated Cells

1. After the incubation time, carefully remove the transwell
inserts.

2. Add 100 μL of 1% Triton X solution to lyse cells to release
the 51Cr from migrated cells.

3. Collect the content of the lower chamber (migrated cells)
and read using a gamma counter.
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3.3.5. Measurements
and Analysis of the
Results (see Note 11)

1. Measure 51Cr release for each specimen.
2. The chemotactic index is calculated by dividing the number

of migrated cells by the random migration in the presence of
medium only.

3. The percent of migration is calculated as follows: [cpm from
experimental supernatant (cells migrated in the lower cham-
ber) – cpm in the presence of medium only (random migra-
tion)]/[cpm of maximal migration – cpm of random migra-
tion] x 100.

The results of a representative migration experiment are
shown in Fig. 7.2.

K/TARC+
Isotype

K/TARC+
αTARC

HDLM-2 L428 K/wt

CCR4+ T cellsNT T cells

P
er

ce
nt

ag
e 

of
 m

ig
ra

tio
n

40

30

20

10

0

60

50

70

D+3 D+9D+6D0

NT
T cells

CCR4+

T cells

A

B

Fig. 7.2. Panel A shows the migration of NT (gray bars) and CCR4+ (black bars) T
cells toward TARC gradients, using the transwell migration assay in one representa-
tive donor (average ± standard deviation). T-cell migration was evaluated using culture
supernatants collect from the two HL-derived cell lines (HDLM-2 and L428) that physi-
ologically produce high amount of TARC, and from the Karpas-299 cell line genetically
modified to produce TARC (K/TARC). Unmodified Karpas-299 (K/wt) was used as a con-
trol. The panel shows that migration toward TARC is significantly improved if T cells are
genetically modified to overexpress CCR4 and that this improved migration of CCR4+ T
cells (black bars) is TARC-mediated as inhibited by addition of anti-TARC antibodies but
not by the addition of isotype control. Panel B shows the bioluminescence signal from
NT and CCR4+ T cells in a SCID mouse engrafted with TARC− tumor (K/wt) on the left
side and the TARC+ tumor (K/TARC) on the right side. While no significant expansion
of the bioluminescent signal was observed to either site of tumor in mice receiving NT
T cells (upper pictures), increase of bioluminescence was observed in mice receiving
CCR4+ T cells (lower pictures) only at the site of tumor-producing TARC.
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3.4. In Vivo Migration

3.4.1. In Vivo Tumor
Model

1. Sublethally irradiate (230 cGy) 6- to 8-week-old
CB17/SCID mice to oblate NK cells.

2. Inject subcutaneously (s.c.) 5 × 106 tumor cells resuspended
in 200 μL of matrigel. Karpas-299 (tumor cell that does
not produce TARC) can be injected on the left flank, while
Karpas-299 genetically modified to express TARC can be
injected on the right flank of the same animal (see Note 12
and Note 13).

3. When tumor is palpable (0.5 cm; 5–7 days later), inject intra-
venously via tail vein 10 × 106 FFluciferase+ T cells (control
group) or CCR4+FFluciferase+ T cells (experimental group)
(see Note 14).

4. Inject intraperitoneally (i.p.) IL-2 (500 U/mouse) three
times a week to sustain T cells’ expansion.

3.4.2. In Vivo Imaging
Assessment System

1. Anesthetize mice in a clear Plexiglas chamber filled with 2.5%
Isoflurane/air mixture (see Notes 15 and 16).

2. Inject D-luciferin intraperitoneally at a concentration of
150 mg/kg body weight (10 μl/g of body weight, i.e., for
mouse 100μL of the 15 mg/ml solution to deliver 1.5 mg
of D-luciferin) (see Notes 17 and 18).

3. Allow 10 min for D-luciferin distribution (see Note 19).
4. Place mice fully anesthetized in the light-tight cham-

ber (ensure isoflurane/air deliver through the nose cones
attached to the manifold).

5. Close the door of the chamber and begin acquisition using
the living image program on the computer screen.

6. Expose mice for appropriate time (ranging from 5 min to
<10 seconds, depending on the strength of signal). The
mice position may be dorsal or ventral depending on the
experiment. When the mice are turned from dorsal to ven-
tral (or vice versa) attention must be paid to any sign of
distress.

7. Select appropriate parameters, according to experimental
conditions, including filters (f/stop), binning, photography
(low f number and high diameter lens gives higher sensi-
tivity and uniform light collection), and field of view (see
Note 20).

8. After imaging is complete, mice are returned to their cages
where they should wake up quickly. However, in this phase
mice should be monitored for any possible sign of distress
(rare).
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9. Using the appropriate program analysis, draw a constant
region of interest (ROI) over the tumor regions and mea-
sure the intensity of the signal as total photon/sec/cm2/sr
(p/s/cm2/sr). The image data can be exported directly
on an excel worksheet for further analysis (see Notes 20
and 21).

Results of a representative migration experiment are shown in
Fig. 7.2.

4. Notes

1. Do not refreeze unused viral supernatant.
2. Keep some T cells as Non-Transduced (NT, control).

These cells will need to be plated at the same concentra-
tion in complete medium containing IL-2 (100 U/ml) in
a 24-well tissue culture-treated plate.

3. Room temperature is recommended when testing for
CCR4 chemokine receptor.

4. Assess for GFP using the FL-1 channel.
5. The production of chemokines can be tested for each cell

line to determine the types and amount of chemokine pro-
duced. Supernatant should be tested using commercially
available ELISA kits (R&D System or Peprotech).

6. To estimate the required number of cells, consider that
about 1×105 will be needed for each well of the transwell
plate. However, cells will be lost during cell washes so it
is recommended to start from ∼5×105 T cells for every
1×105 required.

7. Wear appropriate radio-protection equipment and moni-
tor the work area using a survey meter; label and dispose
of radioactive waste according to approved guidelines; per-
sonnel monitoring with thermoluminescence dosimetry is
recommended.

8. It is recommended that experiments are set in duplicate or
triplicate for each condition.

9. For the wells containing supernatant and antibodies (iso-
type antibody or chemoattractant blocking antibody) incu-
bate for at least 20 min prior the loading of the effector T
cells in the upper transwell compartment.

10. A time-course evaluation before setting up experiment is
required to evaluate the optimal period of incubation for a
particular set of experimental conditions.
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11. A different option to this protocol is to quantitate the
migrated cells by direct counting. In this case, you will
not need to label cells with 51Cr. In addition, it is recom-
mended to plate at least 1×106 cells in the upper compart-
ment. Then follow the alternative step in Section 3.3.4
Migrated cells collection: after incubation, carefully remove
the transwell inserts and collect the content of the lower
chamber making sure to collect all the migrated cells; count
viable cells after dilution with trypan blue. The percent of
migration is calculated as above (Section 3.3.5, Step 3)
using the cell number as the parameter.

12. Using this approach each mouse acts as a “self-control” for
unmodified and CCR4+ T cells.

13. Ensure that the two cell lines have comparable in vivo
growth.

14. Collect T cells and wash them with DPBS; then count and
resuspend them in DPBS in 200 μl final volume.

15. In vivo imaging assessment can be performed starting from
the day of lymphocyte injection and subsequently three
times a week.

16. A clear chamber allows unimpeded visual monitoring of
the animals, e.g., to easily determine if the animals are
breathing.

17. A D-luciferin kinetic study should be performed for each
animal model to determine peak signal time. Preferred site
for injection is the animal’s lower left abdominal quad-
rant. Mice can be manually restrained, dorsal recumbency
(abdomen side up), with cranial (head) end of animal
pointed down. Needle should be bevel-side up and slightly
angled when entering the abdominal cavity. Penetrate just
through abdominal wall (about 4–5 mm). The tip of the
needle should just penetrate the abdominal wall of the ani-
mal’s left lower abdominal quadrant.

18. Recommended needle size is 25 gauge (usually used with
1-cc syringe).

19. Ten minutes post-substrate administration, the D-luciferin
has been shown to distribute in saturation levels broadly to
tissues throughout the body and can cross the blood–brain
barrier and placental barrier (38).

20. Refer to IVIS manual and software for further information.
21. When using photon/sec/cm2/sr, measured signals are

automatically corrected for these variables; autofluorescent
background is automatically subtracted as well.
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Chapter 8

Gene Therapy to Improve Function of T Cells for Adoptive
Immunotherapy

Concetta Quintarelli, Barbara Savoldo, and Gianpietro Dotti

Abstract

Adoptive immunotherapy with cytotoxic T cells has shown promising clinical results in patients with
metastatic melanoma and post-transplant-associated viral infections. However, the antitumor effect of
adoptively transferred tumor-specific cytotoxic T lymphocytes (CTLs) is impaired by the limited capac-
ity of these cells to expand within the tumor microenvironment. Administration of interleukin 2 (IL-2)
has been used to overcome this limitation, but the systemic toxicity and the expansion of unwanted cells,
including regulatory T cells, limit the clinical value of this strategy. To discover whether transgenic expres-
sion of lymphokines by the CTLs themselves might overcome these limitations, we evaluated the effects
of transgenic expression of IL-2 and IL-15 in our model of Epstein-Barr Virus-specific CTLs (EBV-
CTLs). We found that transgenic expression of IL-2 or IL-15 increased the expansion of EBV-CTLs in
vitro and that these gene-modified EBV-CTL had enhanced antitumor activity, while maintaining their
antigen-specificity. Although the proliferation of these cytokine gene transduced CTLs remained strictly
antigen dependent, clinical application of this approach likely requires the inclusion of a suicide gene
to deal with the potential development of T-cell mutants with autonomous growth. We found that the
incorporation of an inducible caspase-9 suicide gene allowed efficient elimination of transgenic CTLs
after exposure to a chemical inducer of dimerization, thereby increasing the safety and feasibility of the
approach.

Key words: Cytotoxic T cells, EBV, IL-2, IL-15, suicide gene, retroviral vector, T-cell proliferation.

1. Introduction

Adoptive immunotherapy is a promising approach for the treat-
ment of infectious diseases and cancer. Several immunotherapeu-
tic lines of research are currently focusing on the treatment of
viral infections, such as cytomegalovirus (CMV), Epstein-Barr
virus (EBV), and HIV, as well as a variety of malignancies,
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including melanoma, Hodgkin lymphoma, nasopharyngeal carci-
noma, and several other EBV-associated lymphoproliferative dis-
orders. Adoptive T-cell transfer involves the ex vivo generation
and expansion of antigen-specific autologous T cells over a short
period of time, from low precursor frequencies to clinically rele-
vant cell numbers, followed by re-infusion into patients. Although
a variety of different approaches have been developed, improve-
ments are required to generate antigen-specific cytotoxic T lym-
phocytes (CTLs) that efficiently persist in vivo. Indeed, the anti-
tumor activity of adoptively transferred CTLs is hampered by the
limited capacity of these cells to significantly expand within the
tumor microenvironment. Several studies of cancer immunother-
apy have focused on the development of strategies to overcome
this restriction by controlling the distribution of immune cells at
the tumor site through the characterization of various chemokines
and receptors modulating the immune system.

Recently, attention has been addressed to two positive growth
factors for T cells, IL2 and IL15, to improve T-cell persistence
in the tumor environment. Both cytokines are critically involved
both in innate and adaptive immune responses (1). Their recep-
tors share two subunits (β and γ) that mediate a set of signal trans-
duction events after ligand binding, but have their own, “private”
α-chains, which presumably ensure the binding of the appro-
priate cytokine and the specificity of the immune response (2,
3). Through the combination of these various subunits, several
forms of receptor complexes exist at the cell surface. Biological
effects of IL-2 are achieved mainly when this cytokine binds to
the trimetric-, high-affine IL-2R complex (IL-2Rαβγ). The IL-
15Rαβγ complex has a similar high affinity but for IL-15. When
this receptor constellation is utilized, IL-2 and IL-15 activate sim-
ilar janus kinase/signal transducer and activator of transcription
(JAK/STAT)-dependent signaling pathways (4). Thus, IL-2 and
IL-15 are redundant in stimulating T-cell proliferation in vitro.
However, each may have distinct functions and regulate distinct
aspects of T-cell activation. Studies have shown that IL-15 is a
critical growth factor in initiating T-cell divisions in vivo, whereas
IL-2 limits continued T-cell expansion via downregulation of the
γ-c expression, with consequent decreased Bcl-2 expression and
increased susceptibility to apoptotic cell death. Although the role
of IL-2 in the generation and maintenance of antigen-specific T-
cell responses in vivo remains unclear, with data supporting both
positive and negative effects, IL-2 is currently used to enhance
T-cell responses to viral and tumor antigens in patients, including
those with HIV or metastatic cancer.

Since adoptively transferred antigen-specific CTLs are highly
dependent on exogenous cytokines for their continued growth
and survival, systemic administration of IL-2 has been used
to enhance their in vivo expansion and persistence. However,



Gene Therapy to Improve Function of T Cells 121

high-dose IL-2 therapy is limited by its toxicity resulting from vas-
cular leakage and the serious side effects associated with the pro-
longed administration of IL-2 limit the amount and duration of
this cytokine administration (5–8). Further, the effects of system-
ically administered cytokines may be non-selective, with potential
expansion of unwanted cell subsets, such as regulatory T cells,
that constitutively express the IL-2 receptor and adversely affect
the function of antitumor CTLs (9).

To overcome these effects, CTLs can be genetically manip-
ulated, using retroviral vectors, to produce their own growth
cytokines such as IL-2 and IL-15. In this way CTLs are rendered
less helper-cell dependent and better able to sustain their prolif-
eration and activation after antigenic stimulation (10). Because
for clinical applications, constitutive expression of transgenic
cytokines would likely raise concerns about autonomous and
uncontrolled growth of CTLs, the presence of a suicide gene
inducible caspase-9 (iCasp-9) protein is required. This proapop-
totic gene product is activated after exposure to CID (AP20187),
an analog of FK506, that has been safely tested in a phase I
study (11). A third gene based on a truncated form of the CD34
molecule (�CD34) is also necessary in the construct to allow effi-
cient evaluation and selection of transduced cells.

In this chapter, we describe an in vitro protocol to transduce
with retroviral vectors EBV-CTLs and test the expression and
functionality of each transgene, while ensuring that these trans-
duced CTL retain their characteristics. All these steps are required
to guarantee that this gene manipulation is effective and safe.

2. Materials

2.1. Genetic
Modification
of EBV-CTLs

1. CTL medium: RPMI 1640 45% (Hyclone, Ogden,
UT), Click medium (Irvine Scientific, Santa Ana, CA)
45%, supplemented with 10% fetal bovine serum (FBS,
HyClone), 2 mM L-glutamine and penicillin-streptomycin
(Gibco/BRL, Bethesda, MD).

2. EBV-LCLs are maintained in RPMI medium, supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine,
100 IU/ml penicillin, and 100 μg/ml streptomycin in T75
tissue culture flasks.

3. Peripheral blood mononuclear cells (PBMCs) from EBV-
seropositive donors.

4. Recombinant human interleukin-2 (IL-2) (Chiron,
Emeryville, CA). Reconstitute in medium at 200 U/μl.
Store at –80◦C in aliquots that can be used 5–6 times.
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5. 24-well non-tissue culture-treated plates (BD Biosciences,
San Jose, CA).

6. 24-well tissue culture plates (BD Biosciences, San
Jose, CA).

7. Recombinant fibronectin fragment (FN CH-296;
Retronectin; Takara Shuzo, Otsu, Japan). Reconstitute in
water at 1 mg/ml and store aliquots at –20◦C.

8. �CD34, iC.�CD34-IL2, or iC.�CD34–IL15 retroviral
supernatant (Vector Production Facility, Baylor College,
Houston, TX). Store at –80◦C.

9. Recombinant human IL-15 (R&D Systems, Minneapo-
lis, MN). Reconstitute in medium at 5 ng/μl and store
aliquots at –80◦C.

10. Enzyme-Free Cell Dissociation Solution cell (Invitrogen).
11. Trypan blue (Sigma).
12. Cytokine-specific ELISA kits containing Microplate-96

wells, Ab-Conjugate, Standard, Assay Diluent, Calibra-
tor Diluent, Wash Buffer Concentrate, Color Reagent
A, Color Reagent B, Stop Solution, Plate Covers (R&D
System).

13. Plate washer (Bioscan, Inc).
14. Microplate Reader (Bioscan, Inc).
15. Chemical inducer of dimerization (CID) (AP20187;

ARIAD Pharmaceuticals, Cambridge, MA), kindly pro-
vided by Dr. Spencer (Baylor College of Medicine). CID
is resuspended in Ethanol at the final concentration of
2 μM and stored at –20◦C. For culture experiments resus-
pend CID at the final concentration of 50 nM in complete
RPMI.

2.2.
Immunophenotype

1. Monoclonal antibodies conjugated with different fluoro-
cromes: CD34 APC; CD8 FITC, CD3 PerCP (all from
BD Bioscience).

2. 5-ml polystirene tubes (Falcon).
3. FACS Wash buffer: PBS+1% FBS.
4. FACScan (Becton Dickinson) equipped with the filter set

for triple fluorescence signals and cell quest software.
5. PE-conjugated MHC Class I tetramers, synthesized in the

Baylor College of Medicine Immunologic facility.
6. IOTest ßMark kit (Immunotech, Emeryville, CA), a multi-

parametric analysis tool designed for quantitative determi-
nation of the TCR Vβ repertoire of T lymphocytes by flow
cytometry.
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7. AnnexinV-FITC, 7-Amino-Actinomycin (7-AAD), and 1×
Annexin V Binding Buffer (BD Pharmingen).

2.3. Cytotoxicity
Assay

1. 51Cr (100 μcurie) (MP Biomedical, Solon, OH).
2. 96-well plate, V-bottom (Costar).
3. Triton-X (Sigma).
4. Gamma counter Packard cobra quantum (Packard Instru-

ment Company, Downers Grove, IL).
5. Target cells are: autologous LCL; HLA-mismatched LCL;

K562. These cells are maintained in culture in T75 flasks in
complete medium at 37◦C, 5%CO2.

2.4. Elispot Assay 1. IFN gamma Coating Antibody [Catcher-mAB(1-DIK)]
and IFN gamma Detection Antibody [Detector-mAB
(7-B6-1-Biotin)] (MABTECH Inc., Mariemont, OH).

2. Streptavidin-AP Concentrate (Thermo Fisher Scientific
Inc, Rockford, IL).

3. Millipore MultiScreenHTS-IP Filter Plates (Millipore).
4. Elispot medium: RPMI 1640 (Hyclone) supplemented

with 5% human AB serum (BioWhittaker), 2 mM L-
glutamine and filtered using 0.45-μ filter.

5. PBS (Sigma) containing 0.05% of Tween-20 (Sigma).
6. Avidin-Peroxidase-Complex (ABC kit, Vectastan,

Burlingame, CA): add 1 drop of Solution A and 1
drop of Solution B to 10 ml PBS/0.1% Tween-20.

7. AEC substrate: dissolve 1 AEC tablet (Sigma) in 2.5 ml
dimethylformamide (Sigma); then add 47.5 ml of a solu-
tion consisting of 4.6 ml of 0.1 N of Acetic Acid (Sigma),
11 ml of 0.1 M sodium acetate (Sigma) and 46.9 ml of
water (Baxter), add 25 μl 30% hydrogen peroxide (Sigma),
and filter using 0.45-μ filter.

8. Zellnet Consulting (Fort Lee, NJ) provides Elispot evalua-
tion service.

3. Methods

3.1. Genetic
Modification
of EBV-CTLs

1. Thaw PBMC, count, and resuspend at 2×106/ml in com-
plete medium. Plate 1 ml/well in a 24-well plate and add
1 ml of irradiated autologous EBV-LCL (40 Gy) resus-
pended at 5×104 cell/ml in complete medium (40:1 effec-
tor:target ratio).
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2. After 10–12 days, collect CTL, count, and resuspend at
1×106/ml in complete medium. Plate 1 ml/well in a 24-
well plate and add 1 ml of irradiated autologous EBV-
LCL (40 Gy) resuspended at 2.5×105 cell/ml in complete
medium (4:1 effector:target ratio).

3. After 3–4 days remove 1 ml of medium and replace with
complete medium containing IL-2 (50 U/ml).

4. After 3 days, collect CTLs, count, and resuspend them
at 1×106 cells/ml and aliquot 1 ml/well in 24-well tis-
sue culture plate; add 1 ml of irradiated autologous EBV-
LCL (40 Gy) resuspended at 2.5×105 cell/ml in complete
medium containing IL-2 (50 U/ml).

5. On day 3, coat the required number of wells of a non-
tissue culture-treated 24-well plate, with RetroNectin at a
concentration of 7 μg/ml/well and incubate at 4◦C for
16–24 h.

6. On day 4 remove the retronectin-coated plate from 4◦C,
aspirate retronectin, and wash wells with 1 ml of complete
medium.

7. Add 0.5 ml/well of appropriate retroviral supernatant and
incubate for 20 min in the biosafety cabinet. Aspirate and
add another 0.5 ml of retroviral supernatant for 20 min.

8. Aspirate, add 1.5 ml of retroviral supernatant, and 0.5 ml
of T cells resuspended at the concentration of 1×106/ml
in complete medium containing rhIL-2 (100 IU/ml) (see
Note 1).

9. Spin plate at 1000×g for 20 min and incubate at 37◦C for
at least 48 h.

10. After 48 h of incubation collect cells from each well and
remove eventual adherent cells by using cell dissociation
medium and restimulate weekly with irradiated (40 Gy)
autologous LCL (4:1 Effector:Traget ratio), with or with-
out the addition of exogenous rhIL-2 (50 U/ml) or rhIL-
15 (5 ng/ml).

11. Assess transduction efficiency of CTL by FACS analysis,
using CD34 APC antibody (see Section 3.3).

3.2. Testing
Functionality
of the Transgenes

3.2.1. Expansion
of Gene-Modified
EBV-CTLs

1. Collect and count CTLs using Trypan blue (1:1 dilution)
to determine viability of CTLs; resuspend CTLs in T-cell
medium at the concentration of 1×106/ml and aliquot
1 ml/well.

2. Add 1 ml of irradiated autologous LCL (40 Gy) resuspended
at 2.5×105/well in complete medium with or without
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the addition of exogenous rhIL-2 (50 U/ml) or rhIL-15
(5 ng/ml).

3. Incubate at 37◦C, 5% CO2.
4. On day 4, remove 1 ml of medium and replace with fresh

medium, with or without the addition of exogenous rhIL-2
(50 U/ml) or rhIL-15 (5 ng/ml).

5. Incubate at 37◦C, 5% CO2.
6. On day 7, collect and count CTLs using Trypan blue to

determine viability of CTLs.
7. Repeat weekly stimulation, from steps 1 to 6.

3.2.2. Cytokine
Production

1. Collect and count CTLs and resuspend them at 106/well in
complete medium.

2. Add 1 ml of CTL/well in tissue-culture-treated 24-well
plate.

3. Add 1 ml of irradiated (40 cGy) autologous LCL resuspend
at 106/well in complete medium.

4. Incubate at 37◦C, 5% CO2.
5. Collect 0.5 ml of supernatant after 24, 48, and 72 h and

store at –80◦C (see Note 2).
6. Thaw supernatant and analyze for appropriate cytokines

using the specific ELISA, following the manufacturer’s
instruction (see Note 3).

3.2.3. Functionality
of the Suicide Gene

1. Collect and count CTLs. Resuspend them at 1×106/ml in
complete medium and add 1 ml/well.

2. Add 1 ml of complete medium containing CID (final con-
centration 50 nM).

3. Incubate at 37◦C, 5% CO2.
4. After 24 and 48 h collect cells and wash cells with 1×

Annexin-V Binding Buffer.
5. Aliquot 105 cells/tube.
6. Stain with 5 μl of Annexin-V and 5 μl of 7-AAD.
7. Incubate for 15 min in the dark at RT.
8. Add 200 μl of Annexin-V Binding Buffer and proceed with

FACS analysis (see Fig. 8.1).

3.3. Testing Retained
Functionality of Gene
Modified CTL

3.3.1.
Immunophenotype

1. Collect 1×106CTLs and wash with PBS/1% FBS.
2. Aliquot 1×105 CTLs/tube.
3. Add 5 μl of appropriate antibody combination to each tube.
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Fig. 8.1. EBV-CTL transduction efficiency and functional characterization. Panel A shows the transduction efficiency
of one EBV-specific CTL line. CTLs were transduced with iC.�CD34/IL-2v or iC.�CD34/IL-15v or �CD34v vectors,
measured as expression of a truncated form of CD34 (�CD34) on the cell surface by FACS analysis. Panel B shows
the results of CTLs expanded weekly with autologous LCL in the presence or absence of cytokines. The cell number
is illustrated on the x-axes. Both IL-2 and IL-15 transgenic CTLs expanded significantly well as compared to control
CTLs (NT or �CD34v+ stimulated in the presence of exogenous IL-2) after 35 days of culture. Panel C shows the
measurements of cytokines produced by genetically modified CTLs. The specific cytokines were detected after 48 and
72 h post stimulation with autologous LCLs. Panel D shows the evaluation of dead and apoptotic cells after exposure
to CID of genetically modified CTL. Significant increase in Annexin-V+ and 7AAD+ cells is observed after addition of
increasing concentration of CID for gene-modified CTL but not of control CTLs.

4. Add 5 μl of CD3PerCP, 5 μl of CD8 FITC, 5 μl of
CD4APC, and 0.5 μl of the tetramer of interest (Note 4).

5. Incubate at 4◦C for 20 min.
6. Wash cells.
7. Analyze with FACScan acquiring at least 100,000 events.

3.3.2. Cytotoxic Activity 1. Collect and pellet target cells (at least 2–3×106) (Note 5).
2. Resuspend target cells by finger-clicking and perform radio-

labeling by adding 100 μCi of 51Chromium in a radioactive
safety cabinet. Labeled cells are then incubated for 1 h at
37◦C, with a gentle finger flicking every 15 min (see Note 6).
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3. Wash 51Chromium-labeled T lymphocytes by centrifuga-
tion at 400×g for 5 min using 5 ml of complete medium;
count cells after the fourth wash, and then resuspend
them at the concentration of 5 × 104/ml in complete
medium.

4. Collect CTLs, count them, and resuspend at the concen-
tration of 2×106/ml in complete medium. Aliquot cells in
96-well plate and perform serial dilutions to obtain triplicate
of wells containing cell numbers ranging from 2×105/well
to 2.5×104/well.

5. Add 100 μl of the appropriate target cells to the wells con-
taining 100 μl of the diluted CTLs, 100 μl of medium
only (spontaneous release), or 100 μl of Triton-X (maxi-
mum release).

6. Incubate the plates for 4–5 h at 37◦C, 5% CO2.
7. Spin plate at 400×g for 5 min, then collect 100 μl of super-

natant, transfer in appropriate tubes, and read using the
γ-counter.

8. The percent of killing is calculated as follows: [cpm from
experimental wells (target+ CTL) – cpm of target cells in the
presence of medium only (spontaneous release)/cpm of tar-
get cells in the presence of 1% Triton-X (maximum release) –
cpm of target cells in the presence of medium only (sponta-
neous release)] ×100.

3.3.3. Antigen
Specificity

1. Coat plate with 100 μl/well of the filtered primary anti-
body [Catcher-mAB(1-DIK); working concentration = 10
μg/ml] and incubate overnight at 4◦C (Note 7).

2. Wash plate with PBS to remove primary antibody and then
block plate with medium for 2 h (Note 8).

3. Wash plate three times with PBS.
4. Collect CTL, count them, and resuspend them at 1 ×

106/ml in Elispot medium.
5. Add 100 μl of CTLs/well.
6. Add appropriate peptides (at concentration of 5 μM in

PBS) and incubate for 16–24 h at 37◦C, 5% CO2.
7. Wash plate six times with PBS/0.05% Tween-20.
8. Add 100 μl/well of the secondary antibody [Detector-

mAB (7-B6-1-Biotin) working concentration = 1 μg/ml]
and incubate for 2 h at 37◦C.

9. Wash plate six times with PBS/0.05% Tween-20.
10. Add Avidin-Peroxidase-Complex and incubate for 1 h at

room temperature.
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11. Wash three times with PBS/0.05% Tween-20 and then
three times with PBS.

12. Develop for 4 min using AEC substrate.
13. Stop the reaction by washing with tap water (Note 9).
14. Air dry O/N in the dark and then submit for counting.

3.3.4. Polyclonality 1. Collect 1×106CTL and wash with PBS
2. Aliquot 1×105 CTLs/tube
3. Add 5 μl of directly conjugated antibody mixes/tube for a

total of eight mixes (Note 10)
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Fig. 8.2. Panel A shows an example of tetramer staining of CTLs: the frequency of EBV-specific tetramer+ CTLs in
control and transgenic CTLs was retained and not modified by either IL-2 or IL-15 transgene expression. Panel B shows
expression of T-cell markers on EBV-CTLs. The phenotypic profile of CTLs was not altered by cytokine transduction, as
most EBV-CTLs remained CD3+/CD8+, while less than 5% were CD3+/CD56+. Panel C shows a typical example of 51Cr
cytotoxic assay. The effector: target cell ratio is indicated on the x-axis. Figure shows that transgenic and control EBV-
CTLs lyse at a significantly higher rate autologous LCLs than allogeneic LCLs, confirming retained MHC restriction. No
significant reactivity (< 10%) is observed against the K562 cell lines. Panel D shows an example of IFN-γ Elipost assay.
The frequency of EBV-specific T cells in the peripheral blood is measured by the number of IFN-γ secreting PBMCs
upon stimulation with EBV peptides. The frequency of EBV-CTLs precursor in control and transgenic CTLs is retained
and neither IL-2 nor IL-15 transgenes modified the antigen specificity of the EBV-CTLs. Panel E shows the results of
a Vβ repertoire staining in a representative donor. Genetic manipulation of antigen-specific T cells does not generate
progressive clonal outgrowth.



Gene Therapy to Improve Function of T Cells 129

4. Incubate at 4◦C for 20 min
5. Wash cells
6. Analyze with FACScan

Results of testing the retained functionality of transduced
EBV-CTL are shown in Fig. 8.2.

4. Notes

1. Keep some Non-Transduced (NT) CTLs as control. These
will need to be plated at the same concentration in com-
plete medium containing IL-2 (100 U/ml) in 24-well tis-
sue culture-treated plate.

2. If more cytokines need to be determined, more wells can
be prepared to collect more than 0.5 ml at each time point.
When collecting supernatant, ensure that cell pellet is not
disturbed. It is recommended that supernatants are spin to
remove cells before freezing.

3. Avoid multiple thawing and freezing of the supernatants.
4. Tetrameric molecules bind directly to T-cell receptors of

a particular specificity, and are generated by combining
the Major Histocompatibility Complex (MHC) class I
molecules and MHC-class I specific-EBV-peptides. They
can be used to detect and separate antigen-specific CD8+

T-cell populations as rare as 0.02% of lymphocytes.
5. To evaluate CTL specificity, autologous LCLs, HLA class I

and II mismatched LCLs, and K562 cell lines (that measure
natural killer activity) are used as target cells. If CTLs are
antigen specific, only autologous LCLs are expected to be
significantly lysed.

6. Wear appropriate radio-protection equipments and moni-
tor the work area using a survey meter; label and dispose
of radioactive waste according to approved guidelines; per-
sonnel monitoring with thermoluminescence dosimeter is
recommended.

7. The IFN-γ ELISpot assay exhibits a high level of sensitiv-
ity that permits detection of as few as 1 responding cell per
1×105 cells. Bound cytokine is visible through color devel-
opment.

8. Do not touch the bottom of the ELISpot plate to avoid
artifacts.

9. Areas of color development form spots that represent sin-
gle cell that had secreted cytokine in response to the
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recognition of the antigen added during the assay. The spot
number per well denotes an estimate of the frequency of
antigen-specific T cells among the plated cells.

10. Vβ regions can be grouped into 24 mutually exclusive fam-
ilies (covering about 70% of normal human TCR Vβ reper-
toire). The detection of three Vβ expressions in the same
tube is possible by combining three monoclonal antibodies
(mAb) with only two fluorophores.
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Chapter 9

Cytokine-FC Fusion Genes as Molecular Adjuvants
for DNA Vaccines

Daniel Hirschhorn-Cymerman and Miguel-Angel Perales

Abstract

The use of gene constructs for DNA immunization offers several potential advantages over other com-
monly used vaccine approaches: (1) full-length cDNA provides multiple potential class I and class II
epitopes, thus bypassing limitations of MHC restriction; (2) bacterial plasmid DNA contains immuno-
genic unmethylated CpG motifs (immunostimulatory sequences) that may act as a potent immunological
adjuvant; and (3) DNA is relatively simple to purify in large quantities. The cDNA encoding the antigen
of interest is cloned into a bacterial expression plasmid with a constitutively active promoter and this
plasmid is injected into the skin or muscle where it is taken up by professional antigen-presenting cells,
particularly dendritic cells, either through direct transfection or cross-priming. One can further enhance
or modulate the immune response through co-delivery of DNA encoding cytokines or chemokines,
including cytokine-Fc fusion molecules. The latter use molecular techniques to fuse a cytokine to the Fc
portion of IgG1, creating a chimeric molecule with functional activity. In the present chapter, we will
outline the approach to develop cytokine-Fc fusion genes as molecular adjuvants and will use GM-CSF
as an example.

Key words: DNA vaccine, GM-CSF, molecular adjuvant, Fc-fusion.

1. Introduction

The use of gene constructs for DNA immunization offers sev-
eral potential advantages over other commonly used vaccine
approaches: (1) full-length cDNA provides multiple potential
class I and class II epitopes, thus bypassing limitations of
MHC restriction; (2) bacterial plasmid DNA contains immuno-
genic unmethylated CpG motifs (immunostimulatory sequences)
that may act as a potent immunological adjuvant (1, 2);
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(3) DNA is relatively simple to purify in large quantities;
and (4) one can further enhance or modulate the immune
response through co-delivery of DNA encoding cytokines or
chemokines (3).

The cDNA encoding the antigen of interest is cloned into
a bacterial expression plasmid with a constitutively active pro-
moter and this plasmid is injected into the skin or muscle
where it is taken up by professional antigen-presenting cells
(APCs), particularly dendritic cells (DCs). One proposed mech-
anism for the activity of DNA vaccines is direct transfection
of DCs by the plasmid DNA (4). An alternative mechanism,
termed cross-priming, involves transcription and translation of
the antigen by non-APCs, such as keratinocytes or myocytes,
and release of mature protein antigen through either secretion
or cell death (5, 6). The pre-formed antigen is then captured
by APCs and presented to naïve T cells in regional draining
lymph nodes. Most likely, both mechanisms (direct transfection
of APCs and cross-priming) are operative during successful DNA
immunization.

In clinical trials for infectious disease, DNA immunization
has been shown to be safe and effective in developing immune
responses to malaria and human immunodeficiency virus (7–9).
Our group has demonstrated significant activity of DNA vaccines
in preclinical mouse models of melanoma (10–16), as well as in
clinical trials in dogs with melanoma (17, 18), and patients with
melanoma (19, 20).

Furthermore, we have also examined the role of molecular
adjuvants, including GM-CSF DNA, and demonstrated their abil-
ity to modulate immune responses (3, 11, 21, 22). Administration
of the murine GM-CSF gene results in recruitment of epidermal
dendritic cells and acts as a potent adjuvant for both peptide and
DNA vaccines (11, 21, 22). Based on our pre-clinical work, we
conducted a phase I/II trial of human GM-CSF DNA in con-
junction with a multipeptide vaccine (gp100 and tyrosinase) in
stage III/IV melanoma patients (20). Forty-two percent of the
19 patients treated developed CD8+ T-cell responses to tyrosi-
nase or gp100. Human GM-CSF DNA was found to be a safe
and effective adjuvant.

We have studied additional molecular adjuvants and tested
a series of molecules that will were used either individually or
in combination (3). The cytokines and chemokines were tested
as DNA and as Fc fusion molecules. The latter use molecular
techniques to fuse a cytokine to the Fc portion of IgG1, creat-
ing a chimeric molecule with functional activity (23). They were
used as adjuvants for hgp100 DNA, which was shown to induce
tumor immunity primarily mediated by CD8+ T cells (12, 13). We
observed an increased frequency of CD8+ T cells and increased
anti-tumor immunity with the addition of most cytokine and
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cytokine-Fc constructs. Furthermore, for IL-2, IL-12, and IL-15,
administration of the cytokine-Fc fusion gene was more potent
than the cytokine gene alone.

In the present chapter, we will outline the approach to
develop cytokine-Fc fusion genes as molecular adjuvants and will
use GM-CSF as an example (24). Readers are referred to our
published work for details and applications regarding additional
cytokines (3).

2. Materials

2.1. Cloning
of GM-CSF
and GM-CSF-Fc

1. Cell strainer 40 μm Nylon.
2. Tissue culture sterile polystyrene 6-well plate.
3. cRPMI medium: RPMI 1640 medium supplemented with

10% fetal bovine serum (FBS), penicillin-streptomycin
(100 U of penicillin, 50–100 μg of streptomycin), non-
essential amino acids (100 μM), glutamine (2 mM), and
β-mercaptoethanol (1×, 55 μM).

4. 15-ml polypropylene sterile centrifuge tubes.
5. Red blood cell (RBC) lysis buffer (ACK Lysing Buffer,

Lonza BioWhittaker).
6. Tissue culture sterile polystyrene 96-well plate.
7. Functional grade Armenian hamster anti-mouse CD3ε

chain (clone 145-2C11).
8. Functional grade Syrian hamster anti-mouse CD28 (Clone

37.51).
9. Phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM

KCl, 4.3 mM Na2HPO4,1.47 mM KH2PO4.
10. Trizol reagent (Invitrogen).
11. Chloroform.
12. Molecular biology grade 99% isopropyl alcohol.
13. Nuclease free-water. It is important to keep water as ster-

ile as possible. It is suggested that small aliquots are kept
and be discarded after use. For most applications dou-
ble distilled autoclaved water can be used. However, it is
recommended that, for applications where RNA is being
handled, nuclease free or diethyl pyrocarbonate (DEPC)-
treated water should be used.

14. 75% Ethanol: 3 part of 100% ethanol is diluted in 1 part of
nuclease-free water.

15. Spectrophotometer.
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16. 0.2 ml Thin-Walled polymerase chain reaction (PCR)
Tubes. Unless the tubes are sterile and nuclease-free, the
tubes should be autoclaved prior to use.

17. M-MLV recombinant Reverse Transcriptase (RT) with 5×
reaction buffer (Invitrogen).

18. 10 mM deoxynucleotides triphosphate (dNTP) Mix, PCR
Grade.

19. Oligo(dT)20 Primer.
20. Recombinant RNAse Inhibitor 40 units/μl.
21. Platinum R© Pfx DNA polymerase with 10× buffer and

50 mM MgSO4 (Invitrogen) (see Note 1).
22. Agarose HS molecular biology grade high melt.
23. Ethidium bromide molecular biology grade 10 mg/ml

used at final concentration of 0.5 μm/ml.
24. Agarose gel apparatus with power supply.
25. Razor blades.
26. PCR purification kit.
27. Restriction endonuclease: EcoRI, BamHI, KpnI, and XbaI

20,000 U/ml (see Note 2).
28. DNA loading buffer, 10×.
29. T4 DNA Ligase with 10× reaction buffer (Invitrogen).
30. One Shot R© TOP10 chemically competent Escherichia coli

(Invitrogen).
31. SOC medium: 2% bacto tryptone, 0.5% bacto yeast extract,

10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM
MgSO4, and 20 mM glucose in double distilled water.
Autoclave all components in 950 ml of water except for
glucose. Sterilize a 20× glucose solution by filtration
through a 0.2-μm filter and add 50 ml to the final solu-
tion. Adjust to pH 7 dropwise with 1 M NaOH.

32. Luria-Bertani (LB) medium: 1% bacto tryptone, 0.5%
bacto yeast extract. 1% NaCl. Autoclave components in 1 L
of double distilled water and adjust the pH to 7 with 1 M
NaOH. For DNA plasmid propagation 50 μg/ml of ampi-
cillin should be added.

33. LB agar plates: Add 15 g/L of agar powder with LB com-
ponents described in #32 in 1 L of double distilled water
to a 2 L Flask. Include an autoclave-resistant magnetic stir-
rer. Autoclave and let the flask cool down to 40–50◦C
while stirring. Add 50 μg/ml of ampicillin (prepared as
1000× concentration in water). Aseptically pour LB-agar
in 100 × 15 mm polystyrene plates and leave to solidify at
room temperature. Store the plates at 4◦C until use.
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34. Sterilized solid glass beads, 3 mm diameter.
35. QIAprep Spin Miniprep Kit for plasmid purification

(Qiagen).

2.2. Testing
Constructs In Vitro

2.2.1. Transfection
of GM-CSF Constructs
to Check Expression
of Constructs

1. Human embryonic kidney 293 cells.
2. Tissue culture sterile polystyrene 6-well plate.
3. cDMEM medium. DMEM medium supplemented with

7.5% FBS, penicillin-streptomycin (100 U of penicillin,
50–100 μg of streptomycin), non-essential amino acids
(100 μM), glutamine (2 mM).

4. FuGENE 6 R© Transfection Reagent (Roche Biochemicals).

2.2.2. FACS Staining
of Transfected Cells

1. PBS
2. BD Cytofix/CytopermTM Plus with Perm/Wash buffer (BD

Bioscience)
3. Rat anti-mouse GM-CSF PE (clone MP1-22E9)
4. Flow cytometer

2.2.3. Testing
Expression of GM-CSF
Constructs by Western
Blot

1. NuPAGE R© SDS Sample Buffer 4× without reducing agent
(Invitrogen).

2. NuPAGE R© 4–12% Bis-Tris Gel 1.5 mm × 15 well (Invit-
rogen).

3. XcCell SureLockTM Mini cell apparatus (Invitrogen).
4. NuPAGE R© MOPS [3-(N-morpholino) propanesulfonic

acid] SDS (Sodium dodecyl sulfate) running buffer pre-
prepared to 1× (Invitrogen).

5. Transfer buffer: a 25× solution is 12 mM of Tris Base
[tris(hydroxymethyl)aminomethane] and 96 mM g glycine
in deionized water. Dilute the buffer to 1× with 20%
methanol.

6. XCell IITM Blot Module CE Mark (Invitrogen).
7. Polyvinylidene fluoride (PDVF) Membrane. The mem-

brane should match the size of the gel.
8. 3 MM Chr filter paper.
9. PBST is PBS with 0.1% Tween-20.

10. Bovine serum albumin (BSA) 99% for electrophoresis.
11. Rocking platform.
12. Goat anti-Mouse IgG (Fc) Horseradish peroxidase (HRP)

conjugate.
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13. Enhanced luminol-based chemiluminescent (ECL) West-
ern blotting substrate.

14. Plastic SaranTM wrap.
15. Radiography film for detection of chemiluminescence

5 × 7 in (Pierce).
16. Tabletop X-ray film processor.

2.3. Testing
Constructs In Vivo

2.3.1. Delivery of
GM-CSF-Fc Fusion
Constructs via Particle
Bombardment

2.3.1.1. Preparation
of Gene Gun Bullets

1. 1.8-ml microcentrifuge tubes.
2. Spherical gold powder APS 0.8–1.5 μM, 99.96+% (Alfa

Aesar).
3. Spermidine ≥98% for molecular biology.
4. Calcium chloride ≥93.0%, anhydrous, granular.
5. Sonicator.
6. 15-ml polypropylene sterile centrifuge tubes.
7. Ethanol 200 Proof. A fresh unopened bottle of ethanol

should be used every time a new set of bullets is made.
8. Tubing prep station (Bio-Rad Laboratories).
9. Vortexer.

10. N2 tank (grade 4.8) with regulator.
11. DNA bullet tubing: Ethylene tetrafluoroethylene (ETFE)

Tube, 0.125′′ outer diameter X 0.93′′ inner diameter
(Saint-Gobain Performance Plastics).

12. Adaptor tubing: Tygon tubing 1/8′′ inner diameter × 1/4
outer diameter, Wall 1/16′′.

13. 5 ml disposable syringes.
14. 18 G 1 1/2′′ hypodermic needle.
15. Tube cutter (Bio-Rad).
16. 50 ml polypropylene sterile centrifuge tube.
17. Desiccator.

2.3.1.2. Delivery
of GM-CSF Constructs
via Gene Gun

1. Mice (C57B/6).
2. Isoflourane, USP.
3. Gene gun with cartridge.
4. Anesthetizing chamber.
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5. Nair R© depilatory cream.
6. Surgical Gauze 10 × 10 cm.
7. Helium tank with regulator, high purity.

2.3.2. Preparation
of Skin Supernatants
for Biochemical
Analyses

1. Surgical scissors.
2. 2 ml cryovial.
3. Liquid N2.
4. 5-ml round-bottom polycarbonate tube 12 × 75 mm.
5. Homogenization buffer: PBS + 0.1% Tween-20 supple-

mented with dissolved Complete Protease Inhibitor Cocktail
Tablets (Roche).

6. Tissue homogenizer.
7. Beaker with ice.

2.3.3. Sandwich
Enzyme-Linked
Immunoabsorbent Assay
(ELISA) for Quantification
of In Vivo Expression
of Cytokines

1. High protein-binding capacity ELISA plates, flat-bottom
96-well plate.

2. 0.1 M Bicarbonate buffer, pH 9.2: Na2CO3 4.5 g, sodium
bicarbonate NaHCO3 0.630 g dissolved in 1 L of deionized
water. Adjust the pH to 9.2.

3. Parafilm R©.
4. Anti-mouse GM-CSF ELISA antibody pair: Purified capture

antibody clone MP1-22E9 and biotin detection antibody
Clone MP1-31G6.

5. Blocking buffer: 100 mM phosphate buffer, pH 7.2, 1%
BSA, 0.5% Tween-20, and 1 mM ethylenediaminetetraacetic
acid (EDTA).

6. Wash buffer: 100 mM phosphate buffer, 150 mM NaCl,
0.2% BSA, and 0.05% Tween-20.

7. HRP-Streptavidin: Vectastain R© Elite R© ABC Kit diluted in
wash buffer according to the manufacturer’s instructions
(Vector Laboratories).

8. 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid
(ABTS) Substrate.

9. Microplate ELISA Reader.

2.3.4. Measuring
the Levels of DC
Recruitment

1. Cell strainer 40 μm Nylon.
2. Tissue culture sterile polystyrene 6-well plate.
3. Dissociation buffer: PBS supplemented with 1 mg/ml col-

lagenase D, and 50 μg/ml DNAase I, grade II.
4. 500 mM EDTA, pH 8.0.
5. 1 ml disposable syringe tuberculin slip tip.



138 Hirschhorn-Cymerman and Perales

6. 50-ml polypropylene disposable centrifuge tube.
7. FACS buffer: PBS, 0.5% BSA, 1 mM EDTA.
8. Tissue culture sterile polystyrene U-bottom 96-well plate.
9. Purified anti-mouse CD16/32, Clone 2.4 G2.

10. 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI).
A 1000× stock solution is 0.2 mg/ml in PBS and kept
frozen at –20◦C.

11. Cocktail of diluted fluorescently labeled antibodies: CD11c
Fluorescein isothiocyanate FITC (clone HLA3), I-Ab

(MHC Class II of C57BL/6) phycoerythrin PE (Clone
AF6-120.1), and CD86 Allophycocyanin APC (Clone
GL1).

12. Flow cytometer.

3. Methods

In this section we will describe the following steps: (1) cloning
of murine GM-CSF-Fc; (2) testing the constructs in vitro by
performing FACS analysis of transfected cells or western blot
analysis of the supernatants; and (3) testing the constructs in
vivo, by measuring protein levels of GM-CSF and secondary
cytokines or chemokines after administration of GM-CSF-Fc
DNA (22), and by measuring the recruitment of dendritic cells
(21, 22). The final in vivo test of potency, which is not described
in this chapter, is the demonstration of GM-CSF-Fc DNA’s
efficacy as a vaccine adjuvant. For these efficacy studies, the
reader is referred to our published work of GM-CSF DNA in
mouse models (11, 21), and canine (18) and human clinical
trials (20).

3.1. Cloning
of Murine GM-CSF
and GM-CSF-Fc

In vitro activation of naïve splenocytes can be used to clone the
cDNA of numerous cytokines and chemokines. Alternative acti-
vation of splenocytes can be achieved with LPS (lipopolysaccha-
ride) PMA (phorbol myristate acetate)/Ionomycin (25 ng/ml
and 1 μg/ml) stimulation. Under steady-state, there are suf-
ficient B cells in the spleen expressing IgG to enable cloning
of the Fc. In addition, splenocytes can be treated with LPS
(10 ng/ml) to stimulate B cells and increase the IgG expression.
Alternatively, the Fc gene can be cloned from an IgG-secreting
hybridoma.

1. Prepare a single-cell suspension of spleens from a naïve
mouse by mechanical disruption with the plunge of a
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syringe into a cell strainer placed in a 6-well plate contain-
ing 5 ml of cRPMI medium.

2. Transfer the cell suspension to a 15 ml tube and centrifuge
at 1500 rpm (500 × g) for 5 min at 4◦C.

3. Discard the supernatant and resuspend the pellet in 1 ml of
RBC lysis buffer. After 5 min incubation at room tempera-
ture, add ice-cold cRPMI medium to fill the tube.

4. Centrifuge the sample as described above.
5. Resuspend the pellet in cRPMI medium such that the final

cell concentration is 1×107 cells/ml. A spleen from a naïve
female mouse typically contains 1×108 cells. Therefore,
adding 10 ml of cRPMI medium will be sufficient to obtain
the desired cell concentration.

6. Plate 100 μl of cells into a 96-well U-shaped plate pre-
coated with 2 μg/ml anti-mouse CD3 and 2 μg/ml of sol-
uble anti-mouse CD28 (see Note 3). Incubate for 24–48 h
in a 37◦C incubator with 5% CO2.

7. Centrifuge the plate at 800 × g in a tabletop centrifuge for
1 min at 4◦C and remove the supernatant by decantation.
Wash with 200 ml ice-cold PBS and transfer the cells to a
1.5-ml tube. Centrifuge at 2000 rpm 800 × g and com-
pletely remove the supernatant by aspiration.

8. Resuspend the pellet in 1 ml of Trizol reagent and pipette
up and down several times until all the cells are lysed. After
a 5-min incubation, add 200 μl chloroform. Shake the sus-
pension vigorously and incubate the sample for 3 min at
room temperature. Centrifuge the sample for 15 min at
12,000 × g at 4◦C.

9. Transfer the upper clear phase containing the RNA to a
fresh tube without disturbing the interface. Add 0.5 ml of
isopropyl alcohol and incubate for 30 min at room temper-
ature.

10. Centrifuge the sample for 15 min at 12,000 × g at
4◦C. Decant the supernatant and wash with 1 ml of
75% ethanol. Centrifuge at no more than 7500 × g for
5 min at 4◦C. Decant the supernatant and dry the RNA
pellet for 10–30 min. Resuspend the pellet in 100 μl
of nuclease-free water. Measure the concentration and
determine the purity using a spectrophotometer. At this
point, the RNA solution can be stored at –80◦C or one
can proceed to the preparation of complementary DNA
(cDNA).

11. To prepare a cDNA, set up the following reaction in a
nucleotide-free PCR tube on ice:
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5× RT buffer 10 μl

10 mM dNTP mix 5 μl
Oligo(dT) 5 μl

RNAse Inhibitor 1 μl
RNA 5 μg or less

RNAase free water up to 49 μl

Place the tube in a thermocycler and incubate at 65◦C for
5 min to denature RNA. Remove the tubes from the ther-
mocycler and allow the tubes to cool down to room tem-
perature for 10 min. Add 1 μl of reverse transcriptase to
each tube and incubate in the thermocycler at 37◦C for 1 h.
Deactivate the reverse transcriptase by heating the reaction
to 70◦C for 15 min.

12. Obtain cDNA of the cytokines by PCR. Set up the fol-
lowing PCR reaction in a nucleotide-free PCR tube on ice
adding the components in the following order:

Autoclaved distilled water 38 μl

10× Pfx amplification buffer 5 μl
10 mM dNTP mix 1.5 μl

50 mM MgSO4 1 μl
cDNA 2 μl of the reaction

10 μM of primer mix 1.5 μl
Platinum Pfx DNA polymerase 1 μl

Place the tube in a thermocycler and set up the following
program:
94◦C for 30 s
55◦C for 30 s
68◦C for 90 s
68◦C for 10 min
The first three steps should be repeated 35 times.
Keep the tubes at 4◦C after the PCR cycles are completed

(see Note 4).
13. Confirm that the cDNA sequence of the GM-CSF or Fc is

present by agarose gel electrophoresis.
14. Purify the PCR product using a PCR purification kit

according to the manufacturer’s instructions and elute the
DNA from the column with 50 μl deionized water. Deter-
mine the DNA concentration using a spectrophotometer.
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Note: if the concentration of the PCR product is high, this
step can be avoided; simply add 1–3 μl of the PCR reaction
to the digestion reaction.

15. Place in separate tubes up to 1 μg of the PCR product or
plasmid and set up the following digestion reaction:

Restriction enzyme 1 1 μl

Restriction enzyme 2 1 μl
10× Digestion buffer 5 μl

Digested DNA 43 μl

Incubate in a 37◦C water bath for 2–4 h.
Note: to prevent self-ligation of plasmid DNA in subse-
quent steps and increase cloning efficiency, 1 μl of shrimp
alkaline phosphatase can be added to the digestion reaction
20 min prior to gel purification.

16. Add 5.5 μl of 10× agarose loading gel and load the entire
reaction into a 1% agarose gel with 0.5 μg/ml ethidium
bromide. Once separation is completed (marker dye is at
the bottom of the gel), expose the gel to a UV translumi-
nator and cut the band corresponding to either the plasmid
or the cDNA with a razor blade. Cut the gel in small pieces
and transfer to a 1.8-ml tube.

17. Extract DNA using a Gel Purification Kit. Elute DNA from
the column with 50 μl nuclease-free water and quantify the
amount of DNA recovered using a spectrophotometer (see
Note 5).

18. Set up the ligation reaction in an PCR tube as follows:

Plasmid DNA 50 ng

PCR product 15–20 nga

10× T4 ligation reaction 2 μl

T4 ligase 1 μl
Water up to 20 μl

aThe molar ratio of PCR product to plasmid is typically 3:1.

Incubate overnight in a 17◦C water bath or 2 h at room
temperature.

19. In a fresh tube, mix 2, 4, and 10 μl of the ligation reaction
with 50 μl chemically-competent DH5α E. coli cells on ice
and incubate for 30 min.
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20. “Heat shock” the cells by submerging the tubes for 45 s
in a 42◦C water bath. Rapidly transfer the tubes to ice and
incubate for 2 min.

21. Recover the cells by adding 450 μl SOC medium pre-
warmed to 37◦C. Place the tubes in a 37◦C incubator rotat-
ing at 250 rpm/min for 1 h.

22. Aseptically transfer 20 and 200 μl of cells to LB agar
plates and 50 μg/ml of ampicillin. Distribute the cells
throughout the length of the plate using the tip of a sterile
glass pipette or sterile glass beads with a “back and forth”
motion until the plate is uniformly covered with the cell
solution.

23. Incubate the plates in a 37◦C incubator for 18–24 h.
24. Pick isolated colonies with a sterile pipette from the plates

and transfer to tubes containing 2 ml of LB medium with
50 μg/ml ampicillin. Incubate overnight in a 37◦C incu-
bator rotating at 250 rpm/min. We recommend picking at
least ten colonies.

25. Extract plasmid DNA using a mini prep kit. Perform diges-
tion described in step 16 but use only 5 μl plasmid and
bring the rest of the volume up to 50 μl with water.

26. Verify that the plasmid contains the cDNA of the cloned
gene by agarose gel electrophoresis.

27. It is also important to verify the integrity of the sequence
cloned by DNA sequencing.

3.1.1. Discussion
of Primers and Cloning
Strategy

The complete cDNA of GM-CSF is cloned first into pcDNA3.1
using the primers depicted in Table 9.1. The upstream 5′ primer
contains the Kozak sequence, which ensures adequate ribosome
binding to the translation start site and consequently high lev-
els of protein expression. A typical Kozak sequence consists of
the following sequence GCC(G/A)CCATGG(25). We have suc-
cessfully engineered several genes with the consensus sequence
GCCACCATGG. If the sequence of the coding gene is not a
G after start codon ATG, we do not recommend changing this
sequence. The primer also contains an EcoRI restriction site used
for cloning into pcDNA3.1+. Adjacent to the EcoRI site we
include a series of up to six random nucleotides that ensures that
the restriction enzyme will adequately cleave the PCR product.
All the primers where the PCR product will be digested and sub-
sequently cloned will include at least six random nucleotides (or
more depending on the enzyme used). The downstream 3′ end
primer contains two consecutive stop codon sequences TGATGG
and BamHI for cloning into the pcDNA3.1+ vector. This con-
struct will express the coding sequence of GM-CSF.
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Table 9.1 Primer for cloning GM-CSF and GM-CSF-Fc constructs

GM-CSF pcDNA3.1

Upstream 5′ NNNNNNGAATTCGCCACCATGGCCCACGAGAGAAAGGC
Restriction site – Kozak sequence

Downstream 5′ NNNNNNGGATCCCCATCATTTTTGGACTGGTTTTTTGC
BamHI restriction site – 2 consecutive stop codons

Fc pcDNA3.1

Upstream 5′ NNNNNNGGTACCCGAGCCCAGAGGGCCCACATTC
KpnI restriction site

Downstream 5′ NNNNNNTCTAGATTATCATTTACCAGGAGTCCGGGAGAAG
KpnI restriction site – 2 consecutive stop codons

GM-CSF-Fc pcDNA3.1
Downstream 5′ NNNNNNGGTACCCCTTTTTGGACTGGTTTTTTGC

KpnI restriction site – 2 additional nucleotides to ensure that GM-CSF will be in
frame with the Fc sequence

The Fc is cloned from mouse IgG1. We cloned the sequence
of CH3 and CH2 including the hinge region, which provides
flexibility to cytokine-Fc fusion protein. The 5′ upstream primer
contains a KpnI restriction site adjacent to the hinge region. Since
the Fc plasmid gene is not designed to be expressed, we included
no additional sequences.

Fig. 9.1. Map of the cloned GM-CSF constructs.
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Both genes are cloned into pcDNA3.1+ first as shown in
Fig. 9.1. To construct GM-CSF-Fc pcDNA3.1+, a PCR is per-
formed on the GM-CSF pcDNA3.1 to amplify the GM-CSF
sequence where the stop codons at the 3′ end are substituted
with a KpnI restriction site, such that the GM-CSF sequence is
in frame with Fc sequence as shown in Fig. 9.1.

3.2. Testing
Constructs In Vitro

3.2.1. Transfection
of Constructs to Test
Expression of GM-CSF
Constructs

1. The day before transfection, plate 1 X 105 and 2 X 105

HEK 293 cells per well in a 6-well plate in 2 ml cDMEM.
Incubate at 37◦C and 5% CO2 overnight.

2. Remove reagents and allow them to warm to room tem-
perature.

3. Pick a cell dilution where cells are 50–80% confluent.
4. Aliquot DMEM medium (without serum) into sterile 1.8-

ml tube.
Tube 1 = 100 μl (medium only)
Tube 2 = 97 μl (FuGENE, no DNA)
Sample 1 = 97 μl
Sample 2 = 97 μl

5. Mix FuGENE 6 reagent by briefly vortexing (1–2 s).
6. Add to each tube the corresponding volume of FuGENE

6 reagent. It is crucial to add the Fugene 6 reagent directly
into the medium being careful not to touch the side of the
tube with the tip.
C1 = 0
C2 = 3 μl
Sample 1 = 3 μl
Sample 2 = 3 μl

7. Incubate at room temperature for 5 min.
8. Add 2 μg of plasmid DNA to each tube. Plasmid concen-

tration should be 0.5–2 μg/μl. If the plasmid concentra-
tion is less diluted, the final volume of the DNA/Fugene 6
mix should be adjusted to 100 μl.

9. Mix by vortexing 1 s.
10. Incubate at room temperature for 45 min.
11. Add 100 μl of complex to each corresponding well. Gen-

tly tap the plate so the DNA/Fugene 6 mix is distributed
throughout the plate.

12. Incubate at 37◦C with 5% CO2 for 48 h.
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3.2.2. FACS Staining
of Transfected Cells

1. Harvest cells 48 h (2 days) after transfection. HEK 293 cells
are loosely adherent and can be dissociated from the plate by
lightly tapping the plate (see Note 6).

2. Transfer the cells to a 15-ml falcon tube and place it on ice.
Count cells and adjust the concentration at 106cells/ml with
ice-cold medium.

3. Plate 1×105 cells (100 μl) in 96-well plate.
4. Quick-spin the plate down (800 × g for few seconds).
5. Wash cells with 200 μl of PBS and repeat quick spin.
6. Resuspend cells in 100 μl BD Cytofix/CytopermTM solu-

tion and incubate for 20 min on ice.
7. Wash cells twice with 1× Perm/Wash buffer. Resuspend

cells in 50 μl Perm/Wash add 0.5 μl of anti-GM-CSF PE
antibody and incubate on ice for 45 min. Keep the plate in
the dark by covering with aluminum foil.

8. Wash twice with 1× Perm/Wash solution and resuspend in
120 μl of PBS.

GM-CSF Fc pcDNAGM-CSF pcDNApcDNA

Anti-GM-CSF PE

Anti-Fc PE

Isotype PE

0.038

0.0370.075 0.043

0.22 15.6

16.2 15

0

PE

Fig. 9.2. Flow cytometry analysis of HEK 293 cells transfected with GM-CSF constructs. The cells were transfected with
the GM-CSF constructs described for 48 h, fixed, permeabilized, and stained with either anti-Fc-PE, anti-GM-CSF-PE or
isotype control.
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9. Analyze samples by flow cytometry (Fig. 9.2). The samples
can be analyzed up to 5 days after staining.

3.2.3. Testing
Expression
of GM-CSF-Fc
Constructs by Western
Blot

1. Harvest supernatants (about 1 ml) and store at –80◦C until
ready to use.

2. Thaw samples on ice, transfer to a 1.8-ml tube. Clear super-
natants by spinning at 20,800 × g for 10 min at 4◦C.

3. Transfer 15 μl of supernatants to a fresh tube, add 5 μl of
4× loading buffer without a reducing agent. Boil tubes for
5 min (see Note 7).

4. While samples are boiling, wash the SDS-polyacrylamide
gel electrophoresis (PAGE) gel with deionized water, and
place the gel in the running apparatus, fill the apparatus
with running buffer without reducing agent and remove
the comb from the plate. Wash each well by forcibly pipet-
ting several times with running buffer.

5. Spin quickly and carefully load 20 μl on a SDS-PAGE gel.
6. Close the apparatus, plug into a power supply and run at

200 volts for 60 min or until the tracker dye is at the bot-
tom of the gel.

7. Remove the gel from the container and soak it in transfer
buffer.

8. Immerse a PDVF membrane (the membrane must be the
exactly the same size as the gel) in 100% methanol for a
few seconds. Transfer the membrane to a container with
transfer buffer. In the same container, soak six pieces of
filter paper the size of the gel.

9. Set up the transfer apparatus by placing 3 filter papers, the
gel, the membrane, and an additional three filter papers
from bottom to top. Remove any foaming by pressing and
rolling the “sandwich” with a Pasteur pipette.

10. Transfer to a blotting apparatus, fill with transfer buffer,
and apply 10 volts (100 m Amps) for 1 h.

11. Discard the gel and filter papers and briefly wash the mem-
brane with 5–10 ml of PBST.

12. Place the membrane in a container with 2–3 ml of PBST
+ 1% BSA over a rocking platform (volume will depend on
the size of the container) incubate overnight at 4◦C or 1 h
at room temperature.

13. Wash the membrane with 5–10 ml of PBST once and add
2–3 ml of anti-mouse Fc-HRP at 1:10,000 dilution in
PBST + 1% BSA. Incubate for 1 h at room temperature
or 4 h at 4◦C on a rocking platform. The antibody dilution
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should be carefully titrated if high background or no signal
is evident after development.

14. Wash 4× with PBST for 5 min each wash.
15. Develop membrane by incubating with a small amount

(enough to completely cover the membrane) of ECL
reagent for 5–10 min. Place the membrane in plastic wrap
removing extra liquid. Do not let the membrane dry at any
time.

16. Expose the membrane to film for 1–2 min. Exposure time
will vary depending on the strength of the signal. It is
recommended that the membrane is exposed several times
varying the exposure time to optimize signal and minimize
background.

17. Develop film (Fig. 9.3).

MW

Fig. 9.3. Supernatants of transfected HEK 293 cells analyzed by unreduced 7%
polyacrylamide gel electrophoresis. The membrane was probed with an anti-mouse
Fc-HRP antibody. Lanes are from cells transfected with: (1) GM-CSF-Fc pcDNA3.1; (2)
GM-CSF pcDNA3.1; (3) pcDNA3.1

3.3. Testing
Constructs In Vivo

3.3.1. Delivery
of GM-CSF-Fc Fusion
Constructs via Particle
Bombardment

3.3.1.1. Preparation
of Gene Gun Bullets

1. Place 75 mg of gold into 1.8-ml tubes.
2. Make a fresh 50 mM spermidine solution (8 μl of pure

frozen stock in 1 ml of nuclease free water).
3. Add 200 μl of freshly diluted 50 mM spermidine. Vortex

vigorously to resususpend gold particles. Sonicate gold for
30 s to disrupt clumps.
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4. Add 100 μg (100 μl) of plasmid DNA. The plasmid DNA
solution should be at 1 mg/ml in nuclease-free water. Tap
the tube several times to dissolve the plasmid DNA.

5. While slowly vortexing, add 200 μl of 1 M calcium chloride
solution dropwise. It is important to deliver the calcium
chloride solution very slowly in order to maximize DNA
precipitation directly into the gold particles. Close tube and
vortex a few seconds.

6. Allow gold to settle for 10 min.
7. While gold settles, label one 15-ml tube for each sam-

ple using ethanol resistant pen and add to each 12 ml of
ethanol (see Note 8).

8. Centrifuge 2 min at 2000 × g in a bench top centrifuge.
Aspirate off supernatant. Add 1 ml of ethanol and resus-
pend the gold pellet by vigorously vortexing the tube.
Transfer the suspension to corresponding labeled 15-ml
tube.

9. Centrifuge for 1 min at 2000 × g. Completely aspirate off
the supernatant. Do not decant the supernatant as the pel-
let might easily detach itself from the tube.

10. Add 10 ml of ethanol and thoroughly resuspend the gold
pellet by vortexing. Repeat ethanol wash three more times.

11. After last wash, resuspend the gold pellet in 7 ml of ethanol.
12. Set up the tubing prep station:

(a) Insert the bullet tubing into the apparatus, cut to 3
inches extra length. Attach short rubber tubing adapter
to tube.

(b) Open the nitrogen tank valves such that a continuous
stream of N2 is flowing. Care should be exercised not
to allow the N2stream to remove the gold from the
tubing.

(c) Detach the tubing from the N2stream. Load ethanol
inside the tube and aspirate the ethanol. Dry the tube
for at least 2 min before the next step. Pre-washing
the tubing with ethanol before introducing the
gold removes impurities and improves the quality of
bullets.

13. Vortex the 15-ml tube containing the gold/DNA mix and
briefly sonicate for 10 s to dissociate clumps of gold. Son-
ication should be brief as it can fragment plasmid DNA.
With a 5-ml syringe and 18′′ gauge needle aspirate 3.5 ml
of sample. Discard the needle and place the syringe at the
end of the adapter tube, slowly push the solution inside



Cytokine-FC Fusion Genes as Molecular Adjuvants 149

the tube ensuring that the gold is distributed uniformly
throughout the tube.

14. Leaving the syringe attached to the tube; allow the gold to
settle for 2.5 min.

15. Slowly aspirate the ethanol and remove the syringe.
16. Connect the tube to the N2 stream and allow the gold

to dry.
17. Remove the tube from the apparatus and cut bullets into a

50-ml Falcon tube with a bullet cutter. Store the DNA bul-
lets under vacuum with a desiccant. Atmospheric humidity
deteriorates the quality of the bullets.

3.3.1.2. Delivery
of GM-CSF Constructs
via Gene Gun

1. Anesthetize the mice in a chamber containing isoflourane
vaporized at 4% under a biohazard hood. Once the mice
are anesthetized the isoflourane level should be reduced to
1–2%.

2. Rub a small amount of nair depilatory cream on the
abdomen of the mouse for about 10 s. Place the mouse back
in the chamber for 30 s.

3. Remove the abdominal hair with a gauze and clean the area
with a second gauze.

4. Load a cartridge with bullets. Plug the gene gun to a high-
grade helium gas tank and set up the pressure to 400 psi.

5. Hold the mouse tightly and aim the gun to one corner of
depilated abdomen. Trigger the gun discharging the con-
tents of the bullets.

6. Move the cartridge to a new position and aim the gun to the
opposite corner. Trigger the gun discharging the contents of
the second bullet.

7. Shoot a total of four bullets (1 μg of plasmid/bullet) into
each corner of the abdomen.

8. Place the mice back in the cage.

3.3.2. Preparation
of Skin Supernatants
for Biochemical
Analyses

1. Euthanize the mice at different time-points after biobalistic
delivery.

2. Carefully remove the skin of the abdomen previously
exposed to gold particles with surgical scissors. Certain gene
guns or gold particles will leave a mark or “tattoo” at the
delivery site.

3. Transfer the skin samples to a 2-ml cryovial and flash-freeze
by dropping the vial into liquid N2. The samples should be
stored at –80◦C until further use.
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4. Weigh the frozen tissue and rapidly transfer to a 5 ml round
bottom polycarbonate tube on ice.

5. Add X μl of homogenization buffer (where X= mg of tissue
× 8 μl/mg).

6. Mince the tissue with surgical scissors and move the tube
into a tissue homogenizer in a beaker containing ice.
Homogenize the tissue on an ice bath for short peri-
ods (10–15 s) at time. Longer homogenizing periods will
increase the sample temperature which can damage the sam-
ple. Avoid foaming.

7. Once the sample is completely homogenized, centrifuge the
sample in a table top centrifuge at 20,800 × g at 4◦C for
15 min.

8. Carefully remove the supernatant with a pipette and trans-
fer to a fresh 1.8-ml tube. At this point, the supernatants
can be flash-frozen and stored at –80◦C or liquid N2 until
further use.

3.3.3. Sandwich ELISA
for Quantification
of In Vivo expression
of cytokines

This approach can be used for the quantification of both primary
(cytokine DNA injected) and secondary cytokine or chemokines
(proteins produced as a result of cytokine DNA injection) (22)
(see Note 9).

1. Dilute the capture antibody at 10 μg/ml in 0.1 M Bicar-
bonate buffer, pH 9.2, and add 50 μl to each well of a
96-well microtiter plate.

2. Cover with Parafilm R© and incubate at 4◦C overnight in a
moist box containing a wet paper towel or at room temper-
ature and humidity for 2 h.

3. Aspirate the antibody solution and wash the plate twice
with 200 μl of PBS.

4. Block the plate with 100 μl of blocking buffer for 30 min
at room temperature.

5. Empty the plate and wash three times with 200 μl of wash
buffer.

6. Prepare a standard that consists of recombinant GM-CSF
at a range of 10 pg/ml to 5000 ng/ml in serial dilu-
tions. Add the standards and supernatants either undi-
luted or serially diluted in wash buffer to a total volume
of 50 μl per well. Incubate the plate at room temperature
for 2 h.

7. Empty the plate and wash with 200 μl of wash buffer at
least three times.

8. Add 50 μl of the biotin detection antibody diluted in
wash buffer. The appropriate dilution of the detection
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antibody should be empirically determined for each anti-
body in order to maximize detection sensitivity and min-
imize background. We recommend a starting dilution
of 1:1000 or 1:10,000. Incubate at room temperature
for 1 h.

9. Empty the plate and wash three times with 200 μl of wash
buffer.

10. Add 50 μl of streptavidin-HRP solution. Incubate at room
temperature for 20 min.

11. Empty the plate and wash with 200 μl of wash buffer three
times.

12. Add 100 μl of ABTS Substrate Incubate at room temper-
ature for color development. Monitor color development
with an ELISA plate reader at 405 nm.

3.3.4. Measuring DC
Recruitment in Draining
Lymph Nodes

1. Deliver GM-CSF constructs via gene gun as described pre-
viously (Section 3.3.1).

2. Euthanize mice and remove the draining inguinal lymph
nodes with surgical scissors and tweezers.

3. Place the lymph node in a 6-well plate with 5 ml of dissoci-
ation buffer and incubate for 30 min at 37◦C. Gently mix
the plate every 5–10 min.

4. Add 100 μl of 500 mM EDTA to deactivate the enzymes.
5. Gently dissociate the lymph node using the plunger of a

1-ml syringe. Transfer the cell suspension to a 50-ml tube
containing a cell strainer. Wash plate with 5 ml of iced-cold
PBS and transfer to the same tube.

6. Centrifuge tube at 500 × g for 5 min at 4◦C.
7. Wash cells twice with 5 ml of FACS buffer centrifuging at

500 × g for 5 min at 4◦C between washes.
8. Resuspend cells in 250 μl of FACS buffer and transfer to a

U-bottom 96-well plate. Keep plate on ice.
9. Centrifuge at 400 × g for 2 min at 4◦C and carefully decant

supernatant.
10. Resuspend cell in 50 μl FACS buffer and add 1 μl of

anti-mouse CD16/32 to each well and incubate on ice for
15 min.

11. Without washing the plate add 50 μl cocktail of diluted
fluorescently labeled antibodies to each well and incubate
40 min. Typically, the markers used for distinguishing DCs
are CD11c, MHC class II, and CD86 (see Note 10).

12. Wash 2× with FACS buffer as described in step 9.
13. Resuspend cells in 100 μl of FACS buffer containing 1×

DAPI in order to electronically exclude that dead cells
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from subsequent analysis. Other cell-death markers such as
7-ADD or propidium iodide can be used as long as the
emission spectrum does not interfere with the spectrum of
the markers analyzed.

14. Analyze the samples by flow cytometry (Fig. 9.4).

I-AbFITC

C
D

11
c 

P
E

pcDNA pcDNA GM-CSF pcDNA GM-CSF-Fc

Fig. 9.4. Flow cytometry analysis of dendritic cells’ infiltration into draining inguinal lymph node 5 days after gene
gunning of GM-CSF constructs.

4. Notes

1. We selected Pfx DNA polymerase over other polymerase
because it provides high fidelity and high processivity.
Other polymerases provide higher fidelity but lower proces-
sivity or alternatively higher processivity but lower fidelity.

2. Enzymes may require different digestion buffers for opti-
mal activity. When double digestions are necessary, it is
important to check the compatibility of each enzyme in
a specific buffer such that the activity of both enzymes is
optimal.

3. To coat a plate with anti-mouse CD3, the antibody is
diluted (2 μg/ml) in PBS and 100 μl is added to each
well. The plates are incubated at 4◦C overnight and washed
twice with cRPMI medium before use.

4. It is possible to couple the RT and PCR reactions in one
step. For this, set up a PCR reaction as shown in step 12
omitting the cDNA and adding 5 μg of RNA. Incubate the
reaction at 65◦C for 15 min in the thermocyler. Remove
the tubes and add 1 μl of reverse transcriptase to each tube.
Place the tubes back in the thermocycler and incubate for
45 min at 42◦C, then continue the PCR program. Note
that a RT-PCR kit is available to perform this type of one-
step reaction (SuperScript R© III One-Step RT-PCR System
with Platinum R© Taq High Fidelity, Invitrogen).
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5. Since the DNA concentration may be lower than the detec-
tion limits of the spectrophotometer, DNA can also be
quantified by agarose gel electrophoresis using a mass lad-
der to estimate DNA concentration.

6. If adherent cell lines other than HEK 293 are used, the cells
can be dissociated with a variety of cell dissociated solu-
tions. We do not recommend the use of a trypsin solution
as it can damage the integrity of the recombinant protein.

7. When cytokines-Fc are to be analyzed, we recommend
avoiding reducing agents such as β-Mercaptoethanol in
order to preserve the integrity of disulfide bonds.

8. Use a new bottle of ethanol for every set of bullets as
ethanol needs to be 100% pure. Opened bottles of ethanol
absorb moisture from the environment, which compro-
mises the quality of the DNA bullets.

9. Commercial ELISA kits are available for a number of
murine cytokines and chemokines including GM-CSF. In
addition, this approach can also be used to test the potency
of human cytokine DNA constructs. For example, we
demonstrated that the human GM-CSF DNA used in our
clinical trial lead to detectable human GM-CSF protein
levels in the skin of mice injected with the construct (20).

10. The concentration of each antibody needs to be titrated
prior to the experiment to obtain optimal results. We rec-
ommend a starting titration of 1:50 and serial dilution
should be made.
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Chapter 10

Pharmacology of Anti-CD3 Diphtheria Immunotoxin in CD3
Positive T-Cell Lymphoma Trials

Jung Hee Woo, Yu-Jen Lee, David M. Neville, and Arthur E. Frankel

Abstract

Anti-CD3 recombinant diphtheria immunotoxin, A-dmDT390-bisFv(UCHT1), consists of the catalytic
and translocation domains of diphtheria toxin fused to two single chain Fv fragments of an anti-CD3ε

monoclonal antibody (UCHT1). A-dmDT390-bisFv(UCHT1) is capable of killing CD3+ T-lymphoma
cells and normal T cells specifically in the femtomolar concentration range. To study pharmacology of
A-dmDT390-bisFv(UCHT1) in patients with CD3+ T-cell lymphoma in a phase I clinical trial, (1) highly
sensitive bioassay using Jurkat cells for measuring drug levels, (2) ELISA for measuring anti-DT antibody
titer, and (3) 5-color FACS analysis method for measuring changes of subtype T-cell population were
developed. In addition to evaluating drug efficacy and pharmacokinetics in patients, it is important to
correlate pre-existing anti-DT antibody levels with maximum drug concentration in serum and extent of
T-cell depletion because pre-existing anti-DT antibodies due to DPT (Diphtheria, Pertussis, and Tetanus)
immunization can neutralize diphtheria immunotoxin. We observed that at the lowest treatment dose
(2.5 μg/kg: twice daily for 4 days) A-dmDT390-bisFv(UCHT1) depletes greater than 99.0% of normal
T cells in all six patients for a short period of time (2–3 days) and that there is no association of Cmax
and extent of T-cell depletion with the pre-existing anti-DT antibody titer.

Key word: UCHT1, immunotoxin, CD3, diphtheria toxin, T-cell depletion, pre-existing anti-DT
antibodies.

1. Introduction

T-cell lymphomas are heterogenous and represent 12% of
lymphoma cases in the US – a total of 6000 cases/year (1). Con-
ventional therapies (chemotherapies, radiations, monoclonal anti-
bodies, etc.) yield remissions in this diverse set of malignancies,
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but over half of patients relapse and die with progressive dis-
ease (2, 3). Once patients display chemoresistance or relapse,
survival is short and treatment options are limited. However,
chemoresistant refractory T-lymphoma cells remain sensitive to
novel mechanisma of apoptosis including protein synthesis inhi-
bition. Therefore our laboratory has focused on the treatment
of such patients with immunotoxins composed of tumor cell-
directed ligands covalently linked to protein synthesis inactivating
peptide toxin such as diphtheria toxin (DT) and ricin toxin (RT).

Recently we had synthesized clinical grade anti-CD3 recom-
binant diphtheria immunotoxin, A-dmDT390-bisFv(UCHT1)
(4), and achieved FDA approval for testing in patients (IND #
100712). A-dmDT390-bisFv(UCHT1) consisting of the catalytic
and translocation domains of diphtheria toxin fused to two sin-
gle chain Fv fragments of an anti-CD3ε monoclonal antibody
(UCHT1) is capable of killing CD3+ T-lymphoma cells and nor-
mal T cells specifically in the femtomolar concentration range.

To study pharmacology of A-dmDT390-bisFv(UCHT1) in
patients with CD3+ T-cell lymphoma in a phase I clinical trial,
(1) highly sensitive bioassay using Jurkat cells for measuring drug
levels in patient sera, (2) ELISA for measuring anti-DT anti-
body titer, and (3) 5-color FACS analysis method for measuring
changes of subtype T-cell population were developed. In addi-
tion to evaluating drug efficacy and pharmacokinetics in patients,
it is important to correlate pre-existing anti-DT antibody levels
with maximum drug concentration in serum and extent of T-cell
depletion because pre-existing anti-DT antibodies due to DPT
(Diphtheria, Pertussis, and Tetanus) immunization can neutral-
ize diphtheria immunotoxins. We observed that at the lowest
treatment dose (2.5 μg/kg: twice daily for 4 days) A-dmDT390-
bisFv(UCHT1) depletes greater than 99.0% of normal T cells in
all six patients for a short period of time (2–3 days) and that there
is no association of the peak immunotoxin serum level (Cmax) and
extent of T-cell depletion with the pre-existing anti-DT antibody
titer (5).

2. Materials

2.1. Cytotoxicity
Assay Measuring
Drug Levels in
Patient Sera

1. Leucine-free RPMI 1640 (LF-RPMI 1640): Dissolve 5.0 g
of leucine-free RPMI 1640 (US Biological), 0.5 g of BSA,
150 mg of L-glutamine, 100 mg of sodium bicarbonate
(NaHCO3), and 5 ml of 1 M HEPES in 500 ml of water
(see Note 1). Sterile-filter and aliquot 45 ml each into
50-ml centrifuge tubes. Store at –80◦C.
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2. RPMI 1640/10% FBS/1% PSN: Mix 450 ml RPMI
1640 (ATCC), 50 ml of fetal bovine serum, and 5 ml
of penicillin–streptomycin–neomycin antibiotic mixture
(GIBCO). Sterile-filter and store it at 4◦C.

3. DMSO (dimethylsulfoxide, Hybri-Max, Sigma).
4. Freezing medium: 10% DMSO and 90% of RPMI

1640/10% FBS/1% PSN medium.
5. Jurkat cells (ATCC #TIB-152).
6. A-dmDT390-bisFv(UCHT1) (0.8 mg/ml): This recom-

binant protein was extracellularly expressed in diphtheria
toxin-resistant Pichia patoris (6–8) and purified by three-
step purification procedure (4, 9).

7. Cycloheximide.
8. 96-well cell culture-treated round-bottom plate for drug

dilution.
9. 96-well tissue culture-treated flat bottom plate for assay.

10. 3H-leucine (PerkinElmer).
11. Filter mat (Wallac).
12. Sample plastic bag (Wallac).
13. Betaplate Scint (PerkinElmer).
14. Micro96 Harvestor (Molecular Device #0200-3923).
15. Bag heat sealer (PerkinElmer).
16. MicroBeta Trilux detector (PerkinElmer #1450).

2.2. Anti-DT Antibody
Titer Assay

2.2.1. Purification
of Human
Anti-Diphtheria Toxin
(DT) Antibodies

1. Coupling buffer: Dissolve 8.6 g sodium bicarbonate
(NaHCO3), 20 ml 5 M NaCl into 950 ml of water in a 1.0-
L beaker. Adjust the pH with 1 M NaOH to 8.3 and a final
volume to 1 L with water. Sterile filter through 0.2-μm
filter and store at 4◦C.

2. 100 mM Glycine buffer (pH 2.7): Dissolve 1.5 g of glycine
into 150 ml of water in a beaker. Adjust the pH with to 2.7
using 1 M HCl and final volume to 200 ml with water.
Sterile filter through 0.2 μm filter and store at 4◦C.

3. 1× phosphate buffered saline (PBS).
4. 400 mM Tris–HCl, pH 8.0: Mix 20 ml of 1 M Tris–HCl,

pH 8.0, and 30 ml water.
5. CNBr-activated Sepharose beads (GE Healthcare).
6. Human normal serum (Valley Biomedical)
7. 30 mg of A-dmDT390-bisFv(UCHT1) (0.8 mg/ml).
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8. Slide-A-Lyzer dialysis cassette (Pierce).
9. HiTrap Protein G HP 1 ml (GE Healthcare); protein G

column.
10. Syringe and needle.

2.2.2.
SDS-Polyacryamide Gel
Electropheresis
(SDS-PAGE)

1. 1× Tris/glycine/SDS running buffer: Dilute 100 ml of 10×
Tris/glycine/SDS buffer into 900 ml of water.

2. 6× sample buffer: 35% (v/v) glycerol, 10% (w/v) SDS,
0.012% bromophenol blue, and 350 mM Tris, pH 6.8.
Aliquot 0.5 ml each into 1.5 ml microcentrifuge tubes and
store them at –80◦C.

3. 4–20% Tris–glycine gel, 1.0 mm × 15 well (Invitrogen).
4. Unstained standard Mark12 (Invitrogen).
5. GelCode Blue Stain Reagent (Thermo).
6. XCell SureLock Mini Cell module (Invitrogen).
7. Power supply.

2.2.3. Enzyme-Linked
ImmunoSorbent Assay
(ELISA) for Quantitative
Determination of IgG in
Purified Anti-DT
Antibody

1. ELISA kit (Alpha Diagnostic).
2. Nunc-Immuno wash 8 (Nunc).
3. Microplate reader (Molecular Device, VERSAMAX).

2.2.4. Enzyme-Linked
ImmunoSorbent Assay
(ELISA) for Measuring
Anti-DT Antibody

1. 1× phosphate buffered saline (PBS): Mix 100 ml 10× PBS
with 900 ml water. Adjust pH to 7.4 using 1 M HCl. Store
at room temperature.

2. PBST washing buffer: Mix 10 ml of 10% Tween-20 and
100 ml of 10× PBS with 850 ml of water. Adjust pH to
7.4 with 1 M NaOH. Store at room temperature.

3. Blocking solution: Dissolve 9.0 g of gelatin in 300 ml of
1× PBS (pH 7.4) while heating at 50◦C. Aliquot 25 ml
each into twelve 50-ml centrifuge tubes. Store at –80◦C.

4. Sample dilution buffer: Mix 5 ml of blocking buffer, 1 ml of
fetal bovine serum, 0.5 ml of 10% Tween-20, and 43.5 ml
of 1× PBS (pH 7.4). This buffer should be prepared imme-
diately prior to use.

5. Stop solution (1 M HCl): Mix 50 ml of HCl and 550 ml
of water. Store at room temperature.

6. Human normal serum (Valley Biomedical): Aliquot 1 ml
into 1.5 ml screw cap tubes to use as master aliquots of con-
trol serum. Thaw one vial of master stock aliquots of con-
trol serum in order to prepare working aliquots. Aliquot
20 μL into 0.2-ml PCR tubes and store at –80◦C to use as
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working aliquots. Use working aliquots of control serum
within 48 h after thawing. Anti-DT antibody concentra-
tion of control serum should be determined from at least
four independent assay results.

7. 500 μl of A-dmDT390-bisFv(UCHT1) (0.8 mg/ml).
8. 96-well EIA/RIA, flat-bottom, high binding plate

(Costar).
9. Anti-human IgG-HRP (BD).

10. ABTS peroxidase substrate (KPL, Inc.).
11. Plate washer (ELX50, BioTek).
12. Microplate reader (Molecular Device, VERSAMAX).

2.3. Flow Cytometry
for T-Cell Subtyping

1. Sample buffer: Dissolve 0.5 g of BSA in 500 ml of Hanks’
balanced salt solution (HBSS). Sterile filter and store at
4◦C.

2. Lysing buffer: Mix 2 ml of 10× Lysing reagent (BD) and
18 ml of water. Store in room temperature. This buffer
should be prepared immediately prior to use.

3. 1.5-ml microcentrifuge tubes.
4. 12 × 75 polystyrene tubes.
5. Sheath Fluid (Beckman Coulter [BC]) and Cleaning

Reagent (BC) are instrument support reagents.
6. Cyto-Trol (BC) and QuickCOMP 4 Kit (BC) for adjusting

fluorescence compensation.
7. Flow Check 488 (BC), Flow Set 488 (BC), APC 675 Setup

Kit (BC), and PC7 770 Setup Kit (BC) for verifying instru-
ment optical alignment and fluidics.

8. Isotype controls: IOtest IgG1-PC7 (BC), IgG1-APC
(BC), Mouse IgG1-PC5 (BC), Mouse IgG2a-FITC (BC),
Mouse IgG2a-RD1 (BC), Mouse IgG2a-ECD (BC), Rat
IgG2a-PE (BC), Mouse IgG2a-APC (BC), Mouse IgG2b-
PE (BC), IOtest Neg control-FITC/PE/ECD (BC).

9. CD marker stain: CD3-FITC (BD), CD26-PE (BD),
CD56 N-Cam-PE (BD), CD4-PC7 (BD), CD8-PC7
(BD), CD26-FITC (BD), CD69-APC (BD), CD195-
APC (BD), CD19-Alexa488 (BD), CD8-APC (BD),
CD27-APC (eBioscience), CD294 (CRTH2)-PE (Mil-
tenyi Biotec), CD3-ECD (BC), CD25-ECD (BC),
CD45RA-ECD (BC), CD3-PC5 (BC), CD45-PC7 (BC),
CD45-APC (BC).

10. IOTest Beta Mark TCR (BC) for T-cell subtype.
11. Dual laser Flow Cytometry (BC Model #175487).
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3. Methods

To determine circulating concentrations of biologically active A-
dmDT390-bisFv(UCHT1) in the blood, bioassay using Jurkat
cells with surface CD3 antigen was developed (10, 11). Bioas-
says using cell lines have inherent assay variability. The main cause
of the assay variability is the variation of cell conditions such
as CD3 expression levels. This cell variation was minimized by
establishment of master cell bank and a working cell bank of
Jurkat cells. After thawing the working cell bank, Jurkat cells,
subcultured for less than three passages, were used for the drug
level assay. Since diphtheria immunotoxins have a relatively short
half life (30–60 min) in the blood, patient serum samples were
taken at pre, 5, 15, 30, 60, 90, 120, and 240 min post the first
infusion.

For the anti-DT antibody titer assay, human anti-DT anti-
body standards need to be prepared because they are not com-
mercially available. Therefore, we described how to purify human
anti-DT antibodies and how to measure their concentration in the
anti-DT antibody titer assay section. The purification procedure
of human anti-DT antibodies and anti-DT antibody titer assay
procedure were modified from the methods previously described
(11, 12). Patient serum samples were obtained at pre, days 1, 2,
3, 4, 5, 8, 10, 12, 14, 21, 30, and at each 30-day follow-up after
the first drug infusion.

Five-color flow cytometry was developed to monitor T-cell
subset and other lymphocytes (B cells and NK cells) before and
after immunotoxin therapy in the clinical trial. T-cell subsets
includes CD4+ naïve T cells (CD3+/CD4+/CD26+/CD27+/
CD45RA+), CD4+ effector memory T cells (CD3+/CD4+/
CD26+/CD27−/CD45RA−), CD4+ central memory T cells
(CD3+/CD4+/ CD26+/CD27+/CD45RA−), CD8+ naïve T
cells (CD3+/CD8+/CD27+/CD45RA+), CD8+ effector mem-
ory T cells (CD3+/CD8+/CD27−/CD45RA−), CD8+ central
memory T cells (CD3+/CD8+/CD27+/CD45RA−), and NK T
cells (CD3+/CD56+) (13–15). Other lymphocytes include B cells
(CD3−/CD19+), CD8+ NK cells (CD3−/CD8+/D56+), and
CD8− NK cells (CD3−/CD8−/CD56+). TCR Vβ repertoire of
T lymphocytes was also measured using IOTest Beta Mark TCR
Vβ repertoire kit from Beckman Coulter. Data acquisition was
done using a Cytomics FC500 flow cytometer and Cellquest soft-
ware (BD Biosciences). Representative flow data using a healthy
volunteer’s blood were shown in Fig. 10.1.
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Tube1

Tube3

Tube2

Fig. 10.1. Representative flow data using a healthy volunteer’s blood. Lymphocyte population was gated for subtyping
analysis. Tube 1: stained lymphocytes with anti-CD3-FITC, anti-CD26-PE, anti-CD45RA-ECD, anti-CD27-APC, and anti-
CD8-PC7. Tube 2: stained lymphocytes with anti-CD3-FITC, anti-CD26-PE, anti-CD45RA-ECD, anti-CD27-APC, and anti-
CD4-PC7. Tube 3: stained lymphocytes with anti-CD3-FITC, anti-CD26-PE, anti-CD25-ECD, anti-CD69-APC, and anti-
CD4-PC7. Tube 4: stained lymphocytes with anti-CD26-FITC, anti-CD2946-PE, anti-CD3-ECD, anti-CD195-APC, and anti-
CD4-PC7. Tube 5: stained lymphocytes with anti-CD19-FITC, anti-CD56-PE, anti-CD3-ECD, and anti-CD8-APC.
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Tube4

Tube5

Fig. 10.1. (continued)

3.1. Quantification
of A-dmDT390-
bisFv(UCHT1)
Concentration
in Patient Serum Post
Infusion

3.1.1. Preparation
of the Master Cell Bank
and the Working Cell
Bank

1. Thaw one cryovial of Jurkat cells in order to prepare the
master cell bank.

2. Cultivate and expand Jurkat cells using RPMI culture
medium at 37◦C at 5% CO2 while maintaining cell den-
sity less than 1.5 × 106 cells/ml.

3. Measure cell counts and harvest the expanded cells by cen-
trifuging at 400×g for 5 min at room temperature.

4. Suspend cells in appropriate volume of freezing medium to
make cell density to 2 × 106/ml.

5. Aliquot 1 ml into 81 cryovials and freeze them in Frosty
freezing containers at –80◦C overnight. The next morning,
transfer cryovials to a liquid nitrogen container.

6. Thaw one cryovial of the master cell bank in order to pre-
pare the working cell bank.
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7. Cultivate and expand Jurkat cells using RPMI culture
medium at 37◦C at 5% CO2 while maintaining cell den-
sity less than 1.5 × 106 cells/ml.

8. Measure cell counts and harvest the expanded cells by cen-
trifuging at 400×g for 5 min at room temperature.

9. Suspend cells in appropriate volume of freezing medium to
make the cell density 2 × 106/ml.

10. Aliquot 1 ml into 81 cryovials and freeze them in Frosty
freezing containers at –80◦C overnight. On next morning
transfer cryovials to a liquid nitrogen container.

3.1.2. Quantification
of A-dmDT390-
bisFv(UCHT1)
Concentration in Patient
Sera

1. Thaw one vial of the working cell bank and cultivate the
cells in RPMI culture medium at 37◦C at 5% CO2 for two
passages.

2. Harvest cells by spinning down at 400×g for 5 min at room
temperature. Discard supernatant and suspend cells with LF-
RPMI 1640. Centrifuge cells at 400×g for 5 min at room
temperature. Discard supernatant and suspend cells in 5 ml
of LF-RPMI 1640. Count cell number and then dilute cells
with appropriate volume of LF-RPMI 1640 to make cell
density to 110,000 cells/ml. Transfer 90 μL of cell suspen-
sion to each well of a 96-well flat-bottom plate.

3. Prepare tenfold serial dilutions of A-dmDT390-bisFv
(UCHT1) drug standard starting from 1.0 × 10−10 M
(9610 pg/ml) to 1.0 × 10−16 M (0.0961 pg/ml) using LF-
RPMI 1640.

4. Prepare tenfold serial dilutions of serum samples in a 96-well
round-bottom plate using LF-RPMI 1640. For 5-, 15-, 30-,
and 60-min serum samples; prepare tenfold serial dilutions
starting from 1:5 to 1:5000. For 90-, 120-, and 240-min
serum samples, start dilution from 1:5 to 1:500 by tenfold
serial dilution. Prepare cycloheximide solution (3 mg/ml)
by mixing 3 μL of cycloheximide (100 mg/ml) with 97 μL
of LF- RPMI 1640.

5. Add 10 μL of the diluted drug standards, serum samples,
cycloheximide to designated 90 μl well in the assay plate
and incubate for 18 h at 37◦C and 5% CO2. Perform the
assay in quadruplicate.

6. Prepare 3H-leucine solution (20 μCi/ml) using LF-RPMI
1640 and dispense 50 μL of 3H-leucine solution into each
well. Incubate 2 h at 37◦C and 5% CO2.

7. Harvest cells onto filter mat using a cell harvestor. Allow
mat to dry inside the oven. Transfer dry mat into a sample
plastic bag and add 6 ml of Betaplate Scint. Remove excess
scint solution with a roller and seal the sample plastic bag.



166 Woo et al.

Place bagged filter mat into Betaplate counter cassette and
measure leucine incorporation (CPM).

8. Plot the 3H-leucine incorporation vs. the log of the
A-dmDT390-bisFv(UCHT1) standard concentrations with
Sigmoidal dose response nonlinear regression equation of
GraphPad Prism V5. Use the CPM readings of patient serum
sample dilutions within the standard curve to calculate the
A-dmDT390-bisFv(UCHT1) levels in sera.

3.2. Measurement
of the Anti-DT
Antibody Level in
Patient Sera

3.2.1. Purification
of Human Anti-DT
Antibodies by DT-Affinity
and Protein G Columns

1. For preparation of DT-affinity resin, immerse two dialysis
cassettes (MWCO 10 kDa) into prepared coupling buffer
for 30 s.

2. Inject 30 mg of A-dmDT390-bisFv(UCHT1) into the cas-
settes using a syringe attached with an 18-G needle.

3. Dialyze cassettes against coupling buffer pH 8.3 in 4◦C for
overnight.

4. The next morning, measure 1.0 gram of CNBr-activated
Sepharose Beads (swollen volume: 4 ml) and swell the
beads in 30 ml of cold water for 2 h at 4◦C.

5. Transfer swollen beads into a column or a Buchner fun-
nel to remove water. Suspend beads in 30 ml of 1 mM
cold HCl and transfer bead suspension into a conical tube.
Rotate the conical tube at 5–10 rpm for 5–10 min at 4◦C.

6. Centrifuge the tube at 300× g for 10× min at room tem-
perature. Carefully pour off supernatant without pouring
off the beads. Wash the beads with coupling buffer.

7. Add dialyzate to activated beads and allow the conical tube
to rotate at 5–10 rpm and 4◦C overnight for coupling.

8. Fill the tube with 400 mM Tris–HCl, pH 8.0, and rotate
tube at 5–10 rpm and 4◦C for 2 h.

9. Pack 4 ml of DT-affinity resin in an Econo-column (1.5 cm
× 10 cm).

10. Equilibrate the DT-affinity column with 1× PBS (pH 7.4).
Thaw 50 ml of human normal serum and dilute it with four
sample volume (200 ml) of 1× PBS (pH 7.4).

11. Load the diluted serum into the DT-affinity column at
3 ml/min and collect sample-flowthrough as 50-ml frac-
tions.

12. Wash the column with 6 column volume of 1× PBS and
collect wash-flowthrough.
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13. Elute bound anti-DT antibodies with 100 mM glycine
buffer (pH 2.7) while collecting 4-ml fractions. Each frac-
tion tube should contain 0.5 ml of 1 M Tris–HCl, pH
9.0, to neutralize pH for prevention from low pH protein
degradation/denaturation. Wash column using 50 ml 1×
PBS with 0.02% sodium azide for storage. Store column at
4◦C.

14. Analyze fractions in the previous step by SDS-
polyacrylamide gel electrophoresis (see Section 3.2.2).
Select and pool fractions containing anti-DT antibodies
for next Protein G affinity chromatography.

15. For Protein G affinity chromatography, obtain a prepacked
HiTrap Protein G HP column (1 ml).

16. Equilibrate the Protein G column with 10 column volume
of 1× PBS buffer (pH 7.4) at 1 ml/min.

17. Load the pooled sample in step 14 into the Protein G col-
umn at 1 ml/min.

18. Elute bound anti-DT antibodies with 100 mM glycine
buffer (pH 2.7) while collecting 1-ml fractions. Each
fraction tube should contain 0.1 ml of 1 M Tris–HCl,
pH 9.0, to neutralize pH for prevention from low pH
protein degradation/denaturation. Wash column using
10 ml 1× PBS with 0.02% sodium azide for storage. Store
column at 4◦C.

19. Analyze fractions by SDS-polyacrylamide gel electrophore-
sis (see Section 3.2.2). Select and pool fractions containing
anti-DT antibodies.

20. Quantify antibody concentration of the pooled human
anti-DT antibody preparation using human IgG ELISA
quantitative kit according to the manufacturer’s protocol.

21. Aliquot 0.5 ml of the quantified human anti-DT antibody
preparation into 1.5-ml screw cap tubes to use as master
aliquots of human anti-DT antibody standard. Store them
at –80◦C.

22. Thaw one vial of master aliquots in order to prepare work-
ing aliquots. Aliquot 50 μL into 0.2-ml PCR tubes and
store at –80◦C. Use working aliquots of human anti-DT
antibodies within 48 h after thawing.

3.2.2. SDS-PAGE
Analysis of Purified
Human Anti-DT
Antibodies

1. Mix 20 μl of each sample with 4 μl of 6× SDS sample buffer.
Cook samples at 90◦C for 5 min.

2. Load 4–20% Tris–glycine gel into chamber and fill chambers
with prepared 1× Tris/Glycine/SDS running buffer.

3. Remove gel teeth carefully and load 12 μl each of the pre-
pared samples.
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4. Run gel at 145 V for 100 min.
5. Use a spatula to crack open the cast and cut off the excess of

the gel.
6. Wash gel with water for 15 min three times on an orbital

shaker at 160 rpm.
7. Stain gel using GelCode Blue Stain Reagent for 1 h in room

temperature at 160 rpm.
8. Pour off staining reagent and destain gel with water for

30 min three times.
9. Identify fractions containing human anti-DT

immunoglobuins on the Coomassie-stained SDS-polyacryl-
amide gel.

3.2.3. ELISA for
Measuring Anti-DT
Antibody Level in Patient
Sera

1. Obtain and thaw each working aliquot of A-dmDT390-
bisFv(UCHT1), anti-DT antibody standard, human con-
trol serum, and patient serum samples.

2. Prepare coating protein solution (23 μg/ml) by mixing
431 μL of A-dmDT390-bisFv(UCHT1) and 14.569 ml of
1× PBS (pH 7.4).

3. Add 150 μL of coating protein solution to each well of a
96-well microplate and incubate for 2 h at room tempera-
ture.

4. While coating the plate, prepare twofold serial dilutions
of anti-DT antibody standard starting from 30 ng/ml
to 0.94 ng/ml using sample dilution buffer. Prepare
twofold serial dilutions (1:50 to 1:400) of patient sera and
twofold serial dilutions (1:400–1:1600) of control serum
(see Note 3).

5. Remove liquid by aspiration and wash the plate with 200
μL/well of PBST washing buffer by shaking it for 5 min at
120 rpm at room temperature. Repeat this step two times
more.

6. Incubate the plate with 150 μL/well of blocking solution
for 1 h at room temperature.

7. Remove liquid by aspiration and wash the plate with 200
μL/well of PBST washing buffer by shaking it for 5 min at
120 rpm at room temperature. Repeat this step two times
more.

8. Add 100 μL each of prepared samples, anti-DT antibody
standards, and control serum to the designated wells in
duplicate. Incubate the plate at 120 rpm at room tempera-
ture for 1 h.

9. Remove liquid by aspiration and wash the plate with 200
μL/well of PBST washing buffer by shaking it for 5 min at
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120 rpm at room temperature. Repeat this step two times
more.

10. Dilute anti-human IgG-HRP 1:1500 in sample dilution
buffer. Add 100 μL of the diluted solution to each well.
Incubate the plate at room temperature at 120 rpm for 1 h.

11. Remove liquid by aspiration and wash the plate with 200
μL/well of PBST washing buffer by shaking it for 5 min at
120 rpm at room temperature. Repeat this step two times
more.

12. Add 100 μL of ABTS peroxidase substrate that has been
warmed to room temperature. Incubate at room tempera-
ture at 120 rpm for 30 min.

13. Add 100 μL of 1 M HCl and measure absorbance at
405 nm with the microplate reader.

14. Plot absorbance vs. concentration for each standard and
obtain a linear regression curve, a regression equation, and
a R2 value using a MS Excel program.

15. Calculate anti-DT antibody levels in samples using the
regression equation. To qualify the assay results, (1)
absorbance of 30 ng/ml anti-DT antibody standard should
be >1.0 OD405 nm and (2) anti-DT antibody concentration
of control serum should be within known value ± 20%.

3.3. Flow Cytometry
Analysis for T-Cell
Subtypes

3.3.1. Staining Cyto-Trol
Cells for Fluorescence
Compensation

1. Reconstitute a vial of Cyto-Trol cells with buffer in Cyto-
Trol cell kit. Dispense 100 μl each of reconstituted Cyto-
Trol cells into 1.5-ml microcentrifuge tubes labeled as
#1–#6.

2. Add 10 μL each of anti-CD45-FITC, PE, ECD, APC, PC5,
and PC7 to designated tubes #1–#6. Incubate at room tem-
perature in dark for a minimum of 15 min.

3. Add 1 ml cold sample buffer to each tube and mix gently.
Centrifuge sample tubes for 5 min at 400×g at 4◦C.

4. Carefully aspirate supernatant without disturbing cell
pellet. Resuspend cell pellet using 800 μl cold sam-
ple buffer and transfer to 5-ml polystyrene tubes. For
FITC/PE/ECD/PC5/PC7 compensation, prepare tube 7
by adding 200 μl each of tubes 1, 2, 3, 5, and 6 to tube
7 and mixing gently. For FITC/PE/ECD/APC/PC7 com-
pensation, prepare tube 8 by adding 200 μl each of tube 1,
2, 3, 4, and 6 to tube 8 and mixing gently.

5. Prepare Flow Check mixture by mixing ten drops of Flow
Check 488, three drops of Flow Check 675, and three drops
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of Flow Check 770 for daily verification of flow cytometer’s
optical alignment and fluidics system.

6. Prepare Flow Set mixture by mixing ten drops of Flow Set
488, three drops of Flow Set 675, and three drops of Flow
Set 770 for standardization of the flow cytometer.

3.3.2. Fluorescence
Compensation
for FITC/PE/
ECD/PC5/PC7
and FITC/PE
/ECD/APC/PC7

1. To perform fluorescence compensation for fluorescence
measurement of FITC/PE/ECD/PC5/PC7, run Flow
Check mixture. Confirm that the HPCV (half-peak coef-
ficient of variation) of the integral signal intensity values
using Flow-Check 448 fluorospheres, Flow-Check 675 flu-
orospheres, and Flow-Check 770 fluorospheres are <2% for
FL1–FL4 from the Argon laser, <2.5% for FL4 from the
red laser and, <4% for FL5, respectively. Adjust voltage and
gain if necessary.

2. While running Cyto-Trol tube 7 containing anti-CD45-
FITC, PE, ECD, PC5, and PC7, set voltage and gain to
adjust negative spike under the first decade (100) for each
fluorescence histogram (FL1–FL5). Record voltage and
gain setting for FS, SS, FL1, FL2, FL3, FL4, and FL5.

3. Run Flow Set mixture using the recorded voltage and gain
setting in order to obtain acceptable ranges of X-mode of
FS, SS, FL1, FL2, FL3, FL4, and FL5.

4. Run automatic procedure using Flow Check mixture, Flow
Set mixture, Cyto-Trol tube 1, 2, 3, 5, 6, and 7 in order to
obtain optimal compensation for the assay.

5. Record Flow Set setting and Compensation index
and use these values for fluorescence measurement of
FITC/PE/ECD/PC5/PC7.

6. To perform fluorescence compensation for fluorescence
measurement of FITC/PE/ECD/APC/PC7, run Flow
Check mixture. Confirm that the HPCV of the integral sig-
nal intensity values using Flow-Check 448 fluorospheres,
Flow-Check 675 fluorospheres, and Flow-Check 770 flu-
orospheres are <2% for FL1–FL4 from the Argon laser,
<2.5% for FL4 from the red laser, and <4% for FL5, respec-
tively. Adjust voltage and gain if necessary.

7. While running Cyto-Trol tube 8 containing anti-CD45-
FITC, PE, ECD, APC, and PC7, set voltage and gain
to adjust negative spike under the first decade (100) for
each fluorescence histogram (FL1–FL5). Record voltage
and gain setting for FS, SS, FL1, FL2, FL3, FL4, and
FL5.

8. Run Flow Set mixture using the recorded voltage and gain
setting in order to obtain acceptable ranges of X-mode of
FS, SS, FL1, FL2, FL3, FL4, and FL5.
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9. Run automatic procedure using Flow Check mixture, Flow
Set mixture, Cyto-Trol tube 1, 2, 3, 4, 6, and 8 in order to
obtain optimal compensation for the assay.

10. Record Flow Set setting and Compensation index
and use these values for fluorescence measurement of
FITC/PE/ECD/APC/PC7.

3.3.3. Staining Patient
Samples

1. Obtain whole blood patient samples in K2 EDTA Vacutain-
ers or equivalent (see Note 4).

2. Add manufacturer’s recommended volume of fluorescence-
antibody conjugates to designated tubes as follows.

Isotype control 1: IgG1-FITC, IgG1-PE, IgG1-ECD, IgG1-
PC5, IgG1-PC7
Isotype control 2: IgG2a-FITC, IgG2b-PE, IgG2a-ECD,
IgG2a-APC
Tube 1: anti-CD3-FITC, anti-CD26-PE, anti-CD45RA-
ECD, anti-CD27-APC, anti-CD8-PC7
Tube 2: anti-CD3-FITC, anti-CD26-PE, anti-CD45RA-
ECD, anti-CD27-APC, anti-CD4-PC7
Tube 3: anti-CD3-FITC, anti-CD26-PE, anti-CD25-ECD,
anti-CD69-APC, anti-CD4-PC7
Tube 4: anti-CD26-FITC, anti-CD294-PE, anti-CD3-ECD,
anti-CD195-APC, anti-CD4-PC7
Tube 5: anti-CD19-FITC, anti-CD56-PE, anti-CD3-ECD,
anti-CD8-APC
Vbeta isotype control: vial A, IgG1-PC5
Vbeta positive control: anti-CD3-PC5
Vbeta tube 1: vial A, anti-CD3-PC5
Vbeta tube 2: vial B, anti-CD3-PC5
Vbeta tube 3: vial C, anti-CD3-PC5
Vbeta tube 4: vial D, anti-CD3-PC5
Vbeta tube 5: vial E, anti-CD3-PC5
Vbeta tube 6: vial F, anti-CD3-PC5
Vbeta tube 7: vial G, anti-CD3-PC5
Vbeta tube 8: vial H, anti-CD3-PC5

3. Dispense 100 μl of blood into each 1.5 ml microcentrifuge
tube containing antibodies.

4. Incubate microcentrifuge tubes for 30 min in dark at room
temperature. Dispense 1 ml of prepared 1× lysing buffer
into each sample tubes and vortex. Incubate microcentrifuge
tubes in dark for 10 min at room temperature. Vortex again
and incubate in dark for another 10 min. Centrifuge sample
tubes for 5 min at 400× g at 4◦C.
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5. Carefully aspirate supernatant without disturbing cell pellet.
Resuspend cell pellet using 1.0 ml cold sample buffer. Cen-
trifuge sample tubes for 5 min at 400×g at 4◦C. Resuspend
cell pellet using 500 μl cold sample buffer and transfer to
designated 5-ml polystyrene tubes for flow analysis.

6. Run stained patient samples.

3.3.4. Analysis of Flow
Data (see Note 5)

1. T cells (CD3+): Obtain a percentage of CD3 positive pop-
ulation from the lymphocyte population gate in each plot
of side scatter vs. forward scatter for tubes 1, 2, 3, 4, and 5.
Then calculate mean value of % CD3 positive population.

2. CD4+ T cells (CD3+/CD4+): Set a lymphocyte popula-
tion gate in each plot of side scatter vs. forward scatter
for tubes 2, 3, and 4. Create a histogram with quadstat
as CD3 vs. CD4 and then display events from the lympho-
cyte population gate. Obtain a percentage of CD3+/CD4+

population. Then calculate mean value of % CD3+/CD4+

population.
3. CD4+ naïve T cells (CD3+/CD4+/CD26+/CD27+/

CD45RA+): Set a lymphocyte population gate in a plot
of side scatter vs. forward scatter for tube 2. Create his-
togram 1 with quadstat as CD3 vs. CD4 and then dis-
play events from the lymphocyte population gate. Create
CD26 histogram and display events from CD3+/CD4+

region on histogram 1. Create histogram 2 with quad-
stat as CD27 vs. CD45RA and then display events from
CD26+ region on CD26 histogram. Obtain a percentage
of CD27+/CD45RA+ population on histogram 2.

4. CD4+ central memory T cells (CD3+/CD4+/CD26+/
CD27+/CD45RA−): Obtain a percentage of CD27+/
CD45RA− population on histogram 2 in the previous step.

5. CD4+ effector memory T cells (CD3+/CD4+/CD26+/
CD27−/CD45RA−): On histogram 2 in the previous step,
obtain a percentage of CD27−/CD45RA− population.

6. CD4+ Th1 effector memory T cells (CD3+/CD4+/
CD26+/CD195+/CD294−): Set a lymphocyte population
gate in a plot of side scatter vs. forward scatter for tube 4.
Create histogram 1 with quadstat as CD3 vs. CD4 and then
display events from the lymphocyte population gate. Cre-
ate CD26 histogram and display events from CD3+/CD4+

region on histogram 1. Create histogram 2 with quad-
stat as CD195 vs. CD294 and then display events from
CD26+ region on CD26 histogram. Obtain a percentage
of CD195+/CD294− population on histogram 2.

7. CD4+ Th2 effector memory T cells (CD3+/CD4+/
CD26+/CD195+/CD294+): Obtain a percentage of
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CD195+/CD294+ population on histogram 2 in the pre-
vious step.

8. CD4+ Tregs cells (CD3+/CD4+/CD25+/CD26+/
CD69−): Set a lymphocyte population gate in a plot of
side scatter vs. forward scatter for tube 3. Create histogram
1 with quadstat as CD3 vs. CD4 and then display events
from the lymphocyte population gate. Create CD26
histogram and display events from CD3+/CD4+ region on
histogram 1. Create histogram 2 with quadstat as CD25
vs. CD69 and then display events from CD26+ region on
CD26 histogram. Obtain a percentage of CD25+/CD69−
population on histogram 2.

9. CD8+ T cells (CD3+/CD8+): Set a lymphocyte population
gate in each plot of side scatter vs. forward scatter for tubes
1 and 5. Create a histogram with quadstat as CD3 vs. CD8
and then display events from the lymphocyte population
gate. Obtain a percentage of CD3+/CD8+ population.
Then calculate mean value of % CD3+/CD8+ population.

10. CD8+ naïve T cells (CD3+/CD8+/CD27+/ CD45RA+):
Set a lymphocyte population gate in a plot of side scatter vs.
forward scatter for tube 1. Create histogram 1 with quad-
stat as CD3 vs. CD8 and then display events from the lym-
phocyte population gate. Create histogram 2 with quad-
stat as CD27 vs. CD45RA and then display events from
CD3+/CD4+ region on histogram 1. Obtain a percentage
of CD27+/CD45RA+ population on histogram 2.

11. CD8+ central memory T cells (CD3+/CD8+/CD27+

/CD45RA−): Obtain a percentage of CD27+/ CD45RA−
population on histogram 2 in the previous step.

12. CD8+ effector memory T cells (CD3+/CD8+/CD27−
/CD45RA−): On histogram 2 in the previous step, obtain
a percentage of CD27−/ CD45RA− population.

13. CD8+ Tregs cells (CD3+/CD4−/CD25+/CD69−): Set a
lymphocyte population gate in a plot of side scatter vs. for-
ward scatter for tube 3. Create histogram 1 with quadstat
as CD3 vs. CD4 and then display events from the lym-
phocyte population gate. Create histogram 2 with quad-
stat as CD25 vs. CD69 and then display events from
CD3+/CD4− region on histogram 1. Obtain a percentage
of CD25+/CD69− population on histogram 2.

14. NK T cells (CD3+/CD56+): Set a lymphocyte population
gate in a plot of side scatter vs. forward scatter for tube 5.
Create a histogram with quadstat as CD3 vs. CD56 and
then display events from the lymphocyte population gate.
Obtain a percentage of CD3+/CD56+ population.
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15. B cells (CD3−/CD19+): Set a lymphocyte population gate
in a plot of side scatter vs. forward scatter for tube 5. Create
a histogram with quadstat as CD3 vs. CD19 and then dis-
play events from the lymphocyte population gate. Obtain a
percentage of CD3−/CD19+ population.

16. NK cells (CD3−/CD56+): Set a lymphocyte population
gate in a plot of side scatter vs. forward scatter for tube
5. Create a histogram with quadstat as CD3 vs. CD56 and
then display events from the lymphocyte population gate.
Obtain a percentage of CD3−/CD56+ population.

17. CD8+ NK cells (CD3−/CD8+/CD56+): After obtaining
NK-cell population in the previous step, create a histogram
with quadstat as CD8 vs. CD56 and then display popula-
tion from the NK-cell region (CD3−/CD56+). Obtain a
percentage of CD8+/CD56+ population.

18. CD8− NK cells (CD3−/CD8−/CD56+): From the his-
togram with quadstat as CD8 vs. CD56 in the previous
step, obtain a percentage of CD8−/CD56+ population.

19. CD3+ lymphocyte Vβ repertoire: Analyze each Vβ subset
according to manufacturer’s data analysis procedure.

4. Notes

1. All solutions should be prepared in ultrapure water that has
a resistivity of 18.2 M�-cm and total organic content of less
than 10 ppb (parts per billion).

2. Bioassays using cell lines have inherent assay variability. The
main reason for the assay variability is variation of cell cul-
ture condition. To minimize the assay variability, master
cell bank and working cell bank of Jurkat cells need to be
established.

3. Increase dilution ratio (1:800–1:6400) of patient serum
samples and repeat the assay, if anti-DT antibody con-
centration of serial dilutions of patient serum samples is
> 30 ng/ml.

4. Whole blood samples in K2 EDTA Vacutainers should be
analyzed within 24 h.

5. To obtain counts/ml of each subset lymphocyte, lympho-
cyte counts of patient blood are required. The counts can be
obtained by multiplying percentage of each subset lympho-
cyte and lymphocyte counts.
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Chapter 11

Construction of Human Antibody Gene Libraries
and Selection of Antibodies by Phage Display

Thomas Schirrmann and Michael Hust

Abstract

Recombinant antibodies as therapeutics offer new opportunities for the treatment of many tumor dis-
eases. To date, 18 antibody-based drugs are approved for cancer treatment and hundreds of anti-tumor
antibodies are under development. The first clinically approved antibodies were of murine origin or
human-mouse chimeric. However, since murine antibody domains are immunogenic in human patients
and could result in human anti-mouse antibody (HAMA) responses, currently mainly humanized and
fully human antibodies are developed for therapeutic applications.
Here, in vitro antibody selection technologies directly allow the selection of human antibodies and the
corresponding genes from human antibody gene libraries. Antibody phage display is the most common
way to generate human antibodies and has already yielded thousands of recombinant antibodies for
research, diagnostics and therapy. Here, we describe methods for the construction of human scFv gene
libraries and the antibody selection.

Key words: scFv, therapeutic antibody, phage display, panning, antibody fragment, antibody gene
library.

1. Introduction

In 2006, 18 recombinant antibodies are approved by the FDA
(US Food and Drug Administration) for oncology and hema-
tology (1). Rituximab (tradename Rituxan R©/MabThera) against
non-hodgkin-lymphoma (2) Bevacizumab (tradename Avastin R©)
primarily against colon cancer (3) and Trastuzumab (tradename
Herceptin R©) against breast cancer (4) are the top-selling recom-
binant antibodies in cancer therapy.

P. Yotnda (ed.), Immunotherapy of Cancer, Methods in Molecular Biology 651,
DOI 10.1007/978-1-60761-786-0_11, © Springer Science+Business Media, LLC 2010

177



178 Schirrmann and Hust

In 1986, the first antibody muronomab-CD3 (tradename
Orthoclone OKT3 R©) was approved for therapy and was still
of murine origin (5). Mouse-derived monoclonal antibodies are
problematic as repeated administration of mouse-derived anti-
bodies cause human anti-mouse antibody (HAMA) responses (6).
The immunogenicity was step-wise reduced by using chimeric
and later humanized antibodies by replacing murine constant
and framework regions with the human counterparts, respectively
(7). Accordingly, the next therapeutic antibodies were chimeric,
e.g. Infliximab (tradename Remicade) (8) or Cetuximab (trade-
name Erbitux R©) (9), and later humanized, e.g. Trastuzumab (4).
The use of fully human antibodies is thought to further reduce
the immunogenicity. In 2002, the first fully human antibody
arrived on the market. Adalimumab (tradename Humira R©) was
isolated engineered using antibody phage display (10) by guided
selection (11).

Currently, two major strategies are used for the generation of
human antibodies: transgenic mice and in vitro selection tech-
nologies. Transgenic mice contain the human immunoglobu-
lin repertoire instead of the murine, allowing the generation of
human antibodies by the hybridoma technology (12–14). An
advantage of transgenic mice is the in vivo affinity maturation.
Already, transgenic mice yielded a significant number of antibod-
ies that reached clinical studies. The disadvantages are limitations
with respect to toxic and conserved antigens (15).

The alternative is the generation of human antibodies by anti-
body phage display, which is completely independent from any
immune system by an in vitro selection process, called “panning.”
The first antibody gene repertoires in phage were generated and
screened by using the lytic phage Lambda (16), however, with
limited success. The display method most commonly used today
is based on the groundbreaking work of Georg P. Smith (17)
on filamentous phage display. Here, the genotype and phenotype
of oligopeptides were linked by fusing the corresponding gene
fragments to the minor coat protein III gene of the filamentous
bacteriophage M13. The resulting peptide::pIII fusion protein is
expressed on the surface of phage allowing the affinity purifica-
tion of the peptide and its corresponding gene. In the same way,
antibody fragments fused to pIII can be presented on the sur-
face of M13 phage (18–23). Due to limitations of the Escherichia
coli folding machinery, complete IgG molecules can only be pro-
duced or displayed on the surface of phage in rare cases (24,
25). Mainly, smaller antibody fragments are used for antibody
phage display: the Fab fragment or the single chain Fv fragment
(scFv). Fab fragments consist of two chains, the variable (VH)
and first constant region of the heavy chain (CH1) and the light
chain (LC) of the antibody, both linked by a disulphide bond. In
contrast, scFv fragments consist of only one polypeptide chain,
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composed of the variable region of the heavy chain (VH) and
the variable region of the light chain (VL) fused by a short pep-
tide linker. Two different genetic systems have been developed
for the expression of the antibody::pIII fusion proteins for phage
display. First, the antibody genes can be directly inserted into
the phage genome fused to the wildtype pIII gene (18). How-
ever, most of the successful systems uncouple antibody expres-
sion from phage propagation by providing the genes encoding
the antibody::pIII fusion proteins on a separate plasmid (called
“phagemid”), containing a phage morphogenetic signal for pack-
aging the vector into the assembled phage particles (19–23). The
affinity of antibodies selected by phage display can be increased
by additional in vitro affinity maturation steps (26). Despite other
in vitro methods like ribosomal display (27, 28), puromycin dis-
play (29) or yeast surface display (30), antibody phage display
has become the most widely used selection method for human
antibodies. An overview about phage display derived human
therapeutic antibodies in the clinical development is given by
Thie et al. (31).

Depending on the scientific or medical applications, differ-
ent types of antibody gene libraries can be constructed and
used. Immune libraries are constructed from antibody V-genes
isolated from IgG secreting plasma cells of immunized donors
(20, 32). Immune libraries are typically generated and used
in medical research to get an antibody against one particu-
lar target antigen, e.g. of an infectious pathogen or an tumor
marker. Naive, semi-synthetic and synthetic libraries have been
subsumed as “single-pot” libraries, as they are designed to iso-
late antibody fragments binding to every possible antigen, at
least in theory. Naive libraries are constructed from rearranged V
genes from B cells (IgM) of non-immunized donors. An exam-
ple for this library type is the naive human Fab library con-
structed by de Haard et al. (33). Semi-synthetic libraries are
derived from unrearranged V genes from pre B cells (germline
cells) or from one antibody framework with genetically random-
ized complementary determining region (CDR) 3 regions, as
described by Pini et al. (34). A combination of naive and syn-
thetic repertoire was used by Hoet et al. (35). They combined
light chains from autoimmune patients with a fd fragment con-
taining synthetic CDR1 and CDR2 in the human VH3-23 frame-
work and naive, which originated from autoimmune patients,
CDR3 regions. The fully synthetic libraries have a human frame-
work with randomly integrated CDR cassettes (36, 37). All
library types – immune, naive, synthetic and their intermedi-
ates – are valuable sources for the selection of antibodies for
diagnostic and therapeutic purposes. To date, “single-pot” anti-
body libraries with a theoretical diversity of up to 1011 indepen-
dent clones have been generated (38) to serve as a molecular
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repertoire for phage display selection procedures. An overview
of antibody gene libraries is given by Hust and Dübel (39) and
Hust et al. (40).

2. Materials

2.1. Construction
of Antibody Gene
Libraries

2.1.1. Isolation
of Lymphocytes

1. Phosphate buffered saline (PBS), pH 7.4 (8.0 g NaCl, 0.2 g
KCl, 1.44 g Na2HPO4·2H2O, 0.24 g KH2PO4 in 1 L)

2. Lymphoprep (Progen, Heidelberg)
3. mRNA isolation Kit (QuickPrep micro mRNA Purifica-

tion Kit, GE Healthcare, Munich) or Trizol (Invitrogen,
Karlsruhe) for total RNA

2.1.2. cDNA Synthesis 1. Superscript II (Invitrogen) + 5 x RT buffer + 0.1 m DTT
2. Random hexamer oligonucleotide primer (dN6)
3. dNTP mix (2.5 mM each)

2.1.3. /2.1.4 First
and Second Antibody
Gene PCR

1. Red Taq (Sigma, Hamburg) + 10 x buffer
2. dNTP mix (10 mM each)
3. Oligonucleotide primer (see Table 11.1)
4. Agarose (Serva, Heidelberg)
5. TAE-buffer 50 x (2 M Tris–HCl, 1 M acetic acid, 0.05 M

EDTA, pH 8)
6. Nucleospin Extract 2 Kit (Macherey-Nagel, Düren)

2.1.5. First Cloning
Step – VL

1. MluI (NEB, Frankfurt)
2. NotI (NEB)
3. Buffer 3 (NEB)
4. BSA (NEB)
5. Calf intestine phosphatase (CIP) (MBI Fermentas,

St. Leon-Rot)
6. T4 ligase (Promegq a, Mannheim)
7. 3 M sodium acetate, pH 5.2
8. E. coli XL1-Blue MRF`(Stratagene, Amsterdam), geno-

type: �(mcrA)183 �(mcrCB-hsdSMR-mrr)173 endA1
supE44 thi-1 recA1 gyrA96 relA1 lac [F ´ proAB lacIq

Z�M15 Tn10 (Tetr)]
9. Electroporator MicroPulser (BIO-RAD, München)
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Table 11.1
Primers used for first and second PCR of antibody genes for antibody
gene library construction using phagemids like pHAL14. Restriction
sites are underlined
Primer 5 ′ to 3 ′ sequence

First antibody gene PCR VH

MHVH1_f cag gtb cag ctg gtg cag tct gg

MHVH1/7_f car rts cag ctg gtr car tct gg

MHVH2_f cag rtc acc ttg aag gag tct gg

MHVH3_f1 sar gtg cag ctg gtg gag tct gg

MHVH3_f2 gag gtg cag ctg ktg gag wcy sg

MHVH4_f1 cag gtg car ctg cag gag tcg gg

MHVH4_f2 cag stg cag ctr cag sag tss gg

MHVH5_f gar gtg cag ctg gtg cag tct gg

MHVH6_f cag gta cag ctg cag cag tca gg

MHIgMCH1_r aag ggt tgg ggc gga tgc act

MHIgGCH1_r gac cga tgg gcc ctt ggt gga

First antibody gene PCR kappa

MHVK1_f1 gac atc cag atg acc cag tct cc

MHVK1_f2 gmc atc crg wtg acc cag tct cc

MHVK2_f gat rtt gtg atg acy cag wct cc

MHVK3_f gaa atw gtg wtg acr cag tct cc

MHVK4_f gac atc gtg atg acc cag tct cc

MHVK5_f gaa acg aca ctc acg cag tct cc

MHVK6_f gaw rtt gtg mtg acw cag tct cc

MHkappaCL_r aca ctc tcc cct gtt gaa gct ctt

First antibody gene PCR lambda

MHVL1_f1 cag tct gtg ctg act cag cca cc

MHVL1_f2 cag tct gtg ytg acg cag ccg cc

MHVL2_f cag tct gcc ctg act cag cct

MHVL3_f1 tcc tat gwg ctg acw cag cca cc

MHVL3_f2 tct tct gag ctg act cag gac cc

MHVL4_f1 ctg cct gtg ctg act cag ccc

MHVL4_f2 cag cyt gtg ctg act caa tcr yc

MHVL5_f cag sct gtg ctg act cag cc

MHVL6_f aat ttt atg ctg act cag ccc ca

MHVL7/8_f cag rct gtg gtg acy cag gag cc

MHVL9/10_f cag scw gkg ctg act cag cca cc

MHlambdaCL_r tga aca ttc tgt agg ggc cac tg

MHlambdaCL_r2 tga aca ttc cgt agg ggc aac tg

(continued)
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Table 11.1 (continued)

Primer 5 ′ to 3 ′ sequence

Second antibody gene PCR VH

MHVH1-NcoI_f gtcctcgca cc atg gcc cag gtb cag ctg gtg cag tct gg

MHVH1/7-NcoI_f gtcctcgca cc atg gcc car rts cag ctg gtr car tct gg

MHVH2-NcoI_f gtcctcgca cc atg gcc cag rtc acc ttg aag gag tct gg

MHVH3-NcoI_f1 gtcctcgca cc atg gcc sar gtg cag ctg gtg gag tct gg

MHVH3-NcoI_f2 gtcctcgca cc atg gcc gag gtg cag ctg ktg gag wcy sg

MHVH4-NcoI_f1 gtcctcgca cc atg gcc cag gtg car ctg cag gag tcg gg

MHVH4-NcoI_f2 gtcctcgca cc atg gcc cag stg cag ctr cag sag tss gg

MHVH5-NcoI_f gtcctcgca cc atg gcc gar gtg cag ctg gtg cag tct gg

MHVH6-NcoI_f gtcctcgca cc atg gcc cag gta cag ctg cag cag tca gg

MHIgMCH1scFv-HindIII_r gtcctcgca aag ctt tgg ggc gga tgc act

MHIgGCH1scFv-HindIII_r gtcctcgca aag ctt gac cga tgg gcc ctt ggt gga

Second antibody gene PCR kappa

MHVK1-MluI_f1 accgcctcc a cgc gta gac atc cag atg acc cag tct cc

MHVK1-MluI_f2 accgcctcc a cgc gta gmc atc crg wtg acc cag tct cc

MHVK2-MluI_f accgcctcc a cgc gta gat rtt gtg atg acy cag wct cc

MHVK3-MluI_f accgcctcc a cgc gta gaa atw gtg wtg acr cag tct cc

MHVK4-MluI_f accgcctcc a cgc gta gac atc gtg atg acc cag tct cc

MHVK5-MluI_f accgcctcc a cgc gta gaa acg aca ctc acg cag tct cc

MHVK6-MluI_f accgcctcc a cgc gta gaw rtt gtg mtg acw cag tct cc

MHkappaCLscFv-NotI_r accgcctcc gc ggc cgc gaa gac aga tgg tgc agc cac agt

Second antibody gene PCR lambda

MHVL1-MluI_f1 accgcctcc a cgc gta cag tct gtg ctg act cag cca cc

MHVL1-MluI_f2 accgcctcc a cgc gta cag tct gtg ytg acg cag ccg cc

MHVL2-MluI_f accgcctcc a cgc gta cag tct gcc ctg act cag cct

MHVL3-MluI_f1 accgcctcc a cgc gta tcc tat gwg ctg acw cag cca cc

MHVL3-MluI_f2 accgcctcc a cgc gta tct tct gag ctg act cag gac cc

MHVL4-MluI_f1 accgcctcc a cgc gta ctg cct gtg ctg act cag ccc

MHVL4-MluI_f2 accgcctcc a cgc gta cag cyt gtg ctg act caa tcr yc

MHVL5-MluI_f accgcctcc a cgc gta cag sct gtg ctg act cag cc

MHVL6-MluI_f accgcctcc a cgc gta aat ttt atg ctg act cag ccc ca

MHVL7/8-MluI_f accgcctcc a cgc gta cag rct gtg gtg acy cag gag cc

MHVL9/10-MluI_f accgcctcc a cgc gta cag scw gkg ctg act cag cca cc

MHLambdaCLscFv-NotI_r accgcctcc gc ggc cgc aga gga sgg ygg gaa cag agt gac

Primer for colony PCR and sequencing

MHLacZ-Pro_f ggctcgtatgttgtgtgg

MHgIII_r c taa agt ttt gtc gtc ttt cc

MKpelB_f g cct acg gca gcc gct gg

MKmyc_r g atc ctc ttc tga gat gag
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10. 2 M Glucose (sterile filtered)
11. 2 M Magnesium solution (1 M MgCl, 1 M MgSO4)

(autoclaved)
12. SOC medium, pH 7.0 (2% (w/v) tryptone, 0.5% (w/v)

yeast extract, 0.05% (w/v) NaCl, 20 mM Mg solution,
20 mM glucose) (sterilize magnesium and glucose sepa-
ratetely; add solutions after autoclavation)

13. 2xYT-medium, pH 7.0 (1.6% (w/v) Tryptone, 1% (w/v)
Hefe Extrakt, 0.5% (w/v) NaCl)

14. 2xYT-GAT (2xYT + 100 mM Glucose + 100 μg/ml ampi-
cillin + 20 μg/ml tetracycline)

15. Ampicillin (100 mg/ml stock)
16. Tetracycline (10 mg/ml stock)
17. 9-cm petri dishes
18. 25-cm square petri dishes (“pizza plates”)
19. 2xYT-GAT agar plates (2xYT-GAT, 1.5% (w/v) agar-agar)
20. Nucleobond Plasmid Midi Kit (Macherey-Nagel)

2.1.6. Second Cloning
Step – VH

1. NcoI (NEB)
2. HindIII (NEB)
3. Buffer 2 (NEB)
4. Glycerol of 99.5% (Roth, Karlsruhe)

2.1.7. Colony PCR 1. Oligonucleotide primer (see Table 11.1)

2.1.8. Library Packaging
and scFv Phage
Production

1. 2xTY media, pH 7.0 (1.6% (w/v) tryptone, 1% (w/v) yeast
extract, 0.5% (w/v) NaCl)

2. 2xTY-GA (2xTY, 100 mM glucose, 100 μg/ml ampicillin)
3. M13K07 Helperphage for monovalent display (Stratagene)
4. Hyperphage for oligovalent display (Progen, Heidelberg)
5. 2xTY-AK (2xTY, containing 100 μg/ml ampicillin,

50 μg/ml kanamycin)
6. Sorval Centrifuge RC5B Plus, rotor GS3 and SS34

(Thermo Scientific, Waltham)
7. Polyethylene glycol (PEG) solution (20% (w/v) PEG

6000, 2.5 M NaCl)
8. Phage dilution buffer (10 mM Tris–HCl, pH 7.5, 20 mM

NaCl, 2 mM EDTA)
9. Mouse α-pIII monoclonal antibody PSKAN3 (Mobitec,

Göttingen)
10. Goat α-mouse IgG alcaline phosphatase (AP) conjugate

(Sigma, Hamburg)
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2.2. Antibody
Selection (Panning)

2.2.1. Coating
of Microtitre Wells

1. Maxisorb microtitre plates oder stripes (Nunc, Langensel-
bold)

2. PBS (pH 7.4) (8.0 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4·
2H2O, 0.24 g KH2PO4 in 1 L)

3. Dimethyl sulfoxide (DMSO)
4. PBST (PBS + 0.1% (v/v) Tween-20)

2.2.2. Panning 1. MPBST (2% skim milk in PBST, prepare fresh)
2. Panning block solution (1% (w/v) skim milk + 1% (w/v)

BSA in PBST, prepare freshly)
3. 10 μg/ml Trypsin in PBS
4. E. coli XL1-Blue MRF`(Stratagene)
5. M13K07 Helperphage (Stratagene)
6. 2xTY media, pH 7.0 (1.6% (w/v) tryptone, 1% (w/v) yeast

extract, 0.5% (w/v) NaCl)
7. 2xTY-T (2xTY, containing 50 μg/ml tetracycline)
8. SOB media, pH 7.0 (2% (w/v) tryptone, 0.5% (w/v) yeast

extract, 0.05% (w/v) NaCl, after autoclavation add sterile
1% (v/v) of the 2 M Mg solution)

9. 2 M Mg solution (1 M MgCl + 1 M MgSO4)
10. SOB-GA (SOB, 100 μg/ml ampicilin, 100 mM glucose)
11. SOB-GA agar plates (SOB-GA + 1,5% (w/v) agar-agar)
12. 15-cm petri dishes
13. 2xTY-GA (2xTY, 100 mM glucose, 100 μg/ml ampicillin)
14. Glycerol (99.5%)

2.2.3. Packaging
of Phagemids (scFv
Phage Production)

1. 2xTY-AK (2xTY, containing 100 μg/ml ampicillin,
50 μg/ml kanamycin)

2. Polyethylene glycol (PEG) solution (20% (w/v) PEG 6000,
2,5 M NaCl)

3. Phage dilution buffer (10 mM Tris–HCl, pH 7.5, 20 mM
NaCl, 2 mM EDTA)

2.2.4. Phage Titration 1. 2xTY-GA agar plates (2xTY-GA + 1.5% (w/v) agar-agar)

2.2.5. ELISA of a
Polyclonal Antibody
Phage Suspension

1. Bovine serum albumin (BSA) (prepare a 10 mg/ml stock
solution in PBS)

2. Anti-M13, horse radish peroxidase (HRP) conjugated mon-
oclonal antibody (GE Healthcare)
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3. TMB substrate solution A, pH 4.1 (10 g citric acid solved
in 100 ml water, add 9.73 g potassium citrate add to 1 L
water)

4. TMB substrate solution B (240 mg tetramethylbenzidine,
10 ml acetone, 90 ml ethanol, 907 μl 30% H2O2)

5. 1 N H2SO4

2.2.6. Production
of Soluble Monoclonal
Antibody Fragments
in Microtitre Plates

1. 96-well U-bottom polypropylene (PP) microtitre plates
(Greiner Bio-One, Frickenhausen)

2. AeraSeal breathable sealing film (Excel Scientific, Victorville)
3. Thermoshaker PST60-HL4 (Lab4You, Berlin)
4. Potassium phosphate buffer (2.31% (w/v) (0,17 M)

KH2PO4 + 12.54% (w/v) (0,72 M) K2HPO4)
5. Buffered 2xTY, pH 7.0 (1.6% (w/v) tryptone, 1% (w/v)

yeast extract, 0.5% (w/v) NaCl, 10% (v/v) potassium phos-
phate buffer)

6. Buffered 2xTY-SAI (buffered 2xTY containing 50 mM sac-
charose + 100 μg/ml ampicillin + 50 μM isopropyl-beta-D-
thiogalactopyranoside (IPTG))

2.2.7. ELISA of Soluble
Monoclonal Antibody
Fragments

1. Mouse α-His-tag monoclonal antibody (α-Penta His,
Qiagen, Hilden)

2. Mouse α-myc-tag monoclonal antibody (9E10, Sigma)
3. Mouse α-pIII monoclonal antibody PSKAN3 (Mobitec)
4. Goat α-Mouse IgG serum, (Fab specific) HRP conjugated

(Sigma)
5. Oligonucleotide primers (see Table 11.1)

3. Methods

3.1. Construction
of Single-Chain
Antibody Gene
Libraries

Various methods have been employed to clone the genetic diver-
sity of antibody repertoires. After isolation of mRNA from B lym-
phocytes and preparation of cDNA, the construction of immune
libraries is usually done by a two-step cloning or assembly PCR
(see below). Very large “single pot” naive antibody gene libraries
are generally constructed by two or three separate cloning steps.
In the two-step cloning strategy, the amplified repertoire of light
chain genes is cloned into the phage display vector first. In the
second step the heavy chain gene repertoire – as the heavy chain
contributes more to diversity, due to its highly variable CDRH3 –
is cloned into the phagemids containing the light chain gene
repertoire (32, 41–44). In the three-step cloning strategy,
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separate heavy and light chain libraries are engineered. The VH
gene repertoire has then to be excised and cloned into the
phage display vector containing the repertoire of VL genes (33).
Another common method used for the cloning of naive (45, 46),
immune (20) or hybridoma (47) scFv phage display libraries is the
assembly PCR. The VH and VL genes including the additional
linker sequence are amplified separately and fused by assembly
PCR, before the scFv encoding gene fragments are cloned into
the vector. Since the CDRH3 is a major source of sequence vari-
ety in antibodies (48), the assembly PCR can be combined with
a randomization of the CDR3 regions, leading to semi-synthetic
libraries. Here, oligonucleotide primers encoding various CDR3
and J gene segments were used for the amplication of the V gene
segments of human germlines (49). Hoogenboom and Winter
(50) as well as Nissim et al. (51) used degenerated CDRH3
oligonucleotide primers to generate a semi-synthetic heavy chain
repertoire derived from human V gene germline segments. After-
wards, this VH repertoire was combined with an anti-BSA light
chain. In some cases a framework of a well known/robust anti-
body was used as scaffold for the integration of randomly created
CDRH3 and CDRL3 (52, 53). Jirholt et al. (54) and Söderlind
et al. (55) amplified all CDR regions derived from B cells before
shuffling them into this antibody framework by assembly PCR.
An entirely synthetic library was described by Knappik et al. (37)
who utilized seven different VH and VL germline master frame-
works combined with six synthetically created CDR cassettes. The
construction of large naive and semi-synthetic libraries (35, 43,
46, 56–58) requires significant effort to tunnel the genetic diver-
sity through the bottleneck of E. coli transformation, e.g. 600
transformations were necessary for the generation of a 3.5 × 1010

phage library (35).
To overcome the bottleneck of E. coli transformation, the

Cre-lox or lambda phage recombination system has also been
employed for library generation (38, 59–61). However, since
libraries with more than 1010 independent clones have also been
accomplished by conventional transformation, most of these com-
plicated methods are rendered unnecessary in particular as they
may result in decreased genetic stability.

In summary, antibodies can be selected from either type of
library, naive or synthetic (33, 35, 37). If the assembly by cloning
or PCR and preservation of molecular complexity is carefully con-
trolled at every step of its construction, libraries of more than
1010 independent clones can be generated (35).

The following protocols describe the generation of human
naive or immune scFv antibody gene libraries by a two-step
cloning strategy already approved for naive (56) and immune
libraries (32, 44).
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3.1.1. Isolation
of Lymphocytes
(Peripheral Blood
Mononuclear Cells
(PBMC))

1. Mix 20 ml fresh blood or EDTA/citric acid-treated blood
(∼2 × 107 cells) of each donor with 20 ml PBS (see Note 1).

2. Fill 10 ml Lymphoprep in a 50-ml polypropylen tube. Care-
fully cover Lymphoprep with 40 ml of the diluted blood
using a plastic pipette.

3. Centrifuge the blood with 800×g for 20 min at RT (without
brake!).

4. The lymphocytes form a distinct layer between the Lym-
phoprep and the medium, whereas the erythrocytes and
granulocytes will be pelleted. Carefully aspirate the lympho-
cytes using a plastic pipette and transfer to a new 50-ml
polypropylen tube.

5. Fill up with 50 ml PBS and pellet the lymphocytes with
250×g for 10 min at RT. Discard the supernatant (be care-
ful, the lymphocyte pellet is not solid).

6. Repeat this washing step to remove most of the thrombo-
cytes.

7. Resuspend the lymphocytes pellet in the supplied extraction
buffer of the mRNA isolation kit according to the manu-
facturers instructions or use 0.5 ml Trizol for total RNA
isolation (see Note 2). After resuspension using the mRNA
extraction buffer or Trizol, the RNA pellet can be stored
at −80◦C.

3.1.2. cDNA Synthesis 1. Set up mixture for the first strand cDNA synthesis:

Solution or component volume Final concentration

mRNA or total RNA 9 μl 50–250 ng (mRNA) or
2–20 μg (total RNA)

Random hexamer
oligonucleotide primer
(dN6) (10 μM)

2.5 μl 1.5 μM

dNTP-Mix (2.5 mM each) 5 μl 500 μM

2. Denature the RNA for 5 min at 70◦C. Afterwards directly
chill down on ice for 5 min.

3. Add following components:

Solution or component Volume Final concentration

RT buffer (5×) 5 μl 1×
0.1 M DTT 2,5 μl 10 mM
Superscript II reverse

transcriptase
(200 U/μl)

1 μl 200 U
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4. Incubate the 25 μl mixture for 10 min at 25◦C for primer
annealing. Afterwards incubate 50 min at 42◦C for first
strand synthesis.

5. Denature the RNA/DNA hybrids and the enzyme for
15 min at 70◦C. Store at −20◦C (see Note 3).

3.1.3. First Antibody
Gene PCR

1. The cDNA derived from 50–250 ng mRNA or 2–20 μg
total RNA will be used as template to amplify VH and the
light chain. Set up the PCR reactions as follows (30× mas-
termix for 27 PCR reactions):

Solution or component Volume Final concentration

dH2O 1230 μl –

Buffer (10×) 150 μl 1×
dNTPs (10 mM each) 30 μl 200 μM each

cDNA 25 μl Complete first strand
synthesis reaction

RedTaq 1 U/μl 60 μl 2 U

3. Divide the master mix in 450 μl for VH, 350 μl for kappa
and 550 μl for lambda.

4. Add to each of the three reactions the corresponding reverse
primers (see also Table 11.1) as follows (use the IgM primer
for naive antibody gene libraries or the IgG primer for a
immune antibody gene libraries):

Antibody
gene Primer Volume

Final
concentration

VH MHIgMCH1_r or
MHIgGCH1_r (10 μM)

18 μl 0.4 μM

kappa MHkappaCL_r (10 μM) 14 μl 0.4 μM
lambda MHlambdaCL_r1/_r2

mix (9:1) (10 μM)
22 μl 0.4 μM

5. Divide the mixture to 9 (VH), 7 (Kappa) and 11 (Lambda)
PCR reactions each with 48 μl and add 2 μl (10 μM, 0.4
μM final concentration) of the subfamily-specific forward
primer (see also Table 11.1):
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VH: (1) MHVH1_f, (2) MHVH1/7_f, (3) MHVH2_f,
(4) MHVH3_f1, (5) MHVH3_f2, (6) MHVH4_f1, (7)
MHVH4_f2, (8) MHVH5_f, (9) MHVH6_f

Vkappa: (10) MHVK1_f1, (11) MHVK1_f2, (12) MHVK2_f,
(13) MHVK3_f, (14) MHVK4_f, (15) MHVK5_f, (16)
MHVK6_f

Vlambda: (17) MHVL1_f1, (18) MHVL1_f2, (19) MHVL2_f,
(20) MHVL3_f1, (21) MHVL3_f2, (22) MHVL4_f1,
(23) MHVL4_f2, (24) MHVL5_f, (25) MHVL6_f, (26)
MHVL7/8_f, (27) MHVL9/10_f

6. Carry out the PCR using the following program:

94°C 1 min

94°C 1 min

55°C 1 min

72°C 2 min

72°C 10 min

30x

7. Separate PCR products by 1.5% TAE agarose gel elec-
trophoresis, cut out the amplified antibody genes (VH:
∼380 bp, kappa/lambda: ∼650 bp) (see Note 4) and purify
the PCR products using a gel extraction kit according to the
manufacturers instructions. Pool all VH, kappa and lambda
subfamilies separately. Determine the DNA concentration.
Store the three purified first PCR pools at −20◦C.

3.1.4. Second Antibody
Gene PCR

1. In the second PCR the restriction sites for library cloning
will be added. Set up the PCR reactions as follows (30×
mastermix for 27 PCR reactions) (see Note 5):

Solution or
component Volume

Final
concentration

dH2O 2500 μl –

RedTaq buffer (10×) 300 μl 1×
dNTPs (10 mM each) 60 μl 200 μM each

RedTaq 1 U/μl 120 μl 2 U
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2. Divide the master mix in 900 μl for VH, 700 μl for kappa
and 1100 μl for lambda.

3. Add to each of the three reactions the corresponding reverse
primers (see also Table 11.1) as follows:

Antibody
gene Primer Volume

Final
concentration

VH MHIgMCH1scFv-HindIII_r or
MHIgGCH1scFv-HindIII_r
(10 μM)

18 μl 0.2 μM

kappa MHKappaCLscFv-NotI_r
(10 μM)

14 μl 0.2 μM

lambda MHLambdaCLscFv-NotI_r
(10 μM)

22 μl 0.2 μM

4. Add the corresponding PCR products of the first PCR as
follows:

VH 900 ng

Kappa 700 ng
Lambda 1100 ng

5. Divide the solutions to 9 (VH), 7 (Kappa) and 11 (Lambda)
PCR reactions, each with 98 μl and add 2 μl (10 μM,
0.2 μM final concentration) of the subfamily-specific for-
ward primer (see also Table 11.1):

VH: (1) MHVH1-NcoI_f, (2) MHVH2-NcoI_f, (3)
MHVH1/7-NcoI_f, (4) MHVH3-NcoI_f1, (5) MHVH3-
NcoI_f2, (6) MHVH4-NcoI_f1, (7) MHVH4-NcoI_f2,
(8) MHVH5-NcoI_f, (9) MHVH6-NcoI_f

Vkappa: (10) MHVK1-MluI_f1, (11) MHVK1-MluI_f2, (12)
MHVK2-MluI_f, (13) MHVK3-MluI_f, (14) MHVK4-
MluI_f, (15) MHVK5-MluI_f, (16) MHVK6-MluI_f

Vlambda: (17) MHVL1-MluI_f1, (18) MHVL1-MluI_f2, (19)
MHVL2-MluI_f, (20) MHVL3-MluI_f1, (21) MHVL3-
MluI_f2, (22) MHVL4-MluI_f1, (23) MHVL4-MluI_f2,
(24) MHVL5-MluI_f, (25) MHVL6-MluI_f, (26)
MHVL7/8-MluI_f, (27) MHVL9/10-MluI_f
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6. Carry out the PCR using the following program:

94°C 1 min

94°C 1 min

57°C 1 min

72°C 2 min

72°C 10 min

20x

7. Separate the PCR products by 1.5% TAE agarose gel elec-
trophoresis, cut out the amplified antibody genes (VH:
∼400 bp, kappa/lambda: ∼400 bp) and purify the PCR
products using a gel extraction kit according to the man-
ufacturers instructions. Pool all VH, kappa and lambda sub-
families separately. Determine the DNA concentration. Store
the three purified second PCR pools at −20◦C.

3.1.5. First Cloning
Step – VL

1. Prepare a plasmid preparation of pHAL14 vector for library
cloning.

2. Digest the vector and the VL PCR products (always per-
form single enzyme digest of the vector in parallel to
check whether the digestion is complete, see Notes 5
and 6):

Solution or component Volume
Final
concentration

dH2O 83-x μl –

pHAL14 or VL x μl 5 or 2 μg
NEB buffer 3 (10×) 10 μl 1×
BSA (100×) 1 μl 1×
NEB MluI (10 U/μl) 3 μl 30 U

NEB NotI (10 U/μl) 3 μl 30 U

3. Incubate at 37◦C for 2 h. Control the digest of the vec-
tor by using a 5 μl aliquot on 1% TAE agarose gel elec-
trophoresis. If the vector is not fully digested, extend the
incubation time.

4. Inactivate the enzymes at 65◦C for 10 min.
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5. Add 0.5 μl CIP (1 U/μl) and incubate at 37◦C for 30 min.
Repeat this step once.

6. Purify the vector and the PCR product using a PCR purifi-
cation Kit according the manufacturers instructions and
elute with 50 μl elution buffer or water. The short stuffer
fragment containing multiple stop codons between MluI
and NotI in pHAL14 will be removed. Determine the
DNA concentration.

7. Ligate the vector pHAL14 (4255 bp) and VL (∼380 bp)
as follows (see Note 5):

Solution or component Volume
Final
concentration

dH2O 89-x-y μl –

pHAL14 x μl 1000 ng
VL (kappa or lambda) y μl 270 ng

T4 ligase buffer (10×) 10 μl 1×
T4 ligase (3 U/μl) 1 μl 3 U

8. Incubate at 16◦C overnight.
9. Inactivate the ligation at 65◦C for 10 min.

10. Precipitate the ligation with 10 μl 3 M sodium acetate, pH
5.2, and 250 μl ethanol, incubate for 2 min at RT and
centrifuge for 5 min at 16,000×g and 4◦C.

11. Wash the pellet with 500 μl 70% (v/v) ethanol and pellet
the DNA for 2 min at 16,000×g and 4◦C. Repeat this step
once and resolve the DNA pellet in 35 μl dH2O.

12. Thaw 25 μl electrocompetent XL1-Blue MRF′ on ice and
mix with the ligation reaction.

13. Transfer the 60 μl mix to a prechilled 0.1 cm cuvette. Dry
the electrode of the cuvette with a tissue paper.

14. Perform a 1.7 kV pulse using an electroporator (see Note
7). Immediately, add 1 ml 37◦C prewarmed SOC medium,
transfer the suspension to a 2 ml cap and shake for 1 h at
600 rpm and 37◦C.

15. To determine the amount of transformants, use 10 μl
(=10−2 dilution) of the transformation and perform a dilu-
tion series down to 10−6 dilution. Plate out a 10−6 dilu-
tion on 2xYT-GAT agar plates and incubate overnight at
37◦C.

16. Plate out the remaining 990 μl on 2xYT-GAT agar “pizza
plate” and incubate overnight at 37◦C.

17. Calculate the amount of transformants, which should be
1 × 106−5 × 108 cfu. Control colonies for full-size insert
by colony PCR (see Section 3.1.7).
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18. Float off the colonies on the “pizza plate” with 40 ml 2xYT
medium using a drigalsky spatula. Use 5 ml bacteria solu-
tion for midi plasmid preparation according to the manu-
facturer’s instructions. Determine the DNA concentration.

3.1.6. Second Cloning
Step − VH

1. Digest the pHAL14-VL repertoire and the VH PCR prod-
ucts (always perform single enzyme digest of the vector in
parallel, see Notes 5 and 6):

Solution or component Volume
Final
concentration

dH2O 81-x μl –

pHAL14-VL or VH x μl 5 or 2 μg
NEB buffer 2 (10×) 10 μl 1×
BSA (100×) 1 μl 1×
NEB NcoI (10 U/μl) 3 μl 30 U

NEB HindIII (20 U/μl) 5 μl 100 U

2. Incubate at 37◦C for 2 h (see Note 8). Control the digest
of the vector by using a 5 μl aliquot on 1% agarose gel
electrophoresis.

3. Inactivate the digestion at 65◦C for 10 min.
4. Add 0.5 μl CIP (1 U/μl) and incubate at 37◦C for 30 min.

Repeat this step once.
5. Purify the vector and the PCR product using a PCR purifi-

cation Kit according the manufacturers instructions and
elute with 50 μl elution buffer or water. The short stuffer
fragment between NcoI and HindII in pHAL14 will be
removed. Determine the DNA concentration.

6. Ligate the vector pHAL14-VL (∼4610 bp) and VH
(∼380 bp) as follows (see Note 5):

Solution or component Volume Final concentration

dH2O 89-x-y μl –

pHAL14 x μl 1000 ng
VH y μl 250 ng

T4 ligase buffer (10×) 10 μl 1×
T4 ligase (3 U/μl) 1 μl 3 U

7. Incubate at 16◦C overnight.
8. Inactivate the ligation at 65◦C for 10 min.
9. Precipitate the ligation with 10 μl 3 M, pH 5.2, sodium

acetate and 250 μl ethanol, incubate for 2 min at RT and
centrifuge for 5 min at 16,000×g and 4◦C.
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10. Wash the pellet with 500 μl 70% (v/v) ethanol and pellet
the DNA for 2 min at 16,000×g and 4◦C. Repeat this step
once and resolve the pellet in 35 μl dH2O.

11. Thaw 25 μl electrocompetent XL1-Blue MRF′ on ice and
mix with the ligation reaction.

12. Transfer the 60 μl mix to a prechilled 0.1 cm cuvette. Dry
the electrode of the cuvette with a tissue paper.

13. Perform a 1.7 kV pulse using a electroporator (see Note
7). Immediately, add 1 ml 37◦C prewarmed SOC medium,
transfer to a 2-ml cap and incubate for 1 h at 600 rpm.

14. To determine the amount of transformants, use 10 μl
(=10−2 dilution) of the transformation and perform a dilu-
tion series down to 10−6 dilution. Plate out a 10−6 dilution
on 2xYT-GAT agar plates and incubate overnight at 37◦C.

15. Plate out the remaining 990 μl on 2xYT-GAT agar “pizza
plate” and incubate overnight at 37◦C.

16. Calculate the amount of transformants (1 × 106–5 × 108

should be reached to be included into the final library).
Control colonies for full size insert by colony PCR (see
Section 3.1.7).

17. Float off the colonies on the “pizza plate” with 40 ml 2xYT
medium using a drigalsky spatula. Use 800 μl bacteria solu-
tion (∼1 × 1011 bacteria) and 200 μl glycerol for glycerol
stocks. Make 5–25 glycerol stocks per sublibrary and store
at −80◦C.

18. When all transformations are done, thaw one aliquot of
each sublibrary on ice, mix all sublibraries (see also Note
5) and make new aliquots for storage at –80◦C (see also
Note 9).

3.1.7. Colony PCR 1. Choose 10–20 single colonies per transformation. Set up the
PCR reaction per colonies as follows (see Table 11.1 for
primer sequences):

Solution or component Volume Final concentration

dH2O 16,7 μl-x μl

RedTaq buffer (10×) 2 μl 1×
dNTPs (10 mM each) 0,4 μl je 200 μM

MHLacZPro_f 10 μM 0,2 μl 0,1 μM
MHgIII_r10 μM 0,2 μl 0,1 μM

RedTag (1 U/μl) 0,5 μl 1 U
template picked colonie from dilution plate
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2. Control the PCR by 1.5% TAE agarose gel electrophoresis.
3. The PCR products should be ∼ 1100 bp when including

VH and VL, ∼750 bp when including only VL or VH and
375 bp if the vector contains no insert. Each used sublibrary
should have more than 80% full-size inserts to be included
into the final library.

3.1.8. Library Packaging
and scFv Phage
Production

1. To package the library, inoculate 400 ml 2xTY-GA in a 1
L Erlenmeyer flask with 1 ml antibody gene library stock.
Grow at 250 rpm at 37◦C up to an O.D.600 nm ∼ 0.5.

2. Infect 25 ml bacteria culture (∼1.25×1010 cells) with
2.5×1011 colony forming units (cfu) of the helper phage
M13K07 or Hyperphage according to a multiplicity of
infection (moi) = 1:20 (see Note 10). Incubate 30 min
without shaking and the following 30 min with 250 rpm at
37◦C.

3. To remove the glucose which represses the lac promoter
of pHAL14 and therefore the scFv::pIII fusion protein
expression, harvest the cells by centrifugation for 10 min
at 3200×g in 50-ml polypropylene tubes.

4. Resuspend the pellet in 400 ml 2xTY-AK in a 1 L
Erlenmeyer flask. Produce scFv-phage overnight at
250 rpm and 30◦C.

5. Pellet the bacteria by centrifugation for 10 min at
10,000×g in two GS3 centrifuge tubes. If the supernatant
is not clear, centrifuge again to remove remaining bacteria.

6. Precipate the phage from the supernatant by adding 1/5
volume PEG solution in two GS3 tubes. Incubate for 1 h
at 4◦C with gentle shaking, followed by centrifugation for
1 h at 10,000×g.

7. Discard the supernatant, resolve each pellet in 10 ml phage
dilution buffer in SS34 centrifuge tubes and add 1/5 vol-
ume PEG solution.

8. Incubate on ice for 20 min and pellet the phage by cen-
trifugation for 30 min at 10,000×g.

9. Discard the supernatant and put the open tubes upside
down on tissue paper. Let the viscous PEG solution
move out completely. Resuspend the phage pellet in 1 ml
phage dilution buffer. Titre the phage preparation (see
Section 3.2.4). Store the packaged antibody phage library
at 4◦C.

10. The library packaging should be controlled by 10% SDS-
PAGE, Western-Blot and anti-pIII immunostain (mouse
anti-pIII 1:2000, goat anti-mouse IgG AP conjugate
1:10,000). Wildtype pIII has a calculated molecular mass



196 Schirrmann and Hust

of 42.5 kDa, but it runs at an apparent molecular mass of
65 kDa in SDS-PAGE. Accordingly, the scFv::pIII fusion
protein runs at about 95 kDa.

3.2. Antibody
Selection (Panning)

The in vitro procedure for isolating antibody fragments by their
binding activity was called “panning,” referring to the gold wash-
ers tool (62). The antigen is immobilized to a solid surface, such
as nitrocellulose, e.g. (63), magnetic beads, e.g. (64), column
matrixes, e.g. (19) or most widely used or plastic surfaces with
high protein binding capacity as polystyrole tubes, respectively,
microtitre wells, e.g. (65). The antibody phage are incubated
with the surface-bound antigen, followed by stringent washing
to remove the vast excess of non-binding antibody phage. Sub-
sequently, the bound antibody phage will be eluted and reampli-
fied by infection of E. coli. The selection cycle will be repeated
by infection of the phagemid bearing E. coli colonies from the
former panning round with a helperphage to produce new anti-
body phage, which can be used for further panning rounds until
a significant enrichment of antigen specific phage is achieved. The
number of antigen-specific antibody phage clones should increase
with every panning round. Usually 2–3 panning rounds, some-
times up to 6, are necessary to select specifically binding antibody
fragments.

The first step in the evaluation process of potential binders
is often done – but not a requisite – by an ELISA of the poly-
clonal phage preparations from each panning round against the
target antigen and control proteins, e.g. BSA. In the next step,
antibody clones are isolated from panning rounds showing a sig-
nificant enrichment of specific antigen binding in the polyclonal
phage ELISA. These antibodies clones are produced as soluble
monoclonal antibody fragments in microtitre plates followed by
an antigen ELISA. An ELISA with monoclonal phage prepara-
tions should be omitted because often antibody clones that bind
only as scFv-phage or scFv-pIII fusion but not as soluble scFv
fragment are identified. The complete panning and screening pro-
cedure is given in Fig. 11.1.

The following protocols describe the selection of recombi-
nant antibody fragments from antibody gene libraries by phage
display and the screening of the selected antibody fragments.

3.2.1. Coating
of Microtitre Plate Wells

1. (A) Protein antigen: For the first panning round, use
2–10 μg protein/well per panning; for the following rounds
use 0.1–1 μg protein/well for more stringent conditions.
Dissolve the antigen in 150 μl PBS and incubate it into a
microtitre plate well overnight at 4◦C (see Note 11).
(B) Oligopeptide antigen: Use 100–500 ng oligopeptide for
each panning round. Dissolve the oligopeptide in 150 μl
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Fig. 11.1. Schematic overview about of the construction of antibody gene libraries and selection of antibodies
(“panning”) by phage display.
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PBS, transfer into the microtitre plate well and incubate
overnight at 4◦C (see Note 12).

2. Wash the coated microtitre plate wells 3× with PBST using
an ELISA washer (see Note 13).

3.2.2. Panning 1. (A) Block the antigen coated wells with MPBST for 2 h at
RT. The wells must be completely filled. Afterwards, wash
the blocked antigen coated wells 3× with PBST (see Note
13).
(B) You need to perform this step only in the first panning
round but it also can be done in the following rounds! In
parallel, block an additional well (without antigen!) per
panning with MPBST for 1 h at RT for preincubation of
the antibody gene library. The wells must be completely
filled. Wash 3× times with PBST (see Note 13). Incubate
1011−1012 antibody phage from the library in 150 μl pan-
ning block for 1 h at RT. This step removes unspecific
binders, which often occur from the antibody gene libraries
due to incorrect folding of individual antibodies.

2. Carry over the preincubated antibody phage library to the
blocked wells or fill 1011−1012 amplified phage solved in
150 μl panning block from the former panning round in
the blocked wells. Incubate at RT for 2 h for binding of
the antibody phage.

3. Remove the unspecifically bound antibody phage by strin-
gent washing. Therefore, wash the wells 10× with an
ELISA washer in the first panning round. In the follow-
ing panning rounds increase the number of washing steps
(20× in the second panning round, 30× in the third pan-
ning round. . .) (see Note 13).

4. Elute bound antibody phage with 200 μl Trypsin solution
for 30 min at 37◦C (see Note 14).

5. Use 10 μl of the eluted phage for titration (see
Section 3.2.4).

6. Inoculate 50 ml 2xTY-T with an overnight culture of E.
coli XL1-Blue MRF′ in 100-ml Erlenmeyer flasks and grow
at 250 rpm and 37◦C.

7. Infect exponential (O.D.600 nm ∼ 0.5, after 2–3 h) grow-
ing 20 ml XL1-Blue MRF′ culture with the remaining
190 μl of the eluted phage. Incubate 30 min at 37◦C with-
out shaking and the following 30 min with 250 rpm at
37◦C.

8. Harvest the infected bacteria by centrifugation for 10 min
at 3200×g in 50 ml polypropylene tubes. Resolve the pellet
in 250 μl SOB-GA and plate the bacteria suspension on
SOB-GA agar plates (15-cm petri dish). Grow overnight at
37◦C (see Note 15).
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9. Harvest the grown colonies by suspending in 2.5 ml 2xTY-
GA with a Drigalsky spatula.

10. Use 100 μl of the harvested bacteria for the amplification
of the eluted phage (see Section 3.2.3).

11. Make a glycerol stock of the panning round by adding
250 μl glycerol to 750 ml of the harvested bacteria. Mix
and store at −80◦C.

3.2.3. Packaging
of Phagemids (scFv
Phage Production)

1. For the next panning round the eluted phage must be
packaged and reamplified. Inoculate 30 ml 2xTY-GA in
a 100 ml Erlenmeyer flask with 100 μl harvested bacte-
ria (O.D.600 < 0.1). Grow at 250 rpm at 37◦C up to an
O.D.600 nm ∼ 0.5.

2. Infect 5 ml bacteria culture (∼2.5×109 cells) with 5×1010

cfu of the helper phage M13K07 (moi = 1:20). Incubate
for 30 min without shaking at 37◦C and for the following
30 min at 250 rpm at 37◦C.

3. To remove the glucose, harvest the cells by centrifugation
for 10 min at 3200×g in 50-ml polypropylene tubes.

4. Resuspend the pellet in 30 ml 2xTY-AK and transfer into
a 100-ml Erlenmeyer flask. Produce the phage for 16 h at
250 rpm and 30◦C.

5. Pellet the bacteria by centrifugation for 10 min at 3200×g
in 50-ml polypropylene tubes. If the supernatant is not clear,
centrifuge again to remove remaining bacteria.

6. Precipate the phage in the supernatant by adding 1/5 vol-
ume PEG solution in 50-ml polypropylene tubes. Incubate
for 1 h at 4◦C with gentle shaking.

7. Pellet the phage by centrifugation for 1 h at 3200×g and
4◦C. Discard the supernatant and put the open tubes upside
down on tissue paper. Let the viscous PEG solution move
out completely. Resuspend the phage pellet in 500 μl phage
dilution buffer. Titre the phage preparation and use it for the
next panning round. Store the remaining phage at 4◦C.

3.2.4. Phage Titration 1. Inoculate 5 ml 2xTY-T in a 100 ml Erlenmeyer flask with
XL1-Blue MRF’ and grow overnight at 37◦C and 250 rpm.

2. Inoculate 50 ml 2xTY-T with 500 μl overnight culture and
grow at 250 rpm at 37◦C up to O.D.600 ∼ 0.5 (see Note
16).

3. Make serial dilutions of the phage suspension in PBS. The
number of eluted phages depends on several parameters (e.g.
antigen, library, panning round and washing stringency). In
case of a successful enrichment, the titre of eluted phage usu-
ally is 103−105 phage per well after the first panning round
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and increases two to three orders in magnitude per addi-
tional panning round (see Note 17). The phage preparation
after reamplification of the eluted phage have a titre of about
1012−1014 phage/ml.

4. Infect 50 μl bacteria with 10 μl phage dilution and incubate
30 min at 37◦C (see Note 18).

5. You can perform titrations in two different ways:
(A) plate the 60 μl infected bacteria on 2xTY-GA agar plates

(9 cm petri dishes).
(B) pipette 10 μl (in triplicate) on 2xTY-GA agar plates.

Here, about 20 titering spots can be placed on one 9-cm
petri dish. Dry drops under workbench.

6. Incubate the plates overnight at 37◦C.
7. Count the colonies and calculate the cfu or cfu/ml titre

according to the dilution.

3.2.5. ELISA of a
Polyclonal Antibody
Phage Suspension

1. To investigate the enrichment of antigen specific antibody
phage after a panning round, coat microtitre plate wells
with 100–1000 ng antigen per well for each panning round
(for method see Section 3.1). As a control, coat other wells
with 100–1000 ng BSA in 150 μl PBS overnight at 4◦C
(see Note 19).

2. Wash the coated microtitre plate wells 3× with PBST using
an ELISA washer (for washing procedure see Section 3.2
and Note 13).

3. Block the antigen-coated wells with MPBST for 2 h at RT.
The wells must be completely filled.

4. Wash the coated microtitre plate wells 3× with PBST (for
washing procedure see Section 3.2 and Note 13).

5. Resuspend 109 and 1010 cfu/well antibody phage from
each panning round in 150 μl 2%MPST and incubate them
for 1.5 h on the antigen and the BSA control, respectively.

6. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 13).

7. Incubate each well with 100 μl HRP-conjugated anti-M13
antibody 1:5000 diluted in 2% MPBST for 1.5 h.

8. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 13).

9. Shortly before use, mix 19 parts TMB substrate solution A
and 1 part TMB substrate solution B. Add 100 μl of this
TMB solution to each well and incubate for 1–15 min.

10. Stop the substrate reaction by adding 100 μl 1 N sulphuric
acid. The colour turns from blue to yellow.

11. Measure the extinction at 450 nm using an ELISA reader.
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3.2.6. Production
of Soluble Monoclonal
Antibody Fragments in
Microtitre Plates

1. Fill each well of a 96-well U-bottom polypropylene
microtitre plate with 150 μl 2xTY-GA.

2. Pick 92 clones with sterile tips from the desired panning
round (see Note 20) and inoculate each well (see Note 21).
Seal the plate with a breathable sealing film.

3. Incubate overnight in a microtitre plate shaker at 37◦C and
1000 rpm.

4. (A) Fill a new 96-well polypropylene microtitre plate with
150 μl 2xTY-GA and add 10 μl of the overnight cultures.
Incubate for 2 h at 37◦C and 1000 rpm.
(B) Add 30 μl glycerol solution to the remaining 140 μl
overnight cultures. Mix by pipetting and store this master-
plate at −80◦C.

5. Pellet the bacteria in the microtitre plates by centrifugation
for 10 min at 3200×g and 4◦C. Remove 180 μl glucose
containing media by carefully pipetting (do not disturb the
pellet).

6. Add 180 μl buffered 2xTY-SAI (containing saccharose,
ampicillin and 50 μM IPTG) and incubate overnight at
30◦C and 1000 rpm (see Note 22).

7. Pellet the bacteria by centrifugation for 10 min at 3200×g
in the microtitre plates. Transfer the antibody fragment con-
taining supernatant to a new polypropylene microtitre plate
and store at 4◦C.

3.2.7. ELISA of Soluble
Monoclonal Antibody
Fragments

1. To analyse the antigen specificity of the monoclonal sol-
uble antibody fragments, coat 100–1000 ng antigen per
well overnight at 4◦C. As control coat 100–1000 ng BSA
per well (see Section 3.1, Note 19).

2. Wash the coated microtitre plate wells 3× with PBST (for
washing procedure see Section 3.2 and Note 3).

3. Block the antigen coated wells with MPBST for 2 h at RT.
The wells must be completely filled.

4. Fill 50 μl MPBST in each well and add 50 μl of antibody
solution (see Section 3.6). Incubate for 1.5 h at RT (or
overnight at 4◦C).

5. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 3).

6. Incubate 100 μl mouse 9E10 α-myc tag antibody solution
for 1.5 h (appropriate dilution in MPBST).

7. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 13).

8. Incubate 100 μl goat α-mouse HRP conjugate (1:10,000
in MPBST).
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9. Wash the microtitre plate wells 3× with PBST (for washing
procedure see Section 3.2 and Note 3).

10. Shortly before use, mix 19 parts TMB substrate solution A
and 1 part TMB substrate solution B. Add 100 μl of this
TMB solution into each well and incubate for 1–15 min.

11. Stop the colour reaction by adding 100 μl 1 N sulphuric
acid. The colour turns from blue to yellow.

12. Measure the extinction at 450 nm using an ELISA reader.
13. Identify positive candidates with a signal (on antigen)

10× over noise (on control protein, e.g. BSA) (see
Note 23).

14. DNA sequencing of binders is performed with appropriate
oligonucleotide primers (MKpelB_f and MKmyc_r or with
MHLacZ-Pro_f). The antibody sequences can be analysed
by VBASE2 (www.vbase2.org) (66).

4. Notes

1. Be careful with human blood samples since it is potentially
infectious (HIV, hepatitis, etc.)!

2. Both methods, mRNA or total RNA isolation, work well.
3. Check the cDNA quality using standard glyceraldehyde

3-phosphate dehydrogenase (GAPDH) oligonucleotide
primers. Do not use cDNA preparations if the GAPDH
fragment could not be amplified by PCR.

4. The VH amplifications of VH subfamilies sometimes results
also in longer PCR products. Cut out only the ∼380 bp
fragment. The amplifications of kappa subfamilies should
always give a clear ∼650 bp fragment. When amplifying
lambda subfamilies often other PCR products are gener-
ated, especially the amplification of the lambda2 subfamily
results often in slushy bands. If some subfamilies are bad
amplified and no clear ∼650 bp fragment is detectable, use
only the ∼650 bp fragments from the well amplified sub-
families. Additional comment: since the first PCR amplifies
the full LC, it can be used also to construct a Fab or scFab
(67) libraries from this material.

5. For a very large naive antibody gene library perform as
many PCRs as sufficient to perform 20 light chains lig-
ations/transformations and about 100 VH ligations. For
an immune library 4 light chains ligations/transformations
and 8 VH ligations are usually sufficient. Prepare and digest
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also adequate amounts of pHAL14 and VL for the first
cloning step and pHAL14-VL library and VH for the sec-
ond cloning step. Keep kappa and lambda in all steps
(cloning, packaging) separately and mix only after phage
production before panning.

6. Always perform single digests using only one enzyme in
parallel to control the success of the restriction reaction.
Analyse the digestion by TAE agarose gel electrophoresis
by comparing with the undigested plasmid. Use only mate-
rial where both single digests are successful and where no
degradation is visible in the double digest.

7. The pulse time should be between 4 and 5 ms for optimal
electroporation efficiency.

8. Often the HindIII digestion is incomplete after 2 h. Then,
inactivate the enzymes by heating up to 65◦C for 10 min,
add additional 5 μl of HindIII and incubate overnight. You
can use also higher concentrated HindIII. Alternatively,
perform the NcoI digest first for 2 h, inactive the digest
and afterwards perform the HindIII digest.

9. To minimize loss of diversity, avoid to many freeze and
thaw steps, e.g. when constructing an immune library make
eight transformations in parallel and directly package the
immune library.

10. The use of Hyperphage as helperphage instead of M13K07
offers oligovalent phage display, facilitates the selection of
specific binders in the first and most critical panning round
by avidity effect (32, 44, 68, 69). The Hyperphage should
be only used for library packaging. For the following pan-
ning rounds use M13K07 to enhance the stringency of the
panning process.

11. If the protein is not binding properly to the microtitre
plate surface, try bicarbonat buffer (50 mM NaHCO3,
pH 9.6).

12. More hydrophobic oligopeptides may need to be dissolved
in PBS containing 5% DMSO. If biotinylated oligopeptide
is used as antigen for panning, dissolve 100 ng Streptavidin
in 150 μl PBS and coat overnight at 4◦C. Coat two wells
for each panning, one well is for the panning, the second
one for the preincubation of the library to remove strepta-
vidin binders! Sometimes it is necessary to use free strep-
tavidin during panning for competition to remove strepta-
vidin binders. Pour out the wells and wash 3× with PBST.
Dissolve 100–500 ng biotinylated oligopeptide in PBS and
incubate for 1 h at RT. Alternatively, oligopeptides with a
terminal cysteine residue can be coupled to BSA and coated
overnight at 4◦C.
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13. The washing should be performed with an ELISA washer
(e.g. TECAN Columbus Plus) to increase the stringency
and reproducibility. To remove antigen or blocking solu-
tions wash 3× with PBST (“standard washing protocol”
for TECAN washer). If no ELISA washer is available, wash
manually 3× with PBST.
After binding of antibody phage, wash 10× with PBST
(“stringent bottom washing protocol” in case of TECAN
washer). If no ELISA washer is available, wash manually
10× with PBST and 10× with PBS. For stringent off-rate
selection increase the number of washing steps or addition-
ally incubate the microtitre plate in 1 L PBS for several
days.

14. Phagemids like pSEX81 (41) or pHAL14 (32, 44, 56)
have coding sequences for a trypsin specific cleavage
site between the antibody fragment gene and the gIII.
Trypsin also cleaves within antibody fragments but does
not degrade the phage particles including the pIII that
mediates the binding of the phage to the F pili of E. coli
required for the infection. We observed that proteolytic
cleavage of the antibody fragments from the antibody::pIII
fusion by trypsin not only increases the elution but also
enhances the infection rate of eluted phage particles, espe-
cially when using Hyperphage as helperphage (68–70).

15. The high concentration of glucose is necessary to efficiently
repress the lac promoter controlling the antibody::pIII
fusion gene on the phagemid. Low glucose concentrations
lead to an inefficient repression of the lac promoter and
background expression of the antibody::pIII fusion pro-
tein. Background antibody expression is a strong selec-
tion pressure frequent causing mutations in the phagemid,
especially in the promoter region and the antibody::pIII
fusion gene. Bacteria with this kind of mutations in
the phagemids proliferate faster than bacteria with non-
mutated phagemids. Therefore, the 100 mM glucose must
be included in every step of E. coli cultivation except during
the phage production!

16. If the bacteria have reached O.D.600 ∼ 0,5 before they are
needed, store the culture immediately on ice to maintain
the F pili on the E. coli cells for several hours. M13K07
helperphage (kan+) or other scFv-phage (amp+) can be
used as positive control to check the infectibility of the E.
coli cells.

17. If the antibody gene library is packaged using Hyperphage,
the titre of the eluted phage after the second panning may
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not increase as strongly or even decreases slightly due to
the change from oligovalent to monovalent display.

18. Check all solutions for phage contamination. To check the
PBS or PEG solutions use 10 μl of these solution for E. coli
“infection.” In parallel plate out non-infected XL1-Blue
MRF’ to check the bacteria. We recommend to clean the
working place each time with virus inactivating solutions
(e.g. Barrycidal 36, BIO-HIT, Germany) and to use filter
tips for pipetting!

19. Antibody phage which bind unspecifically are usually
enriched during panning. These unspecific binding often
results from misfolded or incomplete antibodies. They
often bind to BSA, Streptavidin and plastic surfaces.

20. Use the polyclonal antibody phage ELISA to select the
suitable panning round for picking monoclonals.

21. We recommend picking only 92 clones. Use the wells H3,
H6, H9 and H12 for controls. H3 and H6 are nega-
tive controls – these wells will not be inoculated and not
used for the following ELISA with soluble antibodies. We
inoculate the wells H9 and H12 with a clone contain-
ing a phagemid encoding a known antibody fragment. In
ELISA, the wells H9 and H12 are coated with the antigen
corresponding to the control antibody fragment in order
to check scFv production and ELISA.

22. The appropriate IPTG concentration for induction of anti-
body or antibody::pIII expression depends on the vector
design. A concentration of 50 μM was well suited for vec-
tors with a Lac promoter like pSEX81 (41), pIT2 (71),
pHENIX (72) and pHAL14 (32, 44, 56). The method
for the production of soluble antibodies works with vectors
with (e.g. pHAL14) and without (e.g. pSEX81) an amber
stop codon between antibody fragment and gIII. If the vec-
tor has no amber stop codon the antibody::pIII fusion pro-
tein will be produced (73). Buffered culture media and the
addition of saccharose enhances the production of many
but not all scFvs. We observed that antibody::pIII fusion
proteins and antibody phage sometimes show differences
in antigen binding in comparison to soluble antibody frag-
ments because some antibodies can bind the correspond-
ing antigen only as pIII fusion. Therefore, we recommend
to perform the screening procedure only by using soluble
antibody fragment, to avoid false positive binders.

23. The background (noise) signals should be about O.D.450
∼ 0.02 after 5–30 min TMB incubation time.
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Chapter 12

Identification of Immunogenic Peptides of the Self-Tumor
Antigen: Our Experience with Telomerase Reverse
Transcriptase

Xochitl Cortez-Gonzalez and Maurizio Zanetti

Abstract

The general approach, termed reverse immunology, to predict and identify immunogenic peptides from
the sequence of a gene product of interest has been postulated to be a particularly efficient, high-
throughput approach to discover tumor antigens. This laboratory has successfully identified immuno-
genic peptides of the human telomerase reverse transcriptase (hTERT), a self-tumor antigen, by using
a multi-step approach. These steps include the following: the use of predictive bioinformatics algo-
rithms, molecular methods to identify tumor-specific transcripts, prediction of proteasomal cleavage sites,
peptide-binding prediction to HLA molecules and experimental validation, assessment of the in vitro and
in vivo immunogenic potential of selected peptide antigens, isolation of specific cytolytic T lymphocyte
clones, and final validation in functional assays of tumor cell recognition. This laboratory, and others
have used similar methods to identify immunogenic peptides of self-tumor antigens, and many of those
peptides are included in vaccines currently tested in clinical trials.

Key words: Telomerase, MHC I, immunogenicity, affinity, peptides.

1. Introduction

The concept of vaccination against cancer comes from the obser-
vation that immune responses, albeit weak, have been detected in
cancer patients against overexpressed self-tumor antigens; there-
fore, these antigens have become ideal targets for active and pas-
sive immunotherapy.

P. Yotnda (ed.), Immunotherapy of Cancer, Methods in Molecular Biology 651,
DOI 10.1007/978-1-60761-786-0_12, © Springer Science+Business Media, LLC 2010
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Adaptive responses are mediated by CD8 and CD4 T cells
and are based on the recognition of peptide epitopes derived from
tumor antigens expressed in association with major histocom-
patibility complex (MHC) molecules or human leukocyte anti-
gen (HLA) on the surface of tumor cells. CD8 T cells recognize
antigen presented through MHC Class I molecules expressed at
the surface of every nucleated cell after antigen peptides have
been processed inside the cell and exported to the cell sur-
face through the endogenous pathway. Through this pathway an
antigen-presenting cell (APC) or a tumor cell can activate CD8 T
cells and induce cytotoxic T lymphocytes (CTL) responses. CTL
constitute the main effector arm of the adaptive responses against
tumors, while CD4 T cells provide help for the development of
efficient CTL responses. In animals, control of tumor growth in
vivo through CTL specific for tumor antigens has been docu-
mented in many systems.

Vaccines to induce T-cell responses against self-tumor anti-
gens need to overcome a variety of barriers. Among them are two
prominent obstacles. One is the ability to identify antigens that
could help in the widest variety of tumors. The second is the pos-
sibility of selecting antigen peptides that can be used in the widest
spectrum of MHC specificities.

The large degree of MHC polymorphism is an important
factor to be taken into account in the identification and selec-
tion of these antigen peptides for the development of epitope-
based vaccines. The HLA polymorphism tends to concentrate in
hypervariable regions that correspond to MHC-binding pockets
engaging specific “anchor” residues of their peptide ligands. Dif-
ferent HLA molecules are characterized by different ligand speci-
ficities, revealing allele-specific motifs. Sette et al. has revealed a
way to simplify epitope selection by identifying peptides capable
of binding multiple HLA molecules: grouping HLA alleles into
large supertype families. A HLA supertype is defined by the abil-
ity of a peptide to bind to multiple HLA molecules (supermotif).
The HLA allelic variants that bind peptides possessing a particu-
lar HLA supermotif are referred to as an HLA supertype (1, 2).
For instance, peptides that bind to supertypes A2, A3, and B7
cover 86% of the human population. Thus, utilizing the super-
type working model the generation of peptide-based vaccines for
the human population becomes a feasible task.

Telomerase is a ribonucleoprotein complex that preserves
the end of chromosomes during replication, to ensure genomic
integrity during cell division. Its gradual loss is implicated in cell
senescence and differentiation. Its maintenance is crucial to cell
renewal of stem cells. Telomerase activity is detected in > 80% of
all cancers, regardless of origin or type, but not in normal tissue.
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For this reason, we and others proposed telomerase reverse tran-
scriptase as the first universal cancer antigen. This laboratory has
successfully identified HLA-A2 and HLA-B7 restricted telom-
erase peptides. Thus, demonstrating that although telomerase is
per se a self antigen, the human CD8 T repertoire possesses
precursors for it. CTL induced by in vitro immunization using
PBMC from cancer patients recognize and kill tumor cells repre-
sentative of different types of cancers in a MHC-restricted fashion
(3). HLA-A2 restricted CTL against the same high-affinity hTRT
peptide identified in this laboratory have been confirmed by other
groups (4). Finally, this laboratory has used the available tools to
generate and identify repertoire selection in vivo (5, 6). Using
a similar approach analogous findings have been made by others
(7).

These studies have materialized in a selection of candidate
peptides for inclusion in the first genetic vaccine against HLA-
A2 restricted hTRT peptides in humans in prostate cancer (8).
Several other human phase 1 clinical trials have been completed
in cancer patients of different types, demonstrating that hTRT-
specific immune responses can be safely induced in patients and
impact on clinical outcomes (9–11).

This chapter describes the multi-step approach (see Fig. 12.1)
taken by this laboratory in order to identify immunogenic pep-
tides restricted to MHC class I from human telomerase reverse
transcriptase (3, 5, 12).

>1000 MHC allelic variants clustered in 9 Supertypes

A1 A2 A3 A24 B7 B44 B27 B62 B58

Multi-step approach to select immunogenic peptides of tumor antigens

VACCINE
DESIGN 

Verify
endogenous
processing/
presentation

in cancer
cells

Verify
immunogenicity

in vitro in
human PBMC

Select peptides
based on
in vivo

immunogenicity
in HLA-

transgenic mice

Antigenicity
predicted

using
available

algorithms
and binding

affinity
assays to

HLA

Fig. 12.1. Multi-step approach described herein used to identify immunogenic peptides of tumor antigens for vaccine
design. The boxes of supertypes A2, A3, and B7 constitute together 86% of the human population.
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2. Materials

2.1. Predictive
Algorithms

2.1.1. HLA-Restricted
Peptide Predictive
Algorithms

1. BIMAS, which is based upon on highly favorable and unfa-
vorable dominant anchor residues, as well as auxiliary anchor
residues, scores peptides according to a coefficient (13)
(access via: www-bimas.cit.nih.gov/molbio/hla_bind/).

2. SYFPEITHI, which is based on known T-cell epitopes and
MHC ligands (14, 15) (access via: www.syfpeithi.de).

2.1.2. Proteasome
Cleavage Predictive
Algorithms

PAProC, prediction database for proteasomal cleavages, a
computer-based theoretical model for the cleavage of substrate
proteins by yeast and human 20S proteasomes (16, 17) (access
via: www.paproc.de/).

2.2. Synthetic
Peptides

1. Synthetic peptides can be purchased from several companies.
This laboratory has purchased peptides from the Peptide
Synthesis Core Facility of Ohio State University (Columbus,
OH) and Proimmune (Oxford, UK).

2.3. In Vivo
Immunization of HLA
Transgenic Mice

1. HLA transgenic mice (HLA-A2: Jackson Laboratories,
Barharbord, Maine; HLA-B7: Francois Lemmonier, Institut
Pasteur, Paris, via Charles River, Lyon, France; and other
laboratories for the other HLA transgenic mice).

2. Synthetic peptide diluted in dimethyl sulfoxide (DMSO) or
1× phosphate buffered saline (PBS) (depending on peptide
solubility).

3. Incomplete Freund’s adjuvant (Sigma, St Louis, MO).

2.4. Generation of
Mouse CTL

1. RPMI-1640 medium containing 10% heat inactivated
fetal bovine serum, 2 mM glutamine, 5×10−5 M 2-
mercaptoethanol, 50 μg/ml streptomycin, and 50 μg/ml
penicillin (complete medium).

2. Bacterial lipopolysaccharides, cell culture grade (Sigma,
St Louis, MO).

3. Dextran, cell culture grade (Sigma, St Louis, MO).
4. hr IL-2.
5. Gamma irradiator.
6. Autologous HLA transgenic mouse splenocytes, for restim-

ulations and CTL maintenance.
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2.5. In Vitro
Immunization
of Human PBMC

1. RPMI 1640 medium containing 10% heat-inactivated
human AB+ serum, 2 mM glutamine, 50 μg/ml strepto-
mycin, and 50 μg/ml penicillin (complete human media).

2. Ficoll hypaque (Sigma, St Louis, MO).
3. Synthetic peptide (product information found in Section

2.2).
4. HLA-matching human PBMC.
5. Gamma Irradiator.
6. hr IL-2.

2.6. CTL Assay 1. Target cells: mouse HLA-matching RMAS or RMA cells;
HLA-matching human T2 cells, and HLA-matching human
cancer cells (ATCC, Manassas, VA).

2. Synthetic peptide (product information found in Section
2.2).

3. 51Cr (Perkin Elmer, Waltham, MA).
4. Scintillation cocktail buffer, OptiPhase “supermix” (Perkin

Elmer, Waltham, MA).
5. Tween.
6. LKB Wallac beta plate Counter (Perkin Elmer, Waltham,

MA).

2.7. Generation
of Human CTL

1. hr IL-2 (use fresh).
2. hr IL-7 (use fresh).

2.8. Tetramer
Staining

1. Tetramer (product information found in Section 3.3.8).
2. Anti-human CD8a mAb.
3. Hank’s balanced saline solution.
4. Bovine serum albumin (BSA).
5. FACS Calibur, Bekton Dickinson (BD Biosciences, San Jose,

CA).

3. Methods

3.1. Selection
of Peptides with
Predictive Algorithms

To limit the number of candidate peptides from the full length of
a self-tumor antigen to a manageable panel, it is recommended
to select a pool of ten peptides for each HLA molecule based on
their binding affinity and proteasome cleavage (see Note 1).
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3.1.1. Select a Pool of
ten candidate Peptides
by HLA Binding Affinity
Algorithms

Our laboratory has used BIMAS and SYFPEITHI.
1. For SYFPEITHI, follow the website’s instructions (see mate-

rials for website):
1. Select “epitope prediction.”
2. Enter the full protein sequence of the selected tumor anti-

gen, the HLA type, and the preferred peptide size (8-,
9-, and 10-mer) and proceed to run the prediction (see
Note 2).

3. For a 400 amino acid protein, the best peptides are within
the top eight scored peptides (see Note 3).

2. For BIMAS, follow the website’s instructions (see materials
for website):
1. Enter the full protein sequence of the selected tumor anti-

gen, the HLA type, peptide size, and proceed to run the
prediction.

2. Compare the top ten predicted peptides with the top
eight predicted by SYFPEITHI, and make a list of ten
peptides.

3.1.2. For Complete
Peptide Selection

For a more complete peptide selection, we also consider the
proteasome cleavage of the protein of interest, by predicting if
the selected peptides (by binding affinity, see Section 3.1.1.)
would be cleaved at the C-terminus. To date, an updated pro-
teasome algorithm is available as a neural network (access via:
www.cbs.dtu.dk/services/NetChop/) (18).

1. Follow PAProC website’s instructions (see materials for web-
site access).

2. Enter the full protein sequence.
3. Select human proteasome wild type III (see website descrip-

tion for each proteasome model type) and run the predic-
tion.

4. Find whether or not the candidate predicted peptides C-
terminus are cleaved (see Note 4).

3.2. MHC Binding
Assays

3.2.1. Relative Avidity
Measurements

By measuring the avidity of the selected peptides to the HLA type
of interest, one can narrow the list to only those that have actual
high avidity.

1. Synthesize top 8–10 list of predicted peptides.
2. Measure their relative avidity using a MHC stabilization

assay on HLA+ (e.g. T2, T2-B7) cells in comparison with
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a reference peptide as described in (19). However, we rec-
ommend using the following assay, described by Sidney et al
(20, 21).

3. Incubate 1–10 nM of radiolabeled peptide with 1 μM to
1 nM of purified MHC in the presence of 1–3 μM human
β2-microglobulin, and a cocktail of protease inhibitors.

4. Incubate for 48 h at room temperature. Binding of the radi-
olabled peptide to the corresponding MHC class I molecule
is determined by capturing MHC/peptide complexes on
Greiner Lumitrac 600 microplates coated with the W6/32
antibody, and measuring bound cpm using the TopCount
microscintillation counter.

3.2.2. Supertype Binding
Analysis

This analysis is recommended to broaden the HLA spectrum to
which the select peptides can theoretically bind. This competition
assay is described in detail by Sidney et al. (22), in which the
concentration of peptide yielding 50% inhibition of the binding
(IC50) of the radiolabeled peptide is calculated. In summary:

1. Peptides are tested at different concentrations covering a
100,000-fold dose range, and in three or more independent
assays.

2. Measure of the radiolabeled MHC/peptide complex is per-
formed as previously described in Section 3.2.1, Step 4.

3. Based on the peptide concentration added to the compe-
tition assays, where [label]<[MHC] and IC50 U> [MHC],
the measured IC50 values are reasonable approximations of
the true Kd values.

3.3. In Vivo Mouse
Immunization
Procedures

The first concrete step in assessing the potential immunogenicity
of a selected peptide is the choice of the most effective epitopes
that may be recognized by T cells to effect a cellular response.
This enables one to correlate each peptide’s immunogenicity to
the binding characteristics and the scores of the predictive algo-
rithms.

3.3.1. Peptide
Immunization

1. Prepare an emulsion containing 100 μg of the selected pep-
tides (dissolved in DMSO) along with 120 μg of I-Ab MHC
Class II helper peptide 128–140 of the hepatitis B virus core
protein in incomplete Freund’s adjuvant (oil fraction – com-
prehending 50% of the total volume), adding 1× PBS to
make up to the total volume. For subcutaneous (s.c.) injec-
tions, we recommend a total volume of 100 μl per mouse.

2. Inject HLA-transgenic mice s.c. at the base of the tail.

3.3.2. Generation of CTL
Lines from Peptide
Immunized
HLA-Transgenic Mice

To generate a CTL line from peptide-immunized mice, prepare
LPS stimulated syngeneic splenocytes (stimulators) as follows:
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1. Prepare stimulators: Three days before harvesting peptide
immunized mouse spleens, bring autologous HLA-mice
splenocytes up to 1×106 cells/ml in complete RPMI with
2.5 mg/ml LPS and 0.7 mg/ml dextran sulfate. Incubate
these LPS blasts for three days in T75 flasks, adding up to
40 ml in each, keeping them in upright position.

2. Pool cells and wash twice in plain RPMI. Resuspend cells in
∼10–20 × 106 cells/ml in conical tubes.

3. Irradiate cell suspension at 3000 rads. Wash twice with plain
RPMI, and resuspend in 0.8 ml complete RPMI.

4. Add 5 mg of peptide to each tube. Incubate for 1 h, at 37◦C.
Wash twice and resuspend in complete RPMI. Bring them
up to 3 × 106 cells/ml. These cells will be added to the
responders at Section 3.3.2, Step 7.

5. Prepare responders: After 9–10 days of peptide immuniza-
tion, sacrifice mice and harvest spleen.

6. Wash single cell suspension twice with complete RPMI, and
bring cells up to 7 × 106 cells/ ml in complete RPMI.

7. In a 24-well plate, add 1 ml of responders at 7 × 106

cells/ml (Section 3.3.2, Step 6) and 1 ml of stimulators at
3 × 106 cells/ml (Section 3.3.2, Step 4).

8. Incubate at 37◦C in a 5% CO2 incubator. Long-term CTL
lines are maintained in culture by weekly re-stimulation, see
Section 3.3.3.

3.3.3. Maintenance
and/or Re-stimulation of
Peptide-Specific Mouse
CTL Line

1. Prepare stimulators: 6–7 days after setting up the primary
culture (Section 3.3.2.), harvest autologous HLA trans-
genic mouse spleens (1 spleen is enough for 30–40 wells).

2. Bring spleens into a single cell suspension in complete RPMI
and wash once. Resuspend each spleen in 10 ml of complete
RPMI, irradiate at 3000 rads, wash once, resuspend spleno-
cytes in 0.8 ml of complete RPMI.

3. Add peptide (5 μg), and incubate for 1 h at 37◦C in a 5%
CO2 incubator.

4. Wash twice with plain RPMI, resuspend cells at ∼3 × 106

cells/ml in complete RPMI.
5. Dilute freshly thawed hrIL-2 in complete RPMI, final con-

centration 40 U/ml. Prepare enough to add 1 ml to each
well (see Note 5).

6. Add 1 ml of Stimulators (from Section 3.3.3, Step 4.) and
1 ml of the IL-2 supplemented RPMI (from Section 3.3.3,
Step 5) to each well using a new 24-well plate.
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7. Prepare responders: From Section 3.3.2, Step 8 set up (pep-
tide specific CTL line), gently remove supernatant (media)
∼1.2 ml from each well with a pipette.

8. Using a sterile disposable flexible Pasteur (transfer) pipette,
resuspend gently the cells in each well, and transfer CTL to
one or two wells of the new 24-well plate (from Section
3.3.2, Step 6) (see Note 6).

3.3.4. CTL Assay To measure the specificity and lysis capability of the mouse CTL
line generated in Section 3.3.2., we suggest a 96-well plate based
51Cr release assay by days 5–6 after weekly restimulation.

1. Prepare target cells: Use HLA transgenic mouse RMA cell
line (described in Section 3). Start with a number of cells
enough to have 5000 cells per well. Wash cells and resuspend
them in approximately 100 μl.

2. Add 50 μCi and 2 μg of the peptide to which the CTL line
is specific to; prepare another tube with target cells loaded
with 51Cr and an unspecific peptide (control).

3. Incubate cells for 1.5 h at 37◦C.
4. While target cells are incubating, prepare effectors cells

(CTL line); from their original setting (24-well plate), har-
vest the cells by pipetting up and down gently, and wash
once.

5. For a maximum of 100:1 (effector to target) ratio, pre-
pare effectors cells (CTL) at 5 × 106 cells/ml. In a 96-
well round-bottom plate, dispense 200 μl of effector cells
into the 100:1 ratio dedicated well (triplicate for each con-
dition: specific and unspecific peptide loaded target cells).
Dilute CTL 1:1 with complete medium in the 96-well plate,
to obtain a serial of lower E:T ratios, i.e., 100 μl of the 100:1
into 1:1 will make a 50:1 E:T ratio (see Note 7).

6. Wash peptide-loaded/51Cr labeled target cells (from Sec-
tion 3.3.4, Step 3) twice and resuspend at 50,000 cells/ml
in complete medium. Add 100 μl (5000 cells) per well on
the already plated effector cells (from Section 3.3.4, Step
5). In addition, dispense 100 μl of target cells per well (six
wells) for maximal cell lysis control (adding 100 μl of 2%
triton in plain RPMI), and another six wells for spontaneous
release control (adding 100 μl of complete media). Incubate
plate for 4 h at 37◦C.

7. Centrifuge plates at 500 rpm/5 min. Add 120 μl of scintilla-
tion buffer into a flexible 96-well microplate. Transfer 25 μl
supernatant into the plate, seal, and vortex. Read plates using
a LKB wallac betaplate.



220 Cortez-Gonzalez and Zanetti

Fig. 12.2. 51Cr release assay using human telomerase peptide p1123 specific mouse
CTL line. CTL line was generated from peptide immunized HLA-B7 transgenic mice, as
described in Section 3.3.1. CTL killing assays were performed 4–5 days as described
in Section 3.3.3, after the first and second restimulation (described in Section 3.3.2).

8. Determine the percentage lysis based on 51Cr-release com-
pared to spontaneous and maximal release using the for-
mula: experiment lysis – spontaneous lysis/maximallysis ×
100. An example of CTL activity using telomerase peptide
p1123 specific HLA-B7 transgenic mouse CTL line is shown
in Fig. 12.2.

3.3.5. In Vitro
Immunization
Procedures

To further assess the immunogenicity of the selected peptide can-
didates as well as their ability to expand precursor CD8 T cell
in HLA matching human PBMC (from normal donors or can-
cer patients), we suggest a miniature in vitro sensitization assay
(MISA).

1. Plate 2×105 irradiated (6000 rads) human PBMC in 96
(flat)-well plate in 100 μl of complete human medium with
100 μg/ml of peptide. A total of 12 wells per peptide are
recommended per patient/normal donor.

2. Add 2×105 PBMC in 100 μl of complete human medium
into each well. Four days later, gently (without disturbing
the bottom of the wells) replace 100 μl of medium with
100 μl of fresh complete human medium containing 80
U/ml of hrIL-2.

3. On days 6–7, split each well into two, setting up an identical
96-well plate. Add a 100 U/ml of hrIL-2 to each well.
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Fig. 12.3. Example of CTL induction in a miniature in vitro sensitization assay using
normal donor PBMC. HLA-B7+ human PBMCs were immunized in vitro in a 96-well
plate assay, and tested for specific lysis of T2-B7 pulsed with peptide on days 10–11.
The micro-CTL assay was performed as described in Section 3.3.5.

4. On days 10–11, perform a micro-cytotoxicity assay, where
the effector cells are the identical 96-well plate (from Sec-
tion 3.3.5, Step 3), and target cells are HLA-matched
peptide-loaded-T2 cells or HLA-matched human tumor
cells (with no peptide). Effector cells cannot be counted
based on the small number; therefore, it is recommended
to split them into two, one for unspecific and specific
loaded target cells. Include maximum release and sponta-
neous release controls, as detailed in Section 3.3.4.

5. Determine CTL specific lysis by comparing with sponta-
neous and maximum release, as well as the negative control
(unspecific peptide loaded-target cells) (see Note 8). For an
example of MISA results, see Fig. 12.3. Testing more than
one patient/normal donor through this method helps rank-
ing peptides based on their human immunogenicity and/or
CTL repertoire (see Table 12.1).

3.3.6. Generation of
Human CTL by In Vitro
Peptide Immunization of
Human Peripheral Blood
Mononuclear Cells
(PBMC)

To further confirm (1) the existence of peptide specific CTL in
cancer patients or in normal donors and (2) the endogenous
presentation of the peptide by tumor cells, we generate a sta-
ble human CTL line. This line is used to analyze their speci-
ficity and lysis capability toward HLA-matching-antigen+ tumor
human cells.

1. Separate human PBMC by centrifugation using Ficoll-
Hypaque gradient (follow manufacturer instructions). Wash
twice with complete human media.

2. Plate the responders, by dispensing 5 × 105 cells/ml per well
in a 24-well plate. Set apart in the incubator, while preparing
stimulators (Section 3.3.6, Step 3).



222 Cortez-Gonzalez and Zanetti

Table 12.1
CTL response in vitro following immunization of normal donors PMBC with HLA-B7-
restricted hTRT peptides

hTRT
peptide

Donor
1

Donor
2

Donor
3

Donor
4

Donor
5

Donor
6

Donor
7

Donor
8

High
responders/
Total

Low
responders/
Total

p277 >50% >50% >50% >50% >50% <25% <25% <25% 5/8 0/8

p342 >25% >25% >25% >50% 0 <25% >25% 0 1/8 4/8
p444 ND ND <25% >25% 0 0 0 <25% 0/6 1/6

p464 >50% >50% 0 >25% <25% <25% <25% 0 2/8 1/8
p966 ND ND ND ND ND ND ND ND ND ND

p1107 >50% >50% 0 >50% >25% <25% >25% 0 3/8 2/8
p1123 >50% >50% >50% <25% >50% >50% >50% >50% 7/8 0/8

PBMC from HLA-B7+ normal blood donors were pulsed with the candidate peptide in 96-well plate assay, called
Miniature in vitro Sensitization Assay (MISA), as described in Section 3.3.5. Each well was tested for lysis of T2-B7
pulsed with peptide on days 10–11. A micro 51Cr-release assay was performed as described in Sections 3.3.5 and
3.3.4. High and low responders were considered at >50 or >25% specific CTL lysis, respectively. CTL assays were
performed at an approximate E:T ratio of 10:1. ND = not done.

3. Prepare stimulators, using autologous PBMC. Pulse them at
10 μg/ml of peptide for 3 h at 37◦C. Irradiate at 5000 rads,
wash once, and add to responder cells (Section 3.3.6, Step
2) at a responder to stimulator ratio ranging between 1:1
and 1:4.

4. The next day, add 12 units/ml of hrIL-2 and 30 units/ml
of hrIL-7 to the culture.

5. Days 6–7 after setting the culture, CTL line needs to be re-
stimulated as described in Section 3.3.7.

3.3.7. Maintenance or
Re-stimulation of
Human CTL Line

CTL line generated in Section 3.3.6. requires weekly restimula-
tions with peptide-pulsed autologous adherent cells as follows:

1. Incubate autologous PBMC with 10 μg/ml of peptide in
complete human media for 3 h at 37◦C. Remove non-
adherent cells by washing gently.

2. Incubate the non-adherent cells obtained above (Section
3.3.7, Step 2) with 10 μg/ml of peptide in complete human
media for an additional 3 h at 37◦C.

3. Harvest responders from original setting or previous stim-
ulation (Section 3.3.6), wash once, and add to peptide-
pulsed adherent cells at a concentration of 5 × 105 cells/ml
(2 ml/well) in complete human media without peptide.

4. Add hrIL-2 and IL7 (12 and 30 U/ml, respectively) the
following day. Use freshly thawed cytokines.
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5. 51Cr-release assay to test CTL line specificity can be done by
day 4 or day 5 after re-stimulation, as described in Section
3.3.4; however, this time besides using HLA matching T2
cells or human target cells, use HLA matching-human can-
cer cells expressing the tumor antigen studied. Use at least
two different cancer cell lines to assess the processing and
presentation of the peptide by cancer cells.

3.3.8.
Tetramer/Pentamer
Staining of CD8 T Cells

The number and affinity of peptide specific CTL in human
PBMCs can be characterized by tetramer staining.

1. HLA-pentamers containing the tumor antigen peptides
can be obtained from ProImmune (UK). HLA-tetramers
can be purchased from Beckman Coulter Immunomics,
the NIH-sponsored Tetramer Core Facility, or other
company/Institution.

2. On day 4 or day 5 after stimulation, incubate 0.5 ×
106 cells from human CTL line obtained from Section
3.3.6 with 20 μg/ml of fluorochrome-conjugated-HLA-
peptide tetramer and 2 μg/ml fluorochrome-conjugated
anti-human CD8a mAb in Hank’s balanced saline solution
containing 0.1% bovine serum albumin (BSA) and 0.05%
sodium azide for 30 min at 4◦C.

3. Samples are washed twice.
4. Analyze samples using a FACS Calibur Flow Cytometer, col-

lecting 100,000 events for CD8 positive cells.
5. Report result as tetramer and CD8 double positive cells.

4. Notes

1. To date, there are mathematic models in which algorithms
for peptide prediction takes into account MHC binding,
proteasome cleavage, and TAP transport simultaneously
(23).

2. This laboratory used HLA binding affinity algorithms to
predict 9-mers, based on the fact that 9-amino-acid-long
peptides are the best fit size for most HLA class I molecules
(i.e., HLA-A2 and HLA-B7). Nonetheless, other groups
suggest doing 8- or 10-mer peptide predictions for HLA
molecules, from which naturally “occurring” 8- or 10-mer
peptides have been identified.

3. SYFPEITHI has a greater predictive advantage over BIMAS
for HLA-B7 restricted peptides.
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4. Proteasome cleavage algorithm is used to have another point
of comparison, in order to rank the peptides.

5. We use hrIL-2, since it is biologically active in human and
mouse cells. We highly recommend to aliquot IL-2 in single-
use vials and store them at –70◦C.

6. The ratio at which CTL lines are split during re-stimulations
depends on how much they have grown at the time of re-
stimulation. If with naked eye cell clusters (in the bottom
of the wells) can be seen, and the medium looks acidic, this
will be an indication that cells are growing well, and each
well needs to be split at least 1:2, in other words, 1 CTL
well (responder) into two wells of stimulators. On the other
hand, if there are not many cells by microscope inspection,
one may want to pool two CTL (responder) wells into one
(stimulator) well, or just do 1:1.

7. Decision making regarding the working E:T ratio in a CTL
assay depends on the CTL specificity and ability to lyse target
cells. For a new experiment we recommend to start at 100:1
and 50:1, 25:1, 12:1, and so on. Nonetheless, one can use
other E:T ratios, such as 90:1, 60:1, 30:1, and 10:1. Highly
specific CTL lines can kill 100% peptide loaded target cells
at a 10:1 E:T ratio, or lower.

8. This assay draws positive or negative results, regarding the
human immunogenicity of the investigated peptide. It is not
intended as a quantitative method to determine CTL ability
to kill target cells. Based on these results, one can speculate
how frequent is the peptide-specific CD8 T cell repertoire in
one or among all tested donors.
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Chapter 13

Rescue, Amplification, Purification, and PEGylation
of Replication Defective First-Generation Adenoviral Vectors

Michael A. Barry, Eric A. Weaver, and Sean E. Hofherr

Abstract

Adenoviral gene therapy vectors have been widely studied and used. Their extremely high transduction
efficiency and gene delivery in vivo make them attractive for cancer gene therapy approaches. While they
are robust, they are also very immunogenic. One approach to mitigate the immunogenicity of aden-
oviruses and to evade neutralizing antibodies is to coat the virus with the hydrophilic polymer polyethy-
lene glycol (PEG) (1). This chapter details the steps involved when going from recombinant adenoviral
vector plasmid all the way to validated PEGylated adenovirus product.

Key words: PEG, adenovirus, gene therapy, vector production, Ad5, polyethylene glycol,
PEGylation.

1. Introduction

Human adenoviral vectors (Ad5) have been widely studied and
utilized for gene therapy. Ad5 vectors when injected systemically
transduce the liver at extremely high levels (2–4). The limitations
of adenoviral vectors are the high toxicity and immune response of
the host. Various methods have been developed to address these
shortcomings. One such technique, PEGylation, is described in
this chapter.

PEGylation involves the chemical conjugation of reactive
polyethylene glycol (1) molecules to the virus capsid (1). The
reaction is based on the chemistry of PEG molecules that are
activated for covalent modification by addition of an N-hydroxy-
succinimide (NHS) group. This NHS group reacts with free
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amines on the virus capsid proteins, mostly with lysine residues.
Recent work in preclinical models has demonstrated that PEGy-
lated vectors have a variety of advantages over the unmodified
vector, including evasion of neutralizing antibodies, reduced anti-
body and T-cell responses against modified cells, reductions in
innate immune responses and thrombocytopenia, and reduced
cytokine release (5–11).

The studies performed in our lab typically utilize a 5 kDa
PEG; however, multiple sizes of PEG molecules are commercially
available. For example, we recently demonstrated variations in
liver tropism after PEGylation with different-sized PEGs (12) and
variations in the ability of Ad to drive vaccine responses (13).

This chapter details the process of PEGylating a replication
defective recombinant Ad5 virus, but can be applied to any Ad5
vector. We begin with a recombinant Ad5 vector plasmid, and
detail the specific techniques and methodology that our lab uses
to rescue the virus from the plasmid. Next, the protocol to gen-
erate a large-scale preparation of the vector is described, followed
by the purification of the virus from the cell lysate (adapted from
(14)). We then discuss the process of PEGylation as well as the
determination of the quality of the PEGylated Ad5. These quality
control measures: CBQCA assay, particle sizing, loss if in vitro
activity, and retention of systemic in vivo activity, all together
ensure the virus is PEGylated. Finally, the limitations and prob-
lems we experience when PEGylating the virus are specifically
mentioned with common solutions.

2. Materials

1. DNase Solution (10 mg/ml): 200 μl 1 M Tris, pH 7.4,
100 μl 5 M NaCl, 10 μl 1 M dithiothreitol (DTT), 100 μl
of 10 mg/ml BSA, 4.6 ml DDI H2O, and 100 mg DNase
1 are combined then filter sterilized. 5 ml of sterile glycerol
is added and the solution is aliquoted and stored at –20◦C.

2. DOC 5%: To reduce potential toxicity, this must be made
in a chemical hood. 5 g of deoxycholic acid are dissolved in
100 ml of DDI H2O in a 250-ml graduated cylinder, filter
sterilized, and stored at room temperature.

3. 10X KPBS: 500 ml DDI H2O, 80 g NaCl, 2 g KCl, 17.7 g
K2HPO4, 2.4 g KH2PO4 are dissolved in up to 1 L of DDI
H2O, adjusted to a pH of 8.0, filter sterilized, and stored
at room temperature.

4. 1X KPBS 0.5 M sucrose: Dissolve 171.5 g of sucrose in
10X KPBS, and up to 1 L DDI H2O. pH to 8.0, filter
sterilize, and store at 4◦C.
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5. CsCl Heavy: 87 ml of 1X KPBS, 53 g CsCl are combined,
filter sterilized, and stored at 4◦C.

6. CsCl Light: 92 ml of 1X KPBS and 26.8 g CsCl are com-
bined, filter sterilized, and stored at 4◦C.

7. 1X DPBS: 800 ml DDI H2O, 0.2 g KCl, 0.2 g KH2PO4,
8.0 g NaCl, and 1.15 g Na2HPO4 are combined, the vol-
ume adjusted to 1 L, pH adjusted to 9.3, filter sterilized,
and stored at room temperature.

8. KNO3: 1.01 g KNO3 in 1 L DDI H2O is filter sterilized
and stored at room temperature.

9. Pac 1: Catalog # R0547 (NEB, Ipswich, MA, USA).
10. QiaexII: 20021 (Qiagen, Valencia, CA, USA).
11. Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
12. DMEM High Glucose (Invitrogen, Carlsbad, CA, USA).
13. Fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA,

USA).
14. RNase A (Qiagen, Valencia, CA, USA).
15. 10-DG desalting column (BioRad, Hercules, CA, USA).
16. Sephadex g50 (GE Healthcare, Piscataway, NJ, USA).
17. Dextran Blue 2000 (GE Healthcare, Piscataway, NJ, USA).
18. Proteinase K (Qiagen, Valencia, CA, USA).
19. Quantitech Sybr Green Master Mix (Qiagen, Valencia, CA,

USA).
20. CBQCA Protein Quantitation Kit (Invitrogen, Carlsbad,

CA, USA).
21. Plate Reader: Beckman Coulter DTX 880 Multimode

Detector (Beckman Coulter, Fullerton, CA).
22. 5X Reporter Lysis Buffer (Promega, Madison, WI, USA).
23. Luciferase Assay Reagent (Promega, Madison, WI, USA).
24. Particle Sizer: Brookhaven Instruments 90Plus/BI-MAS

Multi Angle Particle Sizer.

3. Methods

3.1. Rescuing Virus
and Generating Low
Passage Stock

1. Plate 293 cells in a T25 flask for 60–80% confluency the
next day (see Note 1).

2. Digest recombinant Ad-Easy-based plasmid with Pac1.
3. Purify DNA using QiaexII.



230 Barry, Weaver, and Hofherr

4. Transfect Pac I-linearized Ad genome per Lipofectamine
2000 protocol (steps 5–12) (see Notes 2 and 3).

5. Replace media in flask with 3 ml of DMEM supplemented
only with 5% FBS (no antibiotic or antimycotic).

6. Add 3 μg of DNA to 500 μl of incomplete DMEM in
1.5 ml sterile microfuge tube.

7. In a separate tube, add 9 μl of Lipofectamine 2000 reagent
to 500 μl of incomplete DMEM.

8. Incubate for 5 min at room temperature.
9. Combine tubes 1 and 2 together.

10. Incubate for 20 min at room temperature.
11. Add step 10 contents dropwise to flask.
12. Replace media 1 day later with complete DMEM 5% FBS

with antibiotics and antimycotics.
13. Observe transfection efficiency of reporter virus; it must be

∼50–70% or start over if not (see Note 4).
14. Maintain cells by removing 2/3 to 3/4 of media and

replacing with DMEM with 5% FBS every 3–4 days.
15. Check cells for cytopathic effect (CPE) or virus foci regu-

larly. Passage when significant viral spreading has occurred
(see Note 5).

16. To passage, harvest cells by disrupting the monolayer with a
pipette and resuspend pellet in 1 ml of 5% complete media.

17. Distribute this cellular lysate to two 1.5-ml microfuge tubes
and freeze each at –80◦C. One tube is backup and one tube
is used for next passage (see Note 6).

18. Freeze–thaw prior passage 3X, spin in microfuge for 5 min
at 750 rcf, and apply supernatant to one T25 flask with
60–80% confluent 293 cells.

19. Passage (repeat steps 16–18) onto T25 flasks until com-
plete CPE in 2–3 days is observed.

20. When complete CPE in 2–3 days is observed, repeat steps
5.3–5.4. Freeze–thaw 3X, remove debris, and save super-
natant as low-passage stock.

3.2. Amplification
from Low-Passage
Stock

1. Plate T25 flask with 293 or N3S cells (see Note 7).
2. Infect flask with 100–200 μl of virus stock.
3. Wait for complete cytopathic effect (CPE) (should be 2–3

days, if not repeat).
4. Harvest cells, pellet, and resuspend in 1 ml of with DMEM

with 5% FBS.
5. Infect a T75 flask with supernatant; wait for CPE.
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6. Harvest cells, pellet, and resuspend in 2 ml of with DMEM
with 5% FBS.

7. Infect T225 with supernatant; wait for CPE.
8. Harvest cells, pellet, and resuspend in 5 ml of with DMEM

with 5% FBS.
9. Infect five T225 flasks with supernatant, wait for CPE.

10. Harvest cells, pellet, and resuspend in 5 ml of with DMEM
with 5% FBS.

11. Seed cell factory or spinner flask with 6–8 T225 flasks (see
Note 8).

12. Infect confluent cell factory or spinner flask with cell free
lysate of (5) T225 infected as described above.

13. After 72 h harvest cells and spin down at 500 rcf for
15 min.

14. Remove supernatant and resuspend the cell pellet in with
DMEM with 5% FBS totaling a 15-ml volume in a 50-ml
conical tube.

15. Freeze this tube or band virus using protocol (see Note 9).

3.3. CsCl Purification
of Large Scale Ad

1. Add 2 ml of 5% deoxycholine (DOC) solution to sample
from 2.15, invert 4–6 times to mix completely.

2. Incubate room temperature 30 min inverting every 5 min.
Solution should become viscous and snotty.

3. Add 15 μl of 100 mg/ml RNase A, 150 μl of DNase 1
Solution, and 170 μl 2 M MgCl2.

4. Incubate at 37◦C for 30 min and invert periodically.
5. Solution should become a smooth milky texture.
6. Spin for 10 min in a 50-ml conical tube at 4500 rcf.
7. Form step gradient by adding 10 ml of light CsCl to a

ultracentrifuge tube and then underlaying 10 ml of heavy
CsCl.

8. Load supernatant (up to 18 ml) on CsCl step gradient.
9. Spin 2 h at 115,000 rcf.

10. Collect band (up to 4 ml) load on smaller CsCl step gradi-
ent 6 ml light, then underlay with 6 ml heavy to bottom.

11. Spin overnight 115,000 rcf (see Note 8).

3.4. If Not PEGylating:
Buffer Exchange
to Remove CsCl

1. Use EconoPac 10-DG desalting columns to remove CsCl
and Tris (steps 2–6).

2. Remove buffer from column.
3. Run KPBS 0.5 M sucrose through column two times (see

Note 10).
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4. Add (X) ml of virus in CsCl to desalting column let
drain. (X)= the amount of virus collected from gradient
(≈ 1.5 ml).

5. Add 3.3 ml–(X) ml of column buffer to column and let it
drain.

6. Elute column with (X) ml of column buffer.
7. Check concentration of virus using spectrophotometer.
8. Using equation (OD260 × 1012 = Viral Particles/ml) cal-

culate concentration.

3.5. PEGylation
Protocol

1. Starting with virus in CsCl or Tris buffer (start with at
least four times the needed particle number). Tris must be
removed prior to PEGylation, since it has amines that can
react with NHS (see Notes 11, 12, and 13).

2. Buffer exchange with 10 DG Econopac columns (steps
3–6).

3. 2 column volumes of KPBS to column. Then add starting
virus (X) ml let drip without collection.

4. Add KPBS (3.3 ml–(X) ml) let drip without collection.
5. Add KPBS ((X) ml+0.2 ml), collect this fraction.
6. O.D.260 to determine number of viral particles (v.p.)

unless the starting virus is in Tris buffer. If this is the case,
repeat step 2 to ensure removal of all Tris.

7. Remove PEG from freezer.
8. Let PEG equilibrate to room temp to avoid condensation

of humidity onto powder (see Note 14).
9. Open PEG and add 10 mg/1 e12 v.p. to 15-ml conical

tube ≈ 1.0 ml final volume (V) ml.
10. Store PEG at –20◦C (see Note 15).
11. Incubate virus + PEG by rotation at room temp for 1–2 hrs.
12. Make 2 Sephadex G50 columns (steps 13–24) (see

Note 16).
13. Add 5–10 g of G50 to 300 ml of H2O.
14. Autoclave on short 10-min cycle to allow beads to swell.
15. Let slurry cool and settle.
16. Remove excess liquid and add 300 ml of fresh H2O.
17. Allow slurry to settle and pour excess H2O.
18. Add 300 ml fresh H2O.
19. Repeat steps 17 and 18.
20. Degas overnight in a vacuum-rated flask or bottle.
21. Next day add slurry to empty columns.
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22. Fill so that the packed slurry reaches the 10-ml line (and
looks like packed 10DG columns).

23. Add frit to surface of resin carefully without disturbing
column.

24. Wash with 2 column volumes of KPBS 0.5 M sucrose with-
out collecting flow through making sure to not let the resin
dry out.

25. Calculate void volume for each G50 column using blue
dextran 2000 (steps 26–37).

26. Make solution of blue dextran 2000 (2 mg/ml) in KPBS.
27. Take G50 column and tape to 15-ml conical tube.
28. Add volume of blue dextran solution equal to volume you

have of PEG + virus (V) ml to column and allow to drip
into 15-ml conical tube.

29. Add an excess of KPBS 0.5 M sucrose to column and col-
lect in same 15-ml conical tube.

30. Keep a close eye on the drip and when the color begins to
become blue move column to second 15-ml conical tube
and collect this fraction.

31. Allow this blue color to drip and collect, but as soon as the
color is no longer blue remove the column from the 15-ml
conical tube.

32. The first 15-ml tube without the blue color is the void vol-
ume of the column (Z) ml.

33. Write void volume on column (so that you do not forget).
34. The second 15-ml tube with the blue color is the elution

volume (Y).
35. Write elution volume on column (so that you do not

forget).
36. Run 1 column volume of KPBS 0.5 M sucrose through

column.
37. Leave some KPBS 0.5 M sucrose in column and put on

stopper supplied and cover without pushing in cap until
you use the column (use parafilm and store at 4◦C if more
than a few hours).

38. Use column to remove free PEG (steps 39–41).
39. Apply (V) ml of virus + PEG to column and let drip with-

out collection.
40. Add KPBS 0.5 M sucrose (Z) ml–(V) ml let drip without

collection.
41. Add KPBS 0.5 M sucrose (Y) ml. This fraction is your

PEGylated virus.
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42. Store at PEGylated virus at 4◦C for up to 2 weeks (see
Note 17).

43. Perform quantitative PCR to determine viral genome
quantitation (see Note 18).

3.6. Quantitative PCR
of Viral Genomes
for Titering

1. Release viral DNA from virions (steps 2–5).
2. Add 94 μl of nuclease-free water to 1.5-ml microfuge tube.
3. Add 1 μl Proteinase K.
4. Add 5 μl of purified virus preparation.
5. Incubate 55◦C for 1 h.
6. Heat-inactivate the Proteinase K at 95◦C for 20 min.
7. Dilute 1/1000 to fall within the standards

(300–300,000,000).
8. Set up standard curve with control plasmid (p-cmvi-

Hexon).
9. Calculate mass of a single plasmid molecule (m) using the

equation m =(n)(1.096e-21 g/bp). Where n= plasmid
size (bp), m= mass, and e-21= x10−21.

10. Calculate the mass of plasmid containing copy # of interest
(300–300,000,000) using equation (copy # of interest ×
(m) = mass needed).

11. Calculate final concentration of DNA needed for each stan-
dard (300–300,000,000) by dividing values from step 10
by the number of μl of standard that will be applied for
each PCR reaction (typically 3—5 μl).

12. Using equation(Ci × Vi = Cf × Vf ) prepare serial dilu-
tion of plasmid DNA. Where Ci= initial concentration
(based on Abs260 of plasmid DNA), Vi= initial volume
(unknown), Cf= final concentration (calculated above for
each dilution), and Vf= final volume (500 μl).

13. Design primers. For Ad5 hexon use following primers
[(forward-GAACAAGCGAGTGGTGGCTC) and (reve-
rse-GCATTGCGGTGGTGGTTAA)].

14. Set up and run Q-PCR reaction (steps 15 and 16).
15. Setup reaction in 384 well plates: 5 μl DNA, (1 μl) 3 μM

forward primer, (1 μl ) 3 μM 3′ oligo, and 7 μl SYBR
Green.

16. Run reaction with the following conditions: step 1 (1 cycle
– 95◦C 15 min), step 2 (40 cycles – 95◦C 15 sec, 55◦C 30
sec, 72◦C 30 sec), and to check for specificity of reaction
add dissociation step.
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3.7. Quantitation of
Free Amines by
CBQCA Assay

1. Ensure all buffers and reagents are free of Tris (see Notes
19 and 20).

2. Modified viruses are diluted in 135 μl of reaction buffer
(Dulbecco’s phosphate-buffered saline (DPBS), pH 9.3) to
a final concentration of 1 × 1012 v.p./ml in a 96-well black
plate.

3. Add 5.0 μl of 20 mmol/L KCN and 10 μl of 5 mmol/L
CBQCA.

4. Cover the plate with aluminum foil to protect from light
and incubate at RT with shaking for 1 h.

5. Fluorescence emission is then detected at 550 nm with
excitation at 465 nm using a plate reader.

6. The percentage of free amines is determined relative to
a standard curve of unmodified virus and the inverse
is expressed as the percentage of PEG-conjugated free
amines. Saturation of amines by PEGs generally occurs near
70% of CBQCA-reactive sites.

3.8. In Vitro
Transduction
(for Luciferase-
Expressing
Viruses)

1. Grow 293 and A549 cells in 96-well plate in DMEM 10%
FBS to 80% confluency.

2. Add 1×104 viral particles to each well of plate.
3. Incubate the plate at 37◦C for 20 min.
4. Wash cells to remove excess virus.
5. Incubate 24 h at 37◦C.
6. Add 25 μl of 5X Reporter Lysis Buffer to each well.
7. Freeze–thaw plate at –80◦C.
8. Add 50 μl of Luciferase Assay Reagent to each well.
9. Detect luminescence using a plate reader.

10. The percent transduction determined by comparison to
unmodified virus.

3.9. Particle Sizing
(by Dynamic Light
Scattering)

1. Dilute viruses in 10 mmol/l KNO3 to a final concentration
of 1×1011 v.p./ml.

2. Measure on a particle sizer at three 3-min runs.
3. Polydispersity is calculated by the instrument and is pro-

portional to the variance of the intensity weighted diffusion
coefficient distribution.

4. Molecular weights are calculated using the Mark–
Houwink–Sakadura equation.
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4. Notes

1. Adenoviruses are treated as biosafety level 2 (BL2) agents
in the United States and require biocontainment. If they
encode dangerous transgene products, they will be given
an even higher BL level with more stringent containment
procedures. Work with these viruses cannot be performed
without prior approval by your institution’s biosafety com-
mittees. This includes work with the viral plasmids and
with the viruses themselves. All steps must be carried out
under the biocontainment protocols designated by your
institutions biosafety committee. Likewise the use of any
chemicals and instruments described below must be per-
formed as designated by each institution’s safety guidelines.
Note also that production of E1-deleted viruses in 293
cells will result in the production of replication-competent
Ad, since there is overlap in the E1 sequences embedded
in the cells and with the vectors. The use of alternate cell
lines that avoid this problem is recommended. However,
most of these are impossible to obtain from the compa-
nies that own them. If 293 cells are used, large scale virus
production should always start from a transfection or an
early lysate to reduce the fraction of replication-competent
virus that is in the preparation. If virus is produced serially
from large scale preparations, the replication-competent
contaminant will take over the population and increase side
effects.

2. If the Adenovirus vector in question does not have a
reporter gene like GFP or dsRed, generate a parallel DNA
prep of a viral genome with reporter gene as a positive
control for producing virus. Use of a small reporter gene
plasmid is misleading as its transfection efficiency will be
substantially higher than a 36-kbp Ad plasmid.

3. Transfection of the linearized vector plasmid should be per-
formed in T25 flasks to reduce the potential for cross-
contamination. If a T25 is not an option, a 60-mm dish
can be substituted; however, there is a higher chance of
contamination. 6-well plates should be avoided especially if
different genomes are being transfected on the same dish.
This will avoid the potential for cross contamination.

4. With a first-generation Ad5 vector, following a successful
transfection (50–70%), the rescue of the virus typically will
take 2–3 weeks. The method for rescuing the virus does
not include the plaque purification method, so the resulting
virus should be verified by PCR and sequencing. Plaque
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purification may be favored and is detailed in alternative
protocols.

5. Virus foci are recognized by two methods determined by
the presence or absence of a detectable transgene like GFP.
If a detectable transgene is in your virus, the foci can be
observed as a spreading of transgene expression to neigh-
boring cells. These foci will be hard to focus on and will
likely for a comet shape with a focused body and a stream-
ing tail. If there is no detectable transgene available, the
foci can be observed by looking at the monolayer of cells
with a low power microscope or the naked eye and the
cells will begin to die in clusters that also will likely have a
comet shape. For highly efficient viruses, foci may not be
observed, but rather, in the first 2 weeks the virus will begin
to kill the cells. This is known as cytopathic effect (cpe), and
if complete cytopathic effect is observed, the cells will all be
detached from the flask surface.

6. As passaging the virus continues, it is very important to
always save half of the cell lysate at –80◦C. This is essential
so if contamination occurs you have a backup.

7. Large-scale virus preparations from low passage stocks
should be a rapid process that, if planned correctly, can be
done in 2–3 weeks. This is dependent on the continuous
maintenance, carrying, and expansion of cells to infect.

8. Cell Factories or Spinner flasks are both useful means to
grow large scale preparations of Adenovirus. If using a cell
factory, adherent cells are required, such as HEK 293 cells.
Whereas, if a spinner flask is used a suspension adapted cell
line is required, such as N3S cells.

9. Virus in cell lysate can be stored at –80◦C for a long dura-
tion without losing large degrees of activity.

10. If not PEGylated, the virus can be stored at –80◦C in KPBS
with 0.5 M sucrose for months without reducing the activ-
ity. The virus will retain its activity for longer, but it may
be decreased. It should be noted that sucrose is an excel-
lent carbon source for microbes. So, maintaining sterility is
critical to avoid contamination.

11. If the virus is to be PEGylated, Tris containing buffers
should be avoided since they react with the NHS group
of the PEG molecule. If the virus has already been stored
in Tris buffer, the Tris should be removed by performing
two buffer exchanges. In our experience, dialysis has been
problematic; however, if this is used in your lab it should
work in theory.

12. It is important to use an unmodified virus that has been
“mock PEGylated” as a negative control. This virus is
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treated exactly as the PEGylated virus, but without the
addition of the PEG.

13. The optimal conditions for PEGylation are for the virus to
be a fresh preparation that has not been frozen. In addi-
tion, the more starting virus to be PEGylated, the better
the yield. This is likely due to the loss of virus and the
increase in volume that occur with the size exclusion chro-
matography column.

14. The NHS group on the PEG molecule loses its activity
as it is exposed to air. In addition, the activity is reduced
with each freeze thaw. To avoid these problems, the PEG
should be purchase in small aliquots if available. If this is
not an option the PEG should be stored at –20◦C and
once opened, overlayed with nitrogen. When the PEG is
used, equilibrate the reagent to room temperature before
exposing it to air.

15. Prior to freezing, partially close PEG bag and gently overlay
with N2 gas in a chemical hood. Be careful to not blow
the powder out of the bag onto yourself or elsewhere with
excess gas flow. The goal here is to remove oxygen from the
bag to maximize the stability of the water-sensitive NHS
reactive group.

16. When making the size exclusion column to remove the
excess PEG, the protocol is designed for 5 kDa PEG. This
uses a Sephadex g50 column, but if a larger PEG is used,
the protocol for PEGylation remains the same except for
the use of a Sephadex g100 column instead.

17. Once again it should be noted that sucrose is an excellent
carbon source for bacteria and other microbes, so sterility
must be maintained.

18. This step is necessary, since PEGylation can perturb the
accuracy of OD260 estimates of virus particle concentra-
tions. This is most likely seen with small 5 kDa PEG.

19. The premise of the kit is essentially to detect any
remaining reactive amines on the virus with the amine-
reactive CBQCA reagents. Since this agent is smaller
than PEG, it can react not only with exposed amines,
but also with amines that may be unavailable to PEG
due to steric hindrance. It is therefore essential that the
virus you are testing as well as the “mock” PEGylated
control have not been in contact with Tris-containing
buffers.

20. The CBQCA assay used to measure percent PEGylation
has caused problems in the past perhaps due to aging of
the reagent. To ensure the PEGylation has occurred, we
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use the loss of in vitro activity as a quality control mea-
sure. We also use the particle sizing to show that as the
virus is PEGylated the size increases. To ensure the PEGy-
lation did not kill the activity of the virus, we test the
in vivo activity following intravenous injection into mice.
These four methods compare the PEGylated virus to an
unmodified virus. It is important to use an unmodified
virus that has been “mock PEGylated.” This virus is treated
exactly as the PEGylated virus, but without the addition of
the PEG.
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Chapter 14

Adenovirus-Mediated Interleukin (IL)-24 Immunotherapy
for Cancer

Rajagopal Ramesh, Constantine G. Ioannides, Jack A. Roth,
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Abstract

Interleukin-24 (IL-24) is a member of the IL-10 cytokine family. IL-24, also known as melanoma differ-
entiation associated gene 7 (mda-7), is a unique cytokine in that it has cytokine properties and functions
as a novel tumor suppressor gene. Studies by us and other investigators using viral and non-viral vectors
have demonstrated IL-24 overexpression in human cancer cells inhibited tumor growth both in vitro and
in vivo. A majority of these studies using immunodeficient animal models have focused on demonstrating
the direct anticancer properties of IL-24. Very few studies have focused on studying the immunothera-
peutic properties of IL-24 despite it being reported to function as a Th1 cytokine. A phase I clinical trial
using an adenovirus vector expressing IL-24 (Ad-IL24/INGN241) reported Ad-IL24 treatment of can-
cer patients resulted in changes in cytokines and T cells. However, well-designed and detailed preclinical
studies to support the clinical findings are warranted. Demonstrating immune modulation by IL-24 will
provide a rationale for developing IL-24-based immunotherapeutic approaches for cancer treatment.

In the present chapter, we provide experimental details for conducting IL-24-based immunotherapy
studies. As it is not possible for the authors to cover all of the information the authors recommend reading
other immunology-based literature and procedures for a better understanding of conducting preclinical
studies.

Key words: IL-24, mda-7, IL-10, cytokine, cancer, gene therapy, tumor suppressor genes,
immunity.

1. Introduction

IL-24/mda-7 is a novel cytokine/tumor suppressor gene that was
initially identified in terminally differentiated human melanoma
cells (1). IL-24 is a member of the IL-10 family located on
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chromosome 1q 32 (2). Other members of IL-1-0 cytokine family
that are also located at the same locus include IL-10, IL-19, and
IL-20 (3). The IL-10 cytokine family comprises six members: IL-
10, IL-19, IL-20, IL-22, IL-24, and IL-26. More recently, IL-28
and IL-29 have been included in the IL-10 superfamily (4).

IL-24 gene has limited sequence homology with IL-10 with
IL-24 protein having ∼19% amino acid identity with other IL-
10 family members. Because of its physical location within the
IL-10 family locus, its limited homology with IL-10, and its
cytokine activity, IL-24 is included in the IL-10 cytokine fam-
ily (3, 5, 6). Thus a combination of structural data, homology
to known cytokines, chromosomal localization, a predicted N-
terminus secretion signal peptide, and evidence of its regulation of
cytokine secretion, all support IL-24 as an IL-10 family cytokine
(2, 7, 8). Furthermore, IL-24-specific receptors have been iden-
tified defining IL-24 as a cytokine.

IL-24 unlike IL-10 and its family members is a novel
cytokine with unique tumor-specific apoptotic, antiangiogenic,
and cytokine properties that make it especially attractive for use in
cancer therapy applications (2, 8–10). Studies from our laboratory
and others have demonstrated virus and non-viral mediated IL-24
overexpression results in tumor growth inhibition and cell death
both in vitro and in vivo (11). The tumor suppressor function
of IL-24 is independent of other tumor suppressor gene muta-
tions and selective for tumor cells with no toxicity to normal cells
(2, 11).

The fact IL-24 is a cytokine has lead to preclinical stud-
ies focused on characterizing the cytokine and immune prop-
erties of IL-24. Initial in vitro studies demonstrated IL-24 is
expressed at low levels in human peripheral blood mononuclear
cells (PBMC) (12). Furthermore, phytohemagglutinin (PHA) or
bacterial lipopolysaccharide (LPS)-mediated nonspecific stimula-
tion of PBMCs resulted in increased IL-24 expression in natural
killer (NK) and B-cell subpopulations of PBMCs (12–14). Addi-
tionally, activation of signal transducer and transcriptional acti-
vator (STAT)-3 with induction of IFN-gamma, TNF-alpha, IL-
6, IL-12, and GM-CSF secretion in IL-24-treated PBMCs was
demonstrated, suggesting IL-24 functions as a pro-Th1 cytokine.
Keratinocytes has also been shown to express IL-24 (15).

Subsequent studies by other investigators have reported IL-
24 induction and its ability to modulate other cytokines under
different pathological conditions. Regulation of IL-24 and its
receptor expression by type I interferons (IFN) and LPS in the
liver has been reported (16). IL-24-mediated induction of IFN-γ
expression in tuberculosis patients has been demonstrated sug-
gesting IL-24 and IFN-γ function in an autoregulatory mecha-
nism (17). Regulation of T-cells and cytokines by IL-24 and other
IL-10 family members was also reported (18). Expression of IL-
24 has been observed in inflammatory diseases such as psoriasis,
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rheumatoid arthritis, spondyloarthropathy, palmoplantar pustulo-
sis, and bacteria-associated infections (19–22). Studies from our
laboratory demonstrated human melanoma cells when treated
with IL-24 protein, induced secretion of IFN-γ and IL-6, but
not of IL-4 or IL-5 (11).

All of the studies described above establish IL-24 as a
cytokine. However, all of these results were obtained from in vitro
studies. Till date there have not been many in vivo studies to
demonstrate the immune functions of IL-24. Furthermore, the
potential of IL-24 being used as an immunotherapeutic for can-
cer therapy have not been investigated in detail. We have recently
demonstrated IL-24 has immunotherapeutic properties by per-
forming in vivo studies (23). In this study, we showed treat-
ment of tumor-bearing mice with Ad-IL24 resulted in tumor
suppression. Molecular and cellular analysis showed T-cell prolif-
eration and induction of TNF-α and IFN-γ in vivo (23). Addi-
tionally, T-cell memory response in rejecting tumor challenge
was demonstrated in this study. These results established IL-24
as a potential cancer immunotherapeutic agent. Combining the
proapoptotic and antiangiogenic activity with its recently iden-
tified immunotherapeutic function makes IL-24 a potent anti-
cancer drug.

In this chapter, we provide a step by step procedure for testing
the immunotherapeutic properties of IL-24 for cancer therapy.
Experimental procedures and assays for testing IL-24 for cancer
immunotherapy both in vitro and in vivo are provided. It is antic-
ipated that by following the described steps the reader will easily
be able to conduct tests in his/her laboratory.

It is however to be noted that the methods provided in
this article are primarily for development and testing of IL-24
in preclinical studies. However, several additional assays that are
required to fully characterize IL-24 as an immunotherapeutic may
not be covered as it is not possible for the authors to cover all of
the information in the present article. The procedures described
below are therefore recommended as a guideline for development
and testing of IL-24 as a cytokine for cancer immunotherapy.

2. Materials

2.1. In Vitro Studies

2.1.1. Cell Culture 1. Bright-field inverted microscope (Nikon, Melville, NY).
2. BCA Protein Assay Reagent Kit (Pierce, Rockford, IL).
3. Cell lysis buffer: 0.125 M Tris–HCl (pH 6.8), 2% (w/v)

sodium dodecyl sulfate (SDS), 10% (w/v) Glycerol, 6 M
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Urea, 5% (w/v) 2-β-mercaptoethanol (2-ME), 0.1 ml of
5% (w/v) bromophenol blue. Store at –20◦C.

4. Cold calcium-free phosphate buffered saline (PBS).
5. Adenovirus-type 5 containing IL-24 gene (Ad-IL24;

Introgen Therapeutics Inc., Houston, TX).
6. Adenovirus-type 5 containing luciferase gene (Ad-luc;

Introgen Therapeutics Inc.).
7. Falcon R© 6-well tissue culture plates (Becton Dickinson,

Franklin Lakes, NJ).
8. Fetal bovine serum (FBS; GIBCO/BRL, Invitrogen Cor-

poration, Grand Island, NY).
9. Murine cancer (MCA16; UV2237m) and fibroblast

(10T1/2) cell lines (American Type Culture Collection,
Rockville, MD).

10. Tissue culture medium: Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO-BRL, Invitrogen Corporation,
Grand Island, NY).

11. Non-essential amino acids (NEAA; GIBCO-BRL).
12. L-glutamine (GIBCO-BRL).
13. Trypsin-containing EDTA (1×; GIBCO/BRL).
14. Trypan-blue (Sigma Chemicals, St. Louis, MO).
15. Eppendorf pipettes (P-1000, P-200, and P-20).
16. Sterile disposable pipette tips (1–200 μl and 1 ml; USA

Scientific Inc.).
17. Sterile disposable serological pipettes (1, 5, and 1 ml; Corn-

ing Inc., Corning, NY).
18. Biological safety cabinet (BL-2).
19. Tissue culture room for handling adenovirus.
20. Latex-free gloves.
21. Eye glasses.
22. Biohazard disposable bags.
23. Bleach (10%).

2.1.2. Western Blotting
Analysis for Transgene
Expression

2.1.2.1. Sodium Dodecyl
Sulfate (SDS)-Polyacry-
lamide Gel Electrophore-
sis (PAGE)

1. Ammonium persulfate (APS): Prepare 10% (w/v) APS
solution and aliquot in 0.5 ml volume and store at –20◦C.

2. Bis-acrylamide: Prepare 30% bis-acrylamide solution in
water and store at +4◦ C.
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3. Prestained molecular weight markers: The markers can
be purchased from several commercial vendors (e.g., Bio-
Rad, Hercules, CA; Santa Cruz Biotechnology, Santa Cruz,
CA).

4. Power/Pac 200 (BioRad, Hercules, CA).
5. Running buffer: Prepare a 10× stock by mixing 0.025 M

Tris, 0.192 M glycine, and 0.1% SDS solution. Store the
solution at room temperature.

6. Sample loading buffer: Mix 5 ml of cell lysis buffer with
0.5 ml of 2-mercaptoethanol (2-ME) and adjust the final
volume to 1 ml with water.

7. Separating buffer: 3.0 M Tris–HCl (pH 8.8). Store the
solution at room temperature.

8. Stacking buffer: 0.5 M Tris–HCl (pH 6.8). Store the solu-
tion at room temperature.

9. Sodium dodecyl sulfate (SDS): 10% (w/v). Store the SDS
solution at room temperature.

10. N, N, N, N’-tetramethyl-ethylenediamine (TEMED; Bio-
Rad, Hercules, CA).

11. Water-saturated isobutanol: Mix distilled water with isobu-
tanol in 1:1 ratio (v/v) and allow the two phases to
separate. Use the upper phase of the water saturated
isobutanol.

12. Western blot apparatus with transfer system (BioRad, Her-
cules, CA).

2.1.3. Protein Transfer
and Detection

1. Bio-Max ML film (Kodak, Rochester, NY).
2. Enhanced chemiluminescent (ECL) reagent (Amersham

Biosciences).
3. Horse-radish peroxidase (HRP)-conjugated secondary

antibody (Jackson Immunoresearch, West Grove, PA).
4. Nitrocellulose membrane (Millipore, Bedford, MA).
5. PBS-T Blocking buffer: Add 25 g of fat-free milk powder to

450 ml of phosphate-buffered saline (PBS) and mix thor-
oughly using a magnetic stirrer. Add 0.5 ml of Tween-20,
continue to mix, and adjust the final volume to 500 ml.
Store the solution at +4◦C.

6. Primary antibody – anti-human IL24 antibody (Introgen
Therapeutics Inc., Houston, TX). For other antibodies that
are commercially (e.g., Santa Cruz Biotechnology, Santa
Cruz, CA; Cell Signaling, Worcester, MA) available, the
investigator can purchase the antibodies as per his/her
preference.
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7. Stripping buffer: Mix equal volumes of H2O2 and PBS in
1:1 ratio. Always prepare the solution fresh and store at
room temperature until use.

8. TBS-T blocking buffer: Add 25 g of fat-free milk powder to
450 ml of Tris–buffered saline (TBS) and mix thoroughly
using a magnetic stirrer. Add 0.5 ml of Tween-20, continue
to mix and adjust the final volume to 500 ml. Store the
solution at +4◦C.

9. Transfer buffer: 25 mM Tris, 0.192 mM glycine, and 20%
(v/v) methanol. Store the buffer solution at room temper-
ature.

10. Whatmann chromatography paper (3 M; Whatmann,
Maidstone, UK).

2.1.4. Flow Cytometry 1. Fluorescein isothiocyanate (FITC) conjugated antibod-
ies to major histocompatibility complex (MHC) class
I (anti-H-2Kk and anti-H-2Dk (Becton and Dickinson-
Pharmingen).

2. Fluorescein isothiocyanate (FITC) conjugated mouse anti-
CD3e antibody; phycoerythrin-conjugated mouse anti-
CD4 (L3T4) antibody; allophycocyanine-conjugated anti-
CD8a (Ly-2) antibody (eBiosceince, San Diego, CA).

3. Phosphate buffered saline (PBS) containing 0.2% bovine
serum albumin and 0.1% sodium azide (flow cytometry
buffer).

4. 15-ml centrifuge tubes (Falcon).
5. Table-top high-speed centrifuge (Beckman Coulter, Fuller-

ton, CA).
6. 1% paraformaldehyde.
7. Tumor (UV2237) cell line.
8. Splenocytes.
9. Ad-IL24.

10. Ad-Luc.
11. Vybrant carboxyfluorescein acetate succinimidyl ester

(CFDA SE) cell tracer kit (Molecular Probes, Eugene,
OR).

12. FACSCalibur flow cytometer (BD Biosciences, Mountain
View, CA).

13. Cell Quest software (BD Biosciences).

2.1.5. Cytokine
Measurement

1. Splenocytes from the spleens of mice used in the study
2. UV2237m tumor cells
3. Dissecting scissors (Fisher Scientific, Pittsburgh, PA)
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4. Glass slides
5. Cell strainer (70 μm nylon; Becton-Dickinson, Franklin

Lakes, NJ)
6. Histopaque-1077 (Sigma-Aldrich, St. Louis, MO)
7. Hank’s balanced salt solution (GIBCO-BRL)
8. Centriplus YM-10 concentrator (Millipore Co., Bedford,

MA)
9. Mouse cytokine 10-Plex (Biosource, Camarillo, CA)

10. Luminex 100 (Luminex Co., Austin, TX)
11. RPMI-1640 (GIBCO-BRL)
12. 2-Mercaptoethanol (Sigma Chemicals)
13. 1% sodium pyruvate (GIBCO-BRL)
14. 1% non-essential amino acids (NEAA)
15. Antibiotics (100 units/ml penicillin and 100 mg/ml strep-

tomycin; GIBCO-BRL)
16. Tissue culture plates
17. Eppendorf pipettes (P-1000, P-200, and P-20)
18. Sterile disposable pipette tips (1–200 μl and 1 ml; USA

Scientific Inc.)
19. Sterile disposable serological pipettes (10, 5, and 1 ml;

Corning Inc., Corning, NY)
20. Biological safety cabinet (BL-2)
21. Tissue culture room
22. Latex hypoallergenic gloves (Fisher Scientific, Pittsburgh,

PA)
23. Biohazard disposable bags
24. Bleach (10%)

2.1.6.
Immunohistochemistry

1. Organ (e.g., spleen, subcutaneous tumor)
2. Positively charged glass slides (Fisher Scientific)
3. Cover slips (Fisher Scientific)
4. Buffered formalin (Fisher Scientific)
5. Ethanol (Fisher Scientific)
6. Xylene (Fisher Scientific)
7. Non-sterile PBS
8. Primary antibodies against target of interest (e.g., CD3,

CD4, CD8, NK)
9. Vectastain kit (Vector Laboratories)

10. Fume hood
11. Dark slide incubating box
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12. Slide box (Fisher Scientific)
13. Slide holder (Fisher Scientific)
14. Tissue sectioning instrument
15. Hematoxylin (Fisher Scientific)
16. Diaminobenzidine (DAB; Sigma Chemicals)
17. Incubator set to 37◦C
18. Oven set to 60◦C
19. Steamer (available in general electrical stores)
20. Citrate buffer – 6.3 g of citric acid made to 3 l with water

and pH set to 6.0
21. Endogenous blocking solution - 5 ml of 30% hydrogen per-

oxide (H2O2) and 95 ml of methanol
22. Substrate solution – 100 mg of diaminobenzidine tetrahy-

drochloride (DAB) dissolved in 16.6 ml of PBS. Aliquot
and store at –20◦C

23. Blocking solution – 10 drops of normal serum (e.g., goat,
rabbit, mouse; provided in commercially available staining
kits) added to 10 ml of PBS

24. Secondary antibody – 1 drop of biotinylated antibody (pro-
vided in commercially available staining kits) added to
10 ml of blocking solution

25. ABC reagent (provided in kit) – 1 drop of solution “A”
and 1 drop of solution “B” mixed with 5 ml of blocking
solution

26. Bright field microscope (Nikon; Single or double head)
with CCD camera attached to a computer for image cap-
turing

2.2. In Vivo
Adenovirus Delivery
and Therapy

1. 1-cc disposable syringe (Becton Dickinson, Franklin Lakes,
NJ)

2. 150-mm CellStar R© tissue culture plates (Greiner Bio-One
GmBH, Frickenhausen, Germany)

3. Blunt and pointed end forceps (Fisher Scientific, Pitts-
burgh, PA)

4. Calipers Formalin (Sigma Chemicals, St. Louis, MO)
5. Cold calcium free phosphate buffered saline (PBS)
6. Dissection board (Fisher Scientific, Pittsburgh, PA)
7. Dissection scissors (Fisher Scientific, Pittsburgh, PA)
8. Ad-IL24 (Introgen Therapeutics Inc.)
9. Ad-Luc (Introgen Therapeutics Inc.)

10. Face mask (Fisher Scientific, Pittsburgh, PA)
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11. Female C3H/HeN mice (4–6 weeks old; National Can-
cer Institute-Frederick Cancer Research Facility, Frederick,
MD)

12. Female athymic nude mice (4–6 weeks old; Charles River
Laboratories, Wilmington, DE)

13. Fetal bovine serum (FBS; GIBCO/BRL, Invitrogen Cor-
poration, Grand Island, NY)

14. UV2237m cancer cells (American Type Culture Collec-
tion, Rockville, MD)

15. Latex hypoallergenic gloves (Fisher Scientific)
16. Needles (25G5/8 and 27G1/2; Becton Dickinson, Franklin

Lakes, NJ)
17. Rib-Back Carbon Steel Scalpel blade (Becton Dickinson

Acute Care, NJ)
18. Tissue culture medium: DMEM (GIBCO-BRL, Invitrogen

Corporation, Grand Island, NY)
19. Trypsin containing EDTA (1×; GIBCO/BRL, Invitrogen

Corporation, Grand Island, NY)
20. Tyvek suit (Fisher Scientific, Pittsburgh, PA)

3. Methods

3.1. Preparation of
Ad-IL24 and Ad-Luc

1. Take out the adenovirus (Ad-IL24, Ad-Luc) stock solu-
tion (1011–1012 viral particles (v.p.)/ml) that is required for
preparing the working viral concentrations from its storage
area (–80◦C).

2. Allow the reagents to sit inside the BL-2 level biological
safety culture hood for few minutes to reach room tempera-
ture.

3. While the reagents are thawing, take two 1.5-ml microcen-
trifuge tubes and label the tubes appropriately to distinguish
between Ad-IL24 and Ad-Luc.

4. Wipe the outside of the reagent vials with rubbing alcohol.
5. With a pipettor take the appropriate volume of Ad-IL24 and

Ad-Luc that is equivalent to the virus concentration needed
to conduct the studies and add to the 1.5-ml microcen-
trifuge tube.

6. Make the final volume as desired with serum free tissue cul-
ture medium.



250 Ramesh et al.

7. Gently mix by pipetting up and down five times using a 1-ml
Eppendorf pipette.

8. The resulting adenovirus solution is ready for use during in
vitro and in vivo studies.

3.2. In Vitro
Transfection

1. From a tissue culture incubator take out a tissue culture
plate (100 mm2) actively growing a monolayer of cells that
is approximately 70–80% confluent.

2. Trypsinize cells by adding 0.5 ml of 1% trypsin contain-
ing 0.1% EDTA and incubating at room temperature for
1–2 min.

3. Neutralize the trypsin activity by adding 0.5 ml of serum-
free culture medium and gently tap the culture plate to
loosen all of the attached cells.

4. Collect the detached cells using a 1-ml pipette and transfer
into a 2-ml culture grade sterile polystyrene tube.

5. Gently pipette ten times to make a single cell suspension.
6. Take 100 μl of the cell suspension and add to the tube

containing 100 μl of trypan blue. Gently mix by pipetting
three times.

7. Transfer 10 μl of the cell suspension in 90 μl of trypan blue
into the chambers of a micrometer that is routinely used for
cell counting.

8. Place the micrometer under an inverted bright-field micro-
scope and adjust the focus to see the center of the microm-
eter that contains the “box.” The box contains four equal
squares.

9. Count the number of cells present in each of the four
squares and add the total number of cells present in the
four squares.

10. Divide the total number of cells by 4 to get the average
number of cells.

11. Calculate the total number of cells per milliliter using the
formula:
Average number of cells × dilution in trypan blue × 104 =

number of cells/ml.
For example, if the number of cells counted were 40, then

the average number of cells is 40/4 = 10.
Then the total number of cells present is 10 × dilution

factor =10 (10 μl of cell suspension diluted in 90 μl of
trypan blue) × 104 = 100 × 104 = 1 × 106 cells/ml.

12. Seed cells (5 × 105/well) in 2 ml of culture medium in a
six-well tissue culture plate (see Note 1).
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13. Incubate the culture plate in a tissue culture incubator set
at 37◦C temperature and 5% CO2 for 18–24 h.

14. The next day remove the plate, aspirate the medium with a
5-ml sterile pipette and replace with 1 ml of sterile PBS.
Gently swirl the plate to remove traces of the culture
medium.

15. Remove the PBS and add 1 ml of serum-free culture
medium to the wells and leave the plate inside the biologi-
cal safety hood for 10 min.

16. Take out a freshly prepared Ad-IL24 or Ad-Luc (described
in Section 3.1) and using a 20-μl pipette take different
volumes (1, 2.5, 5, and 10 μl) equivalent to different con-
centrations of the viral particles (e.g., 1000, 2500, 5000,
and 10,000) and add to each well. Gently swirl the plate
for the virus to infect the monolayer of attached cells.

17. Return the culture plate to the incubator and incubate the
plate for 3 h.

18. After incubation is complete, take out the plate from the
incubator and place inside the biological safety hood. Add
2 ml of 10% serum containing culture medium and return
the plate to the incubator.

19. Incubate the plate at 37◦C, 5% CO2.
20. At different time points (24, 48, and 72 h) after virus treat-

ment, remove the plate from the incubator and analyze
for cell viability, transgene expression, or flow cytometry
as described below.

3.2.1. Cell Viability 1. At different time points after Ad-IL24 and Ad-Luc treat-
ment, take out the tissue culture plates from the incubator.

2. Analyze the cell morphology under a bright-field micro-
scope.

3. Place the plates inside the biosafety (BL2) hood and aspi-
rate the tissue culture medium from each plate.

4. To each plate add 1 ml of sterile PBS and gently rotate the
plates to remove traces of serum.

5. Aspirate the PBS into a discard container containing 10%
bleach.

6. Trypsinize the cells attached to the bottom of the cul-
ture plate by adding 0.5 ml of 1% trypsin containing 0.1%
EDTA and incubating at room temperature for 1–2 min.

7. Neutralize the trypsin activity by adding 0.5 ml of serum-
free culture medium and gently tap the culture plate to
loosen all of the attached cells.
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8. Follow steps 5–11 described above in Section 3.2.
9. Determine the number of viable cells in each treatment

group including untreated control group.
10. Calculate the differences in cell viability among different

groups for statistical significance.

3.2.2. Transgene
Expression

1. To the wells containing cells that were untreated, or treated
with Ad-Luc or Ad-IL24, follow the steps 1–7 described in
Section 3.2.1.

2. Collect the trypsinized cells into 1.5-ml Eppendorf tubes
appropriately labeled as control, Ad-IL24, or Ad-Luc.

3. Place the Eppendorf tubes in a table-top microcentrifuge
and spin for 10 min at 13,000 rpm, room temperature.

4. Cells will appear as a pellet at the bottom of the tube with
a clear supernatant at the top.

5. Carefully aspirate the upper supernatant without disturbing
the pellet.

6. To the cell pellet, add 0.5 ml of cell lysis buffer and gently
pipette up and down ten times.

7. Place the tube in a microcentrifuge and spin for 10 min at
13,000 rpm, room temperature.

8. Collect the upper layer of supernatant that contains the
total cellular protein using a 1-ml pipette and transfer into
a new 1.5-ml Eppendorf tube. Be careful not to collect the
cell debris present at the bottom of the tube.

9. The collected supernatant can be stored at –80◦C until use.
Prior to storing, an aliquot of the supernatant is used to
determine the protein concentration.

10. Protein concentration is determined using the bicin-
choninic acid (BCA) method (Pierce) and expressed as
microgram (μg) of protein per microliter (μl).

11. When ready for use, appropriate volume of the supernatant
that contains 50 μg of protein is mixed with a gel load-
ing dye and subjected to gel electrophoresis and Western
blotting analyses as described below.

3.2.3. Sodium Dodecyl
Sulfate-Poly Acrylamide
Gel Electrophoresis
(SDS – PAGE)

1. Wipe the glass slides with ethanol and mount them into the
stand.

2. Add dH2O to check for leakage.
3. Drain the dH2O and dry using a Whatmann 3 M blotting

paper.
4. Prepare the resolving gel according to the molecular weight

of the protein to be investigated. For example, to detect
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low molecular weight proteins prepare a 12.5% gel; for high
molecular weight protein prepare 7. 5% gel.

7.5% 10% 12.5%

Acrylamide-bis (30%) 3.75 ml 5 ml 6.25 ml

3 M Tris–Hcl (pH 8.8) 3.75 ml 3.75 ml 3.75 ml
dH2O 7.25 ml 6.0 ml 4.75 ml

TEMED 12.0 μl 12.0 μl 12.0 μl
10% SDS 150 μl 150 μl 150 μl

10% APS 150 μl 150 μl 150 μl

5. Mix the gel by pipetting and then add 7.4 ml of the gel
between the slides.

6. Add 300 μl water-saturated isobutanol to remove the bub-
bles.

7. Let stand for 45 min to 1 h until the gel polymerizes.
8. Prepare the Stacking gel:

Acrylamide-bis (30%) 1.3 ml

0.5 M Tris–HCl (pH 6.8) 2.5 ml
dH2O 6.1 ml

TEMED 15.0 μl
10% SDS 100 μl

10% APS 150 μl

9. After 1 h drain the isobutanol and wash with dH2O to
remove the remaining isobutanol.

10. Carefully remove excess dH2O using a blotting paper, so
as not to touch the gel.

11. Mix the stacking gel and add on top of the separating gel.
12. Put the comb to make the wells (1.5 mm 10 well comb

or 15 well comb can be used depending on the number of
wells required).

13. Let stand for 45 min to 1 h until the gel polymerizes.
14. After 1 h remove the combs carefully and gently wash with

dH2O to remove excess gel.
15. Suction out the dH2O carefully, remembering not to touch

the gel.
16. Remove the glass slides from the gel stand and put it into

the electrophoresis stand.
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17. Pour 1× running buffer between the slides.
18. Centrifuge the proteins needed for loading at 13,000 RPM

for 5–10 min.
19. Mix the loading buffer and proteins according to the pre-

pared chart to get equal loading concentration of the pro-
teins.

20. Using a sampler comb load 2 μl of the prepared proteins
to each well.

21. Add 1 μl of protein ladder to one of the wells.
22. Run the gel at 100 V, monitoring the blue sample buffer

line.
23. Stop the gel once the blue line reaches at the bottom of

the gel.
24. Drain off the running buffer and remove the slides from

the stand.
25. Carefully open the two slides and remove the gel for

transfer.
26. Transfer the proteins from the polyacrylamide gel to the

nitrocellulose membrane.

3.2.3.1. Western Blotting 1. Add 1× transfer buffer in a dish and place the transfer case
in the buffer.

2. Place a sponge on the case followed by blotting paper,
nitrocellulose paper, polyacrylamide gel, 3 M Whatmann
blotting paper, and another sponge (so-called “sandwich-
ing” between two electrodes).

3. Put the transfer case into the transfer stand with the black
side of the case toward the red side of the transfer kit/stand
(depending on the direction you are running the current).

4. Put the kit in a plastic container and pour 1× transfer
buffer.

5. Put in a magnetic stirrer and an ice pack to keep the gel
cool.

6. Transfer the gel at 100 V for 1–2 h (depending on the
molecular weight of the proteins you want to check –
longer transfer may be required for high molecular weight
proteins) and replacing the ice pack whenever needed.

7. Following transfer, remove the stand and cut the nitrocel-
lulose membrane at the gel marks with a scalpel.

8. Place this membrane in a blocking dish and block with
PBS-T or TBS-T blocking buffer depending on the anti-
body to be used for 1 h to block non-specific binding sites.

9. After 1 h drain the blocking buffer.
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10. Add appropriate primary antibody (e.g., mouse anti-human
IL-24 antibody) diluted 1:500–1:1000 in PBS-T or TBS-T
blocking buffer.

11. Leave the membrane on a shaker set at slow speed
(500 rpm) overnight at +4◦C.

12. The next morning remove the PBS-T containing the pri-
mary antibody.

13. Add PBS-T blocking buffer to the membrane and wash the
membrane for 15 min by placing it on a rotary shaker set
at a speed of 1000 rpm.

14. Repeat step “13” two more times with washing time of
5 min for each wash.

15. Drain the washing buffer.
16. Add appropriate secondary antibody (e.g., goat anti-mouse

antibody) at a dilution of 1:5000 in PBS-T blocking
buffer.

17. Place on a rotary shaker set a speed of 500 rpm and allow
shaking for 1 h.

18. Wash the membrane as indicated in steps “14” and “15.”
19. Wash the membrane with PBS twice. Each wash includes

shaking for 5 min on a rotary shaker set at 1000 rpm.
20. Drain the PBS.
21. Add 10 ml of Amersham chemiluminescence ECL Reagent

(Detection Reagent 1: Detection Reagent 2 mixed in a
ratio of 1:1) and shake for 1 min on the rotary shaker.

22. Drain the ECL reagent and blot dry the membrane using a
Whatmann blotting paper.

23. Place the membrane in the X-ray film cassette and expose
the membrane using Biomax ML film or any other appro-
priate film in a dark room.

24. Develop the film in the dark room after exposing for a few
minutes or as appropriate. Exposure times vary depending
on the signal obtained. If the signal is too weak, expose the
film overnight.

25. Protein at the expected molecular size can be detected that
can be imaged and quantitated (Fig. 14.1).

3.2.3.2. Stripping and
Reprobing

1. After obtaining the appropriate result, take out the mem-
brane from the X-ray film cassette.

2. Place the membrane in the dish previously used for washing
the membrane.

3. Add 10 ml of stripping buffer to the membrane contained in
the dish.
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Fig. 14.1. Determination of transgene expression. Murine tumor (UV2237M, MCA-16,
B16/F10, CT-26) and normal fibroblast (10T1/2) cells treated with Ad-luc or Ad-IL24
were harvested at 72 h after transfection, lysed, and subjected to Western blotting.
Cells that were untreated served as controls. Cells expressing the exogenous IL-24 pro-
tein were detected using anti-human IL24 antibody. Beta-actin was used as an internal
loading control.

4. Place the dish on a rotary shaker set at 1000 rpm and shake
for 30 min.

5. Drain the stripping buffer.
6. Add PBS-T buffer solution containing antibody to beta-

actin (1:1000).
7. Repeat steps 11–24 described in Section 3.2.3.1 and step 2.
8. Detection of a signal on the X-ray film corresponding to the

expected protein size for beta-actin will allow the investiga-
tor to determine equal loading of protein samples and serve
as an internal control. Detection of the equal levels of beta-
actin will reflect true changes in the protein of interest that
was investigated in Section 3.2.3.1 and step 2.

3.2.4. Flow Cytometry

3.2.4.1. Tumor Cell
Analysis

1. Seed UV2237m tumor cells (3 × 105) in 10 cm tissue cul-
ture dishes and incubate in an incubator at 37◦C, 5% CO2.

2. The next day, take out the culture dish from the incubator
and place inside a BL2 safety cabinet.

3. Prepare Ad-IL24 and Ad-Luc working solution (concen-
tration of viral particles to be used depends on the inves-
tigator and studies) as described in Section 3.1 and steps
1–8 inside a BL2 safety cabinet.
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4. Aspirate the medium from the culture dishes and infect
the cells with Ad-IL24 or Ad-Luc as described in Section
3.2. Cells that are not treated with the virus will serve as
controls.

5. Follow steps 16–20 described in Section 3.2.
6. At different time points after the Ad-IL24 and Ad-Luc

treatment, take out the tissue culture plates from the incu-
bator.

7. Follow steps 1–7 described in Section 3.2.1.
8. Collect the trypsinized cells into 15-ml Falcon centrifuge

tubes and make the final volume to 10 ml with sterile PBS
or serum-free tissue culture medium.

9. Place the Falcon tubes in a table-top high-speed centrifuge
and spin for 10 min at 1500 rpm at +4◦C.

10. After centrifugation, take the tubes back to the culture
room and place inside the biosafety cabinet.

11. Carefully aspirate the upper supernatant layer and the cell
pellet should be visible at the bottom of the tube.

12. Add 10 ml of sterile PBS to the cell pellet and gently
break the cell aggregates by pipetting ten times with a 5-ml
pipette.

13. Repeat steps 9–11.
14. Resuspend the cell pellet in 1 ml of PBS and make sure the

pellet is disaggregated into single cell suspension by gentle
pipetting.

15. Add the appropriate concentration of FITC-conjugated
anti-H-2Kk or anti-H-2Dk antibody (1:100–1:1000 dilu-
tion) to the cells.

16. Incubate the cells in the dark for 30 min at room tempera-
ture.

17. After incubation is complete, take out the tubes and aspi-
rate the antibody.

18. Add 10 ml of flow cytometry buffer and perform steps
9–12.

19. Repeat step 18.
20. To the cell pellet add 1 ml of 1% paraformaldehyde and

resuspend into single cell suspension.
21. Analyze the fixed cells with an EPICS XL-MCL flow

cytometer for the number of H-2Kk and H-2Dk cells.
22. Analyze at least 5000 cells per sample to obtain relevant

information.
23. Collect the data and subject it to statistical significance

using appropriate statistical program.
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3.2.4.2. Splenocyte
Analysis

3.2.4.2.1. Cell
Proliferation

1. Splenocytes prepared from the spleen of mice receiving
different treatments (see Section 3.3.1 step 5 below) are
actively grown in culture for 7 days.

2. Actively growing splenocytes are harvested by trypsiniza-
tion and washed as described in steps 8–14 in Section
3.2.4.1.

3. Label the splenocytes with carboxyfluorescein acetate suc-
cinimidyl ester (CFSE) using the Vybrant CFDA SE cell
tracer kit as per manufacturer’s recommendation (24, 25).

4. Seed the CFSE-labeled splenocytes (2 × 106) in 48-well
tissue culture plates and incubate for 6 days in an incubator
at 37◦C, 5% CO2.

5. After incubation is complete, take out the culture plate
from the incubator and place inside a BL2 safety cabinet.

6. Collect the cells into a 15-ml Falcon tube and make
the final volume 10 ml with PBS or serum-free culture
medium.

7. Place the Falcon tubes in a table-top high-speed centrifuge
and spin for 10 min at 1500 rpm at +4◦C.

8. After centrifugation, take the tubes back to the culture
room and place inside the biosafety cabinet.

9. Aspirate the upper layer of supernatant with the cell pellet
at the bottom of the tube.

10. Repeat steps 6–9 one more time.
11. Resuspend the CFSE-labeled splenocytes in 1 ml of PBS

and analyze with an EPICS XL-MCL flow cytometer for
determining the kinetics of proliferating lymphocyte popu-
lation.

12. Collect the data and analyze using Cell Quest software.

3.2.4.2.2. Cell Surface
Immune Marker
Analysis

1. Splenocytes freshly prepared from the spleen of mice receiv-
ing different treatments (see Section 3.3.1 and step 5.
below) are used in this assay.

2. Follow steps 9–14 in Section 3.2.4.1.
3. Add appropriate concentration of FITC-conjugated anti-

CD3e, phycoerythrin-conjugated anti-CD4 (L3T4), or
allophycocyanine-conjugated anti-CD8a (Ly-2) (1:100 –
1:1000 dilution) to the splenocytes.

4. Incubate the cells in the dark for 60 min at room
temperature.
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5. After incubation is complete, take out the tubes and aspirate
the antibody.

6. Follow steps 18–23 described in Section 3.2.4.1.

3.2.5. Cytokine
Measurement

1. Grow UV2237m cells to 70% confluency in a 10-cm tissue
culture dish.

2. Aspirate tissue culture medium and wash once with sterile
PBS to remove traces of serum.

3. Trypsinize tumor cells and follow steps 8–14 as described
in Section 3.2.4.1.

4. Irradiate the tumor cells to a cobalt source (5 Gray).
5. Seed irradiated tumor cells (1 × 105 cells/well) in a 48-

well tissue culture plate.
6. Incubate overnight at 37◦C, 5% CO2.
7. The next day, aspirate the culture medium.
8. To the wells, add splenocytes (2 × 106 cells/well) har-

vested from the spleens of mice receiving various treat-
ments. The splenocyte (effector) to tumor (target) cell ratio
is 20:1.

9. Incubate the plate for 6 days at 37◦C, 5% CO2.
10. Collect the tissue culture medium every other day and

replenish with fresh culture medium.
11. Pool the collected supernatant (2 ml/sample) and concen-

trate to a 200 μl volume using a Centriplus YM-10 con-
centrator.

12. Mix the concentrated sample with mouse cytokine 10-plex
(TNF-alpha, IL-1beta, IL-2, IL-4, IL-5, IL-6, IL-10, IL-
12, GM-CSF, and IFN-gamma) beads and follow the man-
ufacturer’s instructions.

13. Analyze the cytokine levels in each of the samples using the
Luminex-100 instrument according to the manufacturer’s
recommendations.

14. Analyze the samples in triplicate and determine the results.
15. Express the cytokine levels as the mean of triplicate for each

treatment group and determine the statistical significance.

3.3. In Vivo
Adenovirus Delivery

3.3.1. Subcutaneous
Tumor Model in Mice

1. Seed UV2237m tumor cells (1 × 106) suspended in appro-
priate tissue culture medium in 150-mm2 tissue culture
plates (see Note 2).

2. Incubate the plates in an incubator set at 37◦C, 5% CO2.
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3. Monitor the plates every day for cell growth and conflu-
ency.

4. When the cells are at 70–80% confluency, remove the plates
from the incubator and take it to the biological safety hood.

5. Harvest cells by trypsinization (see Section 3.2), transfer
to a 50-ml Falcon tube, and suspend in 5 ml of serum-free
medium for cell counting.

6. Perform cell counting by trypan-blue assay method (see
Section 3.2).

7. Place the 15-ml Falcon tube containing the cells in a table-
top clinical centrifuge and spin at 1200 rpm for 10 min at
4◦C.

8. Take out the 50-ml Falcon tube and place it inside the cul-
ture hood.

9. Aspirate the upper layer of culture medium and retain the
cell pellet visible at the bottom of the tube.

10. Add 10 ml of sterile cold PBS to the cell pellet and gently
pipette ten times using a 5-ml pipette to disassociate the
cell pellet.

11. Centrifuge as indicated in step 7.
12. Repeat steps 8–10 two times.
13. Resuspend the cell pellet in an appropriate volume of cold

PBS to give a final cell concentration of 5 × 106 cells per
200 μl of PBS.

14. Place the Falcon tube on ice and take it to the animal room
where the mice are housed and are to be injected with the
tumor cells.

3.3.2. Preparation of
Mice

3.3.2.1.
Immunocompetent Mice

1. Place the request for appropriate number of female
C3H/HeN mice (4–6 weeks old) to be used for the experi-
ment 1-week prior to start of the experiment (see Note 3).

2. One day prior to injection of tumor cells, check the number
of mice required for the study and their health.

3. The number of mice per cage should not be more than 5.

3.3.2.2.
Immunodeficient Mice

1. When using immunodeficient nude mice, steps 1–3 are
the same as described for immunocompetent mice. How-
ever, additional steps are involved when using nude mice as
described below.

2. Take the nude mice to a source of cesium irradiation
available in the institute.
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3. Subject individual mice to total body cesium radiation at 350
rads (see Note 4).

4. After irradiation, return the mice to the cages and return the
cages to the assigned animal room in the veterinary depart-
ment.

5. Allow the mice to recover from the radiation induced stress
for 24 h.

6. The nude mice are now ready to be injected with the tumor
cells.

3.3.3. Injection of Tumor
Cells to Mice

1. Before entering the animal room, wear shoe covers, tyvek
body suit, cap to cover the head, mask, and gloves.

2. In the animal room, clean the biological safety hood with
alcohol (70%) thoroughly.

3. Spread a disposable diaper on the floor of the safety hood
and arrange all of the materials needed (e.g., 25-gauge nee-
dle, 1-ml tuberculin syringe, vials containing the cells, etc.).

4. Take out the vial containing tumor cells and mix the sus-
pension by gently flushing with a pipette or with a syringe.

5. Take 1 ml of the cell suspension into a tuberculin syringe
and keep it aside.

6. Take one cage containing five mice and place it inside the
biological safety hood.

7. Open the cage and take out one mouse and sedate the
mouse by anesthesia (Isoflurane 2–5% by inhalation) until
the respiration slows down.

8. Gently place the mouse on the floor of the hood and mon-
itor for respiration and pedal reflexes.

9. Identify the lower right flank.
10. Wipe the flank with cotton gauze dipped in rubbing

alcohol.
11. For C3H mice, shave the area where the tumor cells

need to be injected using a commercially available clipper.
Removal of hair facilitates easy injection of tumor cells.

12. Slightly stretch the flank of the mice with your non-
dominant hand, take the syringe containing the tumor cells
(step 5) with your dominant hand and slowly insert the
needle underneath the skin of the flank.

13. Slowly inject 200 μl (1 × 106) of the cell suspension.
14. Retain the needle inside the skin for a few seconds after

injection to minimize reverse flow and leakage.
15. Return the mouse to the cage and monitor for recovery.

The mouse will recover from the sedation in a few minutes.
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16. Repeat steps 7–13 for injecting cells into the remaining
mice.

17. Monitor the mice every day for their health and tumor
growth.

18. Measure the tumor size with a caliper.
19. Palpable tumors (5–6 mm2) should be observed in 10–14

days and are ready for treatment (Fig. 14.2).

Fig. 14.2. Establishment of subcutaneous tumor. Murine UV2237m fibrosarcoma were established in female C3H/HeN
mice by injecting 1 × 106 cells on the lower right flank. A, Mice were prepared by shaving the lower right flank and
injecting tumor cells. B, subcutaneous tumors were established 10–14 days after tumor cell injection.

3.3.4. Treatment of
Subcutaneous Tumor

1. When the tumor in mice (C3H or nude) is palpable, tag
the mice with ear tags to allow easy identification of the
individual mice.

2. Determine the tumor size in all of the mice injected with
tumor cells using a caliper by measuring the longest (a) and
the shortest length (b) of the tumor.

3. Calculate the tumor volume using the formula:

a × b2/2 = mm3.

4. The tumor volume of each mouse should be between
50–100 mm3.

5. The tumor–bearing mice are now ready to receive the treat-
ment.

6. Transport the mice to a biohazard room in the veterinary
medicine department.

7. Randomize the mice to the different treatment groups.
8. Label the cage cards with the tumor type injected, treat-

ment received, and the ear tag numbers.
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9. Freshly prepared Ad-luc or Ad-IL24, as described in Sec-
tion 3.1, is aspirated into a 1 ml tuberculin syringe and
kept ready for injection into the tumor.

10. Anesthetize the mice using 2–5% isoflurane as described in
step 7 (Section 3.3.3).

11. Gently hold the edges of the tumor between the thumb
and forefinger of your non-dominant hand.

12. Take the syringe containing Ad-Luc or Ad-IL24 in your
dominant hand and slowly insert the needle on one side of
the tumor and pass to the middle of the tumor.

13. Slowly inject the viral particles (50–100 μl) into the tumor.
14. Retain the needle inside the tumor after completing the

injection for 1 min to prevent reverse flow of the material
and leakage.

15. Gently withdraw the needle from the tumor and wipe the
injection site with rubbing alcohol.

16. Note the ear tag number in the record book and return the
mouse to its cage.

17. Repeat steps 7–13 for injecting virus particles to other
tumor-bearing mice.

18. For repeated treatment per experimental design, repeat
steps 8–13.

19. Discard used needles and syringes in a Sharps biohazard
container; discard used plastic vials and tubes in biohazard
bags that are placed in the animal room.

20. Remove all of the protective clothing (gloves, shoe covers,
tyvek body suit, etc.) and discard in the designated trash
bins.

21. Wash hands with soap.

3.3.5. Analysis of
Subcutaneous Tumors
for Therapeutic Effect

1. During and after completion of the treatment, measure
tumor growth in each mouse using calipers as described in
steps 2 and 3 of Section 3.3.4 and step 2.

2. Measurement of tumor growth can be performed once,
twice, or thrice a week and is a choice of the investigator
and the experimental design.

3. Record the tumor measurements for each individual mouse
in a record book.

4. Calculate the average tumor volume for each treatment
group per time point.

5. Enter the values of the average tumor volume for each treat-
ment group per time point in Microsoft Excel spread sheet
or other statistical software spreadsheets.
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6. Calculate the difference in the tumor volume among the
treatment groups for significance using the appropriate sta-
tistical method.

7. Statistical analysis can also be performed with the help of a
statistician if available in the department or institute.

8. Euthanize the animals by CO2 inhalation or by any other
procedure as recommended and approved by the inves-
tigators Institutional Animal Care and Use Committee
(IACUC) and by the American Association of Animal Wel-
fare.

9. Place the euthanized mice in biohazard bags and discard in
appropriate containers designated by the department of vet-
erinary medicine at the investigators institute.

3.3.6. Rechallenge
Studies

1. C3H mice in which the tumors completely regress after Ad-
IL24 treatment are separated and monitored for 2–3 weeks
after complete tumor regression.

2. Group all of the mice that received Ad-IL24 and demon-
strated complete tumor regression.

3. Regroup the mice from step 2 into three groups (groups
3–5).

4. Include two additional groups that comprise naïve C3H
mice (groups 1–2).

5. Inject tumor cells (as injected in step 12, Section 3.3.3) into
the mice as follows:
Group 1 – naïve C3H mice (1 × 106 tumor cells).
Group 2 – naïve C3H mice (0.5 × 106; half the original

tumor cell number).
Group 3 – C3H mice cured of tumor (1 × 106 tumor cells).
Group 4 – C3H mice cured of tumor (0.5 × 106 cells; half

the original tumor cell number).
Group 5 – C3H mice cured of tumor.

6. Follow steps 1–9 described in Section 3.3.5.
7. The anticipated result is that tumors in groups 1 and 2 will

form and grow progressively. Tumors in groups 3 and 4 will
either not form or will form but grow slower when com-
pared to the tumor growth in groups 1 and 2. In group 5,
tumor formation should not occur.

8. Demonstration of the anticipated results will provide evi-
dence the contribution of IL-24-mediated immune memory
to reject secondary tumor challenge.
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9. The splenocytes from these mice can be used for immune
marker and cytokine analysis as described in Sections
3.2.4.2.2. and 3.2.5.

3.3.7. Splenocytes 1. Splenocytes is prepared by obtaining the spleen from mice
used in therapy studies (Sections 3.3.1 and step 3 and
3.3.1 and step 4) after euthanization by CO2 inhalation.

2. The procedure followed is based on the previously
described report (26).

3. The freshly isolated spleen is placed in a 10-cm petri dish
containing 1 ml of sterile PBS.

4. Mince the spleen into small tissue size with sterile scissors.
5. The tissue is then gently ground between two glass slides

for 3–5 min. Grinding results in a separation of splenic cells
from the extracellular matrix resulting in single-cell suspen-
sion.

6. Pass the 1 ml of PBS containing cell suspension through
a 70-μm cell strainer one time with a sterile 15-ml Falcon
tube for collecting the cells. Straining the cell suspension
eliminates most of the tissue material.

7. Collect the PBS-containing cells with a pipette and layer on
the top of a 50-ml Falcon centrifuge tube containing 15 ml
of Histopaque-1077.

8. Centrifuge the tube at 15,000 rpm for 10 min at +4◦C.
9. Mononuclear cell fraction constituting the splenocytes will

appear as a white layer in the Histopaque-1077. Cell debris
including RBCs will settle at the bottom of the tube.

10. Carefully, using a sterile glass pipette aspirate the spleno-
cytes into a new sterile 15-ml Falcon centrifuge tube con-
taining 10 ml of Hank’s balanced salt solution (HBSS).

11. Wash the cells by centrifugation as described in step 7.
12. Aspirate and discard the upper HBSS solution leaving the

cell pellet at the bottom.
13. Repeat steps 10–11 one more time.
14. Resuspend the cell pellet in 2 ml of RPMI-1640 contain-

ing 10% FBS 5 × 10−5 M 2-mercaptoethanol, 1% sodium
pyruvate, 1% NEAA, 2 mM L-glutamine, 100 units/ml
penicillin, and 100 mg/ml of streptomycin.

15. Take an aliquot of the cell suspension and count the num-
ber of viable cells by trypan-blue assay as described in Sec-
tion 3.2.1 and steps 6–11.

16. The cells are now ready for use in the experiments designed
by the investigator.
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3.3.8.
Immunohistochemistry

1. To determine the infiltration and proliferation of immune
cells (e.g., CD3, CD4, CD8, or NK cells), tumors, and
spleens from mice receiving different treatments are har-
vested and tissue sections prepared.

2. Cut a part of the tumor or other organ of interest har-
vested from mice and place the tissue in buffered formalin
in appropriately labeled tubes for –24 h.

3. Submit the tissue to the histology laboratory and request
for preparation of formalin-fixed paraffin embedded tissue
sections. Most institutes and hospitals have a histology lab-
oratory as a core service facility.

4. Prepare 4- to 5-μm-thick tissue sections of the organs har-
vested from the mice. Tissue sections can be cut as “step-
sections” or “serial sections” (see Note 5).

5. The tissue sections can be stored in a slide box at room
temperature.

6. When ready to stain the tissues follow the below described
procedure.
Take out the slides from the slide box, and label the slides
appropriately with a water proof pen.

7. Deparaffinize the tissue sections by placing the slides in an
oven set to 60◦C for 30 min.

8. Remove the slides and place in a glass slide holder contain-
ing xylene for 10 min (see Note 6).

9. Rehydrate the slides by serial incubation in different grades
of ethanol:
100% ethanol (EtOH) for 5 min,
85% EtOH for 5 min,
60% EtOH for 5 min.
Distilled water for 2 min.

10. Based on the marker to be stained, the tissue sections may
need to be subjected to antigen retrieval (see Note 7).

11. Antigen retrieval involves preheating a water-containing
steamer for 10 min followed by the following steps:
(a) Place slides in a plastic slide mailer filled with citrate

buffer (5–10 ml).
(b) Steam for 25 min.
(c) Remove mailer from steamer and let stand for 2–3 min.
(d) Remove slides and place them in a glass slide container

filled with distilled water for 2–3 min.
(e) Transfer the slides to another glass container filled with

PBS for 2 min.
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12. Place the slides in freshly prepared blocking solution for
5–10 min.

13. Wash the slides by placing in PBS for 2 min.
14. Repeat step 13 one more time.
15. Add 100–200 μl of blocking solution and incubate for

30 min at room temperature.
16. Wash slides by incubating in PBS for 2 min.
17. Repeat step 16.
18. Add 100–200 μl of primary antibody diluted (1:100–

1:1000) in blocking solution and incubate for 60 min at
room temperature.

19. Repeat steps 16 and 17.
20. Add 100–200 μl of secondary antibody diluted (1:100–

1:1000) in blocking solution and incubate for 30 min at
room temperature.

21. Repeat steps 16 and 17.
22. Add 100–200 μl of ABC reagent (provided in staining kit)

and incubate for 45 min.
23. Repeat steps 16 and 17.
24. Add freshly prepared 100–200 μl of DAB solution (500 μl

of stock DAB solution mixed with 4.5 ml of blocking solu-
tion and 100 μl of 3% H2O2) (see Note 8).

25. Incubate the slides in the dark for 1–5 min at room tem-
perature.

26. Place slides in a glass container and rinse under slow run-
ning tap water.

27. Transfer the slides to a container having Mayer hematoxylin
for 2 min.

28. Wash slides with water three times to remove excess .hema-
toxylin.

29. Rehydrate slides by serial transfer into 80, 95 and 100%
ethanol with 2 min incubation per each ethanol concentra-
tion.

30. Remove slides and air dry.
31. When completely dry, mount the slides with plastic cover

slip using water-based or organic solvent based mounting
medium (see Notes 8).

32. Slide is ready for microscopic examination and evaluation
of the appropriately stained markers.
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4. Notes

1. The number of cells to be seeded for in vitro transfection
depends on the cell type and their growth rate. Prior titra-
tion using different cell numbers is recommended. Very low
cell numbers, however, will lead to toxicity as well as low
transfection. Optimization is strongly recommended.

2. Prior to seeding the cells, make sure the cells are healthy
and have around 70% confluency. Check for presence of
mycoplasma and bacterial contamination as this will inter-
fere with tumor formation when implanted in mice.

3. Mice can be purchased from different vendors. Female mice
are relatively easy to handle. Male mice are aggressive and
often result in fighting and inflicting wounds on mice within
a cage. This will result in isolating mice into separate cages
and also the elimination of mice from a study.

4. Nude mice, although indicated as immunodeficient (T- and
B-cell deficient), have natural killer (NK) cells. Additionally,
some B-cell activity exists. To eliminate the contribution of
these cells in IL–24-mediated antitumor-immunity in nude
mice, we prefer whole body sub-lethal radiation (350 rads of
cesium).

5. The thickness of the tissue section cut can be as thick as 8 μm
depending on the antibody and the marker to be stained.
“Step section” refers cutting through the tissue and taking
the first section followed by taking the fourth or fifth cut sec-
tion. The sections in-between are discarded. “Serial section”
refers to cutting through the tissue and taking a consecutive
section for the study. Selection of one procedure over the
other is an investigator’s decision.

6. Xylene fumes are harmful to human health. It is strongly
recommended to handle xylene inside a fume hood. Wear a
respiratory mask if necessary.

7. Antigen retrieval is recommended for those markers that are
not easy to detect. Antigen retrieval unmasks the antigen
and enhances the staining and detection. Paraffin has been
shown to mask the antigen during the tissue embedding pro-
cess.

8. DAB is a carcinogen and the handling of DAB should
be performed while wearing gloves. Precautionary mea-
sures are recommended. Also, disposal of DAB should be
per institutional environmental safety and health (EH&S)
guidelines.
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Chapter 15

Liposomes for Gene Transfer in Cancer Therapy

Nancy Smyth Templeton

Abstract

We developed improved liposomes that produce efficacy for the treatment of cancer, cardiovascular
diseases, and HIV-1-related diseases in small and large animal models. Because our processes are repro-
ducible, we have standard operating procedures (SOPs) for the cGMP manufacture of these reagents that
have been approved by the Food and Drug Administration for use in phase I/II clinical trials.

Key words: Liposomes, nanotechnology, clinical trials, cGMP, gene therapy, non-viral.

1. Introduction

We developed improved liposomes that produce efficacy for the
treatment of cancer (1–3), cardiovascular diseases, and HIV-1
related diseases in small and large animal models. These lipo-
somes condense nucleic acids, mixtures of nucleic acids and pro-
teins, and viruses (4) on the interior of bilamellar invaginated vesi-
cles (BIVs) produced by a novel extrusion procedure (5). These
nucleic acid:liposome complexes have extended half-life in the
circulation, are stable in physiological concentrations of serum,
have broad biodistribution, efficiently encapsulate various sizes
of nucleic acids and other molecules, are targetable to specific
organs and cell types, penetrate through tight barriers in sev-
eral organs, are fusogenic with cell membranes, are optimized
for nucleic acid:lipid ratio and colloidal suspension in vivo, can
be size fractionated to produce a totally homogenous population
of complexes prior to injection, and can be repeatedly adminis-
tered. We can add specific ligands either by ionic interactions or by
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covalent attachments to the surface of these nucleic acid-liposome
complexes to accomplish targeted delivery to specific cell surface
receptors. The ligands include monoclonal antibodies, Fab frag-
ments, peptides, peptide mimetics, small molecules and drugs,
proteins, and parts of proteins. In addition, the charge on the sur-
face of these complexes can be modified in order to avoid uptake
by non-target cells using our novel technology called “reversible
masking.” We have also achieved high dose systemic delivery of
these complexes without toxicity in vivo by further purification
of plasmid DNA. We have developed proprietary technologies for
the detection and removal of contaminants found at high lev-
els in clinical grade plasmid DNA preparations produced by sev-
eral different companies. For instance, these DNA contaminants
preclude high dose delivery of complexes that may be required
for the treatment of metastatic cancer. Our “Super Clean DNA”
also provides for elevated levels of gene expression and prolonged
transient expression in vitro and in vivo. Our complexes have been
injected into mice, rats, rabbits, pigs, nonhuman primates, and
humans. Currently, these complexes are injected intravenously
into patients in clinical trials to treat lung cancer and will be used
in upcoming trials to treat breast, pancreatic, head and neck can-
cers; Hepatitis B and C, and restenosis (see Note 1). This liposo-
mal delivery system has been used successfully in a phase I clinical
trial to treat end-stage non-small cell lung carcinoma patients who
have failed to respond to chemotherapy (6). These patients have
prolonged life spans and have demonstrated objective responses
including tumor regression. This chapter focuses on the produc-
tion of these BIV liposomes (see Note 2) and on mixing nucleic
acid-liposome complexes (see Notes 3 and 4). Because our pro-
cesses are reproducible, we have standard operating procedures
(SOPs) for the cGMP manufacture of these reagents that have
been approved by the Food and Drug Administration for use in
phase I/II clinical trials.

2. Materials

The following materials are necessary:
1. ethanol,
2. paper towels,
3. gloves,
4. spatulas,
5. 1-l round-bottomed flask,
6. cork ring to hold the round-bottomed flask,
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7. timer,
8. small weigh boats,
9. sterile 5% dextrose in water (D5W; Abbott Laboratories

Inc. Part No. 1522-02),
10. cGMP grade (Cat. No. 770890) or GLP grade (Cat.

No. 890890) 18:1 dimethyldioctadecylammonium bro-
mide (DOTAP) powder form (Avanti Polar Lipids),

11. cGMP grade synthetic cholesterol (Sigma Cat. No.
C1231),

12. ACS grade chloroform (Fisher Cat. No. C298-1),
13. 0-grade argon gas, RBS pF detergent concentrate (Pierce

Cat. No. 27960),
14. sterile glass vials with screw tops,
15. sterile 50-ml polypropylene conical tubes (Falcon Cat. No.

352098, Becton Dickinson Labware),
16. sterile 15-ml polypropylene conical tubes (Falcon Cat. No.

352097),
17. sterile polysulfone syringe filters 1.0-μm pore size 13 mm

dia (Whatman Cat. No. 6780-1310),
18. sterile polysulfone syringe filters 0.45-μm pore size 13 mm

dia (Whatman Cat. No. 6780-1304), sterile ANOTOP
syringe filters 0.2-μm pore size 10 mm dia (Whatman Cat.
No. 6809-1122),

19. sterile ANOTOP syringe filters 0.1-μm pore size 10 mm
dia (Whatman Cat. No. 6809-1112),

20. glass pipettes,
21. sterile polystyrene pipettes,
22. lens paper,
23. parafilm
24. sterile 10-cc syringes (Becton Dickinson Cat. No.

309604),
25. sterile water (Baxter Cat. No. 2F7114), sterile microfuge

tubes,
26. sterile pipette tips with no barriers,
27. latex control particles (Beckman-Coulter Part No.

6602336),
28. plastic cuvettes with caps (Beckman-Coulter Part No.

7800091),
29. conductivity calibration standard (Beckman-Coulter Part

No. 8301355),
30. EMPSL7 mobility standard (Beckman-Coulter Part No.

8304073),
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31. Class II Type A/B3 laminar flow biological safety cabinet
(hood),

32. vortex,
33. analytical balance,
34. rotary evaporator (Buchi model R-114, Brinkmann Instru-

ments),
35. vacuum aspirator (Brinkmann model B-169),
36. water baths,
37. circulating water bath (Lauda model E100),
38. freeze dryer (Labconco model Freezone 4.5),
39. low frequency sonicator (Lab-Line TansSonic model

820/H,
40. pipette aid,
41. pipetmen,
42. spectrophotometer (Beckman model DU640B, Beckman-

Coulter),
43. spectrophotometer turbidity cell holder (Beckman Part

No. 517151),
44. UV-Silica masked semi-microcell (Beckman Part No.

533041),
45. submicron particle size analyzer with computer (Coulter

model N4 Plus, Beckman-Coulter),
46. zeta potential analyzer (Coulter model Delsa 440SX).

3. Methods

3.1. Liposome
Preparation

This procedure prepares 30 ml of BIV liposomes. The final yield
is about 95%, and therefore, approximately 28.5 ml of 5X stock
liposomes are produced.

1. Clean all work surfaces and the hood with 70% ethanol.
2. Allow lipids, DOTAP, and synthetic cholesterol to come to

room temperature (RT).
3. Weigh 420 mg of DOTAP and place into a 1-l round-

bottomed flask.
4. Weigh 208 mg of synthetic cholesterol and place into the

1-l round-bottomed flask.
5. Dissolve the lipids in 30 ml of chloroform.
6. Rotate on the rotary evaporator at 30◦C for 30 min to

make a thin film.
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7. Dry the film in the flask under vacuum for 15 min.
8. Under the hood, add 30 ml of D5W to the film, cover

with parafilm, and make small holes in the parafilm with a
syringe needle.

9. Rotate the flask in a 50◦C water bath for 45 min, rotating
and swirling the flask until the film is in solution.

10. Place the flask in a 37◦C water bath and continue to swirl
for 10 min.

11. Cover the flask with more parafilm (over the parafilm with
holes) and allow the flask to sit overnight at RT.

12. The next day, remove the parafilm with no holes and soni-
cate the flask at low frequency (35 kHz) for 5 min at 50◦C.

13. Under the hood, place the contents from the flask into a
sterile 50-ml tube, and aliquot liposomes evenly into three
sterile 15-ml tubes.

14. Place one 15-ml tube into a circulating water bath at 50◦C
(nearby the hood) for 10 min.

15. Under the hood, remove the plungers from four sterile 10-
cc syringes and attach one of each pore size sterile filter
(1.0, 0.45, 0.2, and 0.1 μm) to the syringes.

16. Under the hood, rapidly filter the liposomes through all
four filters, starting with the largest pore size (1.0 μm) and
ending with the smallest pore size (0.1 μm).

17. Under the hood, collect liposomes in a sterile 50-ml tube.
18. Repeat steps 14–16 for the remaining two 15-ml tubes and

collect all liposomes in the same sterile 50-ml tube (listed
in step 17) under the hood.

19. Under the hood, aliquot the liposomes into sterile glass
tubes with screw caps, flush with argon or nitrogen gas
through a 0.2-μm filter, and store at 4◦C.

20. Rinse the round-bottomed flask with hot water, then with
ethanol, and fill with 1X RBS and allow to sit overnight.
The next day, rinse out the flask, then rinse with hot water,
then with distilled water, and finally with ethanol. Seal the
flask with parafilm after it is dry.

3.2. Quality
Assurance/Quality
Control Testing for
the Liposome Stock

1. Place 10 μl of liposomes into 190 μl of sterile water. Read
the sample on the spectrophotometer at OD400 using the
turbidity holder and corresponding cuvette. The reading
should be about 4.0, and the acceptable range is any reading
lower than 4.5 OD400.

2. Determine the size for the L100 and L200 standards
using the particle size analyzer. If the standards are within
range, proceed to assess the liposome stock. Place 12 μl of
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liposomes into 4 ml of sterile water in the plastic cuvette.
Determine the particle size that should be about 200 nm,
and the acceptable range is between 50 and 250 nm.

3. Access the mobility for the conductivity calibration standard
and the mobility standard using the zeta potential analyzer.
If the standard is within range, proceed to assess the lipo-
some stock. Place 120 μl of liposomes into 1880 μl of ster-
ile water. Determine the zeta potential that should be about
65 mV, and the acceptable range is between 50 and 80 mV.

4. Assays for residual chloroform in the liposome stock should
not detect any chloroform. All sterility tests should show no
observable growth or no contamination.

3.3. Complex
Preparation

Using pipetmen and microfuge tubes, final volumes ranging from
50 to 1200 μl of complexes can be prepared.

1. Bring all reagents to RT.
2. Under the hood, dilute the 5X stock liposomes to 2X in

D5W in a microfuge tube. For example, to mix a 300 μl final
volume of complexes, dilute 60 μl of 5X stock liposomes in
90 μl of D5W.

3. Under the hood in a second microfuge tube, dilute the stock
nucleic acid in D5W to 1 μg/μl. The volume of diluted
nucleic acid must be identical to the volume of diluted stock
liposomes in step 2. The final mixed complexes have a con-
centration of 0.5 μg of nucleic acid/μl. Note: the stock
nucleic acid should be vortexed well prior to removing any
aliquot for mixing complexes.

4. Under the hood, pipette the diluted nucleic acid into
the diluted liposomes by rapid mixing at the surface of
the liposomes. Rinse up and down about twice using the
pipetman.

5. Read the sample (10 μl of the complexes in 190 μl of ster-
ile water) on the spectrophotometer at OD400 using the
turbidity holder and corresponding cuvette. The OD400
should be about 0.8, and the acceptable range is between
0.65 and 0.95 OD400. If the complexes fall out of this
range, then the amount of nucleic acid used for mixing must
be adjusted. Specifically, if the OD400 is too low, then more
nucleic acid must be used for mixing. If the OD400 is too
high, then less nucleic acid must be used for mixing. If the
nucleic acid is not adequately pure, then the appropriate
OD400 of the complexes will not be obtained. Note: to
avoid wasting material in order to establish the proper mix-
ing conditions, we mix final volumes of complexes at 50 μl



Liposomes for Gene Transfer in Cancer Therapy 277

first before we begin large scale mixing using new lots of
nucleic acids.

6. When the proper mixing volumes have been established,
more complexes can be mixed if needed following the steps
above. All complexes can be pooled after mixing, and the
OD400 of the pooled complexes should be measured and
should fall between 0.65 and 0.95 OD400.

7. The particle size of the complexes can also be measured.
Determine the size for the L300 and L500 standards using
the particle size analyzer. If the standards are within range,
proceed to assess the complexes. Place 12 μl of complexes
into 4 ml of sterile water in the plastic cuvette. Determine
the particle size that should be about 400 nm, and the
acceptable range is between 200 and 500 nm.

8. Because the encapsulation of nucleic acids is spontaneous,
the complexes can be administered after mixing. Complexes
can also be stored in glass vials at 4◦C and administered the
following day.

4. Notes

1. The complexes can be administered and re-administered into
animals and humans by any delivery route. The dose and
administration schedule will be determined by the specific
nucleic acid therapeutic and disease model of the investiga-
tor, and therefore, must be optimized.

2. Many investigators are not set up to produce liposomes in
their laboratories. Therefore, the BIV liposomes and other
custom services can be purchased from our non-viral core
facility at the Baylor College of Medicine (contact Nancy
Smyth Templeton at ntempleton@gradalisinc.com to place
orders).

3. Using the optimal liposomes for transfection is not necessar-
ily enough to ensure success. Other reagents must be opti-
mized such as the expression plasmid design (6) and the
plasmid DNA preparation (7) for applications that use plas-
mid DNA.

4. We have found that BIV DOTAP is best for transfection
of cells in culture (4, Templeton, unpublished data). The
same protocol is used to produce these liposomes; how-
ever, cholesterol is not added. Complexes made with BIV
DOTAP are mixed using the same procedure above.
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Chapter 16

Oncolytic HSV as a Vector in Cancer Immunotherapy

Hongtao Li and Xiaoliu Zhang

Abstract

It is well documented that immunotherapy has a great potential for cancer treatment. The ideal cancer
immunotherapeutic strategies should be relatively simple, but able to trick the host’s immune system to
elicit a robust immune response to the tumor target. Herpes Simplex Virus (HSV) has been engineered
for the purpose of oncolysis. These so-called oncolytic HSVs can selectively replicate within tumor cells,
resulting in their destruction and in the production of progeny virions that can spread to adjacent tumor
cells. In addition to their direct oncolytic effect, tumor lysis by oncolytic viruses releases tumor antigens in
their native form and configuration in an individualized way. Immune responses thus generated would be
more likely to recognize the original tumor than would tumor vaccines produced by other methods, most
of which require extensive in vitro modification and manipulation. Several recently published studies have
shown that HSV-elicited antitumor immune responses are an essential part of the overall antitumor effect
produced by oncolytic HSVs, not only for controlling primary tumor growth, but also for preventing
long distance metastases. In this chapter several key methods will be illustrated to monitor the immune
response elicited by oncolytic HSVs.

Key words: Oncolytic HSV, immunotherapy, CTL, virotherapy, cancer.

1. Introduction

Despite the steady improvements in standard treatment of cancer
by surgery, radiation, and chemotherapy, cancer is still the second
leading cause of death in the US. The main reason is the failure
of these standard cares to eradicate the established tumors that
reside either in the orthotopic organ or at the distant metastatic
sites. There is ample evidence to suggest that the host’s immune
system, if harnessed effectively, can not only combat infectious
diseases caused by bacteria and viruses, but also protect the body
against cancer occurrence or treat the established tumors (1).
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Cancer immunotherapy has been frequently designed with the
purpose to increase the potential of either tumor-specific antibod-
ies or cellular immune responses against the targeted tumor. Sev-
eral drugs based on cytokines and antibodies have been approved
for clinical use in treating cancer patients (2).

Oncolytic viruses are genetically modified to replicate in
tumor cells but not in normal cells (3). Tumor destruction in
situ by an oncolytic virus should release large quantities of tumor
antigens in their native forms and configurations, thus afford-
ing an attractive means to produce a whole tumor vaccine (4).
Tumor antigens released after virotherapy can be presented to
T cells either directly by tumor cells or indirectly via cross-
presentation by professional antigen-presenting cells, such as den-
dritic cells. Several mechanisms can facilitate the access of anti-
genic materials from malignant cells to the exogenous pathway
of antigen-presenting cells for class I and class II presentation
(5). Chief among them is the inflammatory milieu, which can be
created during virotherapy in the tumor site in situ. The inflam-
matory microenvironment can attract migration as well as stimu-
late maturation of antigen presentation cells. The direct oncolytic
effect and subsequent induction of antitumor immunity during
virotherapy may provide a unique combination that can poten-
tially eradicate locally invasive or metastatic tumors that are dif-
ficult to manage with conventional agents and thus represents a
highly promising strategy of cancer treatment.

Replication selective oncolytic viruses have shown great
promise as antitumor agents for solid tumors and are currently in
clinical trials for treating several malignant diseases (6). Oncolytic
HSV has several attractive features to make it a good candidate for
cancer immunotherapy study. First, HSV can infect a wide vari-
ety of tumor cells with relatively low infection particles. Second,
HSVs have evolved several molecular mechanisms to escape host
immune clearance. Third, HSV is well characterized and can be
easily controlled by the anti-virus drugs such as acyclovir and gan-
cyclovir. Finally, the mouse and monkey animal model are readily
available for the immune study of oncolytic HSV (7–12). Sev-
eral commonly used methods that have been used in studying the
immune responses elicited by oncolytic HSVs will be discussed
and illustrated on this chapter.

2. Materials

2.1. Cell Lines and
Mouse Splenocytes
Suspension

1. Dulbecco’s modified Eagle medium (DMEM), high-glucose
formulation, containing 5, 10, or 20% FBS, heat-inactivated
1 h at 56◦C, 2 mM L-glutamine, 50 μM 2-ME, 100 U/ml
penicillin, and 100 μg/ml streptomycin sulfate.
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2. RPMI 1640 medium containing 2, 5, 10, 15, or 20% FBS,
heat-inactivated 1 h at 56◦C, 2 mM L-glutamine, 50 μM
2-ME, 100 U/ml penicillin, and 100 μg/ml streptomycin
sulfate.

3. For splenocytes preparation, 60 × 15-mm petri dishes, scis-
sors and forceps, kept in sterile beaker with 70% ethanol,
6-ml syringe with 19-G needle, 200-μm mesh nylon screen.

4. Red blood cell lysing buffer: 8.29 g NH4Cl (0.15 M), 1 g
KHCO3 (10.0 mM), and 37.2 mg Na2EDTA (0.1 mM).
Add 800 ml H2O and adjust pH to 7.2–7.4 with 1 N HCl.
Add H2O to 1 l. Filter sterilize through a 0.2-μm filter.
Store at room temperature.

5. High-density solution: Ficoll-Paque (Ficoll and sodium dia-
trizoate; Pharmacia LKB) or Lympholyte-M (Cedarlane)
12- or 50-ml polypropylene centrifuge tubes.

2.2. Virus
Propagation and
Titration

1. Overlay medium: DMEM containing 1% FBS and 1.2% car-
boxylmethylcellulose. Store at room temperature.

2. Crystal violet stock solution: 1 % crystal violet in 20%
ethanol. Crystal violet working solution: stock solution 4 ml;
ethanol 8 ml; water 30 ml (This is approximately 0.1% crystal
violet in 20% ethanol).

3. Carboxylmethylcellulose stock solution: 12% carboxyl-
methylcellulose in PBS, autoclaved. Carboxylmethylcellu-
lose working solution: 1:10 dilution into EMEM containing
1% FBS.

2.3. Immunohisto-
chemistry

1. 10% neutral-buffered formalin: prepare a 10% (w/v) solu-
tion in PBS fresh for each experiment. The solution may
need to be carefully dissolved, and then cool to room tem-
perature for use.

2. Mayer’s hematoxylin buffer: aluminium ammonium sulfate
200 g, hematoxylin 20 g, ethanol 40 ml, sodium iodate
4 g, acetic acid 80 ml, glycerol 1200 ml, and distilled water
2800 ml. Mix well and store (see Note 1).

3. Scott’s tap water substitute: sodium hydrogen carbonate
10 gm, magnesium sulfate 100 gm, and distilled water 5 L.
Dissolve the salts in the water. Store stock solutions at room
temperature.

4. Eosin buffer: 1% eosin 400 ml, 1% phloxine 40 ml,
95% alcohol 3100 ml, and acetic acid 16 ml. Mix and
stir well.

5. Mounting medium: Antifade (Molecular Probes, Eugene,
OR).
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2.4. Elispot 1. 96-well PVDF-backed microplate (Millipore plate, Cat. No.
S2EM004M99), and two antibodies for mouse interferon-γ
(BD Bioscience, Cat. No.551881).

2. Coating buffer (PBS): 8 g NaCl; 0.2 g KCl; 1.44 g
Na2HPO4-7H2O, 0.24 g KH2PO4; dissolved in H2O to
a final volume of 1 liter. Adjust pH to 7.2, filter sterilize
(0.2 μm), and store at 4◦C.

3. Blocking Solution: complete tissue culture medium (e.g.,
RPMI 1640 containing 10% FBS and 1% penicillin–
streptomycin, L-glutamine).

4. Wash Buffer I: 1× PBS containing 0.05% Tween-20 (0.5 ml
Tween-20 per 1 L PBS).

5. Wash Buffer II: 1× PBS.
6. Dilution Buffer: 1× PBS containing 10% FBS.
7. ELISPOT AEC Substrate.

(a) Prepare AEC (3-Amino-9-ethyl-carbazole; Sigma A-
5754) stock solution: mix 100 mg AEC in 10 ml DMF
(N,N dimethylformamide; Sigma D-4551). Caution:
dispense DMF in fume hood. Store solution in glass-
ware.

(b) Prepare 0.1 M acetate solution: add 148 ml of 0.2 M
acetic acid/glacial acidic acid to 352 ml of 0.2 M sodium
acetate. Adjust volume to 1 L DI water; adjust pH
to 5.0.

(c) For final substrate solution, add 333.3 μl of AEC stock
solution to 10 ml 0.1 M acetate solution. Filter through
0.45-μm filter. Add 5 μl of H 202 (30%) and use imme-
diately.

3. Method

The antitumor immune responses during virotherapy are rou-
tinely investigated using syngeneic murine tumor models. Sev-
eral cell lines and oncolytic HSVs have been used (see Note 2).
Tumors are established either in the orthotopic site or on the flank
through tumor cell implantation into syngeneic mouse strain (see
Note 3). For subcutaneous tumors, animals will receive an intra-
tumoral injection of either PBS or oncolytic HSV when the local
tumors become palpable in all mice after tumor cell inoculation.
Injections are given slowly at two to three different sites across
the tumor to prevent leakage. For orthotopic tumors implanted
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in internal organs, virotherapy will usually be given at 7–10
days after tumor implantation, either intratumorally or intraperi-
toneally (e.g., for ovarian or pancreatic cancers). To examine
the innate immune response, the lymphocyte infiltration into the
tumor site will be detected by flowcytometry and immunohisto-
chemistry (see Note 3). The adaptive immune response is usually
monitored by analyzing the harvested splenocytes, as detailed in
the following sections.

3.1. Viral Preparation

3.1.1. Preparation of
Stocks of HSV on VERO
or BHK Cells

1. Grow cells to 90% confluency.
2. Remove medium.
3. Infect with 0.1 pfu/cell.
4. Leave 2 days until CPE is achieved.
5. Shake or scrape cells off flask into medium and keep on ice

from this point onwards.
6. Spin cells for 5 mins at 2500 rpm at 4◦C.
7. Remove supernatant.
8. Resuspend pellet in 1 ml DMEM medium.
9. Sonicate for 1 min – see notes below.

10. Aliquot in 0.1-ml volumes.
11. Label aliquots as “stock” with batch no. “H-”, and the

date.
12. Freeze at –80◦C.

3.1.2. Titration of HSV 1. Sonicate virus stock for 1 min on full power or repeatedly
freeing/thawing 3×.

2. Make initial virus dilutions in 1× EMEM (without addi-
tions) as follows, depending on the estimated concentra-
tion of virus in the stock:
– 100× 10.1 μl to 1 ml → 10–2
– 100× 10.1 μl to 1 ml → 10–4

3. Make 10× virus dilutions from these dilutions as follows:
– 10× 111.1 μl to 1 ml → 10–5
– 10× 111.1 μl to 1 ml → 10–6
– 10× 111.1 μl to 1 ml → 10–7
– 10× 111.1 μl to 1 ml → 10–8

4. Remove the medium from the cells (Vero cells in 6-well
dishes) and add 500 μl of each virus dilution to each of
two wells. (If you start at the lowest virus dilution you can
use the same tip for all the dilutions.)
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5. Incubate at 37◦C for 1 h, rocking the plates every 15 min
to spread the virus inoculum.

6. Prepare overlay medium.
7. Remove medium containing virus from plates, starting at

dilution with least virus, and add overlay medium to plates
(2 ml per well of 6-well dish, 3 ml per 5-cm dish).

8. After 2 days stain plaques with crystal violet (see Note 4).

3.1.3. Staining Plaques
with Crystal Violet

1. First remove the agarose overlay if any.
2. Put on enough Crystal violet working solution to cover the

cells without drying out (1 ml).
3. Leave for 15 min.
4. Remove stain. Wash cells by dunking in a beaker of water.
5. Blot plates dry on tissues and leave to dry in the hood for

15–30 min.
6. Count plaques.

3.2. Harvest of
Mouse Splenocytes

3.2.1. Harvest of Freshly
Removed Spleen from
Mice

1. Place freshly removed organs in 60 × 15-mm petri dishes
(one for each type of organ to be removed) containing
3 ml complete RPMI-5 or DMEM-5. With scissors, cut the
organs in several places.

2. Using a circular motion, press the pieces against bottom of
the petri dish with the plunger of a 6-ml syringe until mostly
fibrous tissue remains.

3. Further disperse clumps in the suspension by drawing up
and expelling the suspension several times through a 6-ml
syringe equipped with a 19-G needle.

4. Expel suspension into a centrifuge tube through a 200-μm
mesh nylon screen. Wash petri dish with ∼4 ml complete
medium. Repeat if necessary and add wash to tube.
About 5 ml of complete medium (containing 5% FCS) is
used during the processing of each spleen, thymus, and set
of lymph nodes from one mouse.

5. Centrifuge 10 min in Sorvall H-1000B rotor at 1000 rpm
(200 × g) and discard supernatant (see support protocols if
removal of red blood cells or dead cells is required). Resus-
pend pellet in 20 ml complete medium, centrifuge again,
and resuspend in a volume suitable for counting.

3.2.2. Removal of Red
Blood Cells from Spleen
Cell Suspensions

Before counting the total number of lymphocytes in suspensions
of spleen cells, it is desirable to remove the red blood cells (RBC),
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as the inexperienced eye will often have trouble distinguishing
those from the white blood cells.

1. Resuspend pellet of spleen cells in lysing buffer, using ∼5 ml
per spleen; use a 12-ml test tube for one or two spleens, or
a 50-ml tube for more spleens.

2. Incubate 5 min at room temperature with occasional
shaking.

3. Add wash medium to fill the tube, spin 10 min at 200 × g in
a low-speed centrifuge and discard supernatant. Wash pellet
again and resuspend in appropriate medium and volume for
next procedure (e.g., dead cell removal, cell counting, or
fractionation).

3.2.3. Removal of Dead
Cells Using the One-Step
Gradient Method

1. Resuspend cells in complete RPMI-5 and distribute into
centrifuge tubes at 0.5–1 × 108 cells/2 ml (12-ml tube)
or 1–5 × 108 cells/5 ml (50-ml tube) (see Note 5).

2. Layer 3 ml (for 12-ml tubes) or 5 ml (for 50-ml tube) high-
density solution under the cell suspension by drawing the
high-density solution into a pipette, placing tip of pipette at
bottom of tube, and slowly letting the solution flow under
the cell suspension.

3. Centrifuge 15 min in Sorvall H-1000B rotor at 2000 rpm
(800 × g), room temperature (see Note 6).

4. Isolate live cells floating on top of the high-density solution
by slowly moving tip of pipette over surface of high-density
layer and drawing cells up in a 5-ml pipette (try to collect as
little high-density solution as possible). Transfer live cells to
another tube.

5. Add complete RPMI-5 (10 ml for the small volume, 40 ml
for the larger volume) and centrifuge 10 min at 200 × g,
room temperature. Repeat this washing procedure.

6. Resuspend cells in appropriate medium and volume for sub-
sequent procedure.

3.3. Immunohisto-
chemistry

For histologic examination of tumor specimens, mice were euth-
anized at different times after treatment and sections of tumor
were fixed in 10% neutral-buffered formalin for 24 h, dehydrated
in serial ethanol, and embedded in paraffin. Sections (5-μm thick)
were prepared, mounted on slides, and stained with Hematoxylin
and Eosin (13).

1. Hydrate the tissue section: put the slide into the 100%
ethanol after issue section. Rinse the rack with tap water to
remove ethanol for 5 min.

2. Stain nucleus with Hematoxylin: Put the rack into a con-
tainer filled with Hematoxylin for 10 min. Rinse the rack
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with tap water for 10 min to remove Hematoxylin. Dip the
rack into a jar containing 0.1% HCl 3 times and into tap
water 3–4 times. Dip the rack into a jar containing 0.1%
NH4OH three times and into tap water 3–4 times.

3. Stain cytoplasm with Eosin and dehydrate: dip the rack into
the following solutions for 5 min.
AcetoneEosin ethanol (100%); ethanol (100%); ethanol
(100%) with 0.1% acetic acid; acetone; xylene; xylene.

4. Mounting: drop 2–3 drops of mountantonto the slide and,
then, put a cover glass onto the slide.
An example of the results produced is shown in Fig. 16.1.

Fig. 16.1. Tumor histology after HSV therapy. Tumor nodules were explanted on days 2,
4, and 7 after the start of therapeutic injections of oncolytic HSV (FusOn-H2). One typical
field within H&E-stained tumor sections from mice treated with FusOn-H2 alone is pre-
sented at each time point. The infiltrating lymphoid cells ( ) , monocytic cells ( ) ,

and LLC cells ( ) are labeled. Some of the indicated tumor cells show degeneration
and/or necrosis with prominent vacuolar cytoplasm. Original magnification, 400×.

3.4. Chromium51
Release Assay

For quantifying CTL activity, mice were sacrificed 14 days after
intratumoral injection of oncolytic HSV into immune-competent
Balb/c mice bearing 4T1 tumor. Splenocytes were isolated from
mice in each treatment group. Effector cells were obtained by
coculturing splenocytes with irradiated tumor cells, supplemented
with recombinant human interleukin-2. After 5 days of restimula-
tion, the effector cells to lyse target cells were quantified by using
the standard 4-h chromium release assay (14).

1. Select the appropriate targets (tumor cell lines see Note 7)
expressing the restricting HLA class I allele and transfer
the required number of cells into a 15-ml conical tube (see
Note 8).

2. Spin cells down for 10 min at 1500 rpm. Aspirate super-
natant to about 200 μl. Add 50 uCi of Cr51 per target, then
resuspend cells with the same pipette tip you used to add the
chromium. Incubate cells for 1 h at 37◦ C.

3. Purified splenocytes were added as effector cells to the 96-
well plate; count the effectors and resuspend them at the
proper concentration (see Note 9).
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4. After the hour is up, wash the targets three times with 12 ml
cold R10 at 1000 rpm for 7 min in a cold centrifuge. Count
cells and resuspend. Add 100 μl target tumor cells to each
96 well. Incubate plates for 4 h in the incubator.

5. After 4 h, harvest 30 μl of supernatant were harvested and
Cr51 release was measured with a scintillation counter (see
Note 10).
An example result is shown in Fig. 16.2.

Fig. 16.2. Tumor-specific immunity after virotherapy. Splenocytes were prepared from
spleens collected from Balb/c mice bearing 4T1 tumor and treated with the indicated
agents. In vitro stimulated effector cells were then assayed for CTL activity against (A)
4T1 tumor cells or (B) syngeneic MethA sarcoma cells. All results were means ± SD
of triplicate assays. �p<0.05, comparing FusOn-H2 with PBS and Baco-1; #p<0.01,
comparing FusOn-H2 with PBS and Baco-1.

3.5. ELISPOT Assay The splenocytes prepared for Fig. 2 were also quantitated by
ELISPOT assays. The chromogenic alkaline phosphatase sub-
strate was added. The colorimetric reaction was terminated within
5–20 min by washing with tap water. After drying, the spots were
counted (15).

1. Dilute capture antibody in coating buffer. Add 100 μl of
diluted antibody solution to each well of an ELISPOT plate;
Store plates at 4◦C overnight.

2. Discard coating antibody. Wash wells 1× with 200 μl/well
blocking solution. Add 200 μl/well blocking solution and
incubate for 2 h at room temperature.

3. Discard blocking solution. Prepare antigen (see Note 7),
diluted in complete tissue culture medium. Add 100 μl/well
to ELISPOT plate. Prepare cell suspensions at different
densities, (e.g., 1 ×105/ml to 2 × 106 cells/ml) Add
100 μl/well of each cell suspension to ELISPOT plate wells.
Replace ELISPOT plate lid. Incubate ELISPOT plate at
37◦C, 5% CO2 and 99% humidity (see Note 11).



288 Li and Zhang

4. Aspirate cell suspension. Wash wells 2× with deionized (DI)
water. Allow wells to soak for 3–5 min at each wash step.
Wash wells 3× with 200 μl/well wash buffer I. Discard wash
buffer. Dilute detection antibody in dilution buffer. Replace
lid and incubate for 2 h at room temperature.

5. Discard detection antibody solution. Wash wells 3× with
200 μl/well wash buffer I. Dilute Streptavidin-Horseradish
Peroxidase (HRP) in dilution buffer. Add 100 μl/well
diluted Streptavidin-HRP. Replace lid; incubate for 1 h at
room temperature.

6. Discard Streptavidin-HRP solution. Wash wells 4× with
200 μl/well wash buffer I. Wash wells 2× with 200 μl/well
wash buffer II. Add 100 μl of final substrate solution (AEC)
to each well. Monitor spot development from 5 to 60 min
(see Note 12).

7. Enumerate spots manually using a dissecting microscope or
automatically using an ELISPOT Analyzer.

An example result is shown in Fig. 16.3.

Fig. 16.3. ELISPOT assay after virotherapy. Splenocytes were prepared from spleens
collected from the experiment 3. All results were means ± SD of triplicate assays. #p <
0.01, comparing FusOn-H2 with PBS and Baco-1.

4. Notes

1. Add the hematoxylin powder to the alcohol. Pour the
strong alcoholic solution of hematoxylin into the cooled
alum solution stir to dissolve. Add the sodium iodate, acetic
acid, and finally the glycerol.

2. Cell lines and oncolytic HSV viruses developed by this
study that have been used for studying antitumor immune
responses are listed here.
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Cell lines: African green kidney (Vero) cells; 4T1
cells, a 6-thioguanine-resistant cell line derived from a
BALB/c spontaneous mammary carcinoma; Meth-A, a
methylcholanthrene-induced sarcoma cell line of BALB/c
origin; Murine neuroblastoma Neuro-2A and Sa-I murine
sarcoma cell lines (ATCC) (see Note 1).
Viruses: HSV type 1 oncolytic viruses: Baco-1 and Synco-
2D (16); HSV type 2 oncolytic virus: FusOn-H2 was
derived from the wild-type HSV-2 strain 186 (17) (see
Note 2).

3. For the mouse neuroblastoma Neuro-2A inoculation in
this study, 6- to 8-week-old immunocompetent A/J mice
were used. For the mouse mammary 4T1, 6- to 8–week-
old female Balb/c mice were used.

4. Vortex each dilution for at least 5 seconds before making
next dilution. Use a fresh yellow tip for each dilution.

5. The efficacy of the separation procedures is dependent on
the interface diameter; therefore, 50-ml tubes are used
when separation of higher numbers of cells is desired, while
12-ml tubes can be used for lower cell numbers. For min-
imum cell loss due to adherence, polypropylene tubes are
recommended over polystyrene tubes.

6. Best separations are obtained when rapid acceleration and
slow deceleration (no brake) are used. A slightly higher
centrifugation speed than normally used is recommended
because the Ficoll solution is of higher density.

7. Using MethA cells as the control for 4T1 cells, Sa-I as the
control for Neuro2A cells.

8. Transfer 1–1.5 million cells per target into a 15 ml conical
tube, depending on how many targets you will need for the
assay; plan the assay in advance so that you will know how
many cells you need.

9. Different effector/target ratios were employed in a series of
studies. The commonly used ratio is 80:1, 40:1, 20:1, and
10:1. It is critical to include the syngeneic tumor cell line as
a control to show the specificity of the immune response.

10. RPMI medium served as a negative control. Supernatants
Spontaneous release was measured in wells containing tar-
get cells alone. Triton X-100 was used to lyse the tar-
get cells maximally. The percentage of specific lysis was
calculated by the following formula: percent of specific
lysis = [(experimental release cpm – spontaneous release
cpm)/(maximum release cpm – spontaneous release cpm)]
× 100 (14).

11. The duration of the incubation time can be varied (e.g.,
2 –24 h) depending on the nature of the stimulatory cell
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culture system. Specific activation conditions and incuba-
tion times will vary, depending on cell type, kinetics, and
cytokine of interest. After step 3, aseptic conditions are no
longer needed.

12. Stop substrate reaction by washing wells with DI water.
Air-dry plate for 2 h – overnight at room temperature in
the dark, until the plate is completely dry. Store plate in
the dark, prior to analysis.
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Chapter 17

Generation of Chimeric T-Cell Receptor Transgenes
and Their Efficient Transfer in Primary Mouse
T Lymphocytes

Linda J. Howland, Nicole M. Haynes, and Phillip K. Darcy

Abstract

Gene modification of T cells with chimeric T-cell receptor (TCR) transgenes offers a novel way to
generate tumor-specific T cells for cancer immunotherapy. Retroviruses have been utilized as the most
common means of efficiently transducing primary T lymphocytes with these transgenes. In this section
we describe methods for generation of chimeric TCR’s and utilization of retroviral vectors for efficient
transduction of these transgenes in primary mouse T lymphocytes.

Key words: Retrovirus, murine, T lymphocytes, chimeric T-cell receptor, transfection,
transduction, retronectin, packaging cells, enrichment.

1. Introduction

Adoptive immunotherapy, involving transfer of tumor-reactive
T cells into patients, is an emerging new approach for the treat-
ment of cancer. Studies involving the transfer of tumor-infiltrating
lymphocytes, expanded with IL-2, into patients with advanced
melanoma disease has resulted in some remarkable anti-cancer
responses and regression of disease (1). The inclusion of lym-
phoablative conditioning has led to enhanced persistence of trans-
ferred T cells and increased anti-tumor effects (2). Nevertheless,
the broad application of this approach has been limited by the
difficulty of isolating tumor-specific T cells for all tumor types.
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An alternative strategy to address this problem involves
the genetic modification of T cells with chimeric single-chain
(scFv) receptors that can specifically recognize tumor-associated
antigen (TAA). One advantage of this approach is that T cells
gene-modified with these receptors can be specifically directed
toward a variety of TAAs on different tumor types in patients of
any HLA type. A number of studies have demonstrated enhanced
tumor recognition by primary T cells using this approach (3, 4).
More recently, chimeric scFv receptors incorporating both co-
stimulatory and primary signaling domains linked in tandem
(scFv-CD28-ζ) have been shown to optimally activate T cells fol-
lowing specific-antigen stimulation in vitro (3, 4) and in adoptive
transfer experiments in mice (5).

Retroviral vectors have been the most commonly used vehi-
cles to gene modify human peripheral blood lymphocytes (PBL)
with scFv and/or T-cell receptor (TCR) transgenes for adoptive
transfer into patients (6–8). Transduction of human PBL using
RetroNectin R© and incorporation of centrifugation steps into the
protocol have been reported to enhance the level of gene trans-
fer. Despite these advances for increasing transgene expression in
human T cells, only a few studies have reported efficient trans-
duction of mouse T lymphocytes for reasons that are not entirely
clear (9). The ability to achieve good levels of transduction of pri-
mary mouse T lymphocytes is particularly important for adoptive
immunotherapy approaches that involve optimization of specific
chimeric receptor transgenes in a compatible in vivo system.

Investigations in our laboratory have found that the level
of transgene expression in primary mouse splenic T cells can be
increased by two to three levels of magnitude over that obtained
by spin infection methods, by co-culturing mouse T lympho-
cytes with high titer retrovirus-producing packaging cells in the
presence of phytohemagglutinin (PHA) and recombinant human
IL-2 (rh-IL-2). The enhanced transduction efficiency, achieved by
co-cultivation, is most likely due to optimal infection by the virus
due to cell–cell contact and high local virus concentration. The
incorporation of a c-myc tag recognition epitope within the extra-
cellular region of our scFv gene constructs has allowed for direct
detection of transgenes on the surface of transduced mouse T
cells. This transduction protocol results in the rapid, reproducible
and high level expression of chimeric TCR receptors in both
primary mouse CD8+ T cells (40–50%) and CD4+ T cells (20–
30%) without the need for antibiotic selection. This is an impor-
tant advantage over conventional strategies, that generally involve
the selection of transduced T cells by treatment with Geneticin
(G418), as this avoids prolonged culture times and any nega-
tive effect that this may have on their biological activity following
adoptive transfer. This is particularly important considering recent
evidence demonstrating that persistence of adoptively transferred
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T cells and their anti-tumor effects correlated well with cells being
in an early state of effector T-cell differentiation (10). In this
report, we describe methods for construction of chimeric TCR
and a new transduction protocol for expressing these transgenes
in primary mouse T cells.

2. Materials

1. MFE-23 vector (contains the scFv anti-CEA antibody)
2. pRSV-scFv-R vector (see Note 1)
3. pSW50-5 vector (contains the scFv anti-erbB2 antibody)
4. pGEM3Z-ζ (contains human TCR-ζ signaling domain)
5. LXSN retroviral vector (11) (see Note 2)
6. Restriction enzymes: Xba I, BstE II, Xho I, Sna B1, Hpa I
7. Murine ecotropic GP+E86 packaging cell line (12)
8. PA317 amphotropic packaging cell line (12)
9. NIH3T3 cells (mouse fibroblast cell line)

10. Human peripheral blood mononuclear cells (PBMC)
11. COS-7 cells
12. Jurkat E6-1 cells
13. 9E10 cells (hybridoma for anti-c-myc antibody)
14. Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco-

BRL, Grand Island, NY)
15. Complete medium: DMEM supplemented with 10%

(vol/vol) heat-inactivated fetal calf serum (FCS), 2 mM
L-glutamine (Gibco-BRL), 100 U/ml penicillin (Gibco-
BRL), and 100 μg/ml streptomycin (Gibco-BRL)

16. Selection medium: Geneticin (G418; Gibco-BRL, Grand
Island, NY) 100 μL of 50 mg/ml stock in 10 ml DMEM
(final concentration of 500 μg/ml)

17. Recombinant human IL-2 (rh-IL-2; Biological Resources
Branch Preclinical Repository, National Cancer Institute);
stock at 106 U/ml

18. Polybrene (Sigma, St. Louis, MO): 4 mg/ml stock
19. Phytohemagglutinin (PHA; Sigma, St. Louis, MO):

1 mg/ml stock
20. 1x Phosphate buffered saline (PBS)
21. 0.9% saline solution
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22. Trypsin
23. 2x HEPES buffered saline (HBS): 50 mM HEPES, pH

7.05 (5.0 g), 10 mM KCl (0.37 g), 12 mM Dextrose
(1.0 g), 28 mM NaCl (8.0 g), 1.5 mM Na2HPO4
(0.1065 g), and make up to 500 ml with distilled water
(see Note 3)

24. Calcium Chloride Solution: 2 M CaCl2 (29.4 g) in 100 ml
in distilled water

25. Polyethylene glycol 8000 (Fisher Scientific, Fairlawn, NJ)
26. May-Grunwald stain: May-Grunwald stain (Sigma, St

Louis, MO) 0.3 g/100 ml of 100% methanol. Following
24 h settling time, sterilize by passing through a 0.2 μM
filter

27. Nylon wool (Polysciences Inc, Warrington, PA)
28. 10 ml syringe (Becton Dickinson, San Jose, CA)
29. Stop-cock (Becton Dickinson, San Jose, CA)
30. ACK lysis buffer: 0.15 M NH4Cl (8.29 g), 1.0 mM

KHCO3 (1.0 g), 0.1 mM Na2EDTA (37.2 mg) made up
to 800 ml with distilled water and pH adjusted to 7.2–
7.4 with 1 M HCL, then top up to 1 l with more distilled
water. Sterilize through a 0.2-μM filter and store at room
temperature

31. 2x Lysis Buffer: 1% SDS, 0.6 M NaCl, 20 mM EDTA and
20 mM Tris–HCL (pH 7.4)

32. Formaldehyde solution: 7.5% formaldehyde, 1.5 M NaCl
and 150 mM sodium citrate (pH 7.0)

33. 10 mm tissue culture dishes (Corning)
34. 60 mm tissue culture dishes (Corning)
35. T25 tissue culture flasks
36. 0.45 μM filter for syringes
37. 70 μM nylon sieve (Becton Dickinson, San Jose, CA, USA)
38. Dissection equipment (scissors and forceps sterilized)
39. MACs buffer: 1x PBS with 0.5% bovine serum albumin

(BSA; Sigma)
40. MACs Dynabeads: anti-mouse CD8 monoclonal antibody

(mAb) conjugated beads, and anti-mouse CD4 mAb con-
jugated beads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many)

41. Dynal MPC-50 magnet (Invitrogen, Mount Waverley,
VIC, Australia)



Generation of Chimeric T-Cell Receptor Transgenes 295

42. Falcon 50 ml polypropylene tubes (Becton Dickinson, San
Jose, CA)

43. Nylon membrane–Hybond-N+ (Amersham, Cleveland,
OH)

44. 32P-αCTP radiolabel (PerkinElmer Life and Analytical
Sciences, Shelton, CA)

45. 32P-αCTP radiolabeled Neomycin probe
46. Neomycin specific gene primers:

5′-ATGATTGAACAAGATGGATTGCA-3′ and
5′-AGGCATCGCCATGGGTCACGACGAGAT-3′

47. Mouse anti-c-myc tag monoclonal antibody
48. FITC-labeled anti-mouse IgG monoclonal antibody (Bec-

ton Dickinson, San Jose, CA)
49. PE-labeled anti-mouse monoclonal antibodies against:

CD4, CD8, CD44, and CD62L (Becton Dickinson, San
Jose, CA)

50. FACs fix solution: 1% formaldehyde, 2% glucose in 500 ml
of 1x PBS

51. Vanadyl ribonuclease complex (Gibco BRL)
52. Tris–EDTA buffer (pH 7.4) (Sigma, St. Louis, MO)
53. Yeast tRNA (Gibco BRL)
54. QIAGEN RNA extraction kit (QIAGEN Pty Ltd, Don-

caster, Australia)
55. 24-well tissue culture plate
56. Mouse anti-CD3 and anti-CD28 purified antibodies
57. NUNC Maxisorp Immuno Plate
58. Binding buffer: 0.1 M Na2HPO4, pH to 9 with HCL
59. Wash solution: 5 ml Tween-20 in 1 L PBS
60. Blocking solution: PBS with 10% FCS, or 10% NCS or

1% BSA
61. Hydrogen peroxide (H2O2)
62. IFNγ standards of known quantity (5×106 pg/ml)
63. Biotin-labeled anti-IFNγ capture antibody
64. Streptavidin–Horseradish peroxidase (SA-HRP)
65. 3,3′,5,5′-Tetramethylbenzidine (TMB) tablets
66. Citrate phosphate buffer (CPB) (10x stock): Add 18.24 g

Na2HPO4 to 12.77 g citric acid and make up to 250 ml
with distilled water and pH adjust to 5. Make a (1x) work-
ing stock by diluting 1:10
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3. Methods

Detailed procedures are described for (1) chimeric single chain
(scFv) receptor gene construction, (2) generation of stable retro-
virus vector expressing cells, (3) transduction of mouse T cells,
and (4) functional characterization of transduced T cells.

3.1. Chimeric Single
Chain (scFv) Gene
Construction

We have generated in our laboratory several chimeric scFv recep-
tor gene constructs containing different signaling domains reac-
tive with either carcinoembryonic antigen (CEA) or the human
epidermal growth factor receptor antigen (erbB2) by standard
molecular biological techniques. The following section describes
detailed methods for the construction of scFv transgenes com-
posed of the VH and VL regions of the anti-CEA mAb or anti-
erbB2 mAb, joined via a flexible human CD8 hinge to signal-
ing domains comprising a human CD28 co-stimulatory domain,
and the human TCR-ζ signaling domain. The expression cas-
settes used in these studies include the Rous Sarcoma Viral vector
(pRSV-scFv-R) (see Note 1) and the retroviral vector pLXSN (see
Note 2).

3.1.1. Cloning Anti-CEA
or Anti-erbB2 scFv into
the pRSV-scFv-R Vector

1. For cloning of the anti-CEA gene construct, first amplify a
767-bp fragment of DNA coding for the scFv of anti-CEA
from the vector MFE-23 (13) and a c-myc tag marker epi-
tope by PCR using the primers designated:
Sense 5′-ATAATGTCTAGACAGGTGAAACTGCAG-3′
Antisense 5′-AGAGACGGTGACCCCATTCAGATCCTCT
TCTGAGATGAGTTTTTGTTCTGCGGCCGCCCGTTT
CAGCTCCAGCTT-3′.
The primers incorporate an Xba I site and BstE II site,
respectively (denoted by the underline).

2. For the anti-erbB2 gene construct, amplify a 767-bp frag-
ment of DNA coding for the scFv of anti-erbB2 from the
pSW50-5 vector (a kind gift from Dr. Winfried Wels, Insti-
tute of Experimental Cancer Research, Germany) (14) and
a c-myc tag marker epitope by PCR using the primers desig-
nated:
Sense 5′-ATAATGTCTAGACAGGTACAACTGCAG-3′
Antisense 5′-AGAGACGGTGACCCCATTCAGATCCTCT
TCTGAGA
TGAGTTTTTGTTCGATCTCCAATTTTGT-3′
The primers incorporate a Xba I site and a BstE II site respec-
tively (denoted by the underline).

3. Digest the anti-CEA or anti-erbB2 scFv fragments contain-
ing the c-myc tag epitope with Xba I and BstE II restriction
enzymes, and clone into the Xba I/BstE II digested pRSV-
scFv-R vector.

4. Identify positive clones by restriction digest and sequence
verify.
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3.1.2. Cloning the
Human CD28 Signaling
Domain into the
pRSV-anti-erbB2 or
pRSV-anti-CEA Vectors

1. Amplify the transmembrane (TM) and cytoplasmic (CYT)
domains of human CD28 by PCR from cDNA derived
from activated human peripheral blood mononuclear cells
(PBMC) using the primers designated:
Sense: 5′-GAGAGGATCCTCTTTTGGGTGCTG-3′
Antisense: 5′-GAGACTCGAGTCAGGAGCGATAGGC-
TG-3′
The primers incorporate Bam HI and Xho I restriction sites,
respectively (denoted by the underline).

2. Digest the human CD28 PCR product with Bam HI and
Xho I restriction enzymes and clone into the Bam HI/Xho
I digested pRSV-scFv-R vector (either pRSV-scFv-anti-CEA
or pRSV-scFv-anti-erbB2) to generate a gene construct that
consists of either scFv-anti-CEA or scFv-anti-erbB2 contain-
ing a c-myc tag epitope, a CD8 hinge region, and the TM
and CYT regions of human CD28.

3. Identify positive clones by restriction digest and sequence
verify.

3.1.3. Cloning the
Human TCR-ζ Signaling
Domain into the
pRSV-scFv-R Vector

1. Amplify the human TCR-ζ cytoplasmic (CYT) domain con-
taining Xho I and Sal I restriction sites by PCR from the
vector pGEM3Z-ζ (15) using the primers designated:
Sense 5′-GAGAGACTCGAGAGAGTGAAGTTCAGC-3′
Antisense 5′-CTAGCTCGAGTTAGCGAGGGGGCAGG-
3′ (restriction sites denoted by the underline).

2. Digest the TCR-ζ PCR product with Xho I restriction
enzyme and clone into calf intestinal phosphatase (CIP)
treated Xho I digested pRSV-scFv-anti-CEA-hCD28 or
pRSV-scFv-anti-erbB2-hCD28 vectors. The gene construct
now consists of scFv-anti-CEA or scFv-anti-erbB2 and a c-
myc tag epitope linked to a CD8 hinge region, a TM and
CYT human CD28 domain, and a CYT human TCR-ζ sig-
naling domain.

3. Sequence-verify the entire gene construct cloned into the
pRSV-scFv-R vector and to confirm the orientation of the
TCR-ζ domain.

4. The complete scFv transgene can be excised using appropri-
ate restriction enzymes and cloned into the retrovirus vector
pLXSN as described below.

3.1.4. Cloning of
Chimeric T-Cell
Receptors into the
Retrovirus pLXSN Vector

1. Partially digest the pRSV-scFv-R vector containing the
chimeric T-cell receptor genes (scFv-anti-CEA-hCD28-
hTCRζ or scFv-anti-erbB2-hCD28-hTCRζ) with Sna BI
and Xho I and clone into the Hpa I/Xho I digested retroviral
vector (pLXSN).

2. Identify positive clones by restriction digest and sequence
verify entire scFv receptor gene construct.
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3.2. Generation
of Stable Retroviral
Vector Producing
Cell Lines

3.2.1. Preparation of
PA317 Amphotropic
Packaging Cells for
Transfection (Day –1)

1. Plate 1×106 PA317 cells into a 10 cm tissue culture dish
with 10 ml of complete medium (see Note 4). Incubate the
plate in a humidified 37◦C, 5% CO2 incubator.

2. Cells should be 60–70% confluent the following day.

3.2.2. Calcium
Phosphate Transfection
of PA317 Cells (Day 0)

1. Transfect PA317 cells by combining 6–10 μg of plasmid
LXSN retroviral vector containing the scFv gene construct
or vector alone for a negative control, with calcium chlo-
ride solution in a volume of 500 μl (see Notes 5). Then add
500 μl of 2x HBS (pH 7.05) dropwise while gently bubbling
air through the solution so that it mixes well. Immediately
(within 1–2 min) overlay 1 ml of this solution onto plates
containing PA317 cells and medium.

2. After 10 h incubation at 37◦C and 5% CO2 remove the
medium and replace with 10 ml of fresh complete medium,
and incubate overnight at 37◦C and 5% CO2.

3.2.3. Preparation of
GP+E86 Ecotropic
Packaging Cells for
Transduction (Day 1)

1. The PA317 cells should be approximately 80–90% confluent
after 24 h transfection.

2. Seed five plates of the parental GP+E86 ecotropic packaging
cells in complete medium at 2×106 cells/10 cm plate.

3.2.4. Transduction of
GP+E86 Packaging Cells
(Days 2–4)

1. Harvest supernatant from transfected PA317 cells that are
producing retrovirus progeny expressing the transgene and
pass through a 0.45 μM Millipore filter (maintaining super-
natant on ice throughout procedure).

2. Aspirate the medium off the previously prepared plates of
GP+E86 cells and overlay the cells with PA317 retrovirus as
follows

Plate number 1 2 3 4 5

Complete medium (ml) 8 9 10 10 10
PA317 retrovirus supernatant (ml) 2 1 0.4 0.2 0.1

Polybrene 4 mg/ml (μl) 10 10 10 10 10

3. After 24 h incubation (day 3) at 37◦C and 5% CO2 replace
the medium with 10 ml complete medium and continue to
incubate for a further 24 h.
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4. Once GP+E86 cells have reached confluency (day 4), harvest
the GP+E86 cells from all five plates separately by treatment
with trypsin, centrifuge to pellet the cells then resuspend
each cell pellet (five in total) in 10 ml of complete medium.
For each of the five cell suspensions generated above, plate
out a further 5×10 cm plates as follows:

Plate number 1 2 3 4 5

Complete medium (ml) 18 19 20 20 20
GP+E86 cells (ml) 2 1 0.5 0.25 0.125

5. Leave plates (total 25 new plates) overnight at 37◦C in a 5%
CO2 incubator.

3.2.5. Antibiotic
Selection of Transduced
GP+E86 Clones (Day 5)

1. Aspirate supernatant and replace medium with 10 ml com-
plete medium containing the selection antibiotic geneticin
(G418; 500 μg/ml).

2. Replace the selection medium every 3–4 days.
3. Incubate the cells at 37◦C and 5% CO2 for 10–14 days

before isolating colonies.

3.2.6. RNA Slot-Blot
Analysis for Isolation of
High Viral Titer Clones
(Days 10–14)

1. Collect supernatants from the plates of selected retroviral
producing cells and filter through a 0.45-μM Millipore filter.

2. Precipitate the retroviral RNA from 1 ml of each supernatant
with 30% polyethylene glycol 8000 and 1.5 M NaCl and
leave on ice for 30 min. Centrifuge the precipitate to gener-
ate a pellet, discard the supernatant then resuspend the pel-
lets in 200 μl of Tris–EDTA buffer (pH 7.4) containing 10%
(vol/vol) vanadyl ribonuclease complex and 100 μg/ml of
yeast tRNA.

3. Lyse the solution by adding 200 μl of 2x lysis buffer and
extract the retroviral RNA from the lysed solution using a
QIAGEN RNA extraction kit.

4. Reconstitute RNA with 500 μl of a formaldehyde solution.
Subsequently, load 100 and 400 μl of each RNA sample into
adjacent wells of a slot-blot apparatus Minifold II (Schleicher
and Schuell, Keene, NH) and transfer onto a nylon mem-
brane Hybond-N+ (Amersham, Cleveland, OH).

5. After transfer, hybridize filters firstly with a 32Pα-CTP radi-
olabeled Neomycin probe and then a probe recognizing the
gene of interest to select for high expressing clones.

6. Upon analysis of gene expression in the separate clones, the
positive GP+E86 clones are frozen at –70◦C in liquid nitro-
gen (see Note 6).
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3.3. Determination
of Virus Titer by
Infection of NIH3T3
Cells (Days 0–14)

1. Plate the GP+E86 retroviral-producing cells (high virus
titer clones selected in Section 3.2.6) at 1×106 per T25
flask in 5 ml of complete medium. Incubate the cells at
37◦C and 5% CO2 for 24 h until 90–100% confluent.

2. Discard medium by aspiration (day 1) and replace with 4 ml
of fresh complete medium.

3. Seed 14×60 mm culture dishes with 2 × 105 NIH3T3 cells
for each of the GP+E86 clones plated above. The plates
are required for duplicate analysis of each of the six ten-
fold virus dilutions (12 plates) generated of each GP+E86
clone and control plates (2 plates) containing no virus in
the following analysis.

4. Collect viral supernatant from GP+E86 retrovirus-
producing clones after 18 h (∼ 4 ml volume) (day 2),
filter through a 0.45 μM Millipore filter and chill on ice
for immediate use. The supernatants can also be stored at
–70◦C for further analysis at another time if required.

5. Prepare virus dilutions (10−1 to 10−6) in 0.8–1 ml volume
of complete medium and keep everything on ice (see Note
6). Add polybrene at 4 μg/ml to each virus dilution.

6. Remove medium from NIH3T3 cells and immediately
add 0.5 ml of virus/polybrene mixture dropwise to the
NIH3T3 cells. Duplicate plates are required for each virus
dilution (in particular 10−3, 10−4, and 10−5 dilutions).
Cultivate for 2 h at 37◦C and 5% CO2 with gentle rock-
ing of each plate every 15–30 min; then gently add 3 ml
of complete medium, pre-warmed to 37◦C, to the edge of
tilted plates.

7. Culture the infected NIH3T3 cells for further 72 h in a
37◦C and 5% CO2 incubator.

8. Harvest the infected NIH3T3 cells (day 5) by treatment
with trypsin, centrifuge to pellet the cells and resuspend
the pellet in 2.5 ml complete medium.

9. Seed 0.125 ml of NIH3T3 cell suspension onto two 60-
mm culture dishes and add 3 ml of selection medium con-
taining G418 (500 μg/ml final concentration) to each cul-
ture dish.

10. Incubate the plates for a further 10–14 days and replace the
G418 selection medium every 3–4 days to isolate positively
transduced clones.

11. Aspirate medium from plates, cover dish with May-
Grunwald stain, and leave for 5 min at room tempera-
ture. Following removal of the stain, wash plates with dis-
tilled water and count colonies of G418-resistant NIH3T3
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clones. Viral titer in colony-forming units per ml (cfu/ml)
is determined by dividing the number of colonies by the
volume (in 1 ml) of virus used for the infection and multi-
plying by 5 to correct for the 1:5 cell dilution.

3.4.
Retroviral-Mediated
Transduction of
Mouse Lymphocytes

3.4.1. Enrichment
of Splenic Mouse
T lymphocytes

1. To isolate mouse splenocytes dissect the spleen(s) from syn-
geneic donor mice, transfer to a sterile 10-cm culture dish
and homogenize under manual force.

2. Resuspend the cells in 5–8 ml of hypotonic ACK lysis buffer
to deplete the red blood cells present in the suspension, and
then neutralize by the addition of 8 ml of complete medium.

3. Strain the cell suspension through a 70 μM nylon sieve to
produce a single cell suspension, centrifuge at 1250 rpm for
7–10 min, wash once with PBS, then resuspend in 4 ml of
fresh DMEM.

4. Enrich primary mouse T lymphocytes by passing the spleno-
cyte culture through a nylon wool column. Prepare a nylon-
wool column by weighing 1.26 g of nylon wool (Poly-
sciences Inc, Warrington, PA). Rinse the nylon wool three
times in distilled water, and load tightly into the barrel of a
10 ml syringe using forceps. Sterilize nylon wool columns by
autoclaving.

5. Attach a stop-cock to the end of the column, which has been
pre-warmed and maintained at 37◦C, and equilibrate the
column with 20 ml of warmed 0.9% saline solution, 20 ml of
warmed DMEM (no FCS or supplements) and finally 20 ml
of warmed complete medium. Load the splenocyte suspen-
sion onto the column and incubate at 37◦C and 5% CO2
for 45 min before harvesting T cells in 15–20 ml of warmed
complete medium into a sterile 50-ml polypropylene tube.
This procedure generally results in >90% enrichment of pri-
mary mouse T cells.

3.4.2. Immunomagnetic
Separation (Negative
Selection) for Isolation of
Mouse CD8+ and CD4+

T-Lymphocyte
Populations

1. For some experiments it may be necessary to further enrich
mouse T lymphocyte subsets by magnetically activated cell
sorting (MACS). To generate enriched mouse CD8+ or
CD4+ T cells, wash nylon-wool column-enriched T cells
with MACS buffer (×2) and incubate with either anti-mouse
CD8 antibody-conjugated beads (10 μg/ml) or anti-mouse
CD4 antibody-conjugated beads (10 μg/ml) for 15 min on
ice. Following incubation, wash cells with cold MACS buffer
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(×2) and separate on magnetic depletion columns in a Vario
MACs separator (Miltenyi, Germany).

2. Verify efficiency of isolating separate T-cell subsets by flow
cytometry.

3.4.3. Retroviral
Transduction of Enriched
Mouse T-lymphocyte
Population
(Co-cultivation Method)

1. Plate out 1×106 GP+E86 retroviral-producing packaging
cells into 10 cm dishes containing 10 ml of complete
medium without G418 selection (see Note 7) (day 0).

2. On day 1, add enriched primary mouse T lymphocytes
(1×107) to retroviral-producing packaging cells together
with PHA (5 μg/ml), rh-IL-2 (100 U/ml) and polybrene
(4 μg/ml) and co-cultivate at 37◦C in a 5% CO2 incubator
for 72 h.

3. On day 4, remove T lymphocytes from packaging cells and
transfer to a 10 cm plastic dish for 3 h to allow any remaining
GP+E86 packaging cells to adhere to the surface.

4. Remove supernatant containing only the non-adherent
transduced T lymphocytes, pellet by centrifugation at
1250 rpm for 5–10 min and wash with complete medium.

5. Subsequently, culture the transduced T lymphocytes
(1×106/ml) into six-well plates containing complete
medium supplemented with rh-IL-2 at 100 U/ml.

6. The efficiency of retrovirus transduction can then be deter-
mined immediately by flow cytometry.

3.5. Analysis
of Transduction
Efficiency by Flow
Cytometry

Cell surface expression of the transgene can be determined
by staining the transduced mouse T lymphocytes with a mAb
directed against a tag epitope that has been incorporated in the
extracellular region (3′ end) of the retrovirus insert.

1. We use a c-myc tag antibody purified from supernatants of
mouse 9E10 cells (16) to determine the level of transgene
expression, followed by staining with a FITC-labeled anti-
mouse IgG mAb for detection by flow cytometry. The trans-
duced population can then be sorted and enriched further,
eliminating the requirement for selection with G418 treat-
ment (see Note 7).

2. Cell surface phenotyping of transduced cells can then be
determined by flow cytometry using phycoerythrin (PE)-
conjugated anti-mouse CD4, CD8, CD44, and CD62L
antibodies. This involves staining 5 × 105 of transduced
T lymphocytes with 100 μl of appropriately diluted antibody
at 4◦C for 30 min, washing twice in PBS, and resuspending
cells in 0.5 ml of FACS fix solution. The phenotype of the
cell population can then be determined by flow cytometry.
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3.6. Determining
Antigen-Specific
Cytokine Secretion
by Transduced
T Cells

3.6.1. Co-culture of
T cells with Antigen
Positive and Negative
Target Cells

1. Culture tumor cells (antigen positive or negative) in 24-well
tissue culture plates at 5×105 cells/well. Incubate for 2–3 h
to allow cells to adhere to the plate.

2. For positive controls, include anti-CD3/anti-CD28 anti-
body coated wells by diluting each of the purified antibodies
1/1000 in 1 ml PBS and add to a single well of the 24-well
plate. Also, coat a single well with purified anti-c-myc tag
antibody (diluted 1/1000 in 1 ml of PBS) as a positive con-
trol for T cells transduced with the chimeric T-cell receptor.
Incubate at 37◦C 5% CO2 for 2–3 h.

3. Following the 2–3 h incubation, aspirate the supernatant
from all the wells.

4. Add gene-modified or control T cells (5×105 cells/well)
onto the target cells (1:1 ratio) or antibody coated wells
(1 ml total volume/well). Add T cells alone to a well as a
negative control.

5. Co-culture T cells and target cells overnight at 37◦C 5%
CO2.

6. The following day, spin the 24-well plates at 1250 rpm for
10 min at room temperature. Collect the supernatants from
the wells using a 1 ml pipette and filter tips, and transfer the
supernatants to another 24- or 48-well tissue culture plate in
preparation for analysis by ELISA (see Note 8).

3.6.2. Enzyme Linked
Immunosorbent Assay
(ELISA) for Assessing
IFNγ Secretion

1. Coat an ELISA 96-well plate (NUNC F96 Maxisorp
Immuno Plate) with purified anti-IFNγ mAb diluted
1/1000 in binding buffer and incubate at 4◦C overnight.
Wash the plate (x 4) with wash solution.

2. Block the plate with 200 μL/well of blocking solution and
incubate at room temperature for 1 h. Wash the plate (× 4)
with wash solution.

3. Serially dilute IFNγ standards (two-fold) in PBS and add
100 μL/well in duplicate wells to the plate. For blank wells
add 100 μL/well of PBS in duplicate.

4. Add T-cell supernatant samples (derived in Section 3.6.1)
to appropriate wells of the plate in duplicate at the follow-
ing dilutions; neat, diluted 1:10 in PBS, or using a further
dilution if required (see Note 9).
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5. Incubate the plate with IFN-γ standards and T-cell super-
natant samples loaded, at room temperature for 2 h. Wash
the plate (× 6) with wash solution and gently tap the plate
dry onto a paper towel.

6. Dilute the biotin labeled capture anti-IFNγ mAb 1/1000
in PBS and add 100 μL/well to the plate. Incubate at room
temperature for 1 h. Wash the plate (× 6) with wash solu-
tion and gently tap the plate dry onto a paper towel.

7. Dilute the streptavidin-HRP conjugate 1/500 in PBS, and
add 100 μL/well to the plate. Incubate at room tempera-
ture for 45 min to 1 h. Wash plate (× 8) with wash solution
and gently tap the plate dry onto a paper towel.

8. Dilute a single TMB substrate tablet in 10 ml of citrate
phosphate buffer and wait until completely dissolved before
adding 2 μL hydrogen peroxide solution (see Note 10).
Add 50 μL/well TMB substrate solution and incubate at
room temperature until blue color develops.

9. Stop the reaction with 1 M H2SO4 50 μL/well (turns
the color of the reaction yellow). Read the optical density
(OD) of the wells using a plate reader at 450 nm wave-
length.

10. Analyze and calculate the IFNγ levels using the equation
generated from the linear portion of the standard curve.

4. Notes

1. The pRSV-scFv-R vector obtained from Zelig Eshhar
(Weizmann Institute, Rehovot, Israel) contains a scFv
receptor linked to a CD8 hinge region and gamma. This
vector is used as a template to excise the existing scFv con-
struct and insert the scFv of interest. Further additions of
TCR or co-stimulatory signaling domains can be added to
the construct. The complete chimeric scFv construct can
then be cloned into a retrovirus vector (i.e., pLXSN) to
enable stable transduction of primary T cells.

2. Retroviral vectors utilizing the Moloney Murine Leukemia
Virus (MoMLV) long terminal repeat (LTR) promoter
for expression are efficient in directing high levels of
gene expression in all T-lymphocyte subpopulations. The
pLXSN vector also contains a neomycin resistance (neor)
gene.
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3. Stock solutions may be prepared and frozen at –20◦C. The
HBS solution required for CaPO4 transfection should be
prepared every 6–12 months.

4. Prior to splitting the cells for transfection it is important
that the cells are not overgrown. It is important to passage
the cells 1:3 to 1:4 to prevent cell clumping which occurs
when the cells are passaged at low density or when they are
allowed to become over confluent. The key for successful
transfection and for achieving high viral titers is to have
a large number of single cells evenly spread on the dish.
Mycoplasma infection of cell lines can also inhibit efficient
transfection/transduction.

5. Plasmid DNA should be prepared either by double spun
caesium chloride gradients or by QIAGEN columns. Both
methods result in similar transfection efficiencies.

6. With regard to freeze/thawing of retroviral stocks: Freeze
stocks immediately at –70◦C or keep chilled on ice to main-
tain viral titer. Do not freeze/thaw more than once as it
destroys the integrity of the virus DNA. Once thawed, dis-
card remainder.

7. It is possible to detect and select transduced cells by treat-
ment with G418; however, the potential for this treatment
to negatively affect the biological activity of T cells and
reduce the already limited lifespan of T cells makes G418
selection unfavorable.

8. Supernatants may be frozen at –20◦C and analyzed at a
later time point.

9. Absolute values should not be extrapolated outside of the
standard curve if the OD values for samples lie outside the
limits of the standards.

10. TMB substrate solution is best made fresh, no more than
20 mins prior to use. The addition of hydrogen peroxide is
essential for the color reaction to occur.
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Chapter 18

Multi-walled Carbon Nanotube (MWCNT) Synthesis,
Preparation, Labeling, and Functionalization
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Abstract

Nanomedicine is a growing field with a great potential for introducing new generation of targeted and
personalized drug. Amongst new generation of nano-vectors are carbon nanotubes (CNTs), which can
be produced as single or multi-walled. Multi-walled carbon nanotubes (MWCNTs) can be fabricated as
biocompatible nanostructures (cylindrical bulky tubes). These structures are currently under investigation
for their application in nanomedicine as viable and safe nanovectors for gene and drug delivery. In this
chapter, we will provide you with the necessary information to understand the synthesis of MWCNTs,
functionalization, PKH26 labeling, RNAi, and DNA loading for in vitro experimentation and in vivo
implantation of labeled MWCNT in mice as well as materials used in this experimentation. We used this
technique to manipulate microglia as part of a novel application for the brain cancer immunotherapy.
Our published data show this is a promising technique for labeling, and gene and drug delivery into
microglia.

Key words: cancer immunotherapy, microglia, macrophage, glioma, nanotechnology, nano-
medicine, MWCNT application, brain tumor, nano-vector, carbon nanotube.

1. Introduction

Nanomedicine is a growing field with a great potential for deliv-
ering targeted and personalized therapeutic agents. Amongst new
generation of nano-vectors are carbon nanotubes (CNTs), which
can be produced as single or multi-walled. CNTs are generally
considered low- to virtually non-toxic if they are pristine (purity at
99% or more), properly coated or functionalized, used in certain
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working concentration (1–5), and are used locally (6). While in
vitro and in vivo studies show much progress, further studies
are needed to resolve long-term safety and toxicity issues (7, 8),
should these nano-vectors be considered for clinical trials. Nev-
ertheless, CNTs hold great promise in cancer therapy as there
are many reports in the literature about application of CNTs as
gene and drug delivery vehicles (9–15) and their potential use for
glioma immunotherapy (6, 16).

Malignant glioma is considered to be the most common
and fatal brain tumors in adults. Despite advancement in sur-
gical resection techniques, radiotherapy, and chemotherapy, the
survival rate and prognosis of glioma patients remain poor
with a median survival of 12–15 months (17). Other multi-
modal approaches have been desperately sought by clinicians
and researchers to eradicate gliomas or even improve survival
rate. One of the recent promising approaches is the use of
immunotherapy.

While the central nervous system (CNS) was considered to
be immunologically privileged organ, this is no longer the axiom
and researchers have shown that immune cells, such as activated
T cells, can cross the blood–brain barrier (18–20). Moreover,
there are numerous reports that microglia, a type of glial cells
whose function is similar to macrophages and essential for nerve
injury repair, are the primary immune effector cells in the CNS
and are associated with various neurological disorders (21–23).
There is also evidence of tumor-associated antigens (24–27) and
the expression of class I and II MHC by brain tumors which could
potentially activate the CNS innate immune system (26, 28, 29).
However, the role of microglia in brain tumor immunology is still
unclear. The current limited literature indicates that microglia,
along with tumor-associated macrophages, are recruited by tumor
but whether the tumor infiltrating microglia promote or suppress
tumor growth has not been determined yet (30–33). Therapeutic
potential of microglia activation in brain tumors are maximized if
we are able to direct microglial function toward tumor eradica-
tion via gene, RNAi, or drug introduction. This approach could
increase phagocytotic activity, boost immune response, and pre-
vent the cancer growth-promoting function of microglia. Conse-
quently, having effective genes, drug, and/or RNAi delivery into
macrophage is crucial to achieve this goal.

In this chapter we have introduced a method that utilizes
MWCNT as a gene/RNAi delivery carrier. This method is poten-
tially useful in immunotherapy application in treating cancer, since
we have proven that the MWCNT itself is taken up preferen-
tially by microglia and macrophages without causing significant
immune reaction both in vivo and in vitro (6,16). Additionally,
siRNA and plasmid DNA can be loaded into MWCNT efficiently.
This can pave the way for the use of CNT as a new gene or drug
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delivery vehicle. The following is the description of methods for
synthesis of high-quality, fluorescent-labeled MWCNT and load-
ing of MWCNTs with DNA or siRNA.

2. Materials

2.1. Cell Culture 1. BV2, murine microglia cell line.
2. The complete media. Dulbecco’s modified Eagle’s media

(GIBCO, 11995-073) supplemented with 10% heat-
inactivated fetal bovine serum (Omega Scientific, FB-02,
batch tested), 100 U/ml penicillin-G, 100 μg/ml strep-
tomycin (Cellgro, MT-30-002-CI), and 0.01 M HEPES
(Irvine Scientific, 9319).

3. Trypsin (Irvine Scientific, 9341).
4. Sterile phosphate-buffered saline (PBS).
5. General equipments, such as 37◦C water bath, centrifuge,

cell counter, sterile plastic or glass pipettes, laminar flow cab-
inets, and 37◦C humidified incubator at 5% CO2.

2.2. MWCNT PKH26
Labeling

1. Sterile blade or scalpel
2. Level II biosafety cabinet
3. Multi-walled carbon nanotubes(MWCNT)
4. Mini Beadbeater-8 (Biospec Products)
5. VirSonic 300 (The Virus Company)
6. PKH26 Red Fluorescent Cell Linker Kit for General Cell

Membrane Labeling (Sigma-Aldrich, PKH26GL-1KT)
7. Pluronic F108 (PF108) (BASF Corporation)
8. Ultracentrifuge machine
9. Ultracentrifuge Ultra-Clear Tubes (Beckman, 344057)

10. Laser or confocal microscope

2.3. In Vivo
Application
of MWCNT

1. Mice, 7- to 8-week-old (We use C57BL6 mice but other
strains can be used)

2. Ketamine/Xylazine or other anesthetics (refer to your insti-
tute’s recommendation)

3. Buprenex or other analgesia
4. Betadine
5. 70% ethanol
6. Electric hair clipper
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7. Electric drilling instrument
8. Stereotactic frame
9. Scalpel

10. Hamilton Syringe (for MWCNT injection)
11. 27-G needle and 1 ml syringe (for injection of anesthet-

ics/analgesia)
12. Sterile gauze or cotton tip
13. Timer
14. Wound glue or clips
15. Warm blanket or heat lamp
16. Eye ointment

3. Methods

3.1. Maintaining BV2
Cells

1. Thaw a frozen vial of BV2 cells in 37◦C water bath (see
Note 1).

2. Transfer cells into 15-ml conical tube containing 9 ml pre-
warmed complete media. Centrifuge at 450 g (or Relative
Centrifugal Force) for 5 min (see Note 2).

3. Aspirate the supernatant and re-suspend the pellet gently in
5 ml of the complete media. Transfer the cells into a T-75
(total of 13 ml media) or T-25 (5 ml) (see Note 3). Incubate
cells at 37◦C, 5% CO2. The cells should be confluent after
2–4 days depending upon how many cells are plated.

4. Remove the media and wash once with PBS. Coat the cells
with a layer of trypsin (1–3 ml) and let it sit for a few sec-
onds. Aspirate the trypsin and place flask in the 37◦C incu-
bator for about 5 min. If some cells are still attached on the
flask, facilitate detaching by gently tapping the flask). Add
the complete media.

5. For maintenance, split cells into 1:4–1:5 dilutions. For in
vitro imaging of CNT uptake by BV2, seed 2 × 105 cells in
a 6-well dish.

3.2. MWCNT
Synthesis

MWCNT is available commercially and should be pristine and
sterile enough to be used in cell culture and in vivo study. Our
team obtained MWCNT from the NASA- Jet Propulsion Labora-
tory (JPL) through an institutional collaboration agreement. Due
to proprietary agreement with JPL, the detailed protocol cannot
be disclosed. However, the following is a brief description and
synopsis of how the MWCNTs for the current application were
produced by JPL.
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MWCNTs were synthesized using the catalytic chemical
vapor deposition technique in a tube furnace which contained a
pressure-regulated 2-inch-diameter quartz tube. This technique is
known to generate high quality MWCNTs with no defects. The
MWCNTs were grown on catalyst-coated substrates under a flow-
ing mixture of ethylene and hydrogen. Typical MWCNT growth
conditions are as follows: C2H4 flow, 380 sccm; H2 flow, 190
sccm; total pressure, 200 Torr; temperature, 650◦C; growth time,
15 min. The substrates consisted of silicon wafers with a 400-nm
layer of thermal silicon oxide (SiO2). These substrates were pat-
terned with a thin film, approximately 10-nm thick, of sputtered
iron catalyst using electron beam lithography and lift-off process-
ing, and then inserted into the tube furnace for MWCNT growth.
Under these conditions, MWCNTs were grown on the substrates
only in the areas patterned with Fe catalyst as bundles. The indi-
vidual tube diameter was ∼20 nm (34–36). (see Fig. 18.1).

Fig. 18.1. MWCNTs were imaged using scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). (A) MWCNTs were imaged using SEM before processing to observe homogenous growth and size. (B) Processed
MWCNTs were imaged using TEM to ascertain the consistency in length of the MWCNTs after processing. MWCNTs were
determined to be between 200 and 400 μm for more than 80% of the suspension. (6)

3.3. MWCNT
Functionalization

This section describes the protocol to functionalize MWCNT
Pluronic F108, a non-ionic, difunctional block copolymer sur-
factant. This step is extremely important as the functionalization
makes the carbon nanotubes soluble and prevents the nanotubes
from being cytotoxic and immunogenic. Additionally, this proto-
col makes the nanotubes biodegradable; this permits nanotubes
to release RNAi or genes in an efficient manner.

1. Using a sterile scalpel or blade, scrape and transfer MWCNT
into a dish containing 1.5 ml of 1% Pluronic F108 (PF108)
in a level II biosafety cabinet. The weight is determined
at the beginning where you scrape off the CNTs from the
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strips. Measure the length and width of each strip and the
weight is determined based on a table provided by a manu-
facturer (see Note 4).

2. Transfer the MWCNT in 1% PF108 suspension into an
Eppendorf tube on ice and homogenize it using the Mini
Beadbeater-8 for 45 min. Alternatively, do high-shear mix-
ing (Polyscience X520) for 1 h.

3. Sonicate the MWCNT-PF108 suspension using a sonicator
at 540 W, 4–5 min each time, for 30 min (see Note 5).

4. Transfer the suspension into an ultracentrifuge tube and spin
down at 122,000 × g for 4 h at room temperature.

5. Decant the upper clear layer (typically, upper 50–60%) care-
fully, leaving micelle-suspended nanotube solution. There
should be a light grey layer between the clear top layer and
bottom dark grey pellet. Transfer the light-gray middle layer
to a new Eppendorf tube (see Note 6).

6. Re-suspend the pellet to a stock concentration of 80 μg/ml
using PF108 (see Note 7). The processed MWCNT shall be
named as pMWCNT afterwards. You may go directly to 3.5
to label pMWCNT with PKH26 if it is not necessary to load
pMWCNTs with plasmid and/or siRNA.

3.4. Loading
pMWCNTs
with Plasmid
and/or siRNA

1. Process pMWCNTs as described in Section 3.3.
2. Incubate pMWCNT with DNA (any plasmids, shRNA, or

siRNA) at a ratio (by weight) of pMWCNT : DNA 4:1 for
4 h in 4◦C in 1% PF108. It may be necessary to optimize the
ratio and incubation time.

3. Centrifuge the pMWCNT : DNA at 122,000× g for 4 h at
4◦C (see Note 8). Resuspend the pellet with 1% PF108 (to
80 μg/ml) and centrifuge again at 122,000× g for 4 h at
4◦C. Resuspend the pellet with 1% PF108 and proceed to
3.5 for PKH labeling.

3.5. PKH26 Labeling 1. Prepare the PKH26 stock solution (1×10−3 M). Dilute the
stock further using Diluent C to 2×10−6 M. Refer to the
kit’s instruction for details.

2. Add 7 μl of 2×10−6 M PKH26 per 10 μg of pMWCNT.
Mix well, cover the tube to avoid light exposure, and let it
stands for 5 min at room temperature. Place the tube on a
shaker for about 10 min.

3. Ultracentrifuge the suspension at 122,000 × g for 4 h at
4◦C.

4. Resuspend the pellet to 80 μg/ml using 1% PF108 for in
vitro experiment. For in vivo experiment, resuspend the pellet
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to 400 to 500 μg/ml. Store the pMWCNT-PKH26 in 4◦C
until use (see Note 9).

3.6. In Vitro
Introduction
of MWCNT

This section describes the procedure for introducing the DNA-
or RNAi-loaded carbon nanotubes into murine microglia.

1. Add 3 μg of PKH26-labeled pMWCNT to BV2 cells in
complete media per well (6-well dish). Incubate the cells
overnight at 37◦C. 24-h incubation should generate 70–80%
uptake rate by the cells without significant cytotoxicity effect
to the cells.

2. Observe the cells that uptake the PKH26-labeled pMWCNT
using laser or confocal microscope. The HeNe 543 nm lasers
should be used to monitor PKH26 (red)-labeled pMWCNT.
(see Fig. 18.2)

Fig. 18.2. pMWCNTs-PKH positive BV2 cells. The cells were imaged using an LSM 510 Meta confocal microscope at
48 h post-incubation with PKH-labeled MWCNT (×400). (6)

3.7. In Vivo
Implantation
of MWCNT

1. Sterilize procedure area with 70% ethanol.
2. Anesthetize the mouse with Ketamine (132 mg/kg) and

Xylazine (8.8 mg/kg) solution.
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3. Clip all hair from scalp and wipe the surgical area with beta-
dine solution using sterile cotton tips.

4. Make a small sagital paramedian incision, about 1 cm, with
a sterile scalpel blade. Wipe blood from the wound with
cotton tips or gauze.

5. Drill an injection site (1 mm right of midline and 1 mm for-
ward of bregma) on the scull carefully. Stop drilling after
you make a small burr hole and start to see dura. You
may stop drilling just before the drilling instrument punc-
tures the scull completely in order to avoid damaging brain
tissues.

6. Mount the mouse on a stereotactic head frame.
7. Load 10 μl of labeled pMWCNT-PKH (4–5 μg) into a

Hamilton syringe.
8. Line up the syringe to the top of the hole on the scull

straight. Carefully move the needle tip to the injection site.
The tip should now touch the dura or on the surface of
the injection site on the scull. Move the needle tip down by
3 mm into the brain.

9. Inject the 10 μl of labeled pMWCNT-PKH into the brain
slowly over a period of 10 min. Ideally, inject 2 μl every
2 min. In this way, damage to the brain by injection will be
minimal.

10. After the injection, let the syringe needle sit for one more
minute and then slowly withdraw the needle from the
brain.

11. Wipe the injection site with sterile gauze or cotton tip.
12. Close the incision area with wound glue or clips. Apply eye

ointment to the mouse’s eyes to prevent over-dryness.
13. Place the mouse on an electric warm blanket (heated to

37–38◦C) or under the heat lamp in a cage until the mice
start to wake up. To alleviate possible post-op pain, inject
Buprenex or other analgesia into peritoneum cavity.

14. Move back the mouse to its home cage after the mouse
become fully alert.

To assess the uptake of the labeled MWCNT by microglia, fix
and harvest the mouse brain on 7 and/or 14 day post-injection.
The red dye from PKH can be observed in cryosectioned brain
samples. The in vivo study has many applications, such as investi-
gating the efficacy of targeted drug, gene, or siRNA delivery and
its potential use in brain tumor treatment. Further in vivo studies
will shed light on the important applicability of carbon nanotubes
in brain tumor immunotherapy.
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4. Notes

1. Thaw and transfer the cells into regular media as quickly as
possible. Dimethyl sulfoxide (DMSO) or other cryoprotec-
tive additive is often toxic to the cells.

2. All materials, media, reagents, and supplies for cell cul-
ture must be sterile. Media and reagents need to be filter-
sterilized using 0.2-μM filter. Media need to be pre-warmed
to 37◦C. All the glassware must be detergent-free.

3. Choosing the flask size depends on how many cells you need
to grow. Normally, there will be approximately 8×106 cells
and 2×106 cells for T75 and T25, respectively, at the time
of confluence.

4. The table will only apply for a specific MWCNT batch you
have and it is not a universal table for any MWCNT batches.
The length of MWCNT grown on each strip varies, thus you
need to measure it every time you scrape them off.

5. We use a VirSonic 300 from The Virus Company, but any
sonicator should work.

6. Check the top supernatant by electron microscope. Increase
centrifugation time if there are significant amount of
MWCNT in the top layer. The very bottom layer contains
large CNT particles that can be removed and be further son-
icated to increase yield.

7. The processed MWCNT must be used within 96 h.
8. The amount of DNA loaded to the pMWCNTs can be

roughly determined by collecting the supernatant and by cal-
culating the differences in the total added DNA or siRNA to
the amount of DNA or siRNA present in the supernatant.
Adjust the ratio of pMWCNT: DNA and incubation time as
necessary.
The PKH26-labeled pMWCNT must be used within 48 h.
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Chapter 19

Cellular Immunotherapy of Cancer

Fatma V. Okur and Malcolm K. Brenner

Abstract

Standard therapies for many common cancers remain toxic and are often ineffective. Cellular
immunotherapy has the potential to be a highly targeted alternative, with low toxicity to normal tis-
sues but a high capacity to eradicate tumor. In this chapter we describe approaches that generate cellular
therapies using active immunization with cells, proteins, peptides, or nucleic acids, as well as efforts that
use adoptive transfer of effector cells that directly target antigens on malignant cells. Many of these
approaches are proving successful in hematologic malignancy and in melanoma. In this chapter we dis-
cuss the advantages and limitations of each and how over the next decade investigators will attempt to
broaden their reach, increase their efficacy, and simplify their application.

Key words: Cancer, immunotherapy, tumor vaccines, adoptive cell therapy and T cells.

1. Introduction

Conventional modalities for treating cancer remain unsatisfactory.
Despite the introduction of small molecules that target specific
molecular lesions or pathways within the cancer cell, cure rates for
many common tumors remain low, while adverse events are still
distressingly high. Cancer immunotherapy represents a promis-
ing extension of highly targeted cancer therapy with a favor-
able toxicity profile and excellent pharmaco-economics. Although
most attention has been on the development of monoclonal
antibodies (see Table 19.1) (1–5) beneficial results with cellu-
lar immunotherapy are now being reported. Although to date
these have primarily been obtained in subjects with lymphoma,
melanoma, or neuroblastoma, methodologies are being devel-
oped to allow us to extend the tumor range.
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Table 19.1
Monoclonal antibodies approved by the FDA for cancer

Monoclonal antibody Target Structure Indication

Rituximab (Rituxan) CD20 Chimeric B-cell NHL

Tositumomab (Bexxar) CD20 Murine mAb linked to
131I

B-cell NHL

Ibritumomab (Zevalin) CD20 Murine mAb linked to 90Y B-cell NHL

Gemtuzumab (Myolotarg)∗ CD33 Humanized mAb linked to
calicheamicin

AML

Alemtuzumab (Campath) CD52 Humanized mAb B-CLL, T-cell lymphoma

Transtuzumab
(Herceptin)

Her2/Neu Humanized mAb Breast Cancer

Cetuximab (Erbitux) EGFR Chimeric Head, neck and colorectal
cancers

Panitumumab(Vectibix) EGFR Humanized mAb Colorectal cancer
Bevacizumab (Avastin) VEGF Humanized mAb NSCLC, colorectal cancer,

breast cancer

NHL, non-Hodgkin’s lymphoma: AML, acute myelogenous leukemia; NSCLC, nonsmall cell lung cancer; mAb,
monoclonal antibody
∗Subsequently withdrawn as failed post-approval testing (June 2010)

Many human tumors express tumor-specific (TSA) or tumor-
associated antigens (TAA) that can be recognized by the
host immune system and induce anti-tumor cell-mediated and
humoral immune responses. Although these responses may be
transient and are not always associated with clinical responses,
they provide evidence for the existence of tumor-directed immu-
nity in humans which may also have anti-tumor activity (6–8).
Several barriers block the development of more effective anti-
tumor immunity in subjects with cancer. First, many human
tumors express few MHC molecules or have poor processing
of their potential tumor antigens. Even when TAA/TSA are
processed and presented, most tumors lack the co-stimulatory
molecules necessary to implement a long lived and effective
immune response. In addition to these passive defenses against
immunity, many tumors can “edit” the immune system to
their advantage, secreting cytokines such as TGF-β that directly
inhibit cytotoxic effector T-cell growth, function and survival, or
that favor expansion of Th2/Treg rather than effector T cells
(9, 10). Finally, intensive chemo and radiotherapies can them-
selves severely reduce immune function by destroying antigen-
presenting cells and dividing T lymphocytes. (Table 19.2)

As our understanding of the molecular basis of tumor
immune escape has increased, it has been possible to derive
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Table 19.2
Causes of immunocompromise in cancer patients

Immunosuppression induced by tumor References

Antigen-specific CD4+/CD8+ T cell tolerance (97–100)

Defective proximal TCR signaling (decreased expressions of CD3δ chain,
p56lck, p59fyn tyrosine kinases)

(101–103)

Impairment of antigen processing machinery (TAP, LMP2, LMP7) or
antigen-presenting ability of APCs ( downregulation of MHC molecules
and co-stimulatory molecules)

(104, 105)

Activation of negative costimulatory signals (CTLA-4, PD-1, B7-H4, BTLA) (106–109)
Tumor-derived immunosuppressive cytokines (TGF-β, IL-10, VEGF, PGE2) (110–114)

Expression of immunomodulatory or proapoptotic molecules by tumor
(tryptophan-depleting enzyme IDO, galectin-1, FasL, TRAIL )

(115–120)

Recruitment and expansion of immunosuppressive cell populations
(regulatory T cells, MDSCs, IDO+DCs, myeloid/plasmocytoid DCs)

(121–131)

Immunosuppression induced by therapy
Neutropenia, depletion and functional impairment of monocytes (132–135)

Hypogammaglobulinemia (decreased levels of IgA and IgM) (133)
Defective T-cell-mediated immune response (136–138)

countermeasures that may allow us to induce more potent anti-
tumor immune responses, and that will soon allow us to extend
effective anti-tumor immune responses to a broad range of com-
mon tumors.

2. Types
of Cellular
Immunotherapy

Cellular immunotherapy may be active, using cell-based vaccines
derived from tumor cells themselves or antigen-presenting cells
expressing TAA/TSA from proteins or peptides, or passive, by
direct adoptive transfer of viable effector T cells. The former
approach relies on the intact afferent and efferent immune sys-
tem of the host responding to the stimulus with an effective
anti-tumor response, while the latter is the cellular equivalent of
antibody serotherapy, in which the transferred effector cells are
expected to attack the tumor cells directly, albeit with a phase of
in vivo expansion.

2.1. Vaccines Identification of antigens that are tumor-specific (molecules that
are unique to cancer cells) or tumor-associated (molecules that
are expressed at different levels by cancer cells and normal cells)
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Table 19.3
Methods used to prepare cancer vaccines against TAA/TSA

Vaccination strategy Method of production References

Peptide/protein
subunit vaccines

Manufacturing peptides from class I/II MHC
epitopes of tumor target antigens or protein sub-
unit containing multiple epitopes

(139–142)

DNA vaccines Cloning genes encoding tumor target antigens in
to a plasmid and delivering it to host by different
methods (injection, electroporation, gene gun)

(143–145)

Whole-cell vaccines Irradiated unmodified autologous tumor cells
Autologous/Allogeneic tumor cells engineered
to express costimulatory molecules, cytokines,
chemokines

(146–153)

Dendritic cell vaccines Derivation of immature DCs from CD34+hemato
poeitic stem cells or peripheral blood monocytes

(154–165)

Loading them with tumor antigens (peptides/whole
protein, DNA, mRNA), whole necrotic or apop-
totic tumor cells, tumor cell lysates, or transducing
with viral vectors or fusing with tumor cells

Ex vivo maturation with cytokine cocktails (+) TLR
agonists

has supported the development of cancer vaccines (Table 19.3).
Unlike conventional vaccines for infectious agents, however, these
anti-cancer vaccines are expected to function in a host who already
has disease. Devising such “therapeutic” vaccines has proved a sig-
nificant challenge, even in patients with apparently minimal resid-
ual disease, in whom they are intended to prevent relapse rather
than induce the host to eradicate bulky tumor.

The sine qua non of an effective tumor vaccine is the estab-
lishment of a persistent effector cell immune response in vivo,
which requires tumor antigens to be appropriately presented by
an appropriate professional antigen-presenting cell (APC) To this
end, either the APC or the tumor cell itself may need to be genet-
ically modified if a successful immune response is to be mounted
and sustained (Table 19.3). Hence, optimal design requires
knowledge of the both the target antigens and the immune eva-
sion mechanisms used by that particular cancer, so that maximum
stimulus is given in the presence of countermeasures to blocking
strategies used by the tumor cells. It should be noted that identi-
fication of specific cytotoxic T-cell epitopes within a TSA/TAA
has helped in the design of subunit or peptide antigens, but
it is always important to ensure that the (malignant) tumor
cells themselves process and present the same target epitopes
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as the (normal) antigen-presenting cell, otherwise any immune
response generated will be incapable of recognizing the intended
target.

2.1.1. Peptide/Protein
Subunit Vaccines

Tumor-selective peptides are usually administered with adjuvants
that stimulate monocytes and macrophages through their toll-
like receptors (TLRs) to generate the danger signals needed for
activation and maturation of professional antigen-presenting cells
(APC) such as myeloid dendritic cells (mDC), a necessary precon-
dition for recruiting tumor-specific effector cells (Table 19.3).
Peptides were initially designed to be presented on APC in asso-
ciation with class I MHC antigens and thereby recruit CD8+

cytotoxic T cells. Subsequently, it became apparent that cellu-
lar immune responses that were optimal in magnitude and dura-
tion also required immune responses mediated by CD4+ T helper
cells. Such cells recognize larger peptides, associated with Class II
MHC antigens, leading many investigators to use peptide pools
containing both short (e.g., 9-mer) and long (e.g., 20-mer) pep-
tides, or to switch to protein subunit vaccines that contained both
CD8 and CD4 epitopes. The latter approach also has the advan-
tage that a single protein can be used for a multiplicity of HLA
types, whereas individual peptides (particularly those associating
with MHC Class I antigens) are usually restricted to association
with just one or two specific HLA polymorphisms. Overall, single
peptide vaccination has fallen from favor, not only because of the
limited nature of the cellular immune responses induced, but also
because even when clinical responses occur, they are often short-
lived, and terminated by the selection of epitope loss variants of
the tumor that can grow unscathed.

2.1.2. DNA Vaccines In this vaccination method, genes encoding specific tumor anti-
gens are cloned and vaccines composed of this DNA are adminis-
tered by injection or electroporation directly into skin or muscle
(Table 19.3). Immune responses to DNA vaccines may result
directly from expression of antigen by transduced cells such as
muscle or skin fibroblasts, or by cross-presentation of the proteins
by professional APCs. DNA vaccines can induce both humoral
and cellular immune responses and they are stable and inex-
pensive. Their efficacy can be improved by simultaneous use of
cytokines and synthetic oligodeoxynucleotides containing CpG
or other motifs that stimulate TLRs (11–13). Indeed many stud-
ies use a prime-boost approach in which patients first receive
priming with a recombinant viral construct, followed by boosting
with peptide immunization to ensure that the dominant immune
response is directed to the TAA/TSA rather than to the viral anti-
gens (14, 15). This approach has had variable success in humans
(Table 19.3).
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2.1.3. Whole-Cell
Vaccines

Instead of immunizing with TSA/TAA themselves (as proteins,
peptides, or DNA/RNA), the tumor cell itself may be used as the
immunogen. This strategy has the potential to be the most phys-
iological means of eliciting a robust immune response because
of the presentation of all possible tumor antigens to the host
immune system. To enhance the limited inherent immunogenic-
ity of the tumor cells, they are genetically modified either in vivo
or ex vivo using viral or non-viral delivery methods. The trans-
ferred genes are intended to increase the immunogenicity of the
tumors by attracting and activating professional APCs (e.g., GM-
CSF), recruiting T cells to the tumor injection site (e.g., lym-
photactin), or by activating and expanding antigen-specific T cells
(e.g., CD40L or IL2), and may be used alone or in combination
(Table 19.4). The tumor cells themselves may be autologous
or allogeneic. Each source has reciprocal advantages and disad-
vantages. Autologous tumor cells present the specific TAA/TSA
expressed by the patients’ own tumor in the context of the correct
HLA antigens (if expressed), but the disadvantage of being harder
to obtain and standardize. Allogeneic tumor cells lines are read-
ily obtained and standardized, but may lack crucial antigens, and
likely require cross presentation by potentially defective host APC
to generate an immune response. Both approaches have been used
clinically, and tumor responses reported, including complete sus-
tained remissions (Table 19.3).

Table 19.4
Methods for enhancing the immunogenicity of tumor cells

Aim Method References

Enhancement of cross-priming of T
cells via recruitment and activa-
tion of APCs

Genetic modification of tumor cells or
bystander cells expressing GM-CSF,
CD40L, IL-4

Viral infection and apoptosis of tumor cells
(HSVtk, Newcastle disease virus)

(166–172)

Attraction of T cells Genetic modification of tumor cells
expressing chemokines

(173, 174)

Enhancement of direct-priming
T cells by improving antigen-
presenting ability of tumor cells

Genetic modification of tumor cells
expressing costimulatory molecules
(CD80, CD86, CD40), major histo-
compatibility complex/peptide

(146, 148,
151, 152)

T-cell activation and expansion Genetic modification of tumor cells or
bystander cells expressing cytokines (IL-
2, IL-7, IL-12, IFN-γ)

(175–179)

2.1.4. Dendritic Cell
Vaccines

Many of the immune evasion strategies used by human tumor
cells target the processing and presentation of antigen by pro-
fessional antigen-presenting cells (Table 19.2). In these tumors,
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conventional peptide protein or DNA vaccines will be ineffec-
tive since the afferent components of antigen uptake, process-
ing and presentation will remain impaired. To overcome these
deficits, investigators have used immunization with professional
APCs generated ex vivo and pulsed with tumor antigens. Den-
dritic cells (DCs) are the most potent APCs and can be prepared
from myeloid or monocytoid precursor cells in peripheral blood
or bone marrow. To enhance DC maturation and activation, a
multiplicity of “cocktails” have been described, usually consist-
ing of cytokines such as IL4, GM-CSF and TNF-α, IL-6, IL-
1ß, with or without prostaglandin E2 (Table 19.5). With the aid
of these agents, myeloid/monocytoid DC become better able to
take up and present tumor antigens and to increase their expres-
sion of co-stimulatory molecules such as CD80, CD86, CD40,
and CD54. Moreover, they are then able to polarize the result-
ing immune response toward a T effector phenotype, rather than
to an undesired Treg or tolerogenic outcome. Most studies have
pulsed treated DC with peptides, tumor cell lysates, or tumor cell
RNA, or transduced them with viral vectors encoding TSA/TAA
(16–20). More recently, hybrids between dendritic cells and
tumor cells have been made, combining the antigens of the tumor
cells with the antigen-presenting capacity of the DC (21). Recent
positive results in a large randomized trial of an APC vaccine for
the patients with advanced prostate cancer and subsequent licens-
ing approval by the FDA have rekindled interest in this approach
(22, 23).

Table 19.5
Protocols used for DC maturation and activation

Protocol References

Cytokines (TNF-α alone; TNF-α+IL-1β+IL-6+PGE2) (180–183)

CD40 Ligand ( + IFN-γ) (184, 185)
Cytokines + Toll-like receptor agonists ( IFN-γ+ +LPS, TNF-α+IL-1β+PolyI:

C+ IFN-γ +IFN-α)
(186, 187)

In situ maturation (188, 189)

2.1.5. Optimum Clinical
Methods for Cancer
Vaccination

Most early phase I clinical trials of cancer vaccines have been in
subjects with extensive tumor burden, who have been heavily
pre-treated with standard chemotherapy protocols prior to vac-
cination. As described in Table 19.2, this is a challenging set-
ting, since the immune evasion activities of the tumor will be
high and the responsiveness of the immune system low. Even
in subjects with minimal residual disease, it may be necessary to
deplete or functionally inactivate the regulatory T cells that fre-
quently surround human tumors (Table 19.2). Many methods of
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Treg depletion have been tried, ranging from CD25 monoclonal
antibodies to ablative chemotherapy and stem cell transplanta-
tion, but as yet we have no good Treg depletion methodology.
Other issues that must be assessed in the design of cancer vaccine
protocols include vaccine schedule and dose and route of injec-
tion. Decisions on which design is optimal may have to depend
on questionable surrogate markers, such as levels of the anti-
tumor immune response measured in vitro, rather than on a direct
knowledge of comparative clinical responses.

2.2. Adoptive Cell
Therapy with
Lymphocytes

In principle, lymphocytes have the ability to traffic through mul-
tiple tissue planes and to be self-renewing. These assets, cou-
pled with their ability to destroy tumor or viral infected target
cells through a range of mechanisms makes them an appealing
resource for adoptive transfer, and a multiplicity of clinical studies
using this approach have now been described. Adoptive lympho-
cyte therapies may use allogeneic or autologous cells, which range
from tightly defined specificity (e.g., T-cell clones) to broad phe-
notype and activity (e.g., tumor-infiltrating lymphocytes). As we
have learned more about the molecular basis of immune recogni-
tion and immune regulation, it has become possible to genetically
modify the infused lymphocytes to alter their specificity or behav-
ior. In this section we describe examples of each type of adop-
tive transfer and discuss the relative merits and limitations of each
(Table 19.6).

2.2.1. Adoptive Transfer
of Cells with
Incompletely Defined
Specificity

2.2.1.1. Natural Killer
Cell Therapy

Natural killer (NK) cells are bone-marrow derived lymphocytes
that do not express mature B- or T-lymphocyte markers (Ig or
CD3). As a component of the innate immune system, they can
recognize and destroy virally infected cells and a range of tumor
cells in a HLA-unrestricted manner. NK cells also serve to connect
the innate and adaptive immune responses via bidirectional inter-
actions with DCs (24). They induce DC maturation and help to
polarize T-cell responses toward the Th1 phenotype by producing
high levels of IFN-γ (25, 26), thus supporting the development
of an effective adaptive anti-tumor immune response. NK cells
are activated by exposure to the cytokines IL-2, IL-12, IL-15, or
IFN-γ and thus increase their cytotoxic activity (27). In the first
clinical studies, autologous NK cells were activated and expanded
in vitro with IL-2 (lymphokine-activated killer cells, LAK cells)
and used in combination with high doses of IL-2 to treat patients
with metastatic melanoma and renal carcinoma (28). Compari-
son of LAK cell therapy and IL-2 with IL-2 alone showed no
significant difference in response rates (29), discouraging further
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Table 19.6
Current adoptive cell therapy strategies and their challenges

Strategy Method of production Challenges

DLI Harvesting unsensitized peripheral
blood leucocytes from leuco-
pheresis product of stem cell
donor

GVHD, pancytopenia, infection

LAK Activation and expansion of autolo-
gous NK cells with IL-2 in vitro

Limited clinical efficacy

Allogeneic NK infusion Harvesting and purification of
haploidentical NK cells from
donor leucopheresis product via
immunomagentic CD3 deple-
tion and ex vivo activation with
cytokines (IL-2, IL-15)

Contamination with alloreactive
T cells Heterogenecity of indi-
vidual NK cell repertoire limit-
ing the number of alloreactive
NK cells in product

TIL Isolation of tumor-reactive T cells
from tumor tissue or tumor-
infiltrated lymph nodes and ex
vivo expansion with cytokines

Limited clinical efficacy due to
overgrowing non-specific T
cells and tumor-induced T-cell
anergy

Antigen-specific CTL In vitro reactivation and expan-
sion of polyclonal virus- or TAA-
specific cytotoxic T lymphocytes
by repeatedly stimulating with
APCs and cytokines

Complexity and length of pro-
cess

Insufficient in vivo expansion and
survival of CTLs except latent
virus-specific CTLs

Inhibition of CTL function by
tumor-induced immune eva-
sion mechanisms

T cell escapes mutants of virus or
tumor

TCR gene transfer Genetic modification of CTLs
through insertion of class I HLA-
restricted TCR genes cloned from
tumor-reactive T cells

Hybrid TCRs

HLA-restricted antigen recogni-
tion and T-cell activation

T cell escapes mutants of tumor

CARs Genetic modification of CTLs
through insertion of chimeric
TCRs engineered by infusing
antigen-reconizing scFv of TAA-
specific mAb with signaling
domain of CD3 δ chain

Anti-CAR antibody response

Inability to proliferate and sur-
vive in vivo due to costimula-
tory signaling defect.

study of the approach. More recently, a better understanding of
the molecular targets of NK cells have increased interest in using
allogeneic NK cells, for example, after HLA mismatched stem cell
transplant, to eradicate residual (recipient derived) malignancy
(30). This “antigen specific” application of NK cells is described
in Section 2.2.2.1.
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2.2.1.2. Donor
Lymphocyte Infusion

It has long been apparent that the curative effects of allogeneic
stem cell transplants for many hematological malignancies can be
attributed to a graft-versus-leukemia effect from the incoming T
cells within the donor graft. Thus, patients with chronic graft ver-
sus host disease were well recognized as having a lower prob-
ability of relapse than individuals without this unpleasant com-
plication. Similarly, recipients of syngeneic grafts have the low-
est rate of GvHD and the highest risk of relapse (31, 32). In
1990, Kolb and colleagues took advantage of this observation
and deliberately infused donor lymphocytes in an attempt to elim-
inate recurrent disease in patients with chronic myeloid leukemia
(CML) (33). Their positive results have been confirmed in multi-
ple studies worldwide, and remission can be induced in more than
50% of CML patients who relapse after transplantation by stop-
ping immunosuppressive treatment or infusing donor lympho-
cytes (34). Unfortunately, DLI are much less effective at treat-
ing other types of relapsed leukemias after transplantation, with
a 29% remission rate for AML and only 5% for ALL (35). It is
not clear why these differences occur, since all these leukemias
present the minor histocompatibility antigens that are likely the
targets of this graft versus leukemia effect, although they have yet
to be fully defined. DLI therapy may also produce severe adverse
effects, since the frequency of broadly alloreactive effector cells is
usually much higher than the frequency of lymphocytes targeted
exclusively to the relapsed malignancy. As a consequence, patients
receiving DLI often develop GvHD, which may be manifest by
skin, gut, or liver damage, or by pancytopenia if there is signifi-
cant residual host hemopoietic chimerism (36). Strategies aimed
at retaining the benefits of GvL while preventing GvHD have
included the depletion of alloreactive T cells in the donor lym-
phocyte product (37, 38) and the incorporation of suicide genes
into the infused CTLs so that they may be killed if the GvHD
activity exceeds the benefits from GvL. Examples of suicide genes
include the prodrug metabolizing enzyme HSV-TK (addition of
ganciclovir killing the cells) which is now in Phase III clinical trial,
and more recently an inducible caspase 9, which can be activated
by a small molecule, chemical inducer of dimerization and kill
cells expressing the transgenic caspase (39–43). Ultimately, how-
ever, investigators may wish to identify leukemia-restricted target
antigens on the malignant cells and infuse antigen-specific T cells
directed to them.

2.2.2. Antigen-Specific
Therapies

2.2.2.1. NK-Cell Therapy
after KIR-HLA
Mismatched
Haploidentical SCT

Induction of NK-cell-induced cytolysis depends on the balance
between activating and inhibitory signals coming from their spe-
cific ligands on target cells. For T-cell-mediated cytotoxicity,
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activation occurs when the T-cell receptor (TCR) engages an anti-
genic epitope presented by a Class I or Class II MHC antigen. In
contrast, the presence of MHC class I molecules on target cells
actually inhibits NK-cell activation (Missing self hypothesis) (44).
Hence, downregulation or absence of MHC molecules that bind
inhibitory receptors such as killer immunoglobulin-like receptors
(KIRs) or CD94/NKG2A on NK cells, leads to lysis of tumor
cells by NK cells. Similarly, signals provided by interaction of
stress-induced ligands on tumor cells with activating receptors
such as NKG2A or FcγRIII expressed on NK cells contributes
to the recognition and elimination of tumor cells by NK cells
(45, 46).

Identification of the molecular basis for NK target-cell recog-
nition has allowed study of the ability of NK-mediated cytotox-
icity to eradicate malignancy after MHC mismatched allogeneic
stem cell transplantation. Ruggeri and colleagues found that a
KIR-HLA mismatch was associated with reduced frequency of
GVHD, a lower relapse rate and improved overall outcome in
patients with AML who received a haploidentical stem cell trans-
plant (30). Since that first admirably clear demonstration, confu-
sion has reigned, with conflicting results obtained by a multiplicity
of groups. Clearly, our understanding of activating and suppres-
sive ligands for NK-cell receptors and the ways in which these
interact is far from complete. Until this information is available,
accurate prediction of outcome will remain difficult (47–49).
Additional methodological obstacles also need to be resolved to
optimize the clinical use of allogeneic NK-cell preparations, and
these include the development of isolation techniques for remov-
ing NK cells from leukapheresis product without contamination
with alloreactive T cells and a standardization of the absolute
numbers and functional status of NK cells to achieve compara-
bility within and between studies (50).

2.2.2.2. Adoptive
Immunotherapy with
Virus-Specific Cytotoxic
T Lymphocytes

Viral infections are one of the commonest causes of morbidity
and mortality after stem cell transplant, and are more prevalent as
the degree of antigen mismatching between donor and recipient
is increased. Cord blood transplantation in particular is associated
with often intractable virus infections and is becoming recognized
as a major limitation of the approach. The commonest prob-
lematic viral infections after stem cell transplantation are reacti-
vated herpes viruses, including cytomegalovirus (CMV), which
typically causes pneumonitis and hepatitis and the gamma herpes
virus Epstein-Barr Virus (EBV), which may cause a rapidly fatal
lymphoproliferative disease (LPD). In children and recipients of
cord blood transplants, adenoviral disease is also common. Adop-
tive transfer of virus-specific T cells appears to effectively prevent
and treat these infections after transplant. Infusion of even small
numbers of specific cells (106 or less) may be sufficient for ben-
efit, since the lymphodepletion of the immediate post-transplant
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period is associated with the release of homeostatic cytokines such
as IL7 and IL15, which augment the expansion of virus-specific
T cells when they encounter their antigen.

2.2.2.2.1. Autologous
Virus-Specific T Cells

Riddell and colleagues pioneered the use of cytomegalovirus
(CMV)-specific CD8+ T-cell clones to prevent CMV reactivation
in allogeneic HSCT recipients (51). They activated and expanded
donor-derived CTLs by coculturing with CMV-infected autol-
ogous fibroblasts. Neither viremia nor disease activation were
detected in any of the treated patients. However, CMV-specific
CTL clones did not persist. Subsequent studies showed that pres-
ence of endogenous CD4+ T cells are necessary for the mainte-
nance of anti-viral activity in vivo (52–54).

We reported the use of donor-derived polyclonal but EBV-
specific CTL lines to treat and prevent EBV-associated lympho-
proliferative disease (LPD) after allogeneic HSCT (55–57). Since
1993, over 110 stem cell recipients have received donor-derived
EBV-specific CTL lines. None of the patients in our prophylaxis
group developed PTLD, in contrast to an incidence of 11.5%
in 44 patients in the control group. Elevated EBV-DNA levels
declined within 1–3 weeks of first T-cell infusion and EBV-specific
CTLs have also been found effective in 10 of 12 patients with
bulky EBV lymphoma (58). Other groups have confirmed that
adoptive immunotherapy with EBV-specific CTLs effectively pre-
vents and treats EBV-LPD after hemopoietic stem cell or solid
organ transplantation (59–62).

Improvements in methodology to simplify and accelerate
manufacture of these viral-specific CTLs have followed. We
have developed a culture method to generate, in a single cul-
ture, CTL lines that have anti-viral activity for EBV, CMV, and
Adv, and mini-bioreactors in which to prepare these cells in a
closed system. We can now use plasmid mediated transduction
of antigen-presenting cells to force expression of CMV, Adv and
EBV-associated antigens without the need to manufacture EBV-
transformed lymphoblastoid cell lines. In combination, these
techniques allow us to make sufficient CTLs for patient treatment
in <10 days instead of >10 weeks. Other groups have developed
even faster techniques, in which T cells activated by viral anti-
gens are selected by columns specific for activation markers such
as CD25 or gamma-interferon. Early results with this approach
are promising but it may be of limited value when the frequency
of antigen responding cells is low, for example, for adenoviruses
generally, or for all viruses in cord blood samples.

2.2.2.2.2. Allogeneic
Virus-Specific T Cells

Ideally, virus-specific CTLs should be immediately available from
a cryopreserved line. The cost of doing this for each patient at
risk is prohibitive, but Crawford and colleagues generated a bank
of polyclonal EBV-CTL lines expressing common HLA antigens
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and gave the best matched cells to subjects who developed EBV
lymphoproliferation after solid organ transplantation (63). More
recently they reported results of a phase-II multicenter trial in
which they treated 33 patients with EBV-LPD with an overall
response rate of 64% at 5 weeks and 52% at 6 months (64). These
impressive results have led us to develop a similar multicenter
study to evaluate whether our trivirus-specific CTL lines may have
similar activity against EBV,CMV and adenovirus in partially HLA
matched allogeneic patients.

2.2.3. Adoptive
Immunotherapy for
Treatment of Tumors

2.2.3.1. Virus-Related
Malignancy

The encouraging results of adoptive immunotherapy with EBV-
specific CTLs in the immunocompromised host led us to extend
this strategy to EBV-associated tumors (lymphoma and nasopha-
ryngeal cancer) that develop in the immunocompetent subject.
Unlike EBV-LPD, which expresses the highly immunogenic viral
latency antigens EBNA1, EBNA2, and EBNA3, these other EBV
tumors express a limited number of poorly processed (EBNA1)
or weakly stimulatory (LMP1 and LMP2) EBV derived antigens.
We have therefore used CTLs specific for these EBV antigens,
beginning with the cells directed to LMP2. The CTLs were gen-
erated from patients with Hodgkin’s disease by using mDC that
are engineered to overexpress LMP2. The infusion of polyclonal
LMP2-specific T cells containing both CD4+ and CD8+ T cells
increases LMP2-specific T-cell responses, and lead to complete
tumor regression in 8 of 12 patients with EBV+ lymphoma (65).

Similar results have been obtained in EBV+ Nasopharyngeal
carcinoma (NPC), a tumor which originates from the epithe-
lial cells of the nasopharynx (66). Like EBV+ lymphomas, NPCs
express the same restricted set of weakly immunogenic viral anti-
gens including EBNA1, LMP1, and LMP2. Treatment of EBV-
positive NPC with polyclonal EBV-specific CTLs has produced
complete clinical responses in patients with limited tumor bur-
den (67, 68). One of the main limitations of treatment of NPC
with EBV-specific CTL is the failure of in vivo expansion of
adoptively transferred cells. To overcome this deficiency, we con-
ducted another clinical study in which patients with recurrent
NPC received a lymphodepleting anti-CD45 monoclonal anti-
body before EBV-specific CTL infusion. Such lymphodepletion
increased the expansion of adoptively transferred EBV-specific
CTL, but unfortunately with little discernible improvement to
the anti-tumor activity (69).

2.2.3.2. Cytotoxic T Cells
to Non-viral Antigens

Many different types of tumor-associated or tumor-specific anti-
gens have been described and are reviewed in (6, 70). Among
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the most widely studied are the tumor testes antigens, which are
expressed by a range of tumors, including melanoma. For exam-
ple, CTL clones specific for MART (melanoma Ag recognized
by T cells) have been successfully used to treat patients with
metastatic melanoma (71). Although infused CTLs localized to
tumor sites and induce clinical responses, tumor antigen-loss vari-
ants were observed in three patients who subsequently relapsed,
highlighting the risk of escape mutants when targeting a single
epitope by a clone of CTLs.

3. Genetic
Modification
of T Cells

There is considerable interest in genetically modifying T cells so
that they may be used for cancer therapy. Most tumor-associated
antigens are self-proteins to which the immune system has limited
responsiveness, due to the development of tolerance by clonal
deletion or anergy (72). Hence, tumor antigen-specific T cells
isolated from patients with cancer may have low affinity TCRs,
limiting their cytotoxic activity against tumor cells (73). Inves-
tigators have overcome this limitation by expressing transgenic
T-cell receptor α and β chains of high affinity, or by express-
ing a synthetic chimeric antigen receptor (CAR), which has the
binding domains of, for example, a monoclonal antibody, and the
endodomains of the T-cell receptor to ensure signaling and T-cell
activation once the CAR has been engaged. Interest in genetic
modification of T cells has also arisen as a means of incorporating
countermeasures to the multiplicity of immune evasion strategies
used by potentially immunogenic tumor cells.

3.1. Artificial αβ

T-Cell Receptors
The cDNAs for the α and β chains of the TCR are cloned from
class I HLA-restricted TCRs of tumor-reactive cytotoxic T cells
and transferred to fresh T cells by an integrating vector, poten-
tially giving the recipient cells the same antigen specificity as the
donor T cells (74). This approach allows rapid production of large
numbers of tumor antigen-specific T cells. Preclinical studies have
shown that infusion of αβ TCR transgenic T cells can eradicate
tumors in vivo (75, 76). Recently, Morgan and colleagues treated
melanoma patients with T cells genetically modified with MART-
1 specific TCRs and reported regression of metastatic lesions in
two patients together with prolonged persistence of CTLs (77).
The same procedure has also been applied to generate T cells spe-
cific for the minor histocompatibility antigens HA-1- or HA-2-
to treat leukemic relapse after HLA-mismatched HSCT (78, 79)
and to common oncoproteins such as MDM2 and WT-1 (76,
80). To date, however, success has been less than desired, and a
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major constraint is the development of hybrid TCR which con-
tain a mixture of donor and recipient T-cell receptors. These are
usually functionless, but may produce autoreactivity.

3.2. Chimeric Antigen
Receptors (CARs)

Chimeric TCRs are usually generated by joining the light and
heavy chain variable regions of a monoclonal antibody expressed
as a single-chain Fv (scFv) molecule to the transmembrane and
cytoplasmic signaling domains derived from CD3 δ chain or Fc
receptor γ chain through a flexible spacer (81, 82). Thus they
combine the antigen specificity of an antibody and the cyto-
toxic properties of a T cell in a single fusion molecule. Since
CARs bind to target antigens in an HLA-unrestricted manner,
they are resistant to many of the tumor immune evasion mecha-
nisms, such as downregulation of HLA class I molecules or fail-
ure to process or present proteins, used by tumor cells to escape
immune attack. First-generation CARs, incorporated the cyto-
plasmic region (endodomains) from the CD3 δ or the Fc recep-
tor γ chains as their signaling domain. But although these recep-
tors successfully redirected T-cell cytotoxicity, they failed to stim-
ulate T-cell proliferation and survival in vivo, likely because of
the lack of appropriate costimulatory signals to T cells following
engagement of the CAR. Hence the efficacy of these first gen-
eration CAR-T cells has been modest in phase I clinical trials in
patients with lymphoma, ovarian or renal cancer (83–85). Second
generation CARs were constructed by incorporating signaling
domains from costimulatory molecules such as CD28, OX40, and
4-1BB within the endodomain, and improved antigen-specific T-
cell activation and expansion (86, 87). An alternative approach is
to express CARs in antigen-specific T cells, which will then also
be activated and expanded through engagement of their native
αβ TCR by antigen on professional antigen-presenting cells, with
attendant co-stimulation. We have shown that EBV-specific CTLs
engineered with a CAR specific for the disialoganglioside antigen
GD2a on neuroblastoma cells had better in vivo persistence com-
pared with unselected T cells engineered with the identical CAR,
and could be associated with tumor responses including complete
remission (88).

3.3. Engineering
T cells to Overcome
Immune Evasion
Strategies

One of the main challenges to effective adoptive T-cell therapy is
the lack of in vivo expansion and maintenance of ex vivo manip-
ulated, adoptively transferred T cells because of various tumor-
induced immune evasion mechanisms. Gene transfer technolo-
gies allow us to modify T cells and restore their functionality in
a hostile environment. For example, many tumor cells or their
associated stroma produce TGF-β, which favors the development
of immune tolerance and T-cell anergy (89), inducing T effec-
tor cell growth arrest with induction of Tregs. Zhang and col-
leagues demonstrated that dnTGF-β RII transfection improved
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the persistence of T cells and that infusion of modified cells elim-
inated tumor in a mouse prostate cancer model (90). Subse-
quently, our group showed that antigen-specific T cells express-
ing dnTGF-β RII were resistant to the anti-proliferative effects of
TGF-β and retained their effector function in vivo (91). T cells
may also be modified to express cytokine or cytokine receptor
genes that mimic the milieu found during lymphoid regeneration
and restoration of homeostasis, such as IL-2, IL-7, or IL-15 (92–
94). As yet we do not know how safe or effective these transgenic
cytokines and their receptors will be (95, 96).

4. Future
Applications and
Implementation
of Cell Therapies
for Cancer

With the recent approval of the first cell therapeutic for can-
cer (Dendreon), and the publication of increasing numbers of
reports of complete tumor responses after cellular immunother-
apy, there is increasing hope that this methodology will finally
take its place among other more conventional cancer therapeu-
tics. Much remains to be done to ensure the effectiveness and
safety of these cell therapies and to develop economic models to
support their development to licensure, but we are confident that
well within the next decade this approach will cease being almost
entirely experimental and will be considered a significant compo-
nent of standard cancer therapy.
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