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Summary 

Cancer immunotherapy is a treatment that utilizes the human immune system to reject cancer. It 
is an emerging alternative treatment aiming to reduce the side-effects of current therapies and 
improve the quality of life of cancer patients. The immune cells can be genetically modified to 
target tumor cells. To achieve this goal, a stable transgene delivery system (viral or non-viral 
system) needs to be developed for immune cell types. In my project, both viral and non-viral 
delivery systems have been investigated: an adenovirus vector based on serotype 5 (Ad5), Ad5 
modified with a cell-penetrating peptide (PTD), Ad5 with a fiber from serotype 35, or Ad5 
carrying both modifications; a lentivirus vector; the Amaxa Nucleotransfection system and the 
Neon transfection system. The green fluorescence protein (GFP) was used as a reporter gene to 
easily compare survival rate and transduction efficiency of T cells, monocytes and 
macrophages, using flow cytometry. The Amaxa Nucleotransfection system is the most 
efficient in modifying T cells (especially non-activated T cells) among all the methods due to 
high transfection rates, quick transgene expression and high cell viability. An adenovirus vector 
with double modification (Ad5f35PTD) is an ideal tool for modifying monocytes and 
macrophages, while lentivirus is an effective tool for achievement of long-lasting transgene 
expression.  
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Abbreviations 

Ad  Adenovirus 

Ad5 Adenovirus serotype 5 

APC Antigen-presenting cells 

CAR Chimeric antigen receptor 

CD Cluster of differentiation 

CTL Cytotoxic T lymphocytes (CD8+ T cells) 

DC Dendritic cell 

dsDNA Double-stranded deoxyribonucleic acid 

EVG Encapsidated viral genome 

FACS Fluorescence activated cell sorting 

GFP Green fluorescence protein 

IFN Interferon 

IL  Interleukin 

IU  International (enzyme) units 

MHC Major histocompatibility complex 

NK cell Natural killer cell 

PBL Peripheral blood lymphocytes 

PBMC Peripheral blood mononuclear cells 

PBS  Phosphate buffered saline 

PTD Penetrating peptide 

PSCA Prostate stem cell antigen 

RT  Room temperature 

ScFv Single-chain variable fragment 

Th cell helper T lymphocytes (CD4+ T cells) 
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1. Introduction  

1.1 Basic Immunology  

The human immune system is a very complex system that protects the human body against 
infections and eliminates molecules causing tissue damage and disease. The early immune 
response is mediated by innate immunity, followed by the adaptive immune response. The 
innate immunity includes physical and chemical barriers produced at epithelial surfaces, 
phagocytic cells (neutrophils, macrophages, natural killer cells (NK cell)) and blood proteins 
(complement system and cytokines). The adaptive immunity develops both specificity and 
memory against a foreign pathogen. It is often divided into humoral immunity and cell- 
mediated immunity.  
 
Humoral immunity is mediated by antibodies produced by B lymphocytes (B cells), which act 
against extracellular microbes and their toxins. Cell-mediated immunity is mediated by CD8+ 
cytotoxic T lymphocytes (CTLs) and CD4+ helper T lymphocytes (Th), which act against 
intracellular microbes (1). In this process, the T cells are activated upon antigen recognition on 
T-cell receptor (TCR). Since T cells recognize peptides, they demand the assistance of other 
cells, called antigen presenting cells (APCs) to capture the antigens, and present as peptide. 
There are two main types of APCs: dendritic cells (DCs) and macrophages. Some DCs and 
macrophages are derived from monocytes, which originate from the bone marrow. Once 
monocytes migrate to tissues, they further differentiate into DCs and macrophages. Upon 
antigen presentation (Figure 1), antigens that are processed and presented by major 
histocompatibility complex class I (MHC I) as peptides on APCs will be recognized by TCRs 
on CTLs with high specificity. Antigens presented by class II MHC on APCs will be 
recognized by Th cells, which then will secrete cytokines, leading to maturation and 
proliferation of CTLs and generation of memory and regulatory T cells.  
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Figure 1: Antigen presentation of APCs to CD4+ (Th) and CD8+ T cells (CTL) (adapted from ref.1). Antigen 
is recognized and presented by antigen presenting cells (APCs) as a peptide, which will then be presented on class 
II (recognized by CD4+ cells) or class I MHC complex (recognized by CD8+ cells) on APC cell-surface. 

 
1.2 Immunotherapy against cancer  

Immunotherapy is a treatment that utilizes the patients’ own immune system to reject disease. 
In this process, the immune responses can be induced, enhanced or suppressed (2). It was first 
reported in the early 1980’s when Steven Rosenberg and his colleagues administered IL-2 to 
patients with metastatic melanoma, hepatic carcinoma or non- Hodgkin’s lymphoma. They 
found that a high dose of IL-2 could cause advanced tumor regression. Later, they also isolated 
and adoptively transferred tumor infiltrating lymphocytes (TILs) in combination with IL-2 and 
obtained doubled response compared with IL-2 alone (3). The aim of cancer immunotherapy is 
to induce and enhance the endogenous immune responses to kill the tumor, and minimize the 
possible side-effects of radiation and chemotherapy in normal tissue. Cell-based 
immunotherapy using lymphocytes, macrophages, DCs, NK cells or mesenchymal stem cells 
(MSCs) combined with different cytokines is emerging as a promising therapy for cancer.  
 
1.2.1 Adoptive T cell transfer 

Adoptive transfer of in vitro activated T cells including peripheral CTLs and tumor infiltrating 
lymphocytes (TILs) has been used in multiple clinical trials, and has shown promising 
therapeutic effects in patients with advanced malignant melanoma. Autologous CTLs can be 
harvested from peripheral blood and lymph nodes, while TILs can be isolated from resected 
surgical specimens. After selection (based on specificity against tumor antigens), activation and 
expansion, the cells are given back to the patient. In this way, the tumor-specific T cells are 
enriched (3- 5).  
 
1.2.2 Engineered T cell therapy 

Genetically engineered T cell therapy is another type of cancer immunotherapy. To achieve 
high expression of therapeutic genes, T cells can be genetically modified by using viruses. 
Viruses commonly used for gene therapy are adenovirus, adeno-associated virus (AAV), 
retroviruses and lentiviruses. Each vector has its own advantage and disadvantage. Choosing 
the appropriate transgene delivery system is critical for transgene expression. In our group, we 
utilize adenovirus and lentivirus as transgene delivery tools. The specificity of an engineered T 
cell can be provided either by a genetically inserted tumor-reactive TCR (6) or a chimeric 
antigen receptor (CAR), which has an antibody derived single-chain variable fragment (ScFv) 
connected with a signaling cascade (7) (Figure 2). New generations of CARs also contain 
co-stimulatory domains and other modifications (e.g. CD28 and 4-1BB) which increase 
survival and function of the T cells (8). Suicide genes and inducible markers can also be 
inserted for safety purposes and T-cell tracking, respectively (9, 10). In contrast to TCRs, CAR 
directly recognizes native cell-surface antigen on tumor cells in a MHC-independent manner. 
Therefore CAR-modified T cells may have more ability to target tumor cells, if MHC 
molecules are down-regulated in cancer cells.  
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Figure 2: Structure of αβ T cell receptor (TCR) and chimeric antigen receptor (CAR) (adapted from ref.7). 
αβTCR is the most common type of TCR in T cells, which is a heterodimer consisting of an alpha chain (Vα) and a 
beta chain (Vβ). CAR is consisted of an antibody derived single chain variable fragment (ScFv) with a heavy chain 
(VH) and a light chain (VL), a short hinge, a trans-membrane domain (TM) and a signaling domain. 
 
1.3 Biology of adenovirus 

Adenoviruses (Ads) are medium-sized (ca. 90-100 nm in diameter) and non-enveloped 
icosahedral viruses containing a double-stranded linear DNA genome with the size of 26-45kb 
(Figure 3) (11). Ads can infect a wide range of species and cause upper respiratory tract 
infections as well as a number of other types of infection. Until now, at least 52 human 
adenovirus serotypes have been identified and divided into subgroups A to G based on their 
haemagglutination properties and phylogenetics analysis (12). The adenoviral capsid consists 
of 240 homotrimeric hexons on the faces (12 hexons/ face) and 12 penton bases on the edges of 
the capsid (1 penton/vertex), together with trimerized fibers (12). The penton base is a 
pentameric protein with a loop consisting of Arg-Gly-Asp (RGD) at its end, and it is 
non-covalently associated with the N- terminal of the fiber tail. The fiber is a protruding 
structure outside of the capsid consisting of a 3 parts-tail, shaft and knob, which is important 
for cell entry. Minor capsid proteins function mainly as stabilizing proteins. Core proteins 
associated with the linear genome function differently in organizing transcription and 
chromatin networks (13,14).  
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Figure 3. A cross-section of the structure of adenovirus (adapted from ref.14). The Ad capsid consists of 
hexons, penton bases and fibers are shown. The fiber, which is used for cell entry for the virus, is connected to the 
capsid with the penton base. 

 

Most of Ads enter the host cells by two interactions. Adenovirus serotype 5 (Ad5) can be used 
as an example. First, Ad5 fiber knob binds to a primary receptor, called coxsackie adenovirus 
receptor, which play a role as a tight junction molecule. Then, the RGD motif on the penton 
base interacts with αvβ integrin molecules on the cell surface. This binding simulates 
polymerization of actins in the host cells, leading to viral endocytosis via clathrin-coated pits. 
The virus escapes from the vesicle and gets translocated to the nuclear pore with the help of 
cellular microtubules. The viral DNA is then transported into the nucleus, the transcription 
relies on the transcription machinery of the host cell and viral DNA gets expressed (11-14). 
 
1.4 Adenovirus transduction system for gene delivery  

Ad5 is the most commonly used virus in cancer gene therapy. It has many advantages: it can 
transduce both non-dividing and dividing cells; it can reach high transduction efficiency in 
multiple human cell types; and it is relatively easy to produce in high titer. To be used as a 
transgene delivery tool, the wild type virus is usually modified with E1 and E3-region deletions 
in its genome to abolish viral replication and to enlarge the transgene capacity. To further 
enlarge the transgene capacity (up to 36kb) and minimize the immunogenicity, all adenoviral 
genes, except for inverted terminal repeats (ITRs) and packaging genes, can be removed. The 
vector is then referred to as a gutless vector (15-17) (Figure 4).  

 



9 
 

 

Figure 4. Schema of adenovirus serotype 5 (Ad5) transduction. Ad5 infection begins with recognition and 
binding through coxsackie adenovirus receptor, integrins bind to the penton base and activates endocytosis. After 
the cleavage of the fibers, the viruses escape from the endosome and the rest of the virus is translocated to nucleus 
with the aid of microtubules. The viral DNA with transgenes is then expressed. 

 
1.5 Modified adenoviruses for increasing high transduction efficiency 

In this study, four Ad vectors are used, namely Ad5(GFP), Ad5PTD(GFP), Ad5f35(GFP) and 
Ad5f35PTD(GFP). The adenoviral vectors were produced using a recombineering strategy. 
Ad5PTD(GFP) is derived from Ad5(GFP) with modified hypervariable region 5 of the hexon 
(HVR5), where a cell penetrating peptide (PTD) sequence is inserted. The PTD is derived from 
HIV-1 Tat-protein (trans-activating transcriptional activator) and was first described by 
Kurachi et al. (18). Ad5f35(GFP) is based on Ad5(GFP) and modified with fiber gene from 
adenovirus serotype 35 (Ad35). Unlike Ad5, the fiber from Ad35 is reported to utilize human 
CD46 as an infection receptor, which is ubiquitously expressed on almost all human cells (19). 
We expect that the fiber 35 modification can increase the infectivity of cell types that have no or 
low expression of the coxsackie adenovirus receptor. Ad5(GFP) modified with fiber from 
Ad35 and PTD is denoted as Ad5f35PTD(GFP).  

 
1.6 Biology of lentivirus 

Lentiviruses comprise a genus of diverse viruses from the Retroviridae family, which are 
characterized by a long incubation period. Examples of lentiviruses are human 
immunodeficiency virus (HIV), simian immunodeficiency virus (SIV), feline 
immunodeficiency virus (FIV) and equine infectious anemia virus (EIAV) (20, 21). The 
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lentivirus is an enveloped, spherical virus (80-100 nm in diameter) with two copies of RNA, a 
nuclear capsid, an outer capsid, and a set of enzymes including protease, integrase and reverse 
transcriptase. The main feature of lentivirus is that it integrates its genes into the host genome, 
so that the gene expression is sustained after cell division. After cell entry through the host cell 
receptor, the viral RNA is reversely transcribed and synthesized to double-stranded DNA 
(dsDNA). A pre-integration complex is formed and interacts with the nuclear import machinery. 
Then, the viral genes are imported into the nucleus and integrated into the host genome (20). 
After transcription and translation, new viruses are assembled. The crucial genes coding for 
viral proteins lined in order of 5’-gag-pol-env-3’, are the following; the gag gene which is 
coding for outer and nuclear capsid proteins and matrix proteins; pol is coding for reverse 
transcriptase and integrase, which is essential for reverse transcription and integration of the 
provirus; env coding for the envelope, and rev coding for protein that helps the mRNA nuclear 
export and translation (Figure 5) (21). The flanking region of integrated proviruses includes 
packaging signal (ψ) and long terminal repeats (LTR), where the essential regulatory elements 
for transcription initiation and polyadenylation are located (22, 23).  

 

Figure 5. The genome structure of lentivirus (adapted from ref.23). The crucial genes (gag, pol, env and rev) 
and the packaging signal (ψ) flanked by the long terminal repeats (LTR) are shown. 

 
1.7 Lentiviral transduction system for gene delivery 

Gene therapy vectors derived from lentiviruses also offer many advantages due to their great 
ability to infect both replicating and non-replicating cells, including stem cells and neurons. 
More importantly, the feature of genomic integration provides long-lasting expression of the 
transgene. The first version of lentivirus vectors was described by Naldini et al. in 1996 based 
on HIV-1 with the envelope glycoproteins from other viruses (vesicular stomatitis virus 
(VSV-G) and moloney murine leukemia virus (Mo-MLV-A) for targeting a broad range of cells 
(24, 25). For safety reasons, multiple versions of plasmid co-transfection systems are built for 
production of stable lentiviruses. This is done by eliminating non-essential sequences for 
transduction (26, 27). In our group, we are aiming to use a four-plasmid co-transfection system 
(Figure 6) to deliver a chimeric antigen receptor to T cells to target prostate stem cell antigen 
(PSCA) expressed on prostate tumor cells. The transduction efficiency study of primary T cells 
was performed using the lenti-vector pRRL-CMV-GFP, which is based on a pRRL- 
lentiplasmid containing the GFP gene, but not the CAR gene.  
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Figure 6. Schema for recombinant lentivirus mediated cell therapy. The lentiviral vector containing chimeric 
antigen receptor (CAR) is co-transfected with 3 helper plasmids - rev, gag/pol and VSV-G into HEK 293FT cells 
to produce lentivirus. Rev is coding for a protein that is needed for nucleus export of mRNA and it also helps with 
the translation; Gag/pol is coding for the capsid proteins, matrix proteins and integrase; VSV-G is the envelop 
protein. When the CTLs are transduced with this virus, the CAR will be expressed on their surface and directly 
recognizes tumor cells and mediate CTLs to kill the tumor cell. 

 
1.8 Plasmid transfection system for gene delivery  

Transfection is a method of introducing foreign DNA into eukaryotic cells, which can be used 
for a board range of studies, e.g. functional studies, expression modulation and protein 
engineering. Transfection can be accomplished biologically, chemically or 
mechanically/physically. Biologically: vectors carrying a transgene are introduced into cells by 
viruses, also termed as transduction (as described for adenoviral and lentiviral vectors). 
Chemically: simple chemical transfection utilizes positively charged chemical reagents (e.g. 
calcium chloride) to precipitate DNA onto the cell membrane, making it easier for cells to take 
up DNA. The other type of chemical transfection is utilizing dendrimers to bind DNA and form 
a complex to enable cell entry，e.g. lipofectamine, polythylenimine. It is a common way for cell 
transfection (28-30), but rarely effective in primary cells. Physical methods: electroporation, 
gene guns and microinjection are believed to be more efficient methods for transfection of 
primary cells. Electroporation creates transient micro-sized holes in the membrane via electric 
pulses, but it requires specific equipment and can affect the viability of the cells (31).  
 
In this study, we have tested two types of electroporation devices termed Amaxa 
NucleofectorTM system (Lonza, USA) and NeonTM transfection system (Invitrogen, USA). 
The Nucleofector™ is designed for transfection of primary cells and difficult-to-transfect cell 
lines. It combines electrical parameters and cell-type specific solutions providing the 
possibility for direct transfection to the nucleus. The NeonTM transfection system is performed 
in a small pipette tip which is claimed to be less toxic to the cells and has higher transfection 
efficiency. 
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1.9 Aims 

The aim of this study is to use different methods to modify immune cells in order to find a better 
set-up to achieve higher transgene expression rate and high cell viability of different cell types 
for gene therapy. The results with GFP-expressing vectors are used as a reference for further 
vector modification with various transgenes.  
 
2. Materials and Methods 

2.1 Reagent and media 

All basic media and their supplements were purchased from GIBCO (Invitrogen, USA). The 
DC medium was prepared as follows: RPMI Media 1640 was supplemented with 10% or 1% 
human serum, 1% penicillin (100 U/ml) /streptomycin (100 µg/ml), 1 % HEPES, 0.5 % 
L-glutamine and 160 μl β-mercaptoethanol in total volume of 400 ml. For preparation of 
DMEM complete medium, DMEM Gluta-MAXTM was supplemented with 10 % 
heat-inactivated (30 min, 56°C) fetal bovine serum (FBS), penicillin (100 U/ml)/ streptomycin 
(100 µg/ml) and 1mM sodium pyruvate (NaPyr). Geneticin (500 µg/ml) was added fresh for 
293FT cell culture. Opti-MEM® GlutaMAX™- I reduced serum media was used in 
co-transfection of plasmids for producing viruses.  
 
2.2 Recombinant adenovirus production and titer determination  

To linearize adenovirus DNA, recombinant AdEasy DNA (6 µg) was digested with 5U PacI 
(New England Biolab, USA) at 37ºC over night. The digested product was analyzed on 0.6% 
agarose gel to verify the complete digestion, two bands with 40 kb and 4.5 kb were seen on the 
gel (32).  
 
On the day of transfection, the plasmid and polythylenimine (PEI, 2.5 mg/ml, Polysciences, 
USA) were incubated with Opti-MEM separately and mixed gently and incubated for 30 min at 
room temperature (RT). The mixture was added drop wise onto 911 cells and incubated 
overnight in humidified 5% CO2 incubator at 37ºC. The medium was changed to DMEM and 
incubated for 7-11 days until cytopathic effect (CPE) was visible.  
 
On the day of harvest, the cells were resuspended in 1 ml of 10 mM Tris-HCl (pH8.0). Equal 
volume of tetrachloroethylene was added to lyse the cells. After centrifugation at 10,000×g for 
5 min, the upper layer containing virus was collected and 200 µl virus supernatant was saved 
for 1st amplification in 10 cm Petri dish. After incubation for 2-4 days until 50% of the cells 
detached, the cells were harvested and viral particles were extracted as described above. The 2nd 
amplification was performed by using the same amount of virus supernatant into two 15 cm 
Petri dish with 911 cells. After the 3rd amplification in five 25 cm plates with 911 cells, all the 
cells were resuspended in 10 mM Tris-HCl (pH 8.0) and equal volume of tetrachloroerhylene 
was added. After vigorously shaking, the lysate was centrifuged at 4000×g for 30 min. The 
upper phase was then collected for CsCl density-gradient centrifugation. After separation, CsCl 



13 
 

was removed by dialysis against storage buffer containing 10 mM Tris-HCl (pH 8.0), 4% 
sucrose and 2mM MgCl2.  
 
The virus was then titrated by encapsidated viral genome (EVG) using quantitative real-time 
PCR with primers for E4 open reading frame 1 (ORF 1). For-E4: 5’- CAT CAG GTT GAT 
TCA CAT CGG-3’ and Rev-E4: 5’- AAG CGC TGT ATG TTG TTC TG-3’. The products 
were determined by the CFX96 real-time detection system with iQ SYBR Green supermix 
(Bio-Rad, USA) and the virus was stored at -80 ºC.  

 
2.3 Isolation of peripheral blood lymphocytes (PBLs) and monocytes 

The buffy coats were collected from the blood bank at Uppsala University hospital. The blood 
was first diluted with equal volume of PBS and overlaid onto Ficoll-Paque PREMIUM (GE 
Healthcare Life Science, Sweden), followed by centrifugation (Rotina 35, Hettich Zentrifugen, 
Germany) at 226.8×g with acceleration 3 and brake 0 for 30 min. The white ring fraction 
(PBMC- peripheral blood mononuclear cells) and partial yellow fraction (plasma) on top of the 
Ficoll were saved and washed twice with PBS. About 100 millions PBMCs were resuspended 
in 10 ml DC medium with 10% human serum and incubated in a T75 flask (Corning, USA) in 
the humidified 5% CO2 incubator at 37ºC for 1.5 hours. The floating cells (mainly PBLs) were 
collected for erythrocytes depletion, the cells were resuspended in BD Pharm LyseTM lysing 
buffer for 10 min, and then washed with PBS. The adherent cells (mainly monocytes) were first 
washed 3 times with PBS and detached by incubating with StemPro® Accutase (GIBCO, 
Invitrogen, USA) for 1h. After detachment, Accutase was removed by washing with PBS. DC 
medium (10% human serum) with or without 20 IU/ml rhIL-2 (recombinant human 
interleukin-2) (Sigma, USA) were used for culturing non-activated T cells or monocytes.  
 
2.4 Cell culture of macrophages 

Macrophages were derived from monocytes in 60 mm petri dish (Sterilin, UK) by using DC 
medium (10% human serum) and 50 ng/ml recombinant M-CSF (Macrophage colony- 
stimulating factor, BioLegend, USA) for 6 days, the medium was changed if needed.  
 
2.5 T-cell activation 

The PBLs were activated using LEAFTM purified anti-human CD3 OKT3 (BioLegend, USA) 1 
µg/ml and 50 IU/ml rhIL-2 (Sigma, USA) and cultured within DC medium (10% human serum) 
in the humidified 5% CO2 incubator at 37 ºC for 72 hours.  
 
2.6 Adenovirus transduction of T cells 

The transduction efficiency of adenoviruses was tested on both non-activated and activated T 
cells from different donors. Modified viruses (Ad5PTD(GFP), Ad5f35(GFP) and 
Ad5f35PTD(GFP)) were compared with un-modified virus Ad5(GFP); un-transduced cells 
were used as a negative control. The reaction was performed in a 10 ml Falcon tube (Sarstedt, 
Germany). OKT3 and IL-2 were used for T cell activation as described above. The cells (either 
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non-activated or activated T cells) were washed with PBS before transduction and diluted to 
concentration of 2.5×106/ ml in PBS (100 μl for each reaction, 2.5×105 cells/ reaction), and the 
viruses were diluted in PBS (in final volume of 100 μl for each reaction) according to their own 
titers to 2000 evg/cell. The cell suspension and virus suspension (total reaction volume 200 μl) 
were then gently mixed together and incubated in the humidified 5% CO2 incubator at 37 ºC for 
2 hours. After the transduction, the cells were cultured in a 24-well plate (Costar 3524, Corning, 
USA) with 800 μl DC medium (10% human serum with 20 IU/ml rhIL-2 for non-activated T 
cells or 50 IU/ ml rhIL-2 for activated T cells) in each well and incubated for 48h before flow 
cytometry analysis.   
 
2.7 Adenovirus transduction of monocytes 

The monocytes were detached from the flasks (as described in section 2.3) and diluted to 
2.0×106/ml in PBS (100 μl for each reaction, 2.0×105 cells/ reaction). The transduction 
procedure was the same with transduction on T cells as described in section 2.5. After the 
transduction, the cells were transferred into 24-well plate (Flat Bottom Cell+ Sarstedt, USA) 
with DC medium (10% human serum) and cultured for 48h. Both of the supernatant and 
adhered cells were collected (detachment method is the same as above) for fluorescence 
activated cell sorting (FACS) analysis.    
 
2.8 Adenovirus transduction of macrophages 

The macrophages were derived from monocytes differentiation on day 6 after Ficoll separation 
of PBMCs. The cells were detached with StemPro® Accutase (GIBCO, Invitrogen, USA) and 
washed with PBS before transducing with adenoviruses (Ad5(GFP), Ad5PTD(GFP), 
Ad5f35(GFP) and Ad5f35PTD(GFP)). The transduction was performed as described for 
monocytes with serial dilution of viruses (1000, 3000 and 9000 evg/cell). The GFP expression 
was examined 48h post-transduction by flow cytometry. 
 
2.9 Lentivirus production 

Lentivirus (pRRL-CMV-GFP) was produced using four-plasmid co-transfection system in 
293FT cells. The polythylenimine (PEI, 2.5 mg/ml, Polysciences, USA) was used as 
transfection reagent. On the day of transfection, OptiMEM medium and PEI were gently mixed 
and incubated for 5 min at RT; all the plasmids (lentiplasmid with GFP, pLP1, pLP2 and 
pLP/VSVG) were mixed at ratio of 2:1:1:1 (50 µg DNA in total) with OptiMEM up to 100 µl 
and then mixed with 900 µl OptiMEM and incubated for 5 min at RT. In order to form 
DNA-PEI complexes, PEI and DNA in media from the first two steps were mixed well (1:1) 
and incubated for at least 20 min at RT. Then, the DNA/PEI mix (1 ml) was added onto the cells. 
After overnight incubation at 37 ºC, the medium was replaced (18 ml/ plate) with new medium 
without geneticin. The supernatant (18 ml medium) was harvested twice on day 3 (48h after 
transfection, saved at 4 ºC, overnight) and on day 4 (72h after transfection), separately. After 5 
min centrifugation at 907.2×g, all the supernatant was filtered through a 0.45 µm filter 
(Millipore, USA). The filtered supernatant was then transferred to ultra-centrifugation tubes 
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(Ultraclear, Beckman, USA) and centrifuged at 22400×g, 4 ºC for 90 min in a Sorvall AH-629 
swinging bucket rotor (Thermo Fisher Scientific, USA). The pellet was resuspended and 
dissolved in 150-200 μl DMEM without serum at 4 ºC overnight. On the next day, the 
resuspension was transferred into a sterile Eppendorf tube and centrifuged at full speed for 3 
min to remove the adhered serum proteins and the supernatant was aliquot into multiple vials 
and stored at -80 ºC.    
 
2.10 Lentivirus transduction of activated T cells 

The T cell were activated as described in section 2.5 and transduced with lentivirus by 1.5h 
spinoculation and 4h incubation. In spinoculation, the cells (500,000 cells/well) were 
resuspended in 1 ml DC medium (10% human serum) together with 10 μl lentivirus in a 24-well 
plate and span at 100.8×g for 1.5h. In the other method, the cells were resuspended in 500 μl 
DC medium (10% human serum) together with 10 μl lentivirus in a 10 ml Falcon tube and 
incubated at 37ºC incubator for 4 hours. After transduction, the cells were gently re-suspended 
and supplemented with DMEM without geneticin and supplemented with 50 IU/ ml rhIL-2. 
 
2.11 Amaxa Nucleofector™ transfection of T cells 

The transfection procedure followed the instruction of optimized programs U-014 and V-024 
for un-stimulated human T cells and program T-023 and T-020 for activated T cells given by 
the manufacturer. The non-activated T cells and the activated T cells were separated and 
activated as described above in section 2.3 and 2.5, respectively. The cells were transfected 
with pmax-GFP® plasmid provided in human T cell Nucleofector® Kit with the ratio of 2.5 
million cells to 1μg plasmid.  
 
2.12 Neon™ transfection of non-activated T cells 

The transfection using Neon™ transfection system (Invitrogen, USA) was performed under the 
instruction of 18-well optimization protocol for primary suspension blood cells (buffer T was 
used) given by the manufacturer. The PBLs (200,000 cells/sample) were taken after 1.5h 
adhesion (as described in section 2.3) and transfected with 1 μg/sample pmax-GFP provided in 
Amaxa human T cell Nucleofector® Kit. 
 
2.13 Flow cytometry 

Transduced T cells were washed with PBS, followed by 15 min staining at RT (avoid light) 
with different types of fluorescence-conjugated antibodies or fluorescent dyes for surface and 
intracellular markers. Anti-human CD3 monoclonal antibody conjugated with allophycocyanin 
(APC) (Thermo Fisher Scientific, USA) was used for CTLs staining; propidium iodide was 
used for examination of viability. The cells were washed with PBS after staining. The FACS 
analysis was performed on BD FACS Canto II (BD Biosciences, USA) and analyzed with BD 
FACS Canto II software. 
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2.14 Statistical analysis 

Statistical analysis was performed using Excel 2007 (Microsoft, USA) and GraphPad Prism 
software (v.5.01) (GraphPad Software, USA). Unpaired non-parametric Student’s t-test was 
used to compare the transduction efficiency in adenovirus transduction to T cells, monocytes 
and macrophages. 
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3. Results 

3.1 Adenoviral transduction of T cells 

Both non-activated T cells and activated T cells from 8 donors were transduced with Ad5(GFP), 
Ad5PTD(GFP), Ad5f35(GFP) and Ad5f35PTD(GFP) in PBS for 2 hours, at concentration 
2000 evg/cell and cultured 48 hours before FACS analysis. The transduction efficiency of T 
cells was indicated by GFP-positive cells in the CD3 positive cell fraction. The double modified 
virus Ad5f35PTD(GFP) was the most efficient in transduction of both non-activated and 
activated T cells (P value < 0.001). Furthermore, Ad5f35PTD(GFP) transduction of activated T 
cells was approximately 5× more efficient than transduction of non-activated T cells. The 
transduction efficiency was also found to be donor-dependent (Figure 7). 

 

Figure 7: Adenoviral transduction on non-activated and activated T cells from 8 donors. The cells were 

transduced with Ad5(GFP), Ad5 PTD(GFP), Ad5f35(GFP) and Ad5f35PTD(GFP) at 2000 evg/cell. Appropriate 

amount of IL-2 was supplemented (20 IU/ml for non-activated T cells and 50 IU/ml for activated T cells) after 

transduction. The FACS analysis was performed 48h post- transduction. The double modified virus 

Ad5f35PTD(GFP) showed significantly better (p<0.001 as indicated ***) capacity in transducing both 

non-activated and activated T cells. The large variation between donors indicated the transduction efficiency was 

also largely donor-dependent. 

 

3.2 Adenoviral transduction of monocytes 

The monocytes were taken from the adherent cells on day1 after Ficoll separation of PBMCs. 
The cells were de-attached and transduced in suspension with Ads at concentration 2000 
evg/cell. FACS analysis was performed at 48h post-transduction. In monocytes, the 
fiber-modified viruses Ad5f35(GFP) and Ad5f35PTD(GFP) had significantly higher 
transduction efficiency (P value < 0.001) than control virus Ad5(GFP) and only PTD-modified 
virus Ad5PTD(GFP). Ad5f35PTD(GFP) transduced almost all the monocytes (96.60 % on 
average) while Ad5f35 was able to transduce ca. 80% of the monocytes. The big variation in 
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Ad5f35(GFP) transduction efficacy indicates donor dependency in transduction efficacy 
(Figure 8).  

 

Figure 8: Adenoviral transduction of monocytes (5 donors). The monocytes were transduced with Ad5(GFP), 

Ad5PTD(GFP), Ad5f35(GFP) and Ad5f35PTD(GFP) at 2000 evg/cell. The transduction efficiency was detected 

by percentage of GFP-positive cells 48h post-transduction by FACS Canto II. The modified viruses Ad5f35(GFP) 

and Ad5f35PTD(GFP) showed great advantages (p<0.001 as indicated ***) compared with Ad5 and Ad5PTD in 

transducing monocytes. The transduction efficacy showed donor dependency. 

 
3.3 Adenoviral transduction of macrophages 

The macrophages were derived from monocytes differentiation on day 6 after Ficoll separation 
of PBMCs. The cells were detached and transduced with Ad5(GFP), Ad5 PTD(GFP), 
Ad5f35(GFP) and Ad5f35PTD(GFP) at 1000, 3000 and 9000 evg/cell in suspension for 2 hours 
as described above. The transduction efficiency was analyzed by FACS after 48h. 
Ad5PTD(GFP) transduction of macrophages showed no significant difference compared with 
Ad5(GFP). On the contrary, Ad5f35(GFP) transduction at 9000 evg/cell resulted in 22% of 
GFP-positive cells (p value < 0.001 comparing with Ad5 and Ad5PTD), while over 70% 
macrophages were transduced with the double modified virus Ad5f35PTD(GFP) at 9000 
evg/cell. Infection with Ad5f35PTD(GFP) yielded the highest transduction efficacy at all tested 
concentrations (Figure 9).  
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Figure 9: Adenoviral transduction of macrophages with serial dilution of viruses. The macrophages were 

differentiated from monocytes for 6 days before transduction; the cells were de-attached and transduced with 

Ad5(GFP), Ad5 PTD(GFP), Ad5f35(GFP) and Ad5f35PTD(GFP) at 1000, 3000 and 9000 evg/cell in suspension. 

Ad5PTD(GFP) showed no significant difference compared with Ad5(GFP). About 22% of macrophages were 

transduced by Ad5f35(GFP) while over 70% macrophages were transduced with the double modified virus 

Ad5f35PTD(GFP) at 9000 evg/cell, the transduction efficiency of both fiber-modified viruses was significantly 

higher compared with Ad5 and Ad5PTD (p<0.001 as indicated ***). Ad5f35PTD(GFP) transduction yielded the 

highest efficacy at all tested concentrations. 

 

3.4 Lentiviral transduction of activated T cells 

The T cells were activated and transduced by using two methods: 1.5h-spinoculation at 
100.8×g and 4h-incubation. The transduction efficiency was measured by FACS after 3 days 
and 7 days (Figure 10). Over 30% of T cells were transduced at day 3 using spinoculation 
method, while only 16% of T cells were transduced by 4h- incubation method. However, the 
GFP expression level remained almost the same after 7 days in each method, only a slight 
decrease was observed (about 3.4 % drop in 1.5h- spinoculation and 1.5% drop in 4h- 
incubation). 
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Figure 10: Lentiviral transduction of activated T cells (1 donor). Spinoculation (1.5h, 100.8×g) was shown to 

be a better method compared to the 4h- incubation method. And the GFP expression level basically remained the 

same after 7 days. 

 

3.5 Amaxa Nucleofector transfection of T cells  

The transfection on non-activated T cells was performed using Amaxa Nucleofector™ 
transfection system with recommended program U-014 and V-024, while program T-023 and 
T-020 were used for transfection of activated T cells. All the cells were transfected with pmax- 
GFP® with the ratio of 2.5 million cells to 1 μg plasmid. The GFP expression and the cell 
viability were analyzed on time point 4h, 24h, 48h and 72 hours by FACS. In this experiment, 
the transfection efficiency achieved nearly 50 % in program U-014 on non-activated T cells 
while the activated T cells exhibited much lower (10-15% less) than the non-activated cells 
(Figure 11). In general, the Amaxa transfection showed early transgene expression, already 
after 4 hours and the cells maintained high viability, but the expression dropped largely after 
72h in all cases. Program U-014 and T-023 were better programs in transfecting non-activated 
T cells and activated T cells. 
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Figure 11: Amaxa transfection of non-activated and activated T cells. The T cells were transfected with 

pmax-GFP plasmid with a ratio of 250,000 cells to 1 μg plasmid using Amaxa Nucleofector™ transfection system. 

Program U-014 and V-024 were compared for transfecting the non-activated T cells from 5 donors, while program 

T-023 and T-020 were used for transfecting activated T cells from 3 donors.  The transfection efficiency was 

examined at 4h, 24h, 48h and 72h post-transfection by flow cytometry. Program U-014 and T-023 showed better 

effects in transfection efficiency and viabilities.  

 
3.6 NeonTM transfection of non-activated T cells  

The Neon™ transfection system was used to transfect non-activated PBLs from fresh blood 
according to the instruction of 18-well optimization protocol for primary suspension blood cells 
provided by the manufacturer. The un-transfected T cells (A1) from the same donor were used 
as a control. The transfection efficiency was examined under the fluorescence microscope after 
4 hours and analyzed 24 hours post-transfection by FACS. The voltage, pulse length and the 
pulse number are listed (Table 1). In this experiment, the transfection efficiency was nearly the 
same on average (ca. 20%) in all three groups and the viability was low in all programs, among 
which group A showed slightly better results than the other two groups (Figure 12). From 
group A, when the cells were electronic shocked once with 20 ms, there was a clear tendency of 
GFP expression to increase while the viability dropped as the voltage rose. In contrast, when 
the cells were shocked twice even with shorter length of 15 ms in group C, the GFP expression 
decreased as the voltage rose. Shortened pulse length of 15 ms helped to increase the 
transfection efficiency under higher voltages as exhibited in group B. Taken these three factors 
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together, program A4 (2100V, 20 ms, 1 pulse) with 22.5% transfection rate and 73.0% viability 
was the best among all the programs. Further optimization of the programs is needed.  

Table 1: NeonTM optimization programs for primary suspension blood cells 

Programs Voltage 

(V) 

Pulse 

length (ms)

Pulse 

No. 

GFP 

positive 

(%) 

Viability 

(%) 

A1 0 0 0 2.6 97.4 
A2 2000 20 1 10.0 77.5 
A3 2050 20 1 15.8 71.6 
A4 2100 20 1 22.5 73.0 
A5 2150 20 1 24.4 65.7 
A6 2200 20 1 26.0 60.8 
B1 2250 20 1 22.4 54.2 
B2 2300 20 1 19.9 52.6 
B3 2350 20 1 15.5 44.9 
B4 2400 15 1 25.8 59.2 
B5 2450 15 1 20.8 51.0 
B6 2500 15 1 16.3 43.2 
C1 2000 15 2 20.3 67.1 
C2 2050 15 2 22.4 66.3 
C3 2100 15 2 20.0 54.4 
C4 2150 15 2 18.6 52.2 
C5 2200 15 2 16.4 52.6 
C6 2250 15 2 11.1 62.8 

Note: A1 is un-transfected control. The cells undergo apoptosis or necrosis process could give autofluorescence, 

which was detected as GFP positive cells (background signals). The other values listed in the table have the 

background GFP signal subtracted. 
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Figure 12: Neon transfection of non-activated T cells. The non-activated PBLs were transfected with 

pmax-GFP plasmid using Neon transfection system. The GFP expression was analyzed by FACS Canto II after 24 

hours of transfection. The un-transfected cells (program A1) were used as a control. The transfection efficiency 

was about 20 % on average in all three groups and the viability varied among the groups. In general, group A 

showed slightly better results in both transfection efficiency and viabilities.  

 

4. Discussion 

In this study, we aim to find an optimal way to modify immune cells for gene cancer therapy. In 
order to achieve this goal, different methods for transgene delivery are compared and the results 
are discussed in the following paragraphs.  
 
Adenoviral vectors (mostly Ad5) are frequently used in gene and cell therapy because of their 
high efficiency of transgene delivery in delivering transgenes. However, the infectivity varies a 
lot in different cell types. Although coxsackie adenovirus receptor is found to play an important 
role in cell entry of Ad5, there are other factors that still need to be investigated. In the 
meantime, lots of effort has been made in modifying viruses to increase the infectivity of many 
cell types. The viruses made in our group- Ad5PTD, Ad5f35 and Ad5f35PTD with modified 
fiber derived from Ad35 and a cell-penetrating peptide derived from Tat protein in HIV-1 are 
expected to be more infectious and therefore can be used as an ideal tool for transgene delivery.  
 
Single-modified Ad5PTD does not exhibit higher transduction efficiency than the un-modified 
Ad5 in T cells, monocytes or macrophages. It may be due to the lack of the coxsackie 
adenovirus receptor on these three cell types. In comparison, Ad5f35 showed a great advantage 
in transducing monocytes and macrophages, which can be explained by the theory of CD46- 
mediated transduction used by Ad35 (33). The variation in Ad5f35 monocytes transduction 
(over 30% lower transduction ratio in two donors out of five) can be explained by the 
expression level of CD46 in different donors. CD46 could be down-regulated by other viral 
infections or inhibited by binding with other molecules. However, with the aid of PTD in 
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Ad5f35PTD virus, the transduction efficiency improved by 3% on non-activated T cells, 23% 
on activated T cells (Figure 7) 10% on monocytes at 2000 evg/cell (Figure 8) and 50% on 
macrophages at 9000 evg/cell (Figure 9), suggesting that PTD-modification increases 
transduction ability after virus binding to the target cells. 
 
From another perspective regarding cell condition, we expected to see the activation of T cells 
could increase the uptake of viruses or transgene expression by promoting cells to enter the cell 
cycle. However, after activation, no improvement is seen from Ad5, Ad5PTD and Ad5f35 
transduction, only Ad5f35PTD transduction was increased by ca. 20%. It may be due to the 
transduction is performed at low virus concentration (2000 evg/cell), and the difference of 
transduction efficacy in these three (Ad5, Ad5PTD and Ad5f35) is too low to be seen. When 
we increased the concentration to 7000 evg/cell, the Ad5f35 transduction has improved a lot 
(data not shown). Secondly, different activation methods including using antibodies other than 
OKT3; the dosage and the ratio of OKT3 and IL-2 and duration of activation could also largely 
affect the activation and thus, the transduction efficiency. Moreover, the low efficiency on T 
cells comparing with what is on monocytes and macrophages may indicate other unknown 
mechanisms in cells of resisting virus infection.  
 
The long-lasting expression of transgenes is sometimes preferable, which makes the lentiviral 
transduction system attractive. Comparing with adenovirus, lentivirus has lower 
immunogenicity and is easier to produce. However, it also has disadvantages: firstly, the 
lentiviral genome is relatively small, which limits the transgene size below 8kb; secondly, it is 
more difficult to control the potential risks connected to the integration activity; thirdly, titer 
determination is more complicated in lentivirus than in adenovirus, and it is hard to produce 
lentivirus in high titer (Table 2). 

 
Table 2. Viral vectors for gene transfer (adapted from ref.34) 

Item\ Vector Adenoviral vector Lentiviral vector 

Transgene size 8kb, 30kb (helper- dependent) 8kb 

Titer ~ 1012 ~ 108 

Expression Transient Stable 

Host Non-dividing and dividing cells Non-dividing and dividing cells 

Immunogenicity High low 

 
In this study, we have compared two types of transduction on activated T cells from the same 
donor, aiming to find a better way for transducing T cells. Spinoculation has shown higher 
transduction efficiency as expected, since centrifugation enhances the contact of virus with 
cells. And the expression is stable after 7 days compared to 3 days, indicating the GFP gene is 
successfully integrated into the T-cell genome. The slight reduction of GFP expression between 
day 3 and day 7 (3.4% in spinoculation and 1.5% in 4h-incubation) may be due to higher 
replication rate of un-transduced T cells than transduced T cells. In other words, the proportion 
of GFP positive cells is diluted by increasing the number of GFP- negative cells. 
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As described above, viral transduction has many advantages, especially in the sense of giving 
higher transduction efficiency in many cell types, but transfection also has its own benefits in 
many aspects: it has less cytotoxicity and less immunogenicity; it is safer for the manipulators; 
it is easier to perform, only high purity of plasmids is needed, which is much less 
time-consuming; it is receptor-independent, making the process easier to be modified 
regardless of differences in cell surface receptor. But transgene expression via transfection is 
usually transient and is largely dependent on the sensitivity of the cell membrane to the 
chemicals, especially in chemical methods. The cell viability will also be strongly reduced 
when the cells are incubated with transfection solution for too long (longer than 20 min).  
 
In this study, two electroporation methods were compared for T cells. From the preliminary 
results, Amaxa nucleotransfection seems to be better than Neon transfection in the sense of 
transduction efficiency, cell viability and also efficient expression. Amaxa program U-014 has 
almost 50% transfection efficiency on non-activated T cells and program T-023 has 35% on the 
activated T cells within 24 hours; the expression began within 4 hours after transfection while it 
took an overnight time for GFP to be expressed after Neon transfection. Because the detailed 
parameters in Amaxa transfection programs are kept confidential, we only speculate based on 
the manufacture’s descriptions that more plasmid copies got into the nucleus in the Amaxa 
transfection in comparison with Neon transfection. This difference can be caused by the 
differences in transfection solution (human T-cell specific transfection solution in Amaxa and 
buffer T for primary suspension blood cells in Neon); ratio of the plasmids to the cell amount (2 
μg plasmid to 5 million non-activated T cells/100μl in Amaxa and 1μg plasmid to 0.2 million 
non-activated T cells/10μl in Neon) and different voltage, pulse width and pulse numbers in the 
varying programs.  
 
More importantly, in contrast to virus transduction, Amaxa transfection exhibits great 
advantage of delivering transgenes in terms of expression speed and efficiency, especially on 
non-activated T cells. In adenoviral and lentiviral transduction on T cells, it takes at least 24 
hours and 3 days for GFP to express, respectively. And the gene expression in Amaxa 
transfection is 40% higher than adenoviral transduction on non-activated T cells, while 
lentivirus cannot transduce non-activated T cells. 
 
However, the small size (4000 bp) of pmax-GFP plasmid used in these two transfections 
compared to the large size of viral vector (38kb for adeno-vector and 9 kb for lenti-vector) 
could largely increase the GFP delivery. Based on this assumption, if we can fuse our 
therapeutic gene sequence onto a minimized vector around this size, it still can be promising to 
use this method despite the loss-of-expression obstacles after 72 hours.   
 

5. Future perspectives 

Lentivirus with SFFV (spleen focus-forming virus) promoter and the CAR receptor 
encompassing an anti-prostate stem cell antigen single chain fragment (PSCA-ScFv) is 
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currently in production. The idea is to transduce the T cells with this lentivirus and to verify 
the killing function of T cells. In future studies, we are planning to stain T cells, monocytes and 
macrophages with anti-CD46 antibody and anti-coxsackie adenovirus receptor antibody to 
verify our speculation on adenoviral transductions. Monocytes and macrophages transfection 
can also be tested. Furthermore, the idea of minicircle vector- a minimized circular expression 
cassettes devoid of any bacterial plasmid DNA backbone for efficient transfection (35. 36) can 
be utilized on construction of PSCA-CAR plasmid for transfecting T cell against prostate 
cancer. The minimized plasmid can largely increase the transfection efficiency and duration 
of the transgene expression may be longer than bigger plasmids. 
 

6. Conclusions 

In the present study, preliminary conclusions are as follows:  
1) Transfection (electroporation) is a more effective and low-cost method than viral 
transduction for transient transgene expression (at least for 1 week) on T cells; 
2) Lentiviral transduction is a better method for long-term transgene expression and 
transduced cells should be sorted by FACS within a week for further expansion to avoid the 
reduction of the proportion of transduced cells;  
3) Ad5f35PTD virus is an ideal tool for modifying monocytes and macrophages. 
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