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Cancer-selective biotherapy and gene therapy have been considered to be the next 

horizon towards developing a cure for breast cancer.  CD40 ligand (CD40L), a member 

of the tumor necrosis factor superfamily, relays critical growth signals in various 

hematological malignancies and carcinomas.  We previously demonstrated that 

recombinant CD40L can directly inhibit breast cancer cell growth.  However a potential 

limitation of CD40L therapy is systemic toxicity.  To improve efficacy of gene delivery 

and limit CD40L expression to the tumor micro-environment, we have generated a 

conditionally replicative virus (AdEHCD40L) that delivers CD40L selectively to breast 

carcinomas.  Tumor/tissue-specific promoters (hypoxic/HIF-1α response and estrogen 

response elements) were incorporated to limit CD40L expression to the tumor 

microenvironment.  Viral E1A and CD40L transgene expression was examined in breast 

cancer lines with low constitutive (T47D) or no (BT-20) HIF-1α expression.  Both cell 

lines displayed significantly increased CD40L expression under viral- permissive 

conditions (T47D: 65.5 ± 3.9% with increased HIF-1α vs. 38.5 ± 2.8% under uninduced 

condition, p = 0.01; BT20: 43.2 ± 14.9% vs. 10.6 ± 0.2%, p = 0.03). AdEHCD40L



produced markedly stronger inhibition compared to the parental construct (T47D: 53.7 ± 

15.2% vs. 32.1 ± 11.7%, p = 0.02; BT20: 25.8 ± 10.2% vs. 15.2 ± 6.8%, p = 0.03), 

suggesting that growth inhibition encompassed CD40L-mediated and viral oncolytic 

events.  Replicative activity of AdEHCD40L was comparable to the wild type adenovirus 

in breast cancer cells and attenuated in normal lung fibroblast cells, with reduced growth 

inhibitory impact.  Preliminary findings on mechanisms of AdEHCD40L cytotoxicity 

indicated increased apoptotic (Annexin V+) and necrotic (propidium iodide 

incorporation) activities that were accompanied by reduced IκBα, phosphorylation, 

G2M/S cell cycle arrest, culminating in an increased sub-G0 fraction, and altered 

chemokine/cytokine expression.  AdEHCD40L biodistribution and its maximum 

tolerated dose (2x108 pfu) evaluated in mice were comparable to that of other 

conditional-replicative adenoviruses.  Anti-tumor efficacy of AdEHCD40L showed a 

reduction in mean tumor diameter of MDA-MB-231 (44-58%) and T47D (49%) human 

breast cancer xenografts in SCID mice.  These findings illustrate the applicability of 

CD40L gene transfer approach for experimental treatment of human breast cancer.
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CHAPTER ONE 
 

Introduction 
 
 

Breast Cancer 
 
 

  Breast cancer poses a major health problem worldwide with more than 

1,000,000 new cases and 370,000 deaths per year 1.  In the United States an estimated 

40,410 women are expected to die from breast cancer as anticipated by the American 

cancer society for the years 2005 - 2006.  Though the overall survival rate of breast 

cancer patients has improved due to improved screening programs, early surgical 

intervention, and a better understanding of cancer biology, relatively few therapeutics are 

currently available for treating patients with advanced metastatic diseases 1.  Thus novel 

treatment strategies are particularly needed for patients with metastatic disease, and 

cancers unresponsive to standard radiation, hormone and chemotherapy.   

  Conventional therapy for breast cancer includes surgery (removal of lymph 

nodes, lumpectomy, masectomy and ovarian ablation), chemotherapy 

(cyclophosphamide, methotrexate, anthracyclines, taxanes), radiation therapy and 

hormonal therapy (tamoxifen, fulvestran).  Although these treatment strategies provide 

acceptable response rates and improve overall survival in patients with breast cancer, 

they are generally not selective and induce cytotoxicity in normal as well as cancer cells 

2, 3.  Cancer-selective biotherapy or gene therapy approaches have widely been considered 

to be the next horizon towards developing a cure for breast cancer.  An increasing 
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knowledge on the biological pathways and genes associated with breast carcinogenesis 

has lead to the development of targeted therapeutics, namely antibodies, small synthetic 

molecules, cytokines and gene therapy for breast cancer (Table 1.1) 4.  These targeted 

approaches aim to specifically block the carcinogenesis and tumor growth, rather than 

simply interfering with rapidly dividing cells.  Success with targeted therapy for the well 

known antigen human epidermal receptor (HER)-2/ neu (human epidermal growth factor 

receptor), over-expressed in breast cancers 5 suggests it to be a feasible alternative for the 

treatment of breast cancer. 

 
 

CD40 and CD40L  
 

  Our study focuses on the interaction of CD40, a membrane receptor and member 

of the tumor necrosis factor receptor superfamily (TNFRSF) and its natural ligand CD40 

ligand (CD40L) which is also referred to as CD154, gp39, T-BAM or TRAP 6.  The 

TNFRSF are a group of related molecules characterized as type I and II transmembrane 

glycoproteins that includes the Fas antigen (Fas), CD27 (T cell antigen), 4-1BB, nerve 

growth factor receptor (NGFR), and CD30 7.  Most of them have been assigned functions 

related to immune effector function and cell growth regulation 7-9.   

  The CD40 receptor is a 45-50 KDa phosphorylated glycoprotein, and consists of 

277 amino acids with a large 193 amino acid extracellular region, 22 amino acid 

transmembrane domain and a short 62 amino acid cytoplasmic C terminus 10.  It is best 

know for its role in regulation of cellular and humoral immune responses 11.  The CD40 

receptor has been found on early CD34+ B cell precursors and shown to be expressed 

during all stages of B cell development until their terminal differentiation into plasma 
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Table 1.1: Biological therapies for breast cancer 
 

Therapeutic agent Examples Mechanisms 
 
Monoclonal antibodies 

 
Trastumzumab/ 
Herception 
 

 
Targeting Her-neu receptor 

Antiangiogenic Bevacizumab Blocks formation of new blood 
vessels by targeting vascular 
endothelial growth factor (VEGF) 
 

Hormone antagonist/ 
endocrine therapy 

Tamoxifen 
 
Faslodex, Fulvestran 
 
Aromatase inhibitors 
(Steroidal: exemestane; 
Non steroidal: 
anastrozole, letrozole). 
 

Estrogen antagonist 
 
Down-regulates estrogen receptors 
 
Inhibitors of estrogen synthesis 

Cytokines IL-2 
 
 
IFNα 
 

Immunostimulatory and anti-tumor 
activity 
 
Immunostimulatory 

Vaccines Her-2 neu peptide and 
granulocyte 
macrophage colony 
stimulating factor 
(GM-CSF) 
 

T cell antigen specific immune 
response 

Gene therapy Adenoviral E1A Down-regulation of Her-neu 
 

 
 
cells 12.  It has also been found to be expressed on monocytes/macrophages, dendriticcells 

(DCs), esionophils and CD8+ T cells 13.  By comparison, CD40L is tightly regulated and 

expressed transiently on T cells 10.  The CD40L has  also been described on other cell 

types such as basophils, eosinophils, platelets, activated B cells, monocytes and natural 

killer cells 10, 14-16.  It is found to exist both in a soluble form and a 39 KDa type II 

transmembrane bound form where it appears to form a trimeric protein structure 10. 
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  The cross-linking of CD40 by CD40 ligand (CD154) is a well known 

requirement for initiating the regulation of cellular and humoral immune responses 11.  

CD40 activation has been shown to be important in B cell activation, proliferation, 

isotype switching and induction of apoptosis 17. The functional outcome is dependent on 

B cell maturation stage.  Germinal center B cells cultured with IL-2, IL-10 and CD40L 

differentiate into memory B cells 18 while resting B cells treated with CD40L undergo 

Fas mediated apoptosis 19.    

  CD40L also stimulates B cells and dendritic cells to express a number of co-

stimulatory molecules [CD80/B7-1, CD86/B7-2, intracellular adhesion molecules 

(ICAM)-1/CD54 and lymphocyte function associated (LFA)-3/CD58] which increases 

the efficiency by which antigen presenting cells (APCs) interact with T cells 15.  The 

physiological importance of CD40-CD40L interaction was ascertained by the findings 

that patients suffering from X linked hyper IgM syndrome (HIGM), an X linked 

immunodeficiency disease, had a genetic alteration in the CD40L gene 20, 21.  These 

patients were characterized by an impairment in T cell mediated antibody response, over-

production of IgM, absence of IgG, IgA, IgE, no memory B cells and accompanied by 

severe recurrent infection 22, 23.     

  CD40 has also been found on non-hematopoeitic cells like fibroblasts, thymic 

epithelial cells and endothelial cells 11 where it appears to play a role in growth regulation 

and cytokine/ chemokine secretion 11.  In epithelial cells, CD40 expression is restricted to 

the proliferative basal layer of the nasopharyngeal, tonsillar and ectocervical epithelium 

11, 24 and presumably plays a role in growth regulation, cytokine and chemokine secretion     
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CD40-CD40L for CancerTherapy 
 

  Ever since CD40 was first identified on the surface of bladder carcinoma in 1985 

25, it has subsequently been shown to be expressed on various hematological and 

epithelial cancers of the lung, ovary, bladder, colon and squamous cell cancer of the head 

and neck 11, 26, 27.  Clinical studies evaluating lung and melanoma patients demonstrated 

that CD40 expression may serve as a prognostic marker which correlates with metastasis 

and poor prognosis 28, 29.  Further, we demonstrated that there is > 90% of CD40 

expression in breast cancers of various histological types (infiltrating ductal and lobular, 

carcinoma in situ, mucinous) 30. 

  CD40L can positively and negatively modulate the growth of cancer cells.  

Totero et al reported that CD40 triggering upregulates IL-21 that mediates pro-apoptotic 

signals in chronic lymphocytic leukemia (CLL) 31.  For multiple myeloma, a plasma cell 

neoplasm, reports of growth inhibition and stimulation have been reported depending on 

the CD40L molecule being used (membrane, soluble, monoclonal antibody) 32, 33.  The 

functional role of CD40 and its ability to modulate tumor cell growth has been similarly 

demonstrated in epithelial cells 30, 34.  CD40 activation by CD40L recombinant protein or 

anti-CD40 monoclonal antibodies have shown to induce growth inhibitory and/or 

apoptosis in mouse renal cancer cells 35.  We demonstrated that CD40L delivered either 

as soluble recombinant CD40L, gp39, or a CD40L trimer inhibits CD40+ breast cancer 

cells 30.  However, others have shown that the co-expression of CD40 and CD40L on B 

cell lymphoma’s and breast carcinoma’s plays an autocrine anti-apoptotic role and that 

blocking CD40-CD40L interactions sensitizes cells to drug induced apoptosis 36.   
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Altogether, this suggests that CD40 is commonly expressed on cancer cells and can be 

used to modulate cancer cell growth. 

 
 

CD40-CD40L Signaling Pathway 
 

  The ability of CD40L to induce cell proliferative and growth inhibitory 

responses in hematological and epithelial malignancies, suggests that a better 

understanding of the mechanisms underlying anti-tumor responses is required.  The 

various growth regulatory outcomes have been attributed due to differences in concurrent 

intracellular signaling via the CD40 cytoplasmic domain.  Goldstein et al demonstrated 

that residues at position 227 and 234 in the cytoplasmic domain play an important role in 

the induction of the costimulatory molecule B7-1 but have a lesser importance in CD40 

mediated growth inhibition.  This suggests that there are distinct domains in the 

cytoplasmic region of the CD40 molecule that mediate B7-1 induction or growth 

inhibition 37.  Following receptor trimerization, the recruitment of tumor necrosis receptor 

associated factor (TRAF) by the CD40 cytoplasmic tail is mediated by a membrane 

proximal region containing amino acids Gln234Glu235 responsible for TRAF6 binding, and 

a membrane distal region Pro250XGln252XThr254 motif that has been shown to be critical 

for interactions with TRAF1, TRAF2, TRAF3, and indirectly with TRAF 5 38.  

Localization of these adaptor molecules is cell type dependent and triggers multiple 

signaling pathways that leads to the activation of c-Jun N terminal kinase (JNK), p38 

mitogen activated protein (MAPK), extracellular regulated kinase (Erk), the transcription 

factor NFkB, signal transducer and activator of transcription (STAT), and the 

phosphotidyl-inositol  3-Kinase (PI3Kinase) cascade 38-40.  These pathways may act in 
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concert and trigger a plethora of events and growth regulatory outcomes (Tables 1.2, 1.3).  

Due to the ability of CD40L to impact the immune system that could lead to non specific  

systemic activation, an appropriate gene delivery vehicle that can localize its growth 

regulatory outcome is necessary for its administration. 

 
 

Adenovirus for Cancer Gene Therapy 
 

  Several viral vectors like retrovirus, lentivirus, pox virus, herpes simplex virus-1 

and adenovirus have been used for experimental cancer gene therapy 41, particularly for 

cancers refractory to conventional therapies (surgery, radiation, and chemotherapy).  

Adenovirus is one of the most widely accepted viral agents for cancer gene therapy.  Its 

capacity for gene transfer (up to 7-8 Kb), in vivo stability, coupled with other factors like 

its ability to transduce dividing and non dividing cells, well characterized genome, 

relative ease of production, purification and manipulation, make it an appropriate agent 

for viral therapy of cancer.  Adenovirus does not integrate into the host genome, a safety 

feature appropriate as a gene transfer agent for cancer therapy.  From a clinical point of 

view, adenovirus is endemic in the human population and its natural pathogenicity is 

associated with mild respiratory infections, and therefore, manifests a well defined safety 

profile. 

  Adenovirus was first isolated and cultured from human tonsils and adenoid 

tissues 42-44.  Currently 51 human adenovirus serotypes have been identified and grouped 

into six subgroups (A-F) of which the most widely studied serotype are group C types 2 

and 5.  Adenovirus is a non-enveloped icosohedral particle which carries a 36 Kb double 

stranded DNA genome.  The capsid consists of three main components: hexon, penton 



 

 

Table 1.2: Growth regulation of CD40-CD40L in hematopoeitic cells 
 

Cell Type Mechanism of actiona  
 

 Prostimulatory Anti-Proliferative 
 
B cells 

 
1. TRAF 2, 3 involved in activation of p38, JNK, IκBα phosphorylation and 

not in Ig production. TRAF 6 regulated affinity maturation. 
2. TRAF 2, 5, 6 activate JNK, Erk and NFkB that result in increase IL-6, 

CD54, cIAP1-2, Bcl-XL. 
3. JNK, p38, NFkB important for survival. 
4. NFkB is critical for some but not all CD40 effector signals.↑ CD80- 

dependent; ↑ CD95- partially dependent; ↑ CD11a- independent. 
 

 
1. Increase in Fas. However Fas 

mediated cell death occurs only 
when CD40L interactions ceases. It 
is also associated with increase in 
cFLIP. 

2. TRAF 3 is involved in feed back 
inhibition of activation 

 
Dendritic cells 1. TRAF 6 required for p38 and JNK activation and IL-12 production. 

2. NFkB activations involved in DC maturation (via p50/Rel A and Rel c) and 
anti-apoptotic responses (p52/ Rel B). 

 

 

Monocytes 1. TRAF1,5 caused rapid and transient expression of Erk 1,2  
 

 

T cells 2. TRAF-1  caused ↑ c-Jun mRNA, ↑ SAPK activation, but did not affect Erk 
1,2 

 

 

B cell 
malignancies 

1. NFkB, A20, Bcl 2, Bcl XL, FLICE regulate survival. 
2. PI3K/TOR and Erk counteract apoptotic signals independent of p38 and 

NFkB. 
3. Blocking NFkB increased apoptosis independent of NFAT and p38 (Ramos 

B cells) 
4. IgG production is mediated by TRAF 3 –p38 activation while apoptosis 

does not involve TRAF-3 but decreases NFkB (Ramos B cells). 
 

 

Multiple 
myeloma 

 1. TRAF 4, 6 involved in apoptosis 

a 17, 45-49 
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Table 1.3: Growth regulation of CD40-CD40L in non-hematopoeitic cells 
 

Cell Type Mechanism of action a 
 

 Prostimulatory Anti-Proliferative 
 
Intrahepatic Endothelial 
cells 

 
1. NFkB activation sustained for 2- 24Hrs and no activation 

of AP-1 or downstream effectors like Erk-1, 2 and JNK1, 2 
was observed. 

 

 

Biliary epithelial cells  1. Sustained AP-1 and transient NFkB  
activation resulted in apoptosis 
through FasL regulation. 

 
Hepatocytes  1. Sustained AP-1 and transient NFkB 

activation resulted in apoptosis 
through FasL regulation and activation 
of Erk-1, 2 and JNK1, 2. 

 
Carcinomas 1. NFkB and JNK cause increase in ICAM, IL-6, IL-8. 1. Growth Inhibition via modulation of 

NFkB and JNK. 
 

Rat-1  1. PI3Kinase involved in anti-apoptotic 
responses. 

 
Ovarian Cancer  1. Growth inhibition observed mediated 

in presence/ absence of NFkB 
activation and was cell line dependent. 

2. In all lines JNK was activated. 
3. Growth inhibition observed in 

presence/absence of apoptosis. 
 

HeLa 1. Erk activation involved in anti-apoptosis. 
2. C40L activates protein synthesis in a PI3Kinase, Erk, 

mTOR dependent manner. 
3. PI3Kinase regulate cFLIPs involved in anti-apoptosis.  
 

1. PI3Kinase involved in anti-apoptotic 
responses. 

a 17, 45-49 

9 
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and fiber (Figure 1.1).  Hexon is the most abundant structural protein which appears to 

play a role in coating the virus.  The pentameric structure called penton is known to 

mediate viral internalization.  The fiber protrudes from the penton bases and appears to 

play a role in viral attachment to the cellular receptor namely coxsackie adenovirus 

receptor (CAR).  Attachment via knob-CAR interactions is followed by interactions 

between cellular integrins and an arginine-glycine aspartic acid motif (RGD-motif) 

located at the penton base.  This binding leads to the formation of endosomes, viral 

internalization, disassembly and the release of viral nucleic acid.  Thereafter viral DNA is 

transported to the nucleus where the genes are expressed and viral replication occurs.  

 
 
 

A B 

 

 
 
Figure 1.1: Adenovirus structural components. (A) Adenoviral virion showing the main 
structural components of the virus. (B) Adenoviral fiber consists of the tail, shaft and 
knob. The knob is involved in CAR mediated high affinity interactions required for 
cellular attachment. The tail mediates CAR independent low affinity interactions through 
cellular integrins and is involved mainly in viral penetration and internalization 50. 
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  The adenoviral genome can be divided into immediately early (E1A), early 

(E1B, E2, E3, E4), intermediate (IX, IVa2) and late genes (Figure 1.2A).  The early genes 

are expressed prior to viral replication consisting of mainly regulatory proteins that 

prepare the host cell for virus DNA replication and block antiviral mechanisms.  The late 

viral genes encode for viral structural proteins.  Importantly, the E3 region encodes a 

variety of proteins involved in immune response evasion.  A number of these E3 regions 

have been deleted to provide cloning sites for transgene insertion.  This process has found 

to not compromise adenoviral replicative function (Figure 1.2B) 51.   

 
 

Conditional Replicative, Oncolytic Adenovirus for Cancer Therapy 
 
  Studies indicate that adenovirus can be safely used for gene delivery.  Initially, 

non replicative adenoviruses were used to cancer therapy.  Non replicative adenoviruses 

have been modified by replacing early genes, E1A and E1B or E3 with the gene of 

interest.  Since the E1 unit is essential for viral replication, the recombinant vector is 

replicative defective and its replication requires helper functions provided by transacting 

E1 complementing cells.  However, these recombinant constructs have been useful 

mainly at local/ regional stage.  Their therapeutic limitation has been the incomplete 

infection of tumor cells, transient expression of the transgene, and a lack of systemic 

efficacy. 

  Recently, conditional replicative, oncolytic adenoviruses have been shown to 

replicate and kill tumor cells without harming normal cells, and thus has resulted in them 

being employed clinically 52.  The tumor specificity of these viruses has been manifested 

through the incorporation of tissue or tumor specific promoters that limit viral gene  
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B

FunctionGenes

E3b genes

Down-regulates FAS & TRAIL-R by Receptor Internalization and
Degradation in lysosomes, preventing apoptosis by FAS-L or TRAIL
Inhibits secretion of arachidonic acid
Blocks TNF-induced cytolysis and production of chemokines
Inhibits TNF-induced NF-kB signal transduction

10.4 (RID 
α), 14.5 
(RID β)

Inhibits TNF-induced apoptosis
Inhibits secretion of arachidonic acid
Interacts with cell proteins (FIPs), some of which are important in cell death and associated with
human diseases

14.7

Promotes viral release (Lysis)11.6 (ADP)

Downregulates cell-surface expression of MHC I by binding and retaining the heavy chain in ER
Inhibits TAP

gp19k 

Unknown12.5/ 6.7

E3a genes

 
 
 
Figure 1.2: Adenoviral early and late genes.  A) Schematic representation of the adenoviral 
genome representing the viral early and late genes 50.  The early genes E1, E2, E3 and E4 
encode for regulatory proteins that prepare the host cell for virus DNA replication and 
block antiviral mechanisms. The late genes encode viral structural proteins.  B) The 
adenoviral E3 genes that have used for cloning of transgenes along with their cellular 
functions. 
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expression to cells that express the requisite transcription factor 53, 54.  Onyx-015 was the 

first oncolytic adenovirus that was successfully employed clinically in humans.  

Deletions in the viral E1A and E1B genes restrict viral replication to cancer cells.  

Nonetheless, the use of Onyx-015 as a monotherapy, has produced only limited clinical 

efficacy, although Onyx-015 plus chemotherapy (cisplatin and 5-fluorouracil) has 

provided effective local tumor control in patients with recurrent squamous cell carcinoma 

of the head and neck 55, 56. 

  Based on anti-tumor findings of transgenes that are delivered by non-replicative 

viruses, it appears likely that the incorporation of transgenes with anti-tumor activity into 

oncolytic adenovirus may enhance cell killing properties of the virus 52.   

 
 

Adenovirus and CD40L Delivery 
 

  CD40L has been evaluated as an immunotherapeutic agent for cancer therapy. 

The rationale of this approach is to modify the host tumor interactions by stimulating the 

host’s anti-tumor immune responses.  While the capacity of adenoviral delivered CD40L 

to activate tumor specific immunity is well documented, there are limited studies that 

examined the direct tumor growth inhibitory impact of this molecule.  Dotti et al 

demonstrated that CD40L, when delivered by a non replicative adenovirus may exert 

dual effects that favor immune activation against human multiple myeloma  57.  The first 

is through the induction of apoptosis via the CD40L engagement of CD40 on the tumor 

cells, in turn leading to the presentation of tumor associated antigens in the form of 

apoptotic bodies to professional APC.  The second mechanism, which was independent 

of CD40 expression on tumor cells was attained through the activation of CD40L 
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transgene on tumor cells that stimulates CD40+ DCs  to increase their maturation and 

potential to stimulate cytotoxic T lymphocytes (CTL) 57.  

  Alternatively, adenovirus delivered, CD40L caused a rapid reduction in 

leukemia cell counts in CLL patients, likely to be attributable to apoptotic induction.  

CLL cells were resistant to Fas (CD95) mediated apoptosis within the first 3 days of 

CD40L ligation which was shown to be linked to the expression of X-linked inhibitor of 

apoptosis protein (XIAP) in CLL cells 58.  

  For solid cancers, the apoptotic impact of adenovirus delivered CD40L was 

demonstrated in a mouse prostrate cancer model 59.  However, tumor growth inhibitory 

activity of CD40L to be delivered as a transgene by a replicative oncolytic adenovirus in 

human epithelial cancers has yet to be defined.   

 
 

Adenoviral Gene Therapy for Breast Cancer 
 

  In view of the limited success of currently available treatment strategies for 

breast cancer, alternative and complementary strategies need to be developed to improve 

treatment outcome.  Recent successes with adenovirus in treatment of various solid 

tumors suggest that similar strategies are applicable to breast cancer.  A barrier in the use 

of adenovirus as monotherapy for cancer is the relatively low transduction efficiency in 

vivo.  This has been attributed due to the low and variable levels of the Coxsackie 

adenovirus receptor (CAR) expression on cancer cells that is required for viral entry into 

the cell.  A recent report suggested that aggressive human breast cancers had a higher 

expression of the adenoviral CAR receptor 60, indicating that breast cancer cells may 

serve as a favorable target for adenoviral gene delivery 61.   
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  A number of adenoviral gene therapy agents have been developed for breast 

cancer treatment.  The adenoviral early protein E1A can inhibit breast cancer cells via 

down regulation of Her-neu a well established breast cancer oncogene and was used 

subsequently in  phase I trials for its anti-Her-neu activity 62-65.  Similar, approaches that 

deliver anti-apoptotic, anti-angiogenic and immunomodulatory genes have resulted in 

anti-tumor responses in vitro, and in mice models 66-68.   

  The incorporation of tumor specific promoters like hypoxia response element, 

heparanase promoter have been used to regulate viral gene and transgene expression to 

the breast tumor micro-environment 69, 70 while sparing toxicity to normal cells.  Hypoxia 

(low oxygen tension) is a common feature of rapidly growing malignant primary and 

metastatic tumor cells 71, 72.  The hypoxic state presents a major barrier for effective 

treatment, since hypoxic cells are resistant to radiotherapy and often to chemotherapy 73.  

However, severe hypoxia is also a unique physiological condition to tumors and 

potentially exploitable for targeting cancer cells.  

  The role of hypoxia in aggressive tumors and unresponsiveness to endocrine 

therapy have been attributed to its ability to reduce hormone responsiveness and degrade 

estrogen receptors in human breast cancer cells 74-76. Hypoxia inducible factor (HIF)-1α a 

protein that is stabilized under hypoxic conditions was expressed in the majority of breast 

cancer patients and linked to poor prognosis 77-79.  HIF-1α may also play a role in 

modulating cell cycle progression and angiogenesis of breast cancer cells 80, 81.   

  In this study we have utilized a hypoxic response element (HRE) to limit the 

adenoviral replicative activity and CD40L transgene to breast cancer cells.  HRE is 

regulated by HIF-1α, a protein that is stable in the hypoxic micro-environment 72.  In 
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view of the presence of estrogen receptor in > 70% of breast cancers 82 an estrogen 

response element (ERE) as an additional component to achieve tumor specific gene 

expression has been incorporated.  This facilitates viral activation by the estrogen/ 

estrogen receptor complex 83 in regions of the tumor that are not hypoxic.  

 
 

Rationale for Study 
 

  The ability of CD40L to concomitantly impact cell growth and activate the 

immune system provides an opportunity to combine two potent anti-cancer activities in a 

single therapeutic maneuver, offering an attractive option for future clinical trials.  

Previous findings by us and others demonstrated that CD40 ligation by recombinant 

CD40L produces a direct growth inhibitory effect in breast cancer cells via cell cycle 

blockage and/or induction of apoptosis.  However, administration of recombinant CD40L 

may elicit pro-inflammatory and autoimmune responses through non specific immune 

activation that is detrimental to the host.  This study utilizes CD40L as a transgene that is 

integrated into a selective replicative oncolytic adenovirus that incorporates tumor/tissue-

specific promoters (hypoxic/HIF-1α response and estrogen response elements) into the 

viral backbone to limit the CD40L expression to the tumor micro-environment.  This 

construct is expected to generate a high transgene expression in response to either 

estrogen or hypoxia that is common in rapidly dividing cancer cells 71, 84, 85.  We 

hypothesize that the use of replicative oncolytic adenoviruses to express CD40L may 

enhance anti-tumor efficacy and overcome some of the drawbacks of limited gene 

expression when delivered by a non -replicative adenoviruses.  The oncolytic activity of 
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this virus, coupled with tumor cytotoxic activity of the CD40L transgene, is expected to 

produce an additive or synergistic CD40L response with minimal toxicity to normal cells.   

 
 

Aim of Study 
 

1. To characterize the conditional replicative activity of the AdEHCD40L 

adenovirus and the restricted expression of the CD40L. 

2. To validate the selective cytotoxic activity of AdEHCD40L in normal and breast 

cancer lines. 

3. To determine the anti-tumorigenic properties of AdEHCD40L and the growth 

inhibitory outcome of AdEHCD40L on pre-existing breast cancer 

heterotransplants in SCID mice models. 

4. To determine the cellular and molecular mechanisms of cancer growth inhibition 

of the AdEH delivered CD40L transgene. 
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CHAPTER TWO 
 

Characterization of the Adenovirus Vectors 
 
 

  The potential of recombinant CD40L to be exploited for treatment of CD40+ 

human breast cancer cells was previously demonstrated by us and others 30, 86, 87.  

However, the clinical applicability of CD40L experimental therapy may be limited by the 

short half life of the recombinant protein, and potential risks of inducing non-specific 

immune activation, autoimmunity 13, 88.   

  Successes of CD40L gene delivery with non-replicative adenovirus in B cell 

malignancies, like chronic lymphocytic leukemia (CLL), non Hodgkin’s lymphoma, and 

multiple myeloma, suggest that adenoviral delivery of CD40L is a feasible alternative for 

the administration of CD40L 89-91. 

  Recently, oncolytic adenovirus such as Onyx 015, Onyx 411, and CG7870 have 

been successfully engineered to selectively replicate and lyse cancer cells, either through 

modifications of viral early genes and/or integration of early viral gene promoters.  

Unique or up-regulated transcriptional factors have been used to limit viral gene 

expression and replication to cancer cells 92-94.  While these conditional replicative 

adenoviruses have been tested in prostrate, ovarian, and head and neck carcinomas, there 

were limited data on its efficacy in breast cancer 92.   

  Hernandez-Alcoceba et al demonstrated that restricted replication of an 

oncolytic adenovirus to breast cancer cells can be achieved by utilizing dual tumor and 

tissue specific promoters 70.  We in collaboration with Hernandez-Alcoceba, are the first 
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groups to examine the use of a replication competent oncolytic adenoviral backbone for 

tumor-restricted delivery of CD40L to human breast cancer cells.  To attain selective 

expression of the CD40L transgene, we have cloned the human CD40L cDNA into the 

AdEH oncolytic virus 70.  Prevalence of the estrogen receptors on breast cancers 95, 96 and 

low oxygen tension (hypoxia), that is commonly associated with the malignant state  84, 97, 

98, provide the positive selection criteria for AdEH early gene E1A and CD40L 

expression by incorporating estrogen and hypoxic inducible promoters.  In addition, the 

endogenous viral E4 promoter of AdEH has also been replaced by a human E2F 

dependent promoter, further limiting viral replication to E2F-1 over-expressing cancer 

cells (Figure 2.1).  This transcriptional-targeting approach is expected to optimize viral 

replication and transgene expression to target (tumors) cells, and limit its expression in 

normal cells.   

  This chapter describes the construction, of the CD40L-carrying adenovector, 

named AdEHCD40L.  The immunophenotype of breast cancer and non-malignant human 

lines were determined prior to their use for determining AdEHCD40L activity.  To 

validate the parameter of conditional CD40L expression, viral genes (E1A) and the 

CD40L transgene expression was correlated with that of hypoxia inducing factor and/or 

estrogen in host cells.  

 
 

Material and Methods 
 
 

Cell Lines 
 

  The human breast carcinoma (T47D, BT20, MDA-MB-231 and ZR-75-1), lung 

carcinoma (A549) and normal lung (IMR-90) cell lines were obtained from the American 
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Type Culture Collection (ATCC, Rockville, MD).  Human mammary epithelial cells 

(HMEC) were obtained from Clonetics (Walkersville, MD).  The breast cancer cells were 

cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS) 

(Atlanta Biologicals, Lawrenceville, GA).  The medium for T47D and ZR-75-1 was 

supplemented with 9 µg/ml insulin (Invitrogen); ZR-75-1 was additionally supplemented 

with 2 mM L-glutamine (Invitrogen) and 1 mM sodium pyruvate (Invitrogen).  MDA-

MB-231 was supplemented with 2 mM L-glutamine (Invitrogen) and 1 mM sodium 

pyruvate (Invitrogen).  Experiments were performed in phenol red free RPMI 1640 

(Invitrogen) and 2% charcoal dextran treated FBS (Hyclone, Logan, UT).  For studies 

involving evaluation of the estrogen response element (ERE) promoter regulation, cells 

had to be pre-treated for 14 hours with 2 nM estradiol. A549 cells used for viral 

expansion and titer determination by plaque assay were cultured in 1X Dulbecco’s 

modified Eagles Media (DMEM) (Invitrogen) with 10% FBS.  IMR-90 was cultured in 

minimum essential media with 2 mM L-glutamine, 1 mM sodium pyruvate and 10% FBS 

while HMEC was cultured in mammary epithelial growth media (Clonetics). 

 
 
Cloning of Recombinant Adenovirus  
 

   The conditional expressing adenovector has been generated in collaboration with  

Dr. M. Clarke (University of Michigan Medical Center) and explained in detail in 

appendix A.  As starting material, the pSEHE2F plasmid was used (Hernández Alcoceba 

et al. Human Gene Therapy 2002; 13: 1737-1750).  The genome of adenovirus was 

modified in order to include the following features (Figure 2.1): 

1. Deletion of the endogenous E1A promoter and substitution by the 5XEH3 promoter 
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2. Deletion of the endogenous E4 promoter and substitution by the E2F-1 promoter  

3. Introduction of an insulator sequence (bovine growth hormone transcriptional stop 

signal) between the packaging signal and the E1A promoter.  

4. Deletion of the genes encoding the glycoprotein (gp) 19K/6.7K proteins in the E3 

region, and substitution with the CD40L complementary deoxyribonucleic acid 

(cDNA).  This location allows the transcriptional control of the transgene by the 

endogenous adenoviral late promoter, which is active once the viral replication has 

initiated (Hawkins et al, 2001. Gene Ther. 8: 1123-31).  

  Purification, titration and validation of the genomic configuration of AdEHCD40L 

have been described in Appendix B. 

 
 
CD40L and E1A Expression byFlow Cytometry 
 

  To identify C40L and E1A proteins, cells were seeded at 5 x 105 cells/well in 

RPMI 1640 (without phenol red) + 2% charcoal dextran treated FBS with appropriate 

supplements, and allowed to adhere overnight.  Infection with AdEHCD40L or control 

virus was done at a multiplicity of infection (MOI) of one in 2 mls of infectious volume, 

in the presence or absence of 25 µM CoCl2.  The cultures were incubated for 90 minutes 

(37oC, 5% CO2) after which time the volume was brought up to 4 mls to attain a final 

CoCl2 concentration of 25 µM.  Cells were maintained at 37oC, 5% CO2 and harvested at 

graded time points to determine the expression of E1A or CD40L. 

  For CD40L staining, single cell suspension obtained after trypsinization was 

treated with phycoerythrin (PE) conjugated, mouse anti-human CD40L antibody or an 

isotypic antibody control (IgG1-PE) (both from BD pharmingen, San Jose, CA) and  



 

 

ITR E1A E3 E4 ITRψ

WILD-TYPE ADENOVIRUS

HIF-1α ER-estrogen complex E2F-1
AdEHCD40L MODIFICATIONS = Incorporation of tumor “specific” promoters.

HRE – Hypoxia Response Element
ERE – Estrogen Response Element
HIF-1α – Hypoxia Inducible Factor 1α

ITR E1A E3 E4 ITRψ

HRE/ERE
promoter E2F-1 promoterCD40L

E1A enhancer/Packaging signals

E1A enhancer/Packaging signals

 

 
 
Figure 2.1: Schematic Representation of Genetic Modifications in AdEHCD40L.  The 800bp CD40L 
transgene cassette was inserted in the E3 region of the adenovirus.  The E1A promoter was deleted and 
substituted by an estrogen response element (ERE) and a hypoxia response element (HRE).  The wild type E4 
promoter region has been substituted by an E2F-1 promoter. 
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incubated at room temperature for 30 minutes in the dark.  The cells were washed twice 

with 1X PBS containing 0.1% sodium azide and 1% bovine serum albumin (BSA). 

  For E1A staining, single cell suspension was treated with a permeabilizing 

reagent (Fix and Perm cell permeabilization kit, Invitrogen Diagnostics, Carlsbad, CA) 

and PBS (PBS + 1% BSA + 0.1% sodium azide), vortexed and incubated for 15 minutes 

at room temperature.  The permeabilized cells were washed once (300 g, 10 minutes), 

then resuspended with PBS, reagent B (permeabilization reagent kit, Invitrogen) and 

stained with either a mouse anti E1A antibody (10 µg/ml) or IgG2a isotypic control 

antibody (10 µg/ml) (BD pharmingen, San Jose, CA).  Washed cells were stained with 

goat anti-mouse fluorescein isothiocyanate (FITC) conjugated secondary antibody (10 

µg/ml) (BD pharmingen) in PBS, incubated for 20 minutes in the dark and then washed 

twice with PBS containing 0.1% sodium azide and 1 % BSA (300 g, 10 minutes). 

  Appropriately stained cells were fixed in 500 µl of 1% paraformaldehyde, and 

analyzed by flow cytometry (Becton Dickinson FACScan, San Jose, CA) with a laser 

excitation wavelength of 515 nm for fluorescein isothiocyanate (FITC), and 585 nm for 

phycoerythrin (PE).  The frequency of CD40L and E1A positive cells was determined by 

analysis of 5,000 events using the CELLQuest software (Becton Dickinson). 

 
 

Immunoblotting Analysis for E2F-1 and HIF-1α Protein  
 

  Immunoblot analysis was carried out to evaluate the expression of E2F-1 and  

hypoxia inducible factor (HIF)-1α that can potentially activate the E2F-1 promoter and 

hypoxia response element (HRE) promoters inserted in AdEH derived viral constructs.  

Cells (1 x 107) at logarithmic growth phase were incubated with media alone, or CoCl2 
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(25 µM) for 24 hours to achieve a hypoxic state.  Total cell protein was extracted and 

western blot performed as previously described 30.  Briefly, cells were treated with 

proteinase inhibitors, protein concentration determined by Coomasie blue (Pierce, 

Rockford, IL) spectophotometry (Spectramax 340 System; Molecular Devices, 

Sunnyvale, CA).  Fifty µg of the protein extract was mixed at 1:2 with electrophoresis 

sample buffer (Biorad, Hercules, CA), boiled at 95oC for 5 minutes, loaded onto a 7.5% 

Tris-HCl gel (Biorad) and electrophoresed.  The samples were transblotted to a 

Polyvinylidine difluoride (PVDF) membrane that was briefly soaked in 100% methanol 

and equilibrated with transfer buffer.  Protein transfer was performed at 50 V (120 

minutes at 4oC).  Membranes were blocked with 5% non-fat milk in 1X PBS. Each 

sample was treated with a mouse anti-human E2F-1 at a 1:100 dilution (BD pharmingen, 

Carlsbad, CA) or HIF-1α (1:250, BD pharmingen, Carlsbad, CA) primary antibody (1 

hour), followed by incubation with a goat anti-mouse IgG horseradish peroxidase (HRP) 

conjugated secondary antibody at a dilution of 1:2000 (Santa Cruz biotechnology, Santa 

Cruz, CA) for 1 hour, with appropriate washings (1X PBS, 0.1% Tween 20).  The 

reaction was developed by enhanced chemiluminescence (ECL plus detection kit, GE 

healthcare, Piscataway, NJ) as per manufacturer’s specifications, and visualized by 

autoradiography using Kodak scientific imaging film (Perkin Elmer, Wellesley, MA).  

For a protein loading reference, membranes were stripped and re-probed with β-actin 

using mouse anti-human antibody at a dilution of 1:100 (Santa Cruz biotechnology, Santa 

Cruz, CA) and developed as above.  Bands were quantified by densitometric analysis 

using the Alphamanager 2000D and Scion Image Software. 
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Viability Mitochondrial Assays  
 

  MTT (3-[4, 5 dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium bromide]) assay is 

based on the quantification of mitochondrial activity as a function of cell viability.  The 

reduction of MTT by metabolically active cells to insoluble purple formazan dye crystals 

can be solubilized and determined spectophotometrically.  At varying time intervals 

T47D cells (1 x 105 cells/ml; 100 µl) cells were treated with MTT (R&D Systems, 

Minneapolis, MN) for 2 hours (37oC, 5% CO2).  The formazan crystals were solubilized 

with detergent (overnight, room temperature, dark) and quantified spectophotometrically 

at 570 nm with 690 nm as reference wavelength (SpectraMax 340, Molecular Device).  

Percentage viability was calculated as % of untreated cells based on an average of 

triplicate absorbance values obtained for each treatment group. 

Formulae: % Viability = (Treated/Untreated) x 100 
 
 

Results 
 
 

Immunophenotyping of Breast Cancer and Normal Cell Lines  
 

  Previous studies showed that  > 90% of primary breast cancer tumors expressed 

CD40 30, 99.  To develop in vitro breast cancer models appropriate for the characterization 

of CD40L-based therapy, we examined the surface distribution of CD40 on a panel of 

breast cancer and normal cell lines (Table 2.1).  A high frequency of CD40 expression (> 

95%) was observed in the T47D, MDA-MB-231 and BT20 breast cancer lines based on 

flow cytometric immunofluorescence analysis.  In comparison, ZR-75-1 and MCF-7 

breast cancer lines lacked CD40 expression (< 1% of CD40 positive cells) when 

compared to the positive control cell line (Daudi; > 95%).  We also evaluated CD40
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Table 2.1: Immunophenotype analysis of cancer and normal cell lines. 

Cell Lines (Histology) Expression (% Positive cells) 

 CD40 CD40L 

Breast cancer Lines   

T47D (Ductal carcinoma) ++++ (96.6 ± 2.3 %) - (< 2 %) 

BT-20 (Adenocarcinoma) ++++ (97.9 %) - (< 1 %) 

MDA-MB-231 (Adenocarcinoma) ++++ (93.81%) - (< 1 %) 

ZR-75-1 (Ductal carcinoma) - (< 1 %) - (< 1 %) 

MCF-7 (Adenocarcinoma) - (< 1 %) - (< 1 %) 

Normal Lines   

IMR-90 (lung fibroblast) + (5.0 ± 1.1 %) + (12.0 ± 12.8 %) 

HMEC (breast epithelium) - (< 3 %) - (< 1 %) 

 
 
The % reactivity cells were determined by direct immunoflorescence technique 
designated as ++++ (75 – 100 %), +++ (50 - 74.9 %), ++ (25 - 49.9 %), + (5 - 24.9 
%) or - (< 5 %).  CD40L-L cells and L cells were used as positive and negative 
control lines for CD40L detection.  Daudi and L cells were used as positive and 
negative control lines for CD40 expression. 
 

 

expression in normal breast epithelial cell line (HMEC) and normal lung fibroblast line 

(IMR-90).  Expression levels in normal cell lines ranged from low (5.0 ± 1.3%) for IMR-

90 lung fibroblast line to negative (< 2.5%) for the HMEC breast epithelial line.  

Endogenous CD40L was expressed in low frequency (< 5%) in all breast cancer lines 

evaluated compared with > 95% of CD40L-positive cells in control CD40L- transfected 
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mouse fibroblast L cells 30.  Interestingly, one of two normal cell lines expressed low 

endogenous CD40L (IMR-90:12 ± 12.8%) (IMR90). 

  To determine if the cell lines expressed endogenous transcription factors that 

facilitate viral gene expression, we measured endogenous E2F-1 and HIF-1α protein 

levels by immunoblot analysis.  T47D and ZR-75-1 breast cancer cells expressed a high 

(+ / +++) endogenous level of HIF-1α.  With the exception of MCF-7, treatment with 

cobalt chloride (CoCl2) (25 µM, 24 hours) enhanced HIF-1α levels in all breast cancer 

lines (T47D, BT-20, ZR-75-1) as well as the normal cell line (IMR-90) tested (Table 2.2).  

Hence, the treatment with CoCl2 was used in our study to promote an HIF-1α positive, 

viral permissive state.   

  Cellular E2F-1 potentially impacts viral gene expression through the activation of 

E2F-1 promoter incorporated in the E4 region.  Western blot analysis showed that E2F-1 

was over-expressed in all breast cancer cell lines tested.  By comparison, E2F-1 

expression was lower in the normal cells evaluated (Table 2.2), hence validating the 

premise that E2F-1 over expression is a common feature among malignant cells 100, 101 

and appropriate as a conditional promoter for the viral permissive state.  Subsequent 

studies were carried out with the T47D, MDA-MB-231, BT20 and ZR-75-1 breast cancer 

lines.  These lines were selected on the basis of high CD40 expression, low CD40L 

expression, and an HIF-1α+ phenotype following hypoxic induction by CoCl2.  In 

accordance to their HIF-1α- and E2F-1- phenotype, the non-malignant IMR-90 cells were 

chosen as a negative control to define replicative selectivity and cytotoxicity. 
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Table 2.2: Immunophenotype of cancer and normal cell lines for viral permissive 
conditions. 

 
 

Cell lines 
(Histology) 

 

HIF-1α expression E2F-1 
expression 

 Status No 
CoCl2 

+ CoCl2  
 

Breast cancer Lines 
 

    

T47D (Ductal Carinoma)  Constitutive-
Inducible 
 

+++ ++++ ++++ 

ZR-75-1 (Ductal Carcinoma) Inducible 
 

+ / - +  / ++ ++++ 

BT20  (Adenocarcinoma) Inducible 
 

- + ++++ 

MCF-7 (Adenocarcinoma) Non  Inducible 
 

- - + 

MDA-MB-231 (Adenocarcinoma) 
 

ND ND ND ND 

Normal Lines 
 

    

IMR-90 (Lung fibroblast) Inducible 
 

- + - 

HMEC (Mammary epithelial) ND ND ND ND 
 

 
 
HIF-1α and E2F-1 expression was determined by immunoblot analysis.  Band 
intensities were normalized to β actin and designated as – (0-0.07), + (0.071-
0.2), ++ (0.21-0.5), +++ (0.51-0.8), ++++ (>0.8), ND (not determined).  Cells 
lines were defined as constitutive-inducible (endogenous HIF-1α/increased HIF-
1α with CoCl2), inducible (no endogenous HIF-1α/increased HIF-1α with CoCl2) 
or non inducible (no endogenous HIF-1α/no increase with CoCl2) according to 
capacity to respond to CoCl2 by HIF-1α up-regulation. 
 
ND: Not Determined 

 

 

Transgene Expression in Breast Cancer Cell Lines Following Infection with Recombinant 
Adenovector (AdEHCD40L)  

 

  To compare adenoviral infectivity in various breast cancer lines, the level of early viral 

gene (E1A) expression was determined following treatment with the wild type 

adenovirus [multiplicity of infection (MOI) =1].  All breast cancer cells lines tested were 
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susceptible to adenoviral infection.  49.4 ± 7.7% of T47D cells and 44.7 ± 7.4 % of MCF-

7 cells expressed viral E1A, as compared with 38.8 ± 4.9% in ZR-75-1 and 23.9 ± 12.5 

%in BT-20 lines (Figure 2.2).  Further, CD40L protein expression following infection 

with AdEHCD40L was determined in the viral permissive CD40+ (T47D) and CD40- 

(ZR-751) breast cancer cells.  24% of T47D cells expressed CD40L following infection 

of MOI=1 up to MOI=10.  There was an increase in CD40L expression following 

infection at the higher MOI of 50 (35.5%) or 100 (54.1%) (Figure 2.3A).  Similarly, 

CD40L expression was observed in AdEHCD40L-infected ZR-75-1 cells, with a 

maximal expression of 85% of all cells at an MOI of 50 (Figure 2.3B).  Peak level of 

CD40L transgene expression was observed on day 2 and sustained through day 4 post-

infection (Figure 2.4).  For ZR-75-1, a marked decrease in the % of CD40L+ cells was 

observed after 4 days post infection at an MOI ≥ 1 (Figure 2.4), which may reflect a 

selective loss of the virally infected subset from viral replication.  These findings indicate 

that CD40L transgene expression is directly correlated with the infecting viral dose, with 

expression being maintained for up to 4 days in viral infected cells. 

 

 

Effect of Cobalt Chloride on Viability and/or Transgene Expression of Breast Cancer 
Cells  
 
  The administration of cobalt chloride (CoCl2) is a common approach for sustaining a 

hypoxic state in vitro, through prolongation of the half life of the transcription factor 

HIF-1α 102.  Hence, treatment with CoCl2 allows us to achieve and/or optimize 

AdEHCD40L infectivity in vitro.  The inducibility and regulation of the CD40L 

transgene expression was evaluated in breast cancer lines that were found to express low,  
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constitutive (T47D, ZR-75-1) or no (BT-20, MCF-7) HIF-1α expression.  T47D 

displayed significantly increased CD40L expression with up-regulated HIF-1α (T47D: 

65.5 ± 3.9% with increased HIF-1α vs. 38.5 ± 2.8 % under uninduced conditions, p = 

0.007).  Similarly ZR-75-1 (74.63 ± 1.49% vs. 50.2 ± 2.5%; p = 0.0001), BT20  
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44.7 ± 7.4% 
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Figure 2.2: Viral E1A expression in breast cancer cells. Adv-WT (MOI=1) 
infected cells were evaluated at 48 hours post infection for viral E1A 
expression.  Histogram plots represent average ± SD from 3 separate 
experiments and represent treated cultures (grey) superimposed on untreated 
cultures (white)  
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Figure 2.3: Flow cytometric analysis of CD40L protein following AdEHCD40L infection.  T47D (A) and ZR-75-1 (B) 
AdEHCD40L (MOI=1-50) infected cultures were evaluated for CD40L protein following 72 Hrs post infection under non 
inducing conditions.  Histogram plots represent treated cultures (grey) superimposed on untreated cultures (white). 
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(43.2 ± 14.9% vs. 10.6 ± 0.2%; p = 0.03) and MCF-7 (23.5 ± 1.76% vs. 16.6 ± 1.5%; p 

=0.003) showed an increase in CD40L expression with increased HIF-1α (Figure 2.5), 

illustrating a dependence of hypoxia for transgene expression.  Further, studies were 

performed to characterize the impact of CoCl2 and estradiol treatments on host cell 

viability using the (MTT) assay.  MTT assay quantifies mitochondrial metabolic activity 

as a function of cell viability with a direct relationship between the absorbance and 

viability.  The lowest effective concentration of CoCl2 (25µM) produced an acceptable 

cytotoxicity of < 15 % (Figure 2.6).  Collectively, these findings indicate that CoCl2  

0 1 2 3 4 5 6
0

20

40

60

80

100 MOI=1
MOI=10

MOI=50
MOI=100

Time (Days post viral infection)
 

 
 
Figure 2.4: CD40L transgene expression in ZR-75-1 breast cancer cells.  CD40L (CD154) 
transgene expression inAdEHCD40L (MOI=1) infected ZR-75-1 cells under non inducing 
conditions. 
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Figure 2.5: CD40L transgene expression in cancer cells on CoCl2 induction.  CD40L 
expression was evaluated in the presence and absence of CoCl2 induction at 48 hours post 
infection.  T47D, BT20, ZR-75-1 and MCF-7 breast cancer cells showed increased 
CD40L expression on induction.  Mean ± SD are based on 3 separate experiments.  
Statistical analysis was carried out using a 2 tailed t-test * p < 0.05; ** p < 0.005; ***p < 
0.0005. 
 
 
(25µM) can be used to induce a viral permissive state via stabilization or induction HIF-

1α protein expression 102.  This results in the up-regulation of the CD40L transgene 

indicating that the CD40L transgene expression can be modulated through HIF-1α 

induction by CoCl2 treatment. 
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Figure 2.6: Effect of cobalt chloride on cell viability. Effect of cobalt chloride 
on cell viability of T47D cells was evaluated by MTT assay (24 hours).  
Values represent absorbance values (mean ± SD) from 3 separate experiments. 
 

 
 
Hypoxic Response Element is a More Potent Regulator of Viral Gene and Transgene 
Expression than the Estrogen Response Element  

 

  Both the hypoxic response element and estrogen response element are 

incorporated as promoter elements in the AdEH construct.  We examined their relative 

effectiveness in regulating viral early gene E1A and CD40L transgene expression in 

AdEH infected cancer lines.  Based on RT-PCR reactions using sequence specific 

primers, the CD40L message produced an amplification product of 683 bp.  The E1A 

mRNA is expected to produce 3 amplification products of molecular sizes 489 bp, 627 bp  
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Figure 2.7: RT-PCR for viral E1A and CD40L. E1A (A) and CD40L (B) mRNA 
expression in ZR-75-1 breast cancer lines was validated under treatment with CoCl2 or 
estradiol 12 hrs post AdEHCD40L treatment.  β actin (370 bp) expression was 
determined as an internal reference control for the reaction, while deionized water was 
used as a negative control.  Values represent absorbance values of band intensities 
normalized to β actin. 
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and 721 bp  corresponding to differential spliced variants 13S, 12S, and 9S 103.  E1A and 

CD40L transcripts were quantified by densitometric gel band analysis and were 

normalized to the β-actin amplification product which served as an internal control.  Viral 

E1A and the CD40L mRNA transcripts were up-regulated in AdEHCD40L infected ZR-

75-1 cell cultures by either estradiol or CoCl2 treatment (Figure 2.7).  Band intensities for 

CD40L was greater in the CoCl2 treated (untreated: 0.03 vs. 1.03; 40.6 fold increase) 

compared to the estradiol treated cultures (untreated: 0.03 vs. 0.5; 21.5 fold increase) 

(Figure 2.7).  These findings indicate that hypoxia induction by CoCl2 is a more potent  

inducer of AdEH viral gene and CD40L transgene expression than estradiol, and is used 

for all further evaluations. 

 
 

Discussion 
 

  CD40L has shown promise as a therapeutic agent for the treatment of various 

solid and hematological malignancies30, 32, 104.  Its anti-tumor activity in breast cancer was 

demonstrated in human xenografts models by us and others 30, 86.  In this study, we have 

examined CD40L expression following delivery as a transgene in breast epithelial cancer 

cell lines.  The human cDNA of CD40L has been cloned into an oncolytic adenovirus 

AdEH in order to deliver CD40L as a gene therapy agent.  AdEH was previously shown 

to have selective oncolytic activity in breast HIF-1α expressing cancer cells that over-

express ER 70, hence demonstrating its applicability as a gene delivery agent that restricts 

viral replication and gene expression by transcriptional targeting.  By cloning the human 

CD40L cDNA into the viral E3 region, transgene expression was governed by the 

endogenous late viral promoter, which was co-ordinately activated with viral replication 
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51.  In addition, the E4 promoter of AdEHCD40L has been replaced by the E2F promoter 

which attenuates viral replication in E2F-1 deficient normal cells 105.  A panel of breast 

cancer and normal cell lines were evaluated for the expression of CD40, CD40L, and 

viral permissive conditions (HIF-1α, E2F-1).  Some cell lines expressed high endogenous 

levels of HIF-1α (T47D and ZR-75-1).  The insulin dependent requirement of these lines 

may account for their endogenous HIF-1α activity, since HIF-1 is stabilized by insulin 

106-108.   

  The CD40L mRNA and protein expression was regulated by hypoxia induction.  

However in MCF-7, while the HIF-1α protein was not detected with CoCl2 induction, we 

were still able to observe a small but significant up regulation of CD40L.  This might be 

explained in part by the fact that HIF-1α protein is rapidly degraded under normoxic 

conditions and short half life of the protein 109-111.  Alternatively, in this particular cell 

line HIF-1α may not be a determinant for viral permissive conditions.  For ZR-75-1 cells, 

the viral permissive state of AdEH is dependent more on the hypoxic content (HIF-1α) 

whereas estradiol modulation is relatively ineffective.  These findings indicate that HRE 

is appropriate as a breast “specific” promoter for AdEH, since hypoxia is a common 

physiological feature of breast tumors and has been associated with aggressive diseases 

and pro-angiogenic activity 84, 98  

  In this study, we used CoCl2 as an agent used to induce HIF-1α 102.  Effects of 

CoCl2 treatment alone on cellular toxicity have been reported, although this phenomenon 

appeared to dependent on the host cell type.  The induction of cell death was observed in 

mouse embryonic fibroblast and human cervical cancer (HeLa) cells, the same treatment 

resulted in survival and resistance to apoptosis in HepG2 cells 112-115.  We observed a low 
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(≤ 15%) level of toxicity at the concentration of ≤ 25 µM CoCl2, which did not impact 

our experimental interpretations, hence allowing its use for HIF-1α protein induction to 

achieve a viral permissive state in vitro.   

  In conclusion, we were able to show that the AdEHCD40L could selectively 

deliver CD40L to HIF-1α expressing breast cancer cell lines, and hence an appropriate 

delivery agent for CD40L based gene therapy.  The growth regulatory activity of 

AdEHCD40L was further examined in the next chapter.  



 

 38

CHAPTER THREE 
 

Growth Regulatory Activities of AdEHCD40L 
 
 

  Non-replicative adenoviruses have been used to deliver CD40L to chronic 

lymphocytic leukemia and multiple myeloma cells and shown to enhance anti-tumor 

responses.  Growth inhibition was achieved through immune activation and an increased 

sensitivity to Fas mediated apoptosis 104.  By comparison, the growth regulatory impact 

of adenoviral delivery of CD40L remains unexplored in epithelial cancers.  In this study, 

we have utilized the selective oncolytic adenovirus AdEH to deliver CD40L as a 

transgene.  As described in chapter 2, oncolytic viruses are engineered to limit replication 

to cancer cells with defined genetic defects.  Transgenes inserted into the viral early E1, 

E3 regions are expected to manifest their growth regulatory activity prior to the 

replicative process 116-118.  In addition, host cells are susceptible to the viral oncolytic 

process that also leads to the propagation of progeny to neighboring tumor cells, 

repeating the killing cycle.  We hypothesize that the conditional expression of the CD40L 

transgene restricts its activity to the tumor micro-environment, thereby limiting the 

CD40L regulatory signal to cancer cells.  Further, amplification of the initial viral input 

dose and sustained transgene expression through viral replication enhances the overall 

efficacy of the adenoviral gene delivery vector.  Following the demonstration of selective 

viral and CD40L transgene expression in breast cancer cells (Chapter 2), we have 

determined the role of CD40L transgene expression in mediating growth inhibition.   
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  This chapter describes our in vitro findings with CD40+ and CD40- breast 

cancer lines, based on comparative analysis with AdEHCD40L and AdEHNull, a non 

CD40L carrying AdEH construct.  

 
 

Material and Methods 
 
Cell lines and media have been previously described in chapter 2 in the material and 

methods section. 

 
 

Viability Mitochondrial Assays  
 

  Cells in the logarithmic phase were inoculated in 96 well plates (BT20, T47D, 

ZR-75-1: 1 x 105 cells/ml; 100 µl; MDA-MB-231: 5 x 105 cells/ml; 100 µl) in their 

respective media.  Cells were infected with either AdEHCD40L or control vectors 

(AdEHNull or Adv-WT) (MOI=1-100) in the presence/ absence of hypoxia (25 µM).  At 

varying time intervals cells were treated with MTT (R&D Systems, Minneapolis, MN) 

and % viability calculated as previously described in chapter 2 in the material and 

methods section. 

 
 

Crystal Violet Staining for Cytopathic Toxicity  
 

  The adherent and viable population of cells can be stained by crystal violet 

staining and quantitated spectophotometrically.  Cancer cells (1 x 105 cells/ml; 100 µl) in 

the logarithmic phase were inoculated in 96 well plates their respective supplements and 

incubated for 14 hours at 37oC, 5% CO2 incubator.  However to ensure the normal cells 

were quiescent they were plated to confluence (5 x 105 cells/ml; 100 µl) in their 
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respective media.  Cells were infected at an MOI=1 in the presence or absence of CoCl2 

(25 µM).  Percentage viability was calculated as % of untreated cells based on an average 

of triplicate absorbance values obtained for each treatment group. 

 
 

Viral Replication by Quantitative PCR  
 

   To determine the viral replicative activity and yield of infected cell cultures, 1 x 

105 cells/well were infected at an MOI=1.  Cells and culture supernatants were collected 

separately immediately after infection (day 0) and at different time points post infection 

for 5 days.  Total nucleic acids was extracted from 200 µl of culture supernatant or cell 

pellet resuspended in 200 µl distilled water using the QIAmp DNA blood kit (Qiagen, 

Valencia CA, USA).  Purified deoxyribonucleic acid (DNA) was eluted in 50 µl with 

nuclease free water. Quantitative polymerase chain reaction ( PCR) was performed as 

described by Gu et al 119 using the TaqMan® Universal PCR Master Mix (Applied 

Biosystems, Foster City, CA).  Briefly 5 µl of sample was added to a 45 µl of PCR mix 

containing 1X PCR buffer, 25 mM MgCl2, deoxynucleosides (10 mM A, 10 mM G, 10 

mM C, 20 mM), 10 pmol/µl of sense primer (5’ GCTGGCGCAGAAGTATTCCA 3′) 

and 10 pmol/µl of anti-sense primer (5’ GTGCGGGTCTCATCGTACCT 3′) (Sigma 

Aldrich, St Louis, MO) and 5 U/µl of Taq polymerase (Applied Biosystems).  Reactions 

were run in duplicates or triplicates.  The reactions were thermal cycled using the 

following conditions: 95oC, 5 minutes; 43 amplification rounds cycling between 95oC, 30 

seconds, 60oC, 60 seconds on the ABI icycler (Biorad, Hercules, CA).  Viral copies 

above a threshold cycle of 100 at a point in the exponential phase of amplification were 

taken for analysis and quantitated against a standard adenovirus reference (gene back 
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nucleotide number AY339865 (ATCC, Rockville, MD) serially diluted to obtain a range 

of 5 x 101 to 5 x 106 copies.  The maximum sensitivity of the assay was 50 copies of 

adenoviral hexon, based on the fluorescent signal with probe labeled at the 5’ end with 6-

carboxytetramethylrhodamine (FAM) as the reporter dye and the 3’ end labeled with 6-

carboxyfluorescein (TAMRA) as the quencher (5'(6-FaM) ACCTTCCAGATCCGTCGA 

CCTGCA (Tamra) 3’).  Samples that had less than 50 copies in the 25 µl assay were 

considered negative for adenovirus hexon.  Negative controls that contained only water 

was used to check for DNA contamination and had a threshold cycle of 100. 

 
 
Soluble CD40L by ELISA  
 

  To determine the soluble CD40L in the culture supernatants of AdEHCD40L 

infected T47D cultures, supernatants were centrifuged at 300 g to remove cell debris.  

Soluble CD40L was detected by the high sensitivity human soluble CD40L ELISA kit 

(Bender Medsystems Inc, Burlingame, CA).  Each sample was tested in triplicates 

according to the manufacturer’s protocol.  Briefly, 100 µl of culture supernatant was 

mixed with 100 µl of HRP-conjugated CD40L monoclonal antibody (MAb) (1:200 

diluted according to the manufacturer’s protocol).  150 µl of the reaction mixture was 

transferred to a micro-well coated with CD40L MAb.  The reactions were carried out on 

an orbital shaker (100 rpm, 2 hours, 25oC) with appropriate washing in between. 100 µl 

of the substrate tetramethyl-benzidine (TMB) was added and the reaction carried out at 

100 rpm for 25 minutes, 25oC with gentle shaking.  The reactions were stopped by adding 

100 µl of stop solution and quantified by measuring the absorbance at 450 nm with a 

spectrophotometer (SPECTRAmax 340, Molecular devices corporation, Sunnyvale, CA).  
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The concentration of soluble CD40L was extrapolated from a standard curve.  The 

standard curve was based on serially dilutions of a recombinant CD40L provided by the 

manufacturer ranging from 0.08 – 5 ng/ml.  

 

Results 

 

Growth Inhibitory Activity of AdEHCD40L  

  The anti-tumor activity of AdEHCD40L was evaluated in three CD40 positive 

breast cancer lines, T47D, BT20, MDA-MB-231, and a CD40 negative control cell line 

ZR-75-1 under viral permissive conditions by the MTT assay.  To determine if the 

growth inhibitory responses with AdEHCD40L were attributed to the CD40L transgene 

or viral replication, a similar viral construct that lacks the CD40L transgene (AdEHNull) 

was used as control.  AdEHCD40L (MOI = 1) produced markedly higher inhibition at 96 

hours as compared to the AdEHNull construct in CD40+ cell lines (T47D: 58.4 ± 5.0% 

vs. 43.4 ± 2.3%, p < 0.05; BT20: 41.5 ± 3.3% vs. 22.3 ± 2.0%, p < 0.05; MDA-MB-231: 

49.1 ± 7.5% vs. 28.1 ± 4.6%, p < 0.05) (Figure 3.1).  This enhanced anti-tumor response 

between the AdEHCD40L and AdEHNull was extended up to 144 hours.  In contrast, the 

differential response between AdEHNull and AdEHCD40L was not observed in the 

CD40 negative line ZR-75-1, suggesting that viral oncolysis and CD40L-produced an 

additive growth inhibitory effect only in CD40+ cells.   

  Effective viral dose (ED50), the viral dose that produced a 50% growth 

inhibition, was used as a reference to compare viral potency of each cell line. The ED50 
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Figure 3.1: Time dependent growth regulatory outcome of AdEHCD40L.  T47D, 
BT20, MDA-MB-231 and ZR-75-1 cells were infected with AdEHCD40L or 
AdEHNull (MOI=1) and monitored for cytotoxicity over 144 hours by MTT.  
Mean ± SEM values were calculated as % of untreated cultures and based on 5 
separate representative experiments.  Statistical significance was based on a 2 
tailed unpaired t-test, ** p < 0.005; * p < 0.05 and based on comparison’s between 
AdEHCD40L vs. AdEHNull. 
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Figure 3.2: Relative antitumor efficacy of AdEHCD40L and AdEHNull.  
T47D and ZR-75-1 were infected with graded doses of AdEHCD40L and 
AdEHNull (MOI =1 -100).  The % viability (Mean ± SD) was calculated from 
3 separate experiments.  The ED50 of the AdEHCD40L and parental construct 
(AdEHNull) was extrapolated by linear regression analysis. 

 
 

value for T47D cells was determined to be MOI = 0.45 for the AdEHCD40L as compared 

with an MOI of 4 for the AdEHNull construct.  Thus for T47D cells, AdEHCD40L was 

approximately 10 fold more effective in cell kill as compared with AdEHNull.  In 

contrast the ED50 could not be attained with ZR-75-1 even at an MOI =100 (Figure 3.2) 

demonstrating the resistance of this cell line to viral oncolysis.  Dose response of 

AdEHCD40L was comparable to that of AdEH for this CD40- cell line. 
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Viral Replication of AdEHCD40L was Comparable to the Parental Construct AdEHNull 

  To determine if altered viral replicative activity contributes to the enhanced anti-

tumor activity of AdEHCD40L, total viral yield was quantitated as a function of viral 

hexon DNA by the quantitative PCR technique in T47D-infected cultures.  Comparable 

levels of the total viral hexon DNA was detected in both the recombinant AdEH vectors 

(AdEHCD40L and AdEHNull) as well as in the wild type (Adv-WT) infected cultures 

(AdEHCD40L: 3.3 x 103 vp; AdEHNull: 3 x 103 vp; Adv-WT: 5.2 x 103 vp at 96 hours; 

Figure 3.3).  These findings indicate that both modified AdEH constructs have a 

comparable replicative activity as the wild type adenovirus in T47D breast cancer cell 

lines.  Hence, incorporation of the CD40L transgene did not alter the replicative activity 

of the AdEH constructs and up-regulated viral replication is not the explanation for 

enhanced tumor cytotoxicity of AdEHCD40L. 

 

Relative Efficacy of AdEHCD40L and the Recombinant CD40L Protein in T47D Cells  

  To compare the anti-tumor efficacy of the CD40L when introduced as a  

recombinant protein or a transgene, parallel treatments were carried out under pre-

optimized conditions with the AdEHCD40L (MOI = 1) or the trimeric CD40L 

recombinant protein (1 µg/ml, Alexis biochemicals, San Diego, CA) 30.  The growth 

inhibitory response by AdEHCD40L was consistently more pronounced than that with 

the recombinant CD40L (rCD40L) over a period of 144 hours (80.5 ± 1.1 % vs. 17.8 ± 

5.0%, p < 0.05) (Figure 3.4).  Treatments with AdEHNull were used to determine the 

growth inhibitory effect that was attributable to viral replication.  This agent reduced 

48.7± 8.8% cell growth by 144 hours.  Hence the CD40L transgene effect alone appears  
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Figure 3.3: Viral replication of AdEHCD40L is comparable to the control 
construct.  T47D cells were infected T47D were infected with AdEHCD40L, 
AdEHNull, Adv-WT (MOI = 1). The total viral particles in the culture 
supernatants and pellet of T47D infected cells (MOI = 1) was evaluated over 144 
hours by quantitative PCR. Values were normalized to the respective vp ontained 
at 24 hours for each treatment. Total viral hexon quantitated from the pellet and 
supernatant are based on triplicate reactions from a single experiment. 

 

 
to generate a more pronounced anti-tumor effect (net of 41%) as compared with rCD40L, 

suggestive of a synergistic outcome with viral oncolysis. 

 
 
AdEHCD40L was Attenuated in Viral Non Permissive Malignant and Non-Malignant 
Cell Lines  
 

  To validate the cancer selective activity of AdEH constructs, infectivity studies 

were carried out with malignant and non-malignant cell lines under viral non-permissive 

conditions.  The cytopathic effect of recombinant virus to replicate and detach the 

adherent  cells was evaluated by crystal violet staining.  Whereas insertion of the CD40L 
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Figure 3.4: AdEHCD40L is more potent than the recombinant CD40L. Growth 
inhibitory activity was measured using the MTT assay.  Mean ± SEM values 
are representative of 5 separate independent experiments. Statistical 
significance was evaluated by the 2 tailed t-test (*, p< 0.05; **, p<0.005; ***, 
p<0.005) 

 
 

transgene improved anti-tumor activity of AdEH (> 95% by AdEHCD40L vs. 50.6% by 

AdEHNull) in viral permissive T47D cells (Figure 3.5), both constructs remained 

attenuated in nonmalignant lung fibroblast (<5% growth inhibition by AdEHCD40L and 

AdEHNull).  By comparison, Adv-WT produced 64.2% toxicity in T47D cells and 67.3% 

in IMR-90 (Figure 3.5).  Evaluation of mitochondrial activity as a measurement of cell 

viability was used assessed to evaluate viral cytotoxicity in non-permissive BT20 cancer 

cell line.  AdEHCD40L produced <12% growth inhibition (Figure 3.6), although CoCl2 
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Figure 3.5: Crystal violet staining for cytopathic effect in non-malignant and malignant cell lines.  Normal lung fibroblast 
(IMR-90) and cancer (T47D) cell lines were infected with graded doses of AdEHCD40L and the control virus (AdEHNull 
and Adv-WT).  Cells (T47D:1 x 104; IMR-90: 5 x 104) were stained with crystal violet when CPE was observed in 50 - 60 
% of the Adv-WT infected cultures (day 3 for T47D and day 4 for IMR-90).  % viability was calculated as % of untreated 
cultures.  Values represented are average from 2 separate experiments each done in triplicates. 
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Figure 3.6: AdEHCD40L attenuated in non-permissive BT20 cells.  BT20 cells were 
infected with AdEHCD40L (MOI = 1) under non-inducing and inducing conditions.  % 
viability was measured by the MTT assay.  Mean ± SEM values were calculated as % of 
untreated and based on 5 separate representative experiments.  Statistical significance 
was based on a 2 tailed unpaired t-test, **p < 0.005.   
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Figure 3.7: Viral replication in non-malignant and malignant cell lines.  Viral burst assay in non malignant lung fibroblast 
(IMR-90), epithelial (HMEC) and cancer (T47D) cell lines. Number of viral particles released into the culture supernatants 
was quantified by PCR and normalized to either total viral particles at 24 hours (IMR-90, T47D) or Day 0 (HMEC). 
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induction promoted this growth inhibitory outcome (41.5 %)  These findings suggest that 

AdEHCD40L is attenuated in non-malignant and non-permissive cell lines and is 

cytotoxic only in hypoxic permissive conditions 

  The cytotoxicity activity of AdEHCD40L in viral non-permissive cells 

correlated with viral yield determinations.  Viral replication of AdEHCD40L was 

attenuated by > 1000 fold in IMR-90 when compared to Adv-WT, reaching its maximum 

at 96 hours post infection (Figure 3.7).  In contrast, viral replicative activity of 

AdEHCD40L was comparable to Adv-WT in permissive malignant (T47D) and non-

malignant cell lines that express endogenous HIF-1α (Figure 3.7).  Collectively, we 

demonstrated that the cytotoxicity and viral replicative activity of the AdEHCD40L 

construct were dependent on the viral permissive state of the cell line 

 
 
Soluble CD40L Levels in Cell Culture Supernatants of AdEHCD40L Treated Cultures   
 

  CD40L manifests in different isoforms that result from alternative splicing 

during transcription, or cleaved by metalloproteases on the cell membrane and 

subsequently released as a soluble form 120.  These events may lead to the release of 

soluble CD40L (sCD40L) which in turn participates in cancer growth regulation.  We 

have quantified sCD40L level by colorimetric ELISA analysis in AdEHCD40L infected 

(MOI=1) T47D cultures.  The detected concentration of soluble CD40L was above the 

sensitivity detection limit of 0.005 ng/ml. and varied on CoCl2 induction, ranging from 

0.18 ± 0.02 and 0.3 ± 0.15 ng/ml at 72 hours and 96 hours, respectively (Table 3.1).  

Nevertheless, the level of soluble CD40L was markedly below the effective growth 

inhibitory dose and likely to minimally contribute to the growth inhibitory outcome. 
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Table 3.1: Quantification of soluble CD40L by ELISA 

 

Time Tested CD40L concentration (Mean ± SD; ng/ml) 

 No CoCl2 + CoCl2 

24 hours < 0.005 < 0.005 

48 hours < 0.005 < 0.005 

72 hours 0.18 ± 0.02 < 0.005 

96 hours 0.33 ± 0.15 < 0.005 

144 hours 0.13 ± 0.02 0.11 ± 0.01 
 

 

 

Discussion 

 

  The capacity of recombinant CD40L to modulate growth in solid cancer has 

been described in a number of studies 121-123.  We previously reported that recombinant 

CD40L inhibited the growth of CD40 positive breast cancer cell lines 30.  To enhance the 

overall anti-tumor efficacy of current delivery vehicles, we have utilized a conditional 

replicative adenovirus for restricted delivery of CD40L to breast cancer cells.   

  In this study, anti-tumor response to CD40 positive lines (T47D, BT20, and 

MDA-MB- 231) was markedly enhanced by the presence of the CD40L transgene under 

viral permissive conditions, when compared to AdEH lacking the CD40L transgene.  

This additive response was not observed in the CD40 negative line ZR-75-1, indicating 

that cytotoxicity represented the combined outcome of viral mediated cytolytic activity 
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and CD40L toxicity.  However, blocking studies against CD40L will allow us to further 

establish the role of CD40L in this enhanced cytotoxic phenomenon.  Though we 

observed that AdEHCD40L-infected ZR-75-1 expressed higher levels of CD40L than 

T47D (Chapter 2, figure 2.9), the ED50 value could not be attained in ZR-75-1 cells even 

at an MOI = 100.  These findings suggest that ZR-75-1 cells may be susceptible to viral 

infection and resistant to the subsequent viral oncolytic process 52, 124.  The underlying 

mechanism of resistance needs to be further investigated 

  The advantage of using CD40L as a transgene with a conditional replicative 

adenovirus, was further validated by comparison of cytotoxic response between 

recombinant CD40L and CD40L transgene.  We were able to show that delivery of 

CD40L with a replicative adenovirus led to a more pronounced CD40L dependent 

cytotoxic effect when compared to the recombinant CD40L protein.   

  Selectivity is an important aspect of oncolytic adenoviral therapy.  We 

demonstrated that the viral replication of AdEHCD40L was comparable to the Adv-WT 

in HIF-1α expressing lines (HMEC and T47D).  In contrast, AdEHCD40L was attenuated 

in HIF-1α negative normal lung fibroblast cells with reduced growth inhibitory impact.  

These findings affirm the applicability of AdEH for CD40L transgene delivery to HIF-1α 

expressing cancer cells. 

  Downstream mediators of the CD40-CD40L pathway like NFkB and PI3kinase 

125, 126, have been known to be affected by viral gene expression during the adenovirus 

infection process.  Conversely, perturbation of cellular signaling by CD40L may interfere 

with the viral replicative process.  Findings of viral yield demonstrated that CD40L 

incorporation did not affect viral replication, with recovery of AdEHCD40L, comparable 
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to AdEHNull and the Adv-WT, in viral permissive T47D cells.  Since insertion of 

CD40L did not promote viral replication, it is also unlikely that the increased anti-tumor  

efficacy of AdEHCD40L was due to enhanced viral replication. 

  CD40L may be expressed either as a membrane bound ligand or as a soluble 

cleaved product.  We observed low levels of soluble CD40L in AdEHCD40L treated 

T47D cells.  Though we cannot extrapolate our current findings of soluble CD40L into its 

patho-physiological relevance, the levels of detectable soluble CD40L fall markedly 

below the threshold for cancer growth modulation which we previously determined to be 

≥ 1 µg/ml 30.  

  Collectively, our studies demonstrated that the CD40L transgene acted in 

concert with viral oncolysis to suppress cancer growth.  Nevertheless, the incorporation 

of the transgene did not markedly alter viral replicative activity of the parental AdEH 

construct.  Importantly, AdEHCD40L has limited cytotoxic activity in non-permissive 

cells.  The applicability of AdEHCD40L for the experimental treatment of breast cancer 

will be further validated in severe combined immunodeficiency (SCID) mice with human 

xenografts models, together with studies that seek a better understanding of its 

mechanisms of action. 
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CHAPTER FOUR 
 

In Vivo Growth Regulatory Activities of AdEHCD40L 
 
 

  Our in vitro findings suggest that AdEHCD40L can inhibit the growth of human 

breast cancer cell lines and manifests an additive response that can be attributed to the 

cytotoxic effects of CD40L and adenoviral oncolysis.  The enhanced anti-tumor efficacy 

of AdEHCD40L was increased in HIF-1α+ cells in vitro.  Limited data is available on the 

HIF-1 α protein expression of breast cancer tumors established in mice.  Cho et al 

demonstrated that MDA-MB-435 xenografts established in mice express the HIF-1α 

protein which regulated hypoxia responsive promoters 127. 

  To determine the efficacy of AdEHCD40L in vivo, a severe combined 

immunodeficient (SCID) xenograft model was used.  SCID mice lack functional B and T 

cells due to the lack of re-arrangement of genes encoding for the T cell receptor and those 

encoding for the immunoglobulin 128, 129.  The ability of this model to sustain human 

tumors cells has been well documented 130, 131.  Though SCID mice have natural killer 

cells that might contribute to anti-tumor activity, it has served as a preliminary model to 

evaluate the direct growth inhibitory impact of CD40L on CD40 positive breast tumors 30, 

86.  Concerns with toxicity issues associated with replicative adenovirus warrants 

validation of the distribution patterns and maximum tolerated dose of AdEHCD40L.  In 

this chapter, we have studied the efficacy of AdEHCD40L on human breast cancer 

xenografts established in SCID mice.  Additionally, the biodistribution and maximum 

tolerated dose was evaluated in an immunocompetant Balb/c mice model. 
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Material and Methods 
 
 
Biodistribution and Maximum Tolerated Dose in Balb/c Mice 
 

  The biodistribution and maximum tolerated dose (MTD) was evaluated in 

immunocompetant female BALB/c mice (Harlan Sprague Dawley, Indianapolis, IN) 

following tail vein injections of AdEHCD40L.  The scheme for evaluating the 

biodistribution of AdEHCD40L is outlined in figure 4.1.  To determine the 

biodistribution, a single intravenous injection (100 µl) of graded doses (2 x 109 pfu, 2 x 

108 pfu, 1 x 107 pfu) of AdEHCD40L (3 mice per group) was administered to the mice. 

Adv-WT (2 x 109 pfu) was administered as a control for the intravenous injections while 

mock or PBS controls were used as negative controls (2 mice per group).  The mice were 

monitored daily for overt toxicity (loss of >25% body weight, death) for 14 days. 

Animals were euthanized at the end of the study by cervical dislocation following 

anesthesia by isofluorane vapor inhalation.   

  To determine the biodistribution of the virus in the normal organs of mice, 

animals were euthanized with isofluorane inhalation at 12 hours, 7 days and 14 days post 

injection.  10-50 mg of tissues (liver, spleen, lung) obtained from euthanized mice was 

washed twice in 1X PBS, quick frozen in ethanol dry ice mixture and stored at -85oC. 

Serum samples were obtained by centrifugation of whole blood and stored at -20oC.  

Tissues were weighed prior to the extraction of total nucleic acid.  Total nucleic acids 

were extracted using the QIAamp DNA minikit (Qiagen, Valencia CA, USA).  

Quantitative PCR was performed as described in chapter 3. 

  Similarly, to determine the maximum tolerated dose, a single intravenous 

injection (100 µl) of graded doses (2 x 109 pfu, 2 x 108 pfu, 1 x 107 pfu) of AdEHCD40L 



 

 

57

Test group: AdEHCD40L (2 x 109 pfu, 2 x 108 pfu,  1 x 107 pfu)

12 hours Day 7

No. of Mice sacrificed 1 1

Control group: Mock, Adv-WT ( 2 x 109 pfu)

12 hours Day 7

No. of Mice sacrificed 1 1

Organs collected: Liver, lung, spleen. 

Serum

1

Day 14

 

 
 
Figure 4.1: Schematic representation of biodistribution and maximum tolerated 
dose experimental design.  Female BALB/c mice were given a single intravenous 
tail vein injection with varying doses (1 x 107, 2 x 108, 2 x 109 pfu) of 
AdEHCD40L or PBS (mock).  Adv-WT was used as a control for injections. 
Animals were sacrificed at varying time points.  The mice injected with 
AdEHCD40L or Adv-WT (2 x 109 pfu) did not survive beyond 4 and 7 days 
respectively.  The serum and organs were analyzed for viral hexon by quantitative 
PCR.  Mice were monitored for up to 14 days for signs of overt toxicity. 

 
 
 
(3 mice per group) was administered to the mice.  Adv-WT (2 x 109 pfu) was 

administered as a control for the intravenous injections, while mock or PBS controls were 

used as negative controls (2 mice per group).  The mice were monitored daily for overt 

toxicity (loss of >25% body weight, death) for 14 days.  Animals were euthanized at the 

end of the study by cervical dislocation following anesthesia by isofluorane vapor 

inhalation. 
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Anti-Tumorigenic T47D Model  
 

  The anti-tumor activity of AdEHCD40L was examined in vivo using a T47D 

xenograft model in SCID mice (CB17/IcrHsd-scid, Harlan Sprague Dawley).  Animals 

were fed on a high protein diet.  All protocols were reviewed and approved by the 

institutional animal care and use committee at Baylor Research Institute.  T47D is an 

ER+ cell line that establishes tumors in mice that have estradiol supplements 132. A week 

prior to implantation of cells, 0.72 mg/60 day sustained release 17-β estradiol pellet 

(Innovative research of America, Sarasota, Florida) was injected into the lateral side of 

the neck between the ear and the shoulder using a 10 gauge precision trochar (Innovative 

research of America).  T47D cells were seeded in a T-225 cm2 culture flask (1x107 

cells/flask) in RPMI 1640 with 2% FBS and insulin (9 µg/ml).  Cells were either mock 

treated or infected with AdEHCD40L, AdEHNull at an MOI=1 and cultured for 48 hours.  

Trypsinized cells were washed twice with 1X PBS and re-suspended with sterile RPMI 

1640 at a final concentration of 2 x 107 cells/ml.  Cells were mixed with matrigel (BD 

Biosciences, Bedford, MA) in a 1:2 ratio to get a final cell concentration of 1x107 

cells/ml.  The suspension was drawn into a 1ml syringe with a 25 gauge needle that had 

previously kept on ice. 100 µl of cell matrigel suspension was injected into the left flank 

of each mouse.  Control mice (2 per group) with estradiol pellet and cells only were also 

monitored.  The mice were checked twice a week and tumors measured with a vernier 

caliper for up to a period of 30 days post cell inoculation.  Mean tumor diameter (D) was 

determined as the geometric mean [D= (D1D2)1/2] of two perpendicular measurements 

[D1, D2] 30.  Differences in primary tumor xenograft size were compared statistically by  

the 2 tailed unpaired t-test.  Animals were euthanized by cervical dislocation following 
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anesthesia by isofluorane vapor inhalation and checked for evidence of metastatic 

nodules in the lungs, liver, and bone marrow.  The tumors were fixed in formalin for 

histological evaluation. 

 
 
Intra-Tumoral Model for MDA-MB-231 
 

  Subcutaneous breast carcinoma cell line (MDA-MB-231) xenografts were 

established by injecting 3x107cells in 100 µl of cell suspension with matrigel in a 1:2 

ratio into the left flank of CB17/IcrHsd SCID mice (Harlan Sprague Dawley, 

Indianapolis, IN).  After tumor emergence (approximately 7-10 days after inoculation), 

animals received a single intratumoral injection (100 µl) of either media only, 

AdEHCD40L (2 x 107 pfu, 5 x 107 pfu) or AdEHNull (2 x 107 pfu, 5 x 107 pfu).  This 

injection was given daily for 5 consecutive days.  The tumors were monitored as 

described for T47D.  Animals were euthanized by cervical dislocation following 

anesthesia by isofluorane vapor inhalation and checked for evidence of metastatic 

nodules in the lungs, liver, and bone marrow. 

 
 

Immunohistochemial Staining of HIF-1α  
 

  Formalin fixed, paraffin embedded T47D xenografts sectioned slides were 

stained for the presence of the hypoxic marker HIF-1α.  Cells were stained as previously 

described 133.  Briefly, slides were deparaffinized in xylene and graded alcohols.  Antigen 

retrieval was carried out in 0.01 M citrate buffer in the microwave (Target Retrieval 

Solution, pH 6.0; Dako, Carpintevia, CA, USA).  HIF-1α, expression was determined 

using the avidin–biotin-complexed immunoperoxidase reaction (DAB Detection Kit; 
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Ventana Medical Systems, Tucson, AZ, USA) following initial incubation with 

monoclonal mouse anti-human HIF-1α67-sup antibody (1:1000; Novus biologicals, 

Littleton, CO), using the Ventana 320ES System (Ventana Medical Systems).  The 

reaction was compared with an IgG2b isotypic antibody control (BD Pharmingen, San 

Jose, CA) stained slide.  Human tonsils and infiltrating lobular breast carcinoma’s were 

stained and used as negative and positive controls.  The HIF-1α positive slides were 

distinguished by the histological criteria of a pathologist. 

 
 

Results 
 
 

Maximum Tolerated Dose and Biodistribution of AdEHCD40L  
 

  The maximum tolerated dose of AdEHCD40L was determined in an 

immunocompetant Balb/c model following a single intravenous injection.  The injected 

mice survived the dose of 2 x 108 pfu (1.5 x 1010 vp) over a period of 14 days with no 

overt signs of toxicity. (Table 4.1).  By comparison, animals that received 2 x 109 pfu, of 

Adv-WT or AdEHCD40L expired by day 3 and day 7, respectively post viral injections.  

The maximum tolerate dose of the AdEHCD40L was therefore determined as 2 x 108 pfu. 

  Biodistribution of AdEHCD40L in Balb/c mice was determined by real time PCR 

quantification of viral hexon DNA following tail vein injection, and was found to be 

similar to that previously observed with other adenoviral constructs 134.  The highest 

proportion of viral particles was detected in the liver of the mice over the dose range 

tested (2 x 109 pfu/ 1.5 x 1011 vp: 1.3 x 107 vp/mg tissue; 1 x 107 pfu/ 7.3 x 108 vp: 7.3 x 

104 vp/mg tissue) at 12 hours post infection (Figure 4.2).  Viral load in the liver increased 

with time for animals that received the lower dose of 1 x 107 pfu (12 hours: 2.5 x 104  
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Table 4.1: Determination of Maximum tolerate dose (MTD) of AdEHCD40L in vivo 
 

Days post injection No. Alive/ Total animal injected @ viral dose (pfu) 

 Mock 1 x 107 pfu 2 x 108 pfu 2 x 109 pfu 

1 2/2 3/3 3/3 3/3 

7 2/2 2/2 2/2 0/2 

14 0/0 1/1 1/1 0/2 

 
 
vp/mg tissue, day 7: 1.5 x 105 vp/mg tissue).  Viral particles were also be detected in the 

spleen and lung of mice that were injected with treated ≥ 2 x 108 pfu, day 7.  Circulating 

virus was detected in serum following injection of ≥ 2 x 108 pfu, but not in mice that 

received a lower viral dose (1 x 107 pfu).  Interestingly, by day 14, the vector was below 

the detection limit at all doses tested in the liver, spleen, lung and serum (Figure 4.2, 4.3). 

 
 
Pre-Treatment of T47D Cells with AdEHCD40L Alter Growth Properties in SCID Mice 
 

  The incorporation of the hypoxic response element and estrogen response 

element is expected to limit AdEHCD40L and AdEHNull replication to estrogen 

expressing and hypoxic conditions.  To determine the hypoxic status of the T47D human 

xenografts, immunohistochemical analysis was carried out using a HIF-1α specific 

primary antibody.  We found that the entire tumor reacted strongly for the HIF-1α (+++) 

reactive antibody.  HIF-1α expression was independent of blood vessel proximity (Figure 

4.4), confirming viral permissibility of breast cancer xenografts. 

  The anti-tumor efficacy of AdEHCD40L was further evaluated with breast 

cancer xenografts established in CB-17/Icr-Hsd SCID female mice.  Initial studies were 
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Figure 4.2: Biodistribution of AdEHCD40L in organs of female Balb/c mice. 4-5 weeks old Balb/c mice were injected 
intravenously with 1 x 107 pfu, 2 x 108 pfu and 2 x 109 pfu.  Number of viral particles in the tissues was determined by 
qPCR and calculated per mg of tissue.  Mean ± range are based on values 2 separate extractions from a single organ and a 
single experiment 
` 62 
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Figure 4.3: Biodistribution of AdEHCD40L in serum of female Balb/c mice.  4-
5 weeks old female Balb/c mice were injected intravenously with 1 x 107 pfu, 2 
x 108 pfu and 2 x 109 pfu.  Number of viral particles was determined by qPCR 
and calculated per ml of sample.  Mean ± range are based on values 2 separate 
extractions from a single organ and a single experiment. 
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Figure 4.4: H&E and HIF-1α staining of T47D xenografts. T47D xenografts were evaluated histologically for hypoxic marker 
HIF-1α against an isotypic control.  The mitotic actively dividing cells were detected in the H&E stained xenograft sections.  
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performed using T47D cells, an estrogen receptor positive cell line that requires estradiol for the 

growth in vivo.  Mice implanted with sustained release estrogen pellets were injected with pre-

treated T47D cells (AdEHCD40L, MOI=1; AdEHNull, MOI=1, or PBS) and tumor growth was 

monitored.  A statistical significant reduction in the mean tumor diameter was observed between 

the treated (AdEHCD40L and AdEHNull) and untreated group (Untreated: 3.4 ± 0.2 vs. 

AdEHCD40L: 2.2 ± 0.05; p < 0.005, Untreated: 3.4 ± 0.2 vs. AdEHNull: 2.7 ± 0.2; p < 0.05) 

(Figure 4.5A).  Further, the mean tumor diameter of AdEHCD40L treated tumors was markedly 

smaller than AdEHNull treated tumors at day 29 post inoculation (p < 0.05).  These findings 

suggest that insertion of the CD40L into the AdEH backbone potentiated the anti-tumorigenic 

activity of AdEH on the growth of T47D xenografts.  The proportion of mice that survived 

through the end of the experiment was 75 % (untreated), 62.5 % (AdEHNull) and 37.5 % 

(AdEHCD40L) (Figure 4.5B).  It appears unlikely that viral treatment was the cause of lethality 

due to the following reasons namely; the maximum tolerated dose (MTD) was 2 x 108 pfu in 

Balb/c mice, as compared with 1 x 107 pfu injected tumor xenografts.  Further, following 

consultation with a veterinarian, we speculate that the mice died of estradiol toxicity but not the 

virus treatment.  In context of our experiment, one possible explanation is that estradiol if not 

taken up by the tumor xenografts is likely to generate systemic toxicity through reduction of 

appetite and loss of weight 135.  To confirm our findings, current studies are ongoing to determine 

the high lethality rate in mice implanted with estradiol alone. 
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Figure 4.5: AdEHCD40L evaluation in T47D SCID xenograft.  (A) T47D breast cancer xenografts were established in 
SCID mice following in vitro treatment with AdEHCD40L (MOI=1) or AdEHNull (MOI=1) for 48 hours.  Mean tumor 
diameter was monitored from day of inoculation of cells (day 0) over 30 days.  Tumor diameter at any given time point 
was calculated as the geometric mean of two perpendicular vernier caliper measurements.  SEMs were ≤ 25% of mean 
value. Statistical significance was determined by Student’s t test as compared with the untreated mean (*, p < 0.05; **, 
p < 0.005).  (B) Percentage of mice surviving was plotted overtime for each treatment group. 
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Anti-Tumor Efficacy of AdEHCD40L in a Subcutaneous Breast Cancer (MDA-MB-231) 
SCID Xenografts Model 
 

  To obviate the impact from estradiol implantation, we sought an alternative, 

estradiol-independent human breast cancer xenograft model to confirm the in vivo anti-

tumor activity ofAdEHCD40L.  The MDA-MB-231 breast cancer line was used for 

xenografts induction and evaluation of the anti-tumor efficacy of AdEHCD40L.  The pre-

established, palpable MDA-MB-231 tumors were injected for 5 consecutive days with 

either a single intra-tumoral injection of AdEHCD40L, AdEHNull (2 x 107 or 5 x 107 

pfu) or PBS.  The dosing schedule was based on previous findings that multiple dosing 

with adenoviral vectors can produce a more pronounced anti-tumor outcome 136.  At a 

dose of 2 x 107 pfu, both the AdEHCD40L and AdEHNull caused a 58% and 46% 

reduction in tumor growth, respectively, at 41 days post treatment.  Increasing the viral 

dose to 5 x 107 pfu did not further enhance the anti-tumor response of either 

AdEHCD40L or AdEHNull (Figure 4.6).  Both AdEHCD40L and AdEHNull 

significantly reduced xenografts growth, as compared with untreated tumors at day 7 post 

treatment (Figure 4.4).  However, tumor reduction by AdEHCD40L did not differ 

significantly from that by AdEHNull at 2 x 107 pfu and 5 x 107 pfu (Figure 4.6).   

  Based on the formulae that 1 mm of tumor diameter equals to 1 x 106 cells 137, 

the injected dose of 2 x 107  is equivalent to an MOI = 6 and the dose of 5 x 107 pfu is 

equivalent to an MOI = 16.6.  Previous in vitro studies (Chapter 3) suggested that the 

potentiating effect of the CD40L transgene occurred at a low MOI of ≤ MOI = 1 (Figure 

3.1, 3.2).  Therefore, a significant elevated anti-tumor response by AdEHCD40L and 

AdEHNull may be anticipated at a lower viral dose, although may not be evident at MOI 

of ≥.5.  We are currently evaluating the anti-tumor activity with two lower doses of the 
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Figure 4.6: Anti-tumor responses of AdEHCD40L in MDA-MB-231.  Pre-established MDA-MB-231 subcutaneous tumors 
were treated with 2 x 107 pfu (A), 5 x 107 pfu (B) and tumors monitored overtime.  PBS injected tumors were the control 
group.  Mean tumor diameter was monitored over time post viral treatment (0 Day, 1st injection).  Tumor diameter at any given 
time point was calculated as the geometric mean of two perpendicular vernier caliper measurements.  SEMs were ≤ 25% of 
mean value. Statistical significance was determined by Student’s t test as compared with the untreated mean (***, p < 0.0005).  
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virus (MOI = 0.1 and MOI = 1).  Collectively, we demonstrated that MDA-MB-231 is 

extremely sensitive to adenovirus infection.  At doses of 2 x 107 and 5 x 107 pfu both 

AdEHCD40L and AdEHNull caused a 40 -58% reduction in the tumor burden. 

 
 

Discussion 
 

  Due to the lack of B and T cells in SCID mice, these mice best accommodate the 

growth of foreign human cancer cells and are appropriate for studying the immune 

independent interaction between a therapy agent and the targeted cancer cells.  Our 

previous findings described in chapters 2-4, suggests that AdEHCD40L can enhance anti-

tumor activities in human breast cancer cell lines in vitro.  We observed a similar ability 

of AdEHCD40L to inhibit T47D xenografts.  However, we observed a significant 

reduction in the survival of mice that might be attributable to estradiol, though 

measurements of estradiol levels in mice serum would help validate this speculation.  

  Further, we also were able to demonstrate that in an ER negative MDA-MB-231 

xenograft model, both AdEHCD40L and AdEHNull caused a 44 – 58% reduction in the 

tumor load.  The anti-tumor efficacy of AdEHCD40L is dose dependent and is 

observable at an MOI ≤ 1 in vitro.  Further studies at lower viral doses would help 

defining enhanced efficacy of AdEHCD40L in vivo.  Alternatively, the enhanced anti-

tumor activity of AdEHCD40L is observable in rapidly growing tumors.  Injections of 

AdEHCD40L and AdEHNull performed when tumors are larger and in the logarithmic 

phase of growth might help validated enhanced anti-tumor activity of AdEHCD40L.  In 

keeping with the ability of CD40L to enhance immune responses when delivered as a 

transgene 138, AdEHCD40L would be an advantage for breast cancer therapy.  Studies in  
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syngeneic mice models would help further validate the advantage of using AdEHCD40L 

for the treatment of breast cancer. 

  Owing to the lack of more appropriate animal models, mice have been 

considered appropriate preclinical model for examining toxicity and persistence of the 

human adenovirus 139.  The maximum tolerated dose of AdEHCD40L in Balb/c mice was 

comparable to that of other oncolytic adenovirus 131.  The AdEHCD40L injected mice 

were monitored over 14 days and organs analyzed at 12 hours and 7 days post treatment 

based on previous reports 140.  The biodistribution studies with AdEHCD40L showed that 

distribution of virus in the normal organs of mice was dose dependent with equivalent 

levels of virus in the liver, spleen, and lung at higher doses while at lower doses the virus 

was mainly found in the liver.  Green et al demonstrated a similar phenomenon with a 

replication deficient adenovirus where the spleen and lung showed a significant effect on 

biodistribution when liver failed to mediate the clearance of viruses 141.  Though the mice 

displayed no overt toxicities at 2 x 108 pfu as monitored by the loss of body weight and 

other signs of toxicity, evaluation of liver enzymes might further validate that 

AdEHCD40L dose dependent increase did not affect the liver function.  Interestingly, 

AdEHCD40L persisted in the serum for 7 days at viral doses of 2 x 108 pfu (1.5 x 1010 

vp) and above.  This might partly be explained by the findings by others, that higher 

doses result in viral persistence in plasma for both virus reflecting the saturation of 

kupffer cells 141.  Alternatively, 1- 2 x 1010 vp has been suggested as a threshold for the 

uptake by kupffer cells in the liver 142 which falls in the range of the amount of 

AdEHCD40L administered (1.5 x 1010 -1.5 x 1011  vp).   
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  Collectively, we demonstrated that AdEHCD40L has a MTD and biodistribution 

similar to other oncolytic adenovirus and can inhibit the growth of breast cancer 

xenografts in SCID mice, suggesting that AdEHCD40L maybe used as a potential 

experimental treatment approach for human breast cancer. 
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CHAPTER FIVE 
 

Tumor Growth Inhibitory Mechanisms of AdEHCD40L 
 
 

  CD40 ligation has diverse outcomes ranging from the stimulation of cell growth 

to cell cycle blockade and apoptotic induction 26, 30, 47.  Though the CD40 molecule lacks 

intrinsic enzymatic activity, it mediates it biological outcome through the recruitment of 

adaptor proteins like TRAF (tumor necrosis factor receptor associated factor) to promote 

the signal transduction.  Depending on the differentiation state of cells, strength and the 

duration of CD40L interaction with CD40, different TRAF adaptor molecules are 

recruited to the CD40 cytoplasmic tail that ultimately activate unique signal transduction 

pathways including JNK (c-jun N-terminal kinase also known as stress activated protein 

kinase or SAPK), Erk (extracellular signal regulated mitogen activated protein kinase), 

p38 MAPK (mitogen activated protein kinase), NFkB (nuclear factor-kappa B), and 

PI3Kinase (phosphotidylinositol-3 kinase) (Figure 5.1).  In B cells, TRAF 3 was shown 

to the mediate activation of p38 MAPK, JNK, cytokine secretion, and immunoglobulin 

production following ligation of CD40 143, while TRAF 6 was required for the affinity 

maturation 144.  This suggests that unique TRAF mediators differentially regulate B cell 

physiological outcome.  The MAPK transcription factor p38 can mediate pro-apoptotic or 

anti-apoptotic responses  145-147. 

  Differential activation of NFkB and the activation protein-1(AP-1) dictates 

survival outcome in intra-hepatic endothelial and epithelial cells (Table 1.2) 148.  In  
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Figure 5.1: Schematic of CD40-CD40L signaling pathways.  CD40 exists as monomers or homodimers/trimers.  Their 
cytoplasmic domains lack intrinsic kinase activity.  TRAF’s are adaptor molecules that recruit various proteins into the signaling 
complex.  TRAF 2, 3 and 6 can act directly with the cytoplasmic tail of CD40, while TRAF1 and TRAF5 act indirectly through 
formation of hetero-oligomers with TRAF2 and TRAF3.  Depending on the various TRAF and protein complexes recruited, one 
or more of the transcription factors (PI3Kinase, NFkB, JNK, p38 or Erk1/2) are activated.  This in turn activates the transcription 
of various genes that ultimately dictate the biological outcome of the cell. 
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epithelial cancers, blocking either NFkB or PI3Kinase has sensitized cells to growth 

inhibition by CD40L 148, 149.  In contrast, in ovarian cancer, growth inhibition occurred 

independently of  the NFkB activation and apoptotic events 47.  

  Previously, our studies on T47D breast cancer with the recombinant CD40L 

showed that the decrease in cell proliferation of breast cancer cells was mediated by the 

up regulation of pro-apoptotic Bax, suggesting contribution of Bcl-2 family members to 

the growth inhibitory outcome.  Additional reports by others indicate that the presence of 

interferon gamma (IFNγ) can further augment growth inhibition in breast cancer by 

recombinant CD40L.  This activity was accompanied by Fas up regulation which 

sensitized cells to Fas mediated apoptosis 86, 87.  Collectively, these findings demonstrate 

that CD40L-induced biological outcomes are cell-dependent and diverse, and need to be 

properly defined.  With the use of an oncolytic virus as a delivery agent, perturbations of 

additional growth regulatory pathways can be expected.  It is, therefore, necessary to 

characterize the cellular and molecular outcomes of AdEHCD40L treatment of breast 

cancer cells. 

  Previously, p38, PI3Kinase, and NFkB have also been shown to be involved in 

adenoviral induced alteration in host cell signaling pathways.  Adenovirus affect NFkB 

and MAPK signaling pathways in normal vascular smooth muscle, endothelial, and 

dendritic cells 125, 150, 151, although limited information is available regarding activation of 

these pathways in cancer cells 152.  The viral E4 genes also have been shown to activate 

PI3Kinase 126 while p38 activation may be involved during adenoviral entry into the cell 

153.  
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  This chapter examines the cellular and molecular mechanisms involved in the 

enhanced CD40L mediated tumor cytotoxicity observed in AdEHCD40L infected breast 

cancer cells.  We evaluated the impact of AdEHCD40L on cell cycle regulation, 

apoptosis and the phosphorylation state of transcription factors downstream of the CD40 

signaling pathway.  Additionally, we explored the impact of AdEHCD40L infection on 

chemokine and cytokine regulation  

 
 

Material and Methods 
 
 

Annexin/PI Staining  
 

  In early stages of apoptosis, cells translocate the membrane phospholipid, 

phosphatidylserine to the outer leaflet of the plasma membrane where it can be detected 

by its high-affinity binding to annexin V, a calcium dependent phospholipid binding 

protein.  Prolonged apoptosis can cause cell death that can be identified by staining 

positive for the vital dye, propidium iodide (PI).  Therefore, apoptotic activity was 

measured by annexin V and PI staining.  T47D cells (5 x 105 cells/well) were seeded in a 

6 well plate and allowed to adhere overnight.  Cells were then infected with 

AdEHCD40L, AdEHNull or Adv-WT at an MOI=1 in the presence of inducing 

conditions as previously described in chapter 2.  At different time points, cells were 

trypsinized, washed twice with cold PBS and resuspended to 1 x 106 cells/ml. Cells (1 x 

105 cells; 100 µl) were then stained with 1 µl of prediluted fluorescein labeled annexin V 

(BD pharmingen) and 2 µl of PI (20 µg/ml, Sigma, St Louis, MO) and incubated for 15 

minutes at room temperature in the dark. Binding buffer (300 µl) was added to each 

sample prior to two color fluorescene analysis (Becton Dickinson, FACScan).  Treatment 
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with a Fas (1 µg/ml, 100 µl; Beckman coulter, Marseille, France) was used as positive 

control for annexin V detection while untreated cultures were the negative control.  The 

percentage of annexin-PI- (live), annexin+PI- (early apoptotic), annexin+PI+ (late 

apoptotic), and annexin-PI+ (necrotic) cells was determined based on 5000 events and 

analyzed with the CELLQuest software analysis (Becton Dickinson). 

 
 
Cell Cycle Analysis  
 

  T47D or ZR-75-1 cells (5 x 105 cells/well) were infected with either 

AdEHCD40L or the control virus (AdEHNull) at an MOI=1 in the absence or presence of 

CoCl2 (25 µM) At 48, 72, 96, and 144 hours post infection, cells were collected and the 

DNA content was determined by PI staining by flow cytometric analysis as previously 

described 154.  Briefly, cells were fixed in 80% ethanol in 1X PBS overnight at -80oC. 

Cells (1 x 106) were stained with 1 ml of 1X PBS containing PI (40 µg/ml, Sigma) and 

RNase A (100 µg/ml, Qiagen) at 37oC for 30 minutes.  Flow cytometric analysis was 

carried out by sampling 20,000 events (FACScan, Becton Dickinson).  Cell cycle 

distribution was analyzed with the Verity cell cycle analysis software (Verity Inc, 

Topsham, ME).   

 
 
Western Blot  
 

  To determine the involvement of transcription factors commonly associated with 

the CD40-CD40L signaling pathways (ErK, p38 MAPK, JNK, PI3Kinase, NFkB), 

immunoblot analysis was carried out following infection of T47D cells with the 

recombinant AdEH viral constructs.  T47D cells (1 x 107) were initially treated with 
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AdEHCD40L, AdEHNull, Adv-WT (MOI=1) or recombinant CD40L (1 µg/ml, Alexis, 

San Diego, CA) under non-inducing conditions.  Whole cell protein was extracted and 

western blot performed as previously described in chapter 2 in the material and methods 

section.   

  Membranes were treated with either a phospho specific rabbit anti-human 

SAPK/JNK, p38 MAPK [Thr (threonine) 180/Tyr (tyrosine)182], phospho p44/p42 MAP 

kinase (Thr 202/Tyr 204), AKT (Ser 473) or mouse phospho specific IκBα (Inhibitor of 

NF-kappaBalpha) [Ser (serine) 32/36] or p21Waf1/Cip-1 (1:1000, Cell signaling 

technologies, Danvers, MA) primary antibodies.  The total protein was detected using the 

respective total rabbit anti-human SAPK/JNK, p38 MAPK, p42/p44 MAP kinases, AKT, 

IκBα (1:1000, Cell signaling technologies, Danvers, MA) or β tubulin (1:100, Santa Cruz 

biotechnology, Santa Cruz, CA) primary antibodies (overnight, 4oC), followed by 

incubation with a goat anti-rabbit or goat anti-mouse horseradish peroxidase (HRP) 

conjugated secondary antibody (1:2000, Santa Cruz biotechnology, Santa Cruz, CA) for 1 

hour with appropriate washings (1X PBS, 0.1% Tween 20).  The reaction was developed 

by enhanced chemiluminescence (ECL plus detection kit, GE healthcare, Piscataway, NJ) 

as per manufacturer’s specifications, and visualized by autoradiography using Kodak 

scientific imaging film (Perkin Elmer, Wellesley, MA).  Bands were quantified by 

densitometric analysis using the Alphamanager 2000D and Scion Image Software. 

 
 
Biological Activity of NFkB  
 

  To determine the impact of NFkB on the growth inhibition, blocking studies 

were performed using the IκB kinase inhibitor peptide (Cell signaling biotechnology) that 
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blocks IκB phosphorylation.  T47D cells (1 x 105, 100 µl) were treated with 

AdEHCD40L, the control virus AdEHNull, and Adv-WT (MOI=1) under non-inducing 

conditions.  Following infections, cells were treated with graded concentrations of the 

IκB kinase inhibitor peptide (1µg/ml, 5 µg/ml, 10 µg/ml). At 96 hours post infection, the 

metabolic activity which is an indirect measure of cell viability was assessed. Values 

were calculated as % untreated using the untreated cultures with the respective 

concentrations of inhibitor as a reference.  

 
 
Multiplex Cytokine Analysis  
 

  CD40-CD40L interactions are known to stimulate cytokines and chemokines 

production in cancer cells 155.  In order to determine if AdEHCD40L treated T47D 

cultures enhance cytokine secretion that could impact the growth inhibition, multiplex 

luminex proteonomics analysis was done on cultures supernatants of T47D treated cells.  

T47D (1 x 105 cells, 100 µl) were treated with AdEHCD40L and control viruses 

AdEHNull and Adv-WT (MOI=1).  Recombinant CD40L (1µg/ml, 100µl; Alexis, San 

Diego CA) was used as a control for CD40L mediated responses. Chemokines and 

cytokines [Interleukin (IL) -1α, IL-1β, IL-6, IL-8, IL-10, IL-12p40, granulocyte 

macrophage colony stimulating factor (GM-CSF), tumor necrosis factor (TNF) α, 

RANTES (Regulated on Activation Normal T Cell Expressed and Secreted), MIP-1α 

(macrophage inflammatory protein-1 alpha), interferon (IFN) α and vascular endothelial 

growth factor (VEGF)] known to be related to breast cancer pathogenesis or mediated by 

CD40L or adenovirus were evaluated by Luminex (Biosource).  Samples were tested in 

duplicates according to the manufacturer’s protocol.   
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Results 
 
 
AdEHCD40L Induces Apoptosis and Necrosis in T47D Cells  
 

  To characterize the tumor growth inhibitory mechanisms of AdEHCD40L, 

apoptotic analysis was carried out with AdEHCD40L infected T47D cells at 144 hours 

post infection, when maximal growth inhibition was observed (Figure 3.1, chapter 3).  

The percentage of apoptotic (annexin V reactive) and necrotic (PI reactive) cells were 

quantified using the two color fluorescence flow cytometric assay.  Cells are classified as 

viable (annexin- PI-), early apoptotic (annexin+ PI-), late apoptotic (annexin+ PI+), and 

necrotic (annexin- PI+). 

  We observed a significant decreased in the percentage of Annexin- PI- cells 

(71.5%) as compared to the treatment with the parental construct AdEHNull (44.1%) 

under viral permissive conditions (Figure 5.2).  There was an increase in the annexin V+ 

apoptotic fraction among the virus treated cells (10.7%, 9.1%) as compared to the 

untreated cultures (4.1%) (Figure 5.2).  However, no significant difference was found 

between the AdEHCD40L and parental (AdEHNull) virus.  Nonetheless, AdEHCD40L 

treated cultures contained markedly higher levels (60.9%) of annexin- PI+ cells as 

compared to the AdEHNull treated cultures (34.7%), reflecting a higher level of 

cytotoxicity.   

 
 

Virus Induced Cell Cycle Arrest  
 

  Cells at different cell cycle phases are distinguished by their DNA content into 

sub-G0 (< 2n DNA), G0/G1, S (2n DNA) and G2/M (4n DNA).  Infection by adenovirus 
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% of Total Cells Treatment 
Viable Cells Non-Viable Cells 

  Annexin+/ PI- 
 

Annexin+/PI+ Annexin-/PI+ 

Untreated 87.41 ± 3.9 1.8 ± 1.5 2.3 ± 0..6 8.5 ± 1.7 

AdEHCD40L 28.5 ± 1.8 2.3 ± 2.4 8.4 ± 8.0 60.9 ± 8.5 

AdEHNull 55.9 ± 7.3 3.2 ± 3.4 5.9 ± 7.2 34.7 ± 2.9 
 
 
 
Figure 5.2: Annexin V/ PI staining of T47D infected cultures.  AdEHCD40L (MOI=1) treated 
cultures showed reduced viable cells (29% Ann-PI- cells) as compared with treatment by the 
parental AdEHNull construct (56%) at 144 hours post infection under HIF-1α inducing 
conditions.  Values represent mean ± SD values from 3 separate experiments.  The positive Fas 
control produced 3.9 ± 0.7% (Annexin+ PI-) and 22.1 ± 3.3% (Annexin+ PI+) under similar 
conditions (48 hours). 
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or CD40 ligation have both been shown to affect cell cycling which in turn impacts cell 

growth.  Tamoxifen, a well established inducer of G0/G1 arrest in breast cancer cells was 

used as positive control for the assay.   The majority of the untreated cells accumulated in 

the G0/G1 phase (90.2% at 144 hours).  By comparison, the CD40L carrying AdEH 

vector caused equal accumulations of cells in G2/M (25.7%) and S (32.8%) phases while 

AdEHNull infection produced mostly an S phase (58.6%) arrest. (Figure 5.3A).  The total 

distribution of G0/G1 + S + G2M cells were markedly decreased in both AdEHNull and 

AdEHCD40L treatment groups that corresponded to an increase in the sub-G0 fraction 

(Untreated, 1.5%; AdEHCD40L, 36.8%; AdEHNull, 21.6%).  The sub-G0 fraction, 

indicative of cells with < 2n DNA content, is commonly considered to be representative 

of apoptotic cells.  

  Upon treatment with CoCl2 to further upregulate HIF-1α expression, S phase 

accumulation was evident as early as 48 hours with AdEHCD40L and AdEHNull 

treatments (AdEHCD40L: 72.1%; AdEHNull: 53.3%).  This S phase arrest was sustained 

up to 144 hours (Figure 5.3B).  By comparison, cell cycle distribution in the untreated 

culture was mostly unaltered by CoCl2 treatment (83.4% in G0/G1).  AdEHCD40L 

similarly exhibited a higher proportion (14%) of sub G0/G1 apoptotic cells as compared 

with AdEHNull (0.7%).   

  Cell cycle distribution analysis of untreated, CD40 negative ZR-75-1 breast 

cancer cells showed that majority of the cells accumulated at G0/G1 phase.  Following 

AdEHNull treatment, 80% of cells remained at G0/G1 (80%) whereas the AdEHCD40L 

treatment resulted in accumulations in G0/G1 as well as the S phase (G0/G1: 49% vs. S: 

42%) (Figure 5.3C).  Collectively, we demonstrated that the adenovirus perturbs the cell  
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Figure 5.3: Cell cycle analysis. T47D and ZR-75-1 cells were infected with AdEHCD40L and AdEHNull (MOI = 1), under 
non-inducing and HIF-1α inducing conditions.  At graded intervals, cells were analyzed after propidium iodide staining for 
cell cycle distribution.  Values represent percentage of total cells with a total of cycling and non cycling population equaling 
to 100%. Mean values are obtained from 3 independent experiments. 
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cycle resulting in an S phase accumulation.  An increase in sub G0 fraction of cells could 

be observed only in the CD40 positive cell lines.   

 
NFkB Down-Regulation by AdEHCD40L  
 

  To further understand and characterize the mechanism of CD40L mediated 

growth inhibition, western blot analysis was performed to identify the involvement of 

signal transduction intermediates.  PI3Kinase, p38, Erk, JNK and NFkB activation have 

been linked to CD40L and adenoviral perturbations.  p42/p44 and AKT (also known as 

protein kinase B), downstream components of Erk and AKT signaling pathways, 

respectively, were evaluated.  The phosphorylation status of proteins was used as an 

indicator of protein activation.  Parallel studies were carried out with the AdEHNull and 

Adv-WT, in order to distinguish the pathways activated by CD40L vs. viral proteins.  In 

addition, treatment with the recombinant CD40L protein was used as a positive control to 

validate CD40L mediated responses. 

  Based on studies with T47D cells, which maintains a viral permissive state in the 

absence of CoCl2, we observed that the phosphorylation of p38 was not markedly 

affected by AdEHCD40L and AdEHNull.  However, the phosphorylated form of p38 was 

down-regulated by the recombinant protein.  By comparison, p42/p44 MAPK mediator 

was markedly increased by AdEHCD40L, AdEHNull, and Adv-WT (Figure 5.4).  These 

changes were only evident at 24 hours and but not at 72 hours, suggesting that transient 

p42/p44 activation was primarily a viral mediated event.  Similarly, we observed a 

parallel activation of AKT, a downstream mediator of the PI3Kinase by both 

AdEHCD40L and the control virus AdEHNull, while the recombinant protein did not 

alter the phosphorylated AKT level (Figure 5.5A, B).   
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Figure 5.4: Western blot analysis for p38 and p42/p44: T47D cultures were infected with 
either AdEHCD40L or the control viruses AdEHNull or Adv-WT (MOI=1) under non 
inducing conditions.  At 24 hours protein were extracted and subjected to western blot 
analysis.  Membranes were probed for the phosphorylated forms of p38 (A) or p42 (B) 
protein, stripped and re-probed for the total protein levels.  The bands were quantitated 
by Scion imagine analysis.  The phosphorylated protein levels were normalized to the 
total protein levels.  Values represented are based on the average normalized 
phosphorylated band intensities of 3 separate experiments.  
 
 
 

  This activation was observed at 24 hours and was sustained to 72 hours post 

infection, suggesting AKT activation is primarily virally mediated   

  The mobilization of NFkB by IκBα phosphorylation is one of the best known 

events of CD40 activation.  IκBα localizes in the cytoplasm, complexes with NFkB 

keeping NFkB in an inactive state.  The phosphorylation of IκBα releases NFkB from its 

inactive status, leading to its localization to the nucleus.  IκBα phosphorylation status is 

therefore an indirect measurement of NFkB activity.  We quantified IκBα 

phosphorylation in T47D cultures following AdEHCD40L and AdEHNull treatments.  

Phosphorylated IκBα levels were down-regulated by both AdEHCD40L and AdEHNull 
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Figure 5.5: Western blot analysis for AKT and IκBα: T47D cultures were infected with 
either AdEHCD40L or the control viruses AdEHNull or Adv-WT (MOI=1) under non 
inducing conditions.  At either 24 hours (A, C) or 72 hours (B, D) protein were extracted and 
subjected to western blot analysis.  Membranes were probed for the phosphorylated forms of 
AKT (A, B) or IKK (C, D) proteins, stripped and reprobed for the total protein levels.  The 
bands were quantitated by Scion imagine analysis.  The phosphorylated protein levels were 
normalized to the total protein levels.  Values represented are based on the average 
normalized phosphorylated band intensities of 3 separate experiments.  
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at 72 hours (Figure 5.5D) but were markedly more decreased in AdEHCD40L treated 

cells.  By comparison, the recombinant protein up-regulated the IκBα protein.  This 

suggests that IκBα is down-regulated differentially by AdEHCD40L. 

  p21Waf1/Cip-1 (cyclin dependent kinase inhibitor-1) is an inhibitor of cell cycle 

progression that acts in an NFkB dependent manner   156-158.  In association with a broad 

range of cyclin-cdk (cyclin dependent kinase) complexes, over expression of p21Waf1/Cip-1 

blocks the cell cycle progression through G0 /G1, G2M or S arrest and inhibits the 

proliferating cell nuclear antigen, a subunit of DNA polymerase 159-161.  We have 

measured the levels of p21Waf1/Cip-1following the treatment of AdEHCD40L, the control 

viruses (AdEHNull and Adv-WT), as well as the recombinant CD40L protein.  

AdEHCD40L and recombinant CD40L did not affect the levels of p21Waf1/Cip-1 (Figure 

5.6).  In contrast, control viruses, AdEHNull and Adv-WT increased p21Waf1/Cip-1 levels, 

indicating AdEHCD40L exerted a unique and differential effect on p21Waf1/Cip-1. 

 
Biological Activity of NFkB 
 

  In order to characterize the involvement of NFkB inhibition on the growth 

regulatory activity of AdEHCD40L, blocking studies were performed with T47D cells.  

An IκB kinase (IKK) inhibitor peptide that has been shown to blocks IκB 

phosphorylation was used 162.   

  Treatment with the inhibitor did not produce an additive growth inhibitory 

outcome in AdEHCD40L cultures but augmented the viral cytotoxic effects in AdEHNull 

and Adv-WT treated cultures (Figure 5.7).  These findings provide indirect evidence that 

the CD40L transgene utilized IκBα phosphorylation blockage to attain the growth 

inhibitory outcome above and beyond the viral cytotoxic effects.  
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Figure 5.6: Western blot analysis for cell cycle regulator p21waf1/cip-1: T47D cultures 
were infected with either AdEHCD40L or the control viruses AdEHNull or Adv-WT 
(MOI=1) under non inducing conditions.  At 24 hours protein were extracted and 
subjected to western blot analysis.  Membranes were probed for p21 protein, stripped 
and reprobed for the housekeeping protein β tubulin.  The bands were quantitated by 
Scion imagine analysis. The p21 protein levels were normalized to β tubulin.  Values 
represented are normalized band intensities based on a single experiment.  
 

 
 

  Collectively, we demonstrated that, 1) MAPK p42/p44 and AKT are activated 

by AdEHCD40L as well as the control viruses and likely reflect viral mediated effects 

(Table 5.1).  Only AKT activation is sustained up to 72 hours.  2) AdEHCD40L uniquely 

down-regulated IκBα that was not observed by AdEHNull or Adv-WT.  3) The 

recombinant CD40L activated the NFkB pathway, but down-regulated the p38/MAPK 

pathway. 4) p21Waf1/cip1 was up-regulated by AdEHNull and Adv-WT and not by 

AdEHCD40L.  These findings indicate that the growth inhibitory activities observed by 

the CD40L transgene were accompanied by a unique down-regulation of IκBα 

phosphorylation at 72 hours post infection (Figure 5.5D). 
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Figure 5.7: Effect of blocking IκBα phosphorylation on growth regulation.  T47D 
cells were infected with AdEHCD40L, AdEHNull or Adv-WT (MOI=1) under non 
inducing conditions.  Following infections cells were treated with graded 
concentrations of IκBα inhibitor peptide (1µg/ml, 5 µg/ml, 10 µg/ml).  At 96 hours 
post infection, the metabolic activity an indirect measure of cell viability was 
performed.  Values were calculated as % untreated using the untreated cultures with 
the respective concentrations of inhibitor as a reference and are representative of a 
single experiment, run in triplicates.  Statistical comparisons were made by comparing 
the respective virally infected cultures in the presence/absence of inhibitor to the 
untreated cultures in the presence/absence of the inhibitor.  P value was determined 
using the 2-tailed unpaired t-test (* < p=0.05; ** p<0.005). 
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Table: 5.1: Western blot analysis of transcription mediators 

Transcription 
Mediators 
 

Time in hours (Relative band intensities of phosphorylation protein/ total protein) 

Untreated Recombinant 
CD40L 

AdEHCD40L AdEHNull Adv-WT  

24 72 24 72 24 72 24 72 24 72 

P38 
 
 

1.2 BD 0.3 BD 1.5 BD 1.3 BD 1.1 BD 

P42/p44 
 
 

0.1 BD 0.2 BD 0.6 BD 0.5 BD 0.6 BD 

AKT 
 
 

0.8 0.2 0.6 0.2 1.3 0.6 1.4 0.4 0.9 0.5 

IκBα 
 
 

1.9 2.6 1.9 3.6 0.9 0.3 0.7 1.2 1.3 3.5 

JNK 
 
 

BD BD BD BD BD BD BD BD BD BD 

P21 
 

0.7 ND 0.73 ND 0.64 ND 1.1 ND 1.9 ND 

 
Values represent band intensities of phosphorylated protein normalized to that of total protein. 
 
ND: Not determined; BD: Below detection 
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Cytokines/ Chemokines in AdEHCD40L Treated T47D Cultures  
 

  Chemokines and cytokines have been shown to act as intermediate mediators of 

growth regulatory responses.  To identify the chemokines and cytokines that may be 

produced by AdEHCD40L treatment, multiplex cytokine analysis was carried out with 

T47D cultures supernatants at 6 hours post infection.  IL-1α, IL-1β, IL-6, IL-10, IFNα, 

IL-12p40, GM-CSF and MIP-1α levels were below the detection limit (10 pg/ml) in 

virally treated as well as untreated cultures.  The chemokines, RANTES was up-regulated 

moderately in AdEHCD40L treated (13 pg/ml) and recombinant CD40L treated (42 

pg/ml) cultures, but not in other virus-treated cells.  However, IL-8 and TNFα were only 

up-regulated in cells that were treated with the recombinant CD40L protein (Figure 5.8).   

While VEGF, an angiogenic mediator, was expressed in untreated and AdEHNull treated 

cultures, this cytokine was not detected in cells treated with the both AdEHCD40L and 

recombinant CD40L protein.  These preliminary studies suggest that both the 

recombinant CD40L protein and AdEHCD40L up-regulated RANTES and down-

regulated VEGF. 

 
 

Discussion 
 

  The use of an oncolytic virus for CD40L transgene delivery implies a combined 

anti-tumor outcome derived from CD40 ligation and the viral oncolytic process.  The 

underlying mechanisms of tumor cell killing by an oncolytic adenovirus remains unclear.  

By comparison, a number of pathways have been shown to be associated with the 

positive and negative growth regulatory effects of CD40 ligation.  Individual pathways  
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Figure 5.8: Luminex analysis of chemokines and cytokines.  T47D cultures were infected 
with either AdEHCD40L, the control virus AdEHNull (MOI=1) and the recombinant 
CD40L protein (1µg/ml) for 6 hours.  Supernatants were collected and subjected to 
multiplex luminex analysis.  Values represented are based on a single experiment run in 
duplicates.  Concentrations below 10 pg/ml were considered as negative and below the 
detection limit of the assay. 
 
 
that are activated appear to be cell specific and are also depend on the strength and 

duration of CD40 ligation.  PI3Kinase, NFkB,  JNK, p38, and Erk1,2 have been shown to  

be involved in opposing CD40L mediated apoptotic responses  38, 40, 149, 163.  We 

previously reported that breast cancer growth inhibition by recombinant CD40L was 

accompanied by apoptosis, with a corresponding up regulation of the apoptotic mediator  

Bax 30.  These findings suggest that Bcl-2 family members may contribute to the growth 

inhibitory outcome.   



 

 

92

 

  The delivery of CD40L by a non replicative adenovirus has been demonstrated 

in hematological malignancies, and shown to mediate its anti-tumor efficacy through an 

increased sensitivity to Fas mediated apoptosis 104.  However, there is little indication that 

similar mechanisms manifest in cells that were infected by AdEHCD40L. 

  The role of NFkB in regulating cell growth in cancer cells is well established 164-

166.  A number of studies have shown that CD40L growth inhibitory activity is observed 

only when NFkB activation is blocked.  This suggests that NFkB activation negatively 

regulates cell growth.  We observed that AdEHCD40L treatment decreased the level of 

phosphorylated IκBα.  These findings indirectly support the notion that reduced NFkB 

activity accompanied the CD40L-mediated growth inhibitory event.  The blocking of 

IκBα phosphorylation provided an additive effect to the control adenoviruses but not to 

the AdEHCD40L mediated cytotoxicity.  These finding suggest that AdEHCD40L 

already involved the NFkB pathway (Figure 5.9). 

  Unlike our previous observations with recombinant CD40L 30,.  AdEHCD40L 

mediated growth inhibition was not accompanied by an increased apoptotic activity.  

However, the proportion of non-viable cells were observed by propidium iodide staining, 

which correlated to a recent report suggesting that conditionally replicative adenovirus 

kill tumor cells via an independent mechanism that resembles “necrosis like” 

programmed cell death 167.  This is not surprising as the adenovirus is equipped with 

survival mechanisms that counteract host cell apoptotic machinery in order to facilitate 

the viral replicative process 101, 168, 169.  However, further evaluations are needed, 

including the characterization of other apoptosis parameters like DNA fragmentation and  
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Figure 5.9: Putative mechanism of AdEHCD40L perturbation of NFkB pathway.  The 
putative mechanisms of NFkB by AdEHCD40L, suggests blockage of IκBα 
phosphorylation by the inhibitor IκBα kinase (IKK) which was not observed by the 
control AdEHNull or Adv-WT control viruses.  This blockage might contribute to NFkB 
inactivity thus enhancing the cell killing properties of AdEHCD40L. 
 
 
the characterization of apoptotic mediators in order to exclude the involvement of 

apoptosis in the cell killing process by AdEHCD40L.  Both adenovirus and CD40L may 

affect the cancer cell growth process via cell cycle accumulation 169-171.  AdEHNull 

treatment produced an S phase blockage while AdEHCD40L resulted in both S and 

G2/M phase arrests that were followed by an increased apoptotic population.  The ability 

of AdEHNull and AdEHCD40L to cause cells to accumulate in the S phase is not 

surprising considering the adenovirus has the ability to drive the cell through the S phase 

via its E1A early proteins.   

  p21Waf1/cip1 is known to negatively regulate cell cycle 172, inhibit apoptosis 173 

and induce S phase arrest 161, 174.  The context in which p21Waf1/cip1 induces cell cycle 
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arrest is dependent on the interactions with cyclin-cdk’s.  Our preliminary studies show 

that p21Waf1/cip1 was up-regulated in the control virally treated groups and not in the 

AdEHCD40L group.  Given the role of p21Waf1/cip1 in regulating cell cycle, further 

evaluations on the implications of p21Waf1/cip1, its role in cell cycle arrest and apoptosis 

are needed to better define the mechanism of AdEH mediated anti-tumor activity. 

  VEGF is a well known cytokine that is produced by breast cancer cells for their 

pro-angiogenic activity 175, 176.  AdEHCD40L and the recombinant CD40L protein 

treatments were accompanied by reduced VEGF production.  This is in contrast to other 

studies that have shown that CD40 triggered by a monoclonal antibody increased VEGF 

secretion in endothelial cells, multiple myeloma and monocytes 33, 177, 178.  One possible 

explanation for the decrease in VEGF observed by us might be that CD40L regulation of 

VEGF maybe dependent on the source of CD40L and dependent on the cell type. 

  RANTES, is a chemokine previously described to be up-regulated by CD40L 

interaction and implicated in breast cancer progression 179-181.  We observed that 

RANTES was up-regulated in culture supernatants of AdEHCD40L and recombinant 

CD40L treated T47D breast cancer cells indicating that CD40 ligation is likely to 

contribute to their expression.  The relevance of these findings needs to be further 

investigated as their altered levels are far below those that can attain patho-physiological 

effects or impact cell growth in culture 182-184.   

  Our preliminary evaluations indicate that the AdEHCD40L mediated the growth 

regulatory outcome was accompanied by unique cellular and molecular outcomes.  They  
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are attributable to viral oncolytic and CD40 dependent events (Figure 5.10) involved in 

cell cycle progression, apoptotic regulation and cytokine production.  Further studies will 

elucidate the relative importance of these events in order to optimize anti-tumor outcome. 

 
 
 

AdEHCD40L Treatment

Viral mediated CD40L mediated

Apoptosis and necrosis

S phase arrest

AKT activation

P42/ p44 activation

NFkB destabilization

IκBα activity

G2M/ S arrest

Lack of p21waf1/cip-1 activation

VEGF

RANTES

 
 
 
Figure 5.10: Schematic of pathways affected by AdEHCD40L. 



 

 96

CHAPTER SIX 
 

Conclusion and Future Studies 
 
 

  The ability of CD40L to concomitantly impact cell growth and activate the 

immune system makes it an excellent candidate for the targeted therapy of cancer.  

Additionally, the widespread expression of its target molecule CD40 on various 

hematological and solid tumors suggests that CD40L therapy can be used for treatment of 

a wide array of cancers. 

  Hypoxia has been correlated with poor prognosis in breast cancer patients and 

associated with the estrogen unresponsiveness and the resistance to traditional therapies.  

In our study we have utilized the tumor hypoxic environment to facilitate selective 

expression of CD40L by a replicative adenovirus.  My data support our previous findings 

with recombinant CD40L that CD40L can directly inhibit the growth of breast cancer 

cells.  The enhanced anti-tumor response by the CD40L transgene was mediated by viral 

oncolysis and CD40L toxicity in vitro, which proved to be markedly more efficient than 

the recombinant CD40L protein.  AdEHCD40L can regulate viral replication and CD40L 

in the context of the hypoxic status of the cells.  Perturbation of cellular signaling by the 

CD40L transgene did not appear to be antagonistic to the adenovirus replicative activity, 

even though CD40L and the adenovirus may modulate similar signaling pathways 152.  

Preliminary findings underlying the mechanisms of AdEHCD40L cytotoxicity indicated 

an increased apoptotic (Annexin V+) and necrotic (propidium iodide incorporation) 
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activities that were accompanied by reduced IκBα phosphorylation, lack of p21waf1/cip-1  

activation, G2M/S cell cycle arrest, and differential chemokine and cytokine expression.  

Given the role of p21waf1/cip-1 in cell cycle progression, NFkB regulation, and apoptosis, 

further studies are needed to define mechanisms governing the role of p21waf1/cip-1 and its 

relation to cell cycle arrest, NFkB blockage and apoptosis.   

  AdEHCD40L and AdEHNull can inhibit tumor cell growth by 44 - 58% in 

breast cancer hu-mouse xenografts.  The optimal dosage of AdEHCD40L to enhance 

tumor growth inhibition needs to be further explored and seems to be dependent on the 

growth rate of the tumor and the viral dose.  A viral dose of MOI = 1 and below of the 

AdEH virus is optimal based in our in vitro findings.  This suggests that therapeutic 

outcome can be attained by administering lower doses of adenovirus.  This would help 

further our hypothesis that AdEHCD40L enhances tumor cell growth when compared to 

the parental AdEHNull construct. 

 
Future Studies 

 
  Cancer-selective biotherapy or gene therapy approaches have widely been considered to 

be the next horizon towards developing a cure for breast cancer.  Due to the rapid 

immune clearance of the virus by the host immune system, the systemic anti-tumor 

activity of AdEHCD40L will be evaluated in a SCID models initially either by 

determining the viral effect on a contra-lateral implanted tumor or by using an 

intravenous model.  Further, given the ability of CD40L to directly impact cell growth 

and activate the immune system, a syngeneic breast cancer mouse model will be 

considered to evaluate the impact of AdEHCD40L on anti-tumor immunity.  The 
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hypothetical mode of action of AdEHCD40L in an immune competent system has bee 

outline figure 6.1. 
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Figure 6.1: Hypothetical anti-tumor activity of AdEHCD40L.  Potential anti-tumor 
activities of an oncolytic virus delivering CD40L include the direct growth inhibition 
through CD40-CD40L interactions and viral oncolysis.  Additionally, bystander immune 
activation is expected. Dendritic cell tumor antigen uptake and CD40L stimulation could 
enhance culminating the generation of cytotoxic T cells that would result in inhibition of 
tumor growth. 
 

 
 

  Micro-arrays represent an important high throughput tool in analyzing gene 

expression profiles at the transcriptional level. Over 46,000 genes differentially expressed 

in treated controls can be compared to the normal counterparts and this approach can 
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accelerate the identification of important transcripts and key pathways involved in the 

therapeutic outcome  

  Primary breast cancer cells harbor mammary self-renewing stem cells that have 

oncogenic potential 185, 186.  Given the recent findings by others that hypoxia plays a role 

in the survival of breast cancer stem cell markers 71, 187, 188, the ability of the hypoxia 

regulated AdEHCD40L to inhibit the growth of the cancer stem cell population will be 

considered. 
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APPENDIX A 

 

Cloning of the AdEH Recombinant Adenoviral Constructs 

 
 
Modification of the Viral Genome 

  The genome of adenovirus was modified in order to include the following features: 

• Deletion of the endogenous E1A promoter and substitution by the 5XEH3 

promoter 

• Deletion of the endogenous E4 promoter and substitution by the E2F-1 promoter 

(obtained by PCR from human genomic DNA usign the following set of primers: 

• 5’TACTGTAACTATAACGGTCCTAAGGTAGCGTGGTACCATCCGGACAA

AGCC-3’, and 5’TAAGTATTTAAATGGCGAGGGCTCGATCCCGC-3’ )  

• Introduction of an insulator sequence between the packaging signal and the E1A 

promoter.  This sequence (bovine growth hormone transcriptional stop signal) 

was obtained from the plasmid pCDNA3 (Invitrogen) by digestion with the 

restriction endonucleases PvuII and NotI. 

• Deletion of the genes encoding the gp19K/6.7K proteins in the E3 region, and 

substitution with the CD40L cDNA.  

  As starting material, the pSEHE2F plasmid was used 70.  This plasmid already 

contains the modifications of the E1 and E4 promoters, and the insulator sequence.  The 

introduction of the CD40L transgene was performed in several steps, as follows:
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• Isolation of the 4.7kb fragment obtained by digestion of pSEHE2F with AgeI. 

• Introduction of this fragment in the AgeI site of the plasmid pMIB/V5-HisC 

(invitrogen). This intermediate plasmid was named pMIB-AgeC.  The purpose of 

this step is to isolate the viral fragment from the rest of the adenoviral genome in 

a smaller plasmid that contains AgeI restriction sites.  This is needed to peform th 

following modifications in this fragment. 

• Construction of a fragment that contains a XmnI restriction site in the position 

28555 of adenovirus type 5 sequence.  It was obtained by PCR using the plasmid 

pSEHE2F as a template, with the following set of primers (the XmnI site is 

underlined): 5’AAGGACTAGTTTCGCGCCCTTTCTCAAATTTAAGC3’ and  

5’CCGATTCTAGAGAAACCTGAATTAGAATAGCCCGTAGAGTTGCTTGA

AATTGTTCTAAACCCCAC 3’. 

• Digestion of pMIB-AgeC with SpeI and XbaI and introduction of the PCR 

fragment described above. The new plasmid was named pMIB-E3Xmn. 

• Digestion of pMIB-E3Xmn with MunI (in position 29355 relative to adenovirus 

type 5 sequence) and simultaneous partial digestion XmnI.  A partial digestion 

with XmnI was needed in order to cut only in position 28555.  This way, the 

fragment comprised between the nucleotides 28555 and 29355 of the adenoviral 

sequence (corresponding to the sequence of gp19k/6.7k) is excised from the 

plasmid.  

• In this location, a cassette containing the recognition sequence for the enzyme PI-

SceI (PI-SceI adapter) was introduced by ligation.  The adapter was obtained by 

hybridization of the following oligonucleotides: 5’ACGTAATCTATGTCGGGT 
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GCGGAGAAAGAGGTAATGAAATGGCA3’ and TGCCATTTCATTACCTC 

TTTCTCCGCACCCGACATAGATTACGT3’.  The resulting plasmid was 

named pMIB-PISceI.  This construct allows the introduction of foreign sequences 

in the E3 region, usign the enzyme PI-SceI. 

• The pMIB-PISceI plasmid was digested with the enzymes AgeI and ScaI 

simultaneously, and the 4.7 kb fragment was subcloned into the same sites of the 

pSEHE2F plasmid.  This way the mutated E3 region was introduced into a partial 

viral genome. This intermediate construct was digested with SwaI and SpeI, and 

the 7.7 kb fragment obtained was subcloned again in the pSEHE2F plasmid, in 

order to reconstruct a fully functional recombinant adenoviral sequence.  

• The recombinant adenoviral sequence was digested with PI-SceI, and the CD40L 

cDNA was introduced in this site by ligation, using the PI-SceI adapters.  

• The resulting plasmid (pSEH40L) contains the same modification of viral 

promoters E1A and E4 as the pSEHE2F plasmid, plus the CD40L inserted into 

the E3 region.  This location allows the transcriptional control of the transgene by 

the endogenous adenoviral late promoter, which is active once the viral 

replication has started 189.  

 
Generation of Viral Particles  
 

   The pSEH40L plasmid was digested with PacI in order to liberate the viral 

genome.  After phenol/chloroform extraction and ethanol precipitation, the DNA was 

resuspended in 10 mM Tris pH 8.1 and transfected in 293 cells using the Calcium 

Phosphate method.  Once cytopathic effect was evident, the cells were collected and 

lysed by three cycles of freezing and thawing.  The supernatant was used to re-infect 
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A549 cells treated with Cobalt Chloride in order to induce stabilization of HIF-1α.  The 

cells were covered with soft-agar, and viral plaques were isolated 10 days later.  The viral 

clones were confirmed by PCR amplification of critical regions and sequencing of the 

products (E1A, E4 and E3 regions).  One of the clones was amplified in A549 cells, 

purified using a double cesium Chloride gradient, and desalted using a sepharose column. 

The quantification was performed by spectrophotometer (particles) and plaque forming 

assay (pfu). 
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APPENDIX B 
 

Purification, Titration and Genomic Validation of AdEHCD40L 
 
 

Material and Methods 
 
 

Purification and Titration of Adenovirus  
 

  Purification and titration of the recombinant adenoviral vectors (AdEHCD40L 

and AdEHNull) as well as the wild type (Adv-WT) control virus is schematically 

represented in Figure A.1.  Unlike the wild type (Adv-WT) vector, cesium chloride 

(CsCl) centrifugation of recombinant AdEH constructs yields two bands on the gradient 

formed with a final concentration of 1.33 gm/ml and 1.45 gm/ml.  The lower band is 

collected as it contains the infectious virus.  

  Polymerase chain reactions (PCR) were carried out to validate the genomic 

configuration of the viral construct.  Viral DNA was extracted with the QIAamp 

deoxyribonucleic acid (DNA) blood mini kit using the manufacturer’s protocol (Qiagen, 

Valencia, CA).  Briefly purified virus was treated with proteinase K and lysis buffer.  The 

mixture was heated at 56oC for 10 minutes.  The viral lysate was then treated with 100% 

ethanol, pulse vortexed briefly and then loaded onto a QIAmp spin column.  DNA was 

eluted in 60 µl of elution buffer after appropriate washes in between.  The extracted DNA 

(60 ng) was amplified by PCR (GeneAmp RNA PCR kit, Perkin Elmer, Foster City, CA) 

using sequence specific primers for adenoviral E1, E3 and E4 modified regions (Figure 

A.2).  PCR amplification conditions were: an initial/ denaturation of 95oC for 1 minute
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Figure B.1:  Schematic for viral purification, quantification and validation of 
genomic integrity. 

Primary viral stock harvested in A549 cells + cobalt chloride (CoCl2). Adv-
WT was harvest without CoCl2 

Centrifugation (300 g) and freeze, thawed (X 4). Supernatant collected. 

Secondary viral stock by reinfection of A549 cells with culture supernatant 
in the presence of CoCl2. Adv-WT was harvest without CoCl2 

Centrifugation at 1,200 g and freeze, thawed (X 4). Supernatant collected 

Cesium chloride centrifugation of viral supernatant; 60,000 x g (2 hours, 
10 0C). Collect lower bands 

Cesium chloride centrifugation of viral supernatant; 77,000 x g (18 hours, 
100C). 

Desalting by gel filtration column chromatography based on principle of 
affinity column chromatography 

Determination of viral titer PCR for genomic 
configuration 

Absorbance at 260 
nm = vp / ml 

 

Plaque assay in 
A549 cells + CoCl2 

= pfu / ml
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E1A 

1- Forward 5’ TAGTGTGGCGGAAGTGTGATGTTG 3’ 

2- Reverse 5’ TCTTCGGTAATAACACCTCCGTGG 3’ 

E3 

3- Forward 5’AAGGACTAGTTTCGCGCCCTTTCTCAAATTTAAGC 3’ 

4- Reverse 5’ TTGGTCATCTCTGTTAGGGTGGG 3’ 

E4 

5- Forward 5’ AAACTGGTCACCGTGATTAAAAAG 3’ 

6- Reverse 5’ CGATCATTAATTAACATCATCAATAATATACC 3’ 

 

 

Figure B.2: Primer sequences and schematic of primer position used for PCR 
amplification of E1, E3 and E4 modified sequences. 
 
 
followed by 35 cycles of 94oC for 1 minute; annealing of 55oC for 45 seconds; elongation 

of 72oC for 1 minute.  The reaction was terminated with a final elongation step of 72 0C  

for 5 minutes.  Wild type adenovirus (Adv-WT) was used as positive control for 

sequence specific amplification. 

 
 
Sequencing of the CD40L cDNA Inserted into AdEH  
 

  Dideoxy sequencing was carried out to verify the fidelity of the inserted cDNA 

sequence.  60 ng of purified DNA from AdEHCD40L was amplified by PCR with 

forward primer 5’AAGGACTAGTTTC GCGCCCTTTCTCAAATTTAAGC3’ and 

reverse primer 5’TTGGTCATCTCTGTTAGGGTGGG3’ flanking the CD40L insert.  

The PCR products were verified by agarose (1.5%) gel electrophoresis and purified using 
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the QIAquick gel extraction kit (QIAGENE, Valencia, CA) according to the 

manufacturer’s protocol.  The concentration of the purified products was determined by 

densitometric gel band analysis using the Alphamanager 2000D and Scion Image 

Software 190, and the PCR products were sequenced by the BigDye dideoxy cycle 

sequencing method (BigDye terminator cycle sequencing kit; Applied Biosystems, Foster 

City, CA).  60 ng of purified PCR products were used as template and the sequencing 

primers include forward (5’CAGGAGGTGAGCTTAGAAAACCCTTAG3’) and reverse 

(5’TTCTCCTGTGTTGCATCTCTGT 3’) corresponding to residues corresponding to 

residue 28484 of the adenovirus through the PI-sce-I cloning sites and 228 - 249 bp (base 

pair) of CD40L cDNA; forward (5’CAGATGATTGGGTCAGCACT 3’) and reverse (5’ 

GTCACCTTCTGTTCCAATCG3’) corresponding to residues 124 – 143 bp and residues 

595 – 614 bp of CD40L cDNA; forward (5’GGATACTACACCATGAGCAACA3’) and 

reverse (5’TTCATTACCTCTTTCTCCTGGGCTTAAG3’) corresponding to residues 

451 – 473 bp of the CD40L cDNA and residue 27077-27111 bp of the adenovirus.  The 

products were separated from the unincorporated terminators and purified by spin column 

purification (Centri-sep spin columns, Princeton separation, Adelphia, NJ).  Each sample 

was suspended in 25 µl of template suppression reagent (TSR) (Applied Biosystems), 

denatured by heating at 95oC for 2 minutes and run on an ABI prism 310 genetic analyzer 

(Applied Biosystems) with an injection speed of 6 seconds.  The sequencing data was 

analyzed bi-directionally and aligned with the known sequence of the human CD40L 

cDNA 191. 
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Plaque Assay  
 
  To determine the infectious titers of the purified virus, a plaque forming assay 

was performed.  A549 (1.25 x 106) cells were dispensed in a 60 mm petri dish and grown 

to 70 - 80% confluent at time of viral infection.  Purified virus were serially diluted (102-

1010) in media (DMEM + 2 % FBS + 100 µM CoCl2).  Two milliliters (mls) of serially 

diluted virus were added to the A549 culture and incubated at 37oC, 5 % CO2 for 90 

minutes.  The virus inoculant was decanted and the cell culture rinsed with phosphate 

buffer saline (PBS).  The infected cells were over-layered with 5 mls of DMEM/agarose 

mixture (1:2) containing 2X DMEM + 1:100 antibiotics + 4% FBS + 200 µM CoCl2.  

The plates were allowed to solidify and placed in a 37oC, 5% CO2 incubator. Viral 

plaques were evident within 4 – 5 days of culture and viral titer was determined at day 10 

for recombinant viruses.  Calculations for determination of viral titer is based on infected 

cultures that contained between 20 and 100 plaques per plate and calculated with the 

formulae: plaque forming units (pfu/ml) = [(Mean number of plaques) X dilution factor 

(D)] / volume of infective medium used. The Adv-WT was used as a positive reference 

control while mock treated cultures with media alone were used as negative controls. 

 
 
Quantification of Viral Yield  
 

  The purified virus (10 µl) was denatured with 10% sodium dodecylsulfate (SDS) 

at 56oC for 10 minutes, which disassembles the virus into its protein components and 

then briefly centrifuged (300 g, 7 minutes).  UV-absorbance of the lysed virus was 

measured at 260 nm for its DNA content against an AD buffer reference (appendix II).   
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The viral particle concentration is calculated according to 192, where a 1.00 absorbance  

unit (AU) (1 cm pathlength) at 260 nm corresponds to 1.1 x 1012
  viral particles (vp) /ml. 

 
 

Results  
 
 

Validation of Genomic Configuration of Purified Adenoviral Vectors  
 

  To attain conditional replicative activity in cancer cells, the AdEHCD40L 

adenovector incorporates hypoxic response element (HRE) and estrogen response 

element (ERE) and E2F-1 promoters that restricts the viral replication and CD40L 

transgene expression to cancer cells over-expressing HIF-1α (prevalent in the hypoxic 

environment), estrogen and E2F-1.  To verify that these genetic modifications were 

retained after the viral expansion and purification, PCR using sequence specific primers 

for viral E1, E3 and E4 regions (Figure A.3) were carried out to define the expected 

molecular configuration of the construct carrying CD40L (AdEHCD40L), as well as the 

control virus lacking the transgene (AdEHNull).  Amplification products of the expected 

size for AdEHCD40L (1000 bp); E3 (2431 bp) and E4 (850 bp) were compared with their 

wild type counterparts (497 bp, 2421 bp and 708 bp, respectively) (Figure A.3) and found 

to retain the inserted modifications.  Bidirectional DNA sequencing was also carried out 

to verify that the CD40L transgene cDNA insert was of the wild type genotype (Figure 

A.4).  These finding indicate that adenovirus vectors maintained the expected molecular 

configuration throughout the expansion and purification processes.  
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Figure B.3: Sequence specific amplification of the viral construct.  Amplification 
products of the expected size was observed for recombinant AdEHCD40L E1A 
(lane 3, 1000 bps), E3 (lane 5, 2431 bps) and E4 (lane 7, 850 bps) regions using 
sequence specific primers at 35 cycles.  Control E1A (lane2, 497 bps), E3 (Lane 4, 
2421 bps) and E4 (lane 6, 708 bps) regions were amplified with the Adv-WT 
adenovirus DNA template to identify location of the of the unmodified E1A, E3 
and E4 regions.  Lanes 1, 8: Low molecular weight and high molecular weight 
DNA markers. 
 

 
 
Adenoviral Titration 

  The expansion of recombinant adenovirus vectors commonly yields infectious 

particles as well as non infectious particles, whose relative distribution that can be 

determined by quantification of viral particles (vp) as well as enumeration of plaque 

forming units (pfu).  The quality of the viral preparation is inversely related to the vp/pfu  

ratio.  Viral particles (infectious and non infectious) for the Adv-WT and the recombinant 

constructs (AdEHCD40L and AdEHNull), ranged from 1012-1013 vp/ml according to 

spectrophotometric analysis.  
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Figure B.4: Bidirectional DNA sequencing data of the CD40L transgene by the dye 
terminator labeling method.  Each of the four dideoxy terminators (ddNTP’s) is tagged 
with a different fluorescent dye.  The growing chain is terminated and labelled with the 
dye that corresponds to A: Green, C: Blue, G: Black, T: Red.  
 
 

Discussion 
 

  By using a standard plaque forming assay the minimal titer needed to infect, 

replicate, and lyse the cells  was determined using the human embryonic kidney cell line   

 (293 cells), an E1A transformed cell line 193, 194.  Viral titers for AdEHCD40L and the 

control virus, AdEHNull range from 60 - 600 vp /pfu, as compared with a ratio of 43 for 

the wild type adenovirus preparation (Table A.1).  This range of infectivity may be 

attributable to the variation in the recovering of infectious viral particles from different 

culture batches.  However, for all experiment carried out with the AdEHCD40L and  
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Table B.1: Quantification of viral yield by spectophotometry and plaque forming assay. 
 

Cell lines Virus CoCl2 Viral titers vp/pfu 
ratio 

   pfu/ml vp/ml  
 

A549 
 

Adv-WT 
 

None 
 

1.3 x 1011 
 

3.7 x 1012 
 

26.4 
 

A549 Adv-WT 100µM 1.5 x 1011 3.7 x 1012 28.8 
 

293 Adv-WT 100µM 1.4 x 1011 3.7 x 1012 25.1 
      
      

A549 AdEHCD40L 100µM 1.0 x 109 6.3 x 1011 618 
 

A549 AdEHCD40L 100µM 2.0 x 1010 1.5 x 1012 73 
 

A549 AdEHCD40L 100µM 2.5 x 109 5.6 x 1011 219 
 

      
A549 AdEHNull 100µM 2.1 x 109 8.4 x 1011 409.8 

 
A549 AdEHNull 100µM 8.9 x 109 8.6 x 1011 97 

 
A549 AdEHNull 100µM 4.4 x 109 9.4 x 1011 216 

 
 

 
 
AdEHNull comparable vp/pfu ratios were used.  This negates discrepancies that might 

occur due to variations in the non-infectious particles used to determine the biological 

outcome. Comparable titers were obtained in A549 lung epithelial cell lines.  Cobalt 

chloride, which stabilizes/induces hypoxic inducible factor (HIF-1α), did not affect the 

viral yield (Table A.1). 

  We were able to expand and purify the AdEH constructs by cesium chloride 

centrifugation without loosing the inserted transgenes and modified promoters.  Due to 

the presence of the tumor specific promoters that restrict viral E1A expression, the virus 

can only replicate and lyze cells under hypoxic conditions or in cell lines that are 
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transformed to express E1A.  Previous reports recommend early passage HEK 293 cell 

line as an appropriate candidate to determine adenoviral titers due to their trans acting 

E1A transformed components (193, 195.  However, this cell lines tends to loose its trans-

acting E1A component over passing of cells.  We were able to attain comparable titers 

with A549 cells in the presence of CoCl2 hence obviating utilization of low passage HEK 

293 cells that are commonly required for viral titer validations 193, 194.    

  In conclusion we were able to expand and purify the AdEH constructs without 

loosing the incorporated promoter and transgene modifications. 
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APPENDIX C 
 

CD40L Sequence 
 
 

1     tctgccagaa gataccattt caactttaac acagcatgat cgaaacatac aaccaaactt 

61   ctccccgatc tgcggccact ggactgccca tcagcatgaa aatttttatg tatttactta 

121 ctgtttttct tatcacccag atgattgggt cagcactttt tgctgtgtat cttcatagaa 

181 ggttggacaa gatagaagat gaaaggaatc ttcatgaaga ttttgtattc atgaaaacga 

241 tacagagatg caacacagga gaaagatcct tatccttact gaactgtgag gagattaaaa 

301 gccagtttga aggctttgtg aaggatataa tgttaaacaa agaggagacg aagaaagaaa 

361 acagctttga aatgcaaaaa ggtgatcaga atcctcaaat tgcggcacat gtcataagtg 

421 aggccagcag taaaacaaca tctgtgttac agtgggctga aaaaggatac tacaccatga 

481 gcaacaactt ggtaaccctg gaaaatggga aacagctgac cgttaaaaga caaggactct 

541 attatatcta tgcccaagtc accttctgtt ccaatcggga agcttcgagt caagctccat 

601 ttatagccag cctctgccta aagtcccccg gtagattcga gagaatctta ctcagagctg 

661 caaataccca cagttccgcc aaaccttgcg ggcaacaatc cattcacttg ggaggagtat 

721 ttgaattgca accaggtgct tcggtgtttg tcaatgtgac tgatccaagc caagtgagcc 

781 atggcactgg cttcacgtcc tttggcttac tcaaactctg aacagtgtca ccttgcaggc 

841 tgtggtggag ctgacgctgg gagtcttcat 
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