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Abstract
Liljenfeldt, L. 2014. CD40L Gene Therapy for Solid Tumors. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Medicine 996. 55 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-554-8943-4.

Adenoviral CD40L gene therapy (AdCD40L) is a strong inducer of anti-tumor immune
responses via its activation of dendritic cells (DCs). Activated DCs can in turn activate T cells,
which are key players in an efficient anti-tumor response.

This thesis includes three papers that focus on different aspects of AdCD40L gene therapy.
In the first paper, the infiltration of suppressive CD11b+Gr-1+ cells in orthotopic MB49 bladder
tumors was investigated and found to be significantly reduced while activated T cells were
increased when the tumors had been treated with local AdCD40L gene therapy. Further,
AdCD40L could tilt the cells in the tumor microenvironment in favor of an efficient anti-
tumor immunity (M1 macrophages and activated T cells) instead of an immunosuppressive
environment (CD11b+Gr-1int/low myeloid cells and M2 macrophages).

Immunotherapy combined with chemotherapy has shown promising results, and the
second paper investigates the combination of AdCD40L gene therapy together with the
chemotherapeutic drug 5-Fluorouracil (5-FU). A synergistic effect of the combination treatment
on orthotopic MB49 bladder tumors could be demonstrated. The combination therapy resulted
in decreased tumor growth, increased survival and systemic MB49-specific immunity, whereas
AdCD40L or 5-FU therapy alone had a poor effect on tumor growth.

Efficient AdCD40L therapy is dependent on high transduction efficiency in both cancer cells
and cells present in the tumor microenvironment. In an attempt to enhance the transduction
efficiency, and thereby the therapeutic efficacy, a modified adenovirus was developed for
paper three. This modified Ad5PTDf35(mCD40L) could, in comparison with the unmodified
Ad5(mCD40L), demonstrate increased transduction capacity of a variety of murine cells.
Further, the ability of antigen presenting cells (APCs) to present antigens to T cells was improved
after transduction with Ad5PTDf35(mCD40L).
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“No fight is hopeless till it has been fought”  

- George R.R. Martin 

  

Till Nova & Enja 



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Liljenfeldt L., Dieterich LC., Dimberg A., Mangsbo SM., 

Loskog AS. (2014) CD40L gene therapy tilts the myeloid cell 
profile and promotes infiltration of activated T lymphocytes. 
Cancer Gene Therapy, 21(3):95-102  
 

II Liljenfeldt L., Gkirtzimanaki K., Vyrla D., Svensson E., Loskog 
AS., Eliopoulos AG. (2013) Enhanced therapeutic anti-tumor 
immunity induced by co-administration of 5-fluorouracil and 
adenovirus expressing CD40 ligand. Cancer Immunology, 
Immunotherapy, 63(3):273-82   

 
III Liljenfeldt L., Yu D., Chen L., Essand M., Mangsbo SM. 

(2014) A hexon and fiber-modified adenovirus expressing 
CD40L improves the antigen presentation capacity of dendritic 
cells. Journal of Immunotherapy, 37(3):155-62 

 

Reprints were made with permission from the respective publisher. 





Contents 

Summary in Swedish / Sammanfattning på Svenska .................................... 11 

Introduction ................................................................................................... 15 
An Overview of the Immune System ....................................................... 15 

A Closer Encounter to a Selection of Immune Cells ........................... 16 
Cancer ...................................................................................................... 22 

The Tumor Microenvironment ............................................................ 23 
Tumor Immunology ................................................................................. 24 

Tumor Escape Mechanisms ................................................................. 26 
Cancer Immunotherapy ............................................................................ 28 

The Role of CD40 and CD40L in the Immune System ....................... 28 
Adenoviral Gene Therapy ........................................................................ 31 

Adenoviruses ....................................................................................... 31 
Adenovirus Modification ..................................................................... 34 
Immune Responses against Adenoviruses ........................................... 34 

Immunotherapy in Combination with Chemotherapy .............................. 35 
5-Fluorouracil ...................................................................................... 36 

Aims of this Thesis ....................................................................................... 37 
Paper I ...................................................................................................... 37 
Paper II ..................................................................................................... 37 
Paper III .................................................................................................... 37 

Summary of Papers ....................................................................................... 38 
Paper I ...................................................................................................... 38 
Paper II ..................................................................................................... 38 
Paper III .................................................................................................... 39 

Methods ........................................................................................................ 40 
Orthotopic Bladder Tumors...................................................................... 40 

Future Perspectives ....................................................................................... 41 

Acknowledgements ....................................................................................... 42 

References ..................................................................................................... 45 
 

 



 

Abbreviations 

5-FU 5-Fluorouracil 

ADCC Antibody-Dependent Cell-mediated Cytotoxicity 

APC Antigen Presenting Cell 

CAF Cancer-Associated Fibroblast 

CAR Coxsackie-Adenovirus Receptor 

CCR7 C-C Chemokine Receptor 7 

CD Cluster of Differentiation 

CD40L CD40 Ligand 

cDC Conventional DC 

CTL Cytotoxic T Lymphocyte 

CTLA-4 Cytotoxic-T-Lymphocyte-Associated protein 4 

DAMPs Danger-Associated Molecular Patterns 

DC Dendritic Cell 

dNTP deoxyNucleotide 

dTMP deoxyThymidine MonoPhosphate 

dUMP deoxyUridine MonoPhosphate 

dUTP deoxyUridine TriPhosphate 

ECM Extra-Cellular Matrix 

ER Endoplasmic Reticulum 

FasL Fas Ligand 

FdUMP FluorodeoxyUridine MonoPhosphate 

FdUTP FluorodeoxyUridine TriPhosphate 

FUTP FluoroUridine TriPhosphate 



 

GM-CSF Granulocyte/Macrophage Colony Stimulating Factor 

Gr-1 Granulocyte differentiation antigen 1 

ICD Immunogenic Cell Death 

IFN Interferon 

Ig Immunoglobulin 

IL Interleukin 

iNOS inducible Nitric Oxide Synthase 

Ly6C Lymphocyte antigen 6 complex, locus C 

Ly6G Lymphocyte antigen 6 complex, locus G 

MB49 Mouse Bladder-49 

MDSC Myeloid-Derived Suppressor Cell 

MHC Major Histocompatibility complex 

NK cell Natural Killer cell 

NO Nitric Oxide 

PAMPs Pathogen-Associated Molecular Patterns 

pDC Plasmacytoid DC  

PGE2 Prostaglandin E2 

PLL Poly-L-Lysine 

PTD Protein Transduction Domain 

ROS   Reactive Oxygen Species 

TAA   Tumor-Associated Antigen 

TAM Tumor-Associated Macrophage 

TCR T Cell Receptor 

TGF-β Transforming Growth Factor β 

TH cell T Helper Cell 

TIL Tumor Infiltrating Lymphocyte 

TLR Toll Like Receptor 

TNF Tumor Necrosis Factor 

TNFR   Tumor Necrosis Factor Receptor 



 

TRAF TNF Receptor-Associated Factors 

TRAIL TNF-Related Apoptosis-Inducing Ligand 

Treg T Regulatory Cell 

TS Thymidylate Synthase 

VEGF   Vascular Endothelial Growth Factor 
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Summary in Swedish / Sammanfattning på 

Svenska 

Ordet cancer väcker känslor för de flesta. Det är ett ord som sammanfattar 
cirka 200 olika sjukdomar och som drabbar en av tre personer här i Sverige. 
Cancer uppstår när en cell börjar dela sig okontrollerat på grund av 
mutationer i de delar av cellens DNA som styr celldelning. Mutationer 
uppstår ofta men cellen kan i de flesta fall reparera dem med hjälp av 
reparationsenzymer. Tyvärr händer det ibland att reparationsmekanismerna 
misslyckas och den onormala celldelningen leder till att en tumör bildas.  

Eftersom tumören uppstår från en normal cell kan det vara svårt för 
immunförsvaret att känna igen tumören som något som måste bekämpas. 
Oftast upptäcks den först när den blivit så stor att den börjar infiltrera 
organvävnaden runt omkring sig och som då sänder ut signaler om att allt 
inte står rätt till. Immunförsvaret kan i vissa fall eliminera små tumörer samt 
under en lång tid förhindra etablerade tumörer från att växa sig större. 
Tumörer är dock duktiga på att gömma sig för immunförsvaret och kommer 
till slut att undkomma immunförsvarets försök att kontrollera tillväxten.  

Med immunterapier vill man återuppväcka kroppens egna immunförsvar 
mot cancercellerna för att på så sätt kontrollera och i bästa fall eliminera 
tumören. I denna avhandling beskriver jag mitt arbete med 
immunstimulerande CD40 ligand (CD40L) genterapi som ett sätt att aktivera 
vårt immunförsvar. Målet med denna terapiform är att med hjälp av ett 
vanligt förkylningsvirus, adenovirus, introducera CD40L (AdCD40L) i 
tumören och dess närliggande mikromiljö. CD40L är en immunstimulator 
som normalt finns uttryckt på aktiverade immunceller och som interagerar 
med proteinet CD40 som uttrycks på många olika celltyper varav 
immunceller och tumörer ingår.  

Nyckelspelarna i en effektiv AdCD40L behandling är immunförsvarets 
dendritiska celler (DCs) samt T-celler. En aktiverad dendritisk cell kan 
nämligen presentera tumörantigen till T-celler som i sin tur kan döda 
tumörcellen. För att aktivera en DC behövs en aktiveringssignal och det är 
här CD40L spelar en stor roll. Genom att ha ett CD40L uttryck i tumören 
och dess omgivning kan DCs aktiveras och ta upp tumörantigen som finns 
tillgängligt i miljön runt tumören och presentera detta till T-cellerna och på 
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så vis startar en immunattack mot tumören. Denna form av immunterapi har 
redan visat sig vara effektiv på patienter med urinblåsecancer som 
behandlats vid Akademiska Sjukhuset i Uppsala samt i experimentella 
djurmodeller och vid behandling av hundar med melanom.  

Mina tre publicerade artiklar fokuserar således på AdCD40L. I artikel I 
har vi tittat på effekten av AdCD40L på olika immunceller i tumörens 
mikromiljö. För en effektiv anti-tumör terapi krävs att immuncellerna i 
tumörens mikromiljö arbetar för att eliminera tumören och inte hämmar vårt 
immunförsvar. I urinblåsetumörer hos möss som behandlats med AdCD40L 
fann vi en minskad infiltration av immunhämmande CD11b+Gr-1+ celler. 
Det finns två typer av CD11b+Gr-1+ celler, granulocytiska och monocytiska. 
Båda celltyperna kan hämma T-cellers anti-tumör attacker, men de gör det 
med olika metoder och effektivitet. I in vitro försök där murina immunceller 
odlades med cancerceller från urinblåsetumörer (MB49-celler) med eller 
utan CD40L uttryckt på sin yta fann vi att den CD11b+Gr-1+ 
cellpopulationen skiftade så att de granulocytiska cellerna var i majoritet när 
MB49 cellerna uttryckte CD40L. Vi kunde också notera att de makrofager 
som var närvarande i odlingsskålen hade procentuellt mer M1 makrofager än 
M2 makrofager, där M1 makrofager har en anti-tumör effekt medan M2 
makrofager är immunhämmande. I tumörer som behandlats med AdCD40L 
kunde en ökad T-cells infiltration konstateras och alla dessa resultat 
tillsammans gör att vi drar slutsatsen att AdCD40L skapar en gynnsam 
tillvaro för en effektiv anti-tumör effekt.  

I artikel II valde vi att kombinera AdCD40L terapin med cytostatikan 5-
Fluorouracil (5-FU) och fann att denna kombination fungerade synergistiskt 
och kunde eliminera tumörer samt skapa ett immunologiskt minne mot 
MB49-cellerna, Vidare fann vi att 5-FU ökade uttrycket av Fas på MB49-
celler. Fas är en dödsreceptor, och vid interaktion med FasL går den Fas+ 
cellen in i apoptos (programmerad celldöd). Ett ökat uttryck av Fas förbättrar 
därför möjligheten för en effektiv anti-tumör respons. Vi kunde också visa 
att T-celler från möss som behandlats med AdCD40L effektivt kunde 
eliminera MB49-celler via en Fas/FasL-interaktion.  

I artikel III jämförs det adenovirus som använts i artikel I och II med ett 
nytt modifierat virus. Detta modifierade virus har gjorts svagt positivt laddat 
samt fått en ny fiber vilket ger viruset möjligheten att ta sig in i fler celltyper 
än tidigare. Jämförelsen av det gamla och nya viruset visade att det nya 
viruset mer effektivt kunde ta sig in i både tumör och immunceller av murint 
ursprung och därmed erhålls ett ökat uttryck av CD40L på cellytan, något 
som är av värde för AdCD40L-terapin. För att T-celler ska kunna eliminera 
cancerceller måste de aktiveras av antigenpresenterande celler (APCs) som 
visar upp en del av cancercellen som en igenkänningsmarkör. APCs som 
blivit transducerade med det nya modifierade viruset kunde mer effektivt 
presentera antigen till T-celler än de som transducerats med det gamla 
viruset. Vi kunde också visa att tumörer som behandlats med det 
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modifierade viruset växte långsammare än tumörer som behandlats med det 
gamla viruset.  

Dessa arbeten har tillsammans ökat kunskapen om AdCD40L som 
använts i forskningsgruppen under flera år och som är aktuell i en pågående 
studie på Akademiska Sjukhuset i Uppsala där patienter med malignt 
melanom blir behandlade med en lokal injektion av AdCD40L i tumören. 
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Introduction 

This thesis will summarize my research studying adenoviral CD40L gene 
therapy (AdCD40L) on solid tumors. This introduction presents the 
background knowledge needed to be able to understand the significance of 
my work. It also includes information boxes that provide basic information 
where needed, to make this thesis more enjoyable for everyone to read.  

An Overview of the Immune System 
The immune system consists of several kinds of immune cells and is our 
protection against pathogens such as bacteria, parasites, and viruses. In 
addition, our immune system is also important in cleansing our body from 
dying or dangerous self cells such as tumor cells. Immune cells derive from 
hematopoietic stem cells located in the bone marrow. Hematopoietic stem 
cells give rise to two lineages, common lymphoid and common myeloid 
progenitors, where the common lymphoid progenitor cell is responsible for 
the generation of the lymphocytes: T cells, B cells, and natural killer (NK) 
cells. T cells play a key role in this thesis and will be presented more 
thoroughly in the next section. The common myeloid progenitor is the 
source of monocytes, granulocytes, red blood cells and platelets. These cells 
all play important parts in our immune system and the immune system is 
further divided into innate and adaptive immune responses.  

The cells of the innate immune system are ready to instantly protect us 
when danger approaches. By recognizing pathogen-associated molecular 
patterns (PAMPs) on the intruding pathogen, or danger-associated molecular 
patterns (DAMPs) released from dying cells, the innate immune cells will 
kill the pathogen. If the same intruder was to attack again, innate immune 
cells will have no memory of the previous attack and will respond in a 
similar manner as before. Cells of the innate immunity include NK cells, 
granulocytes, and monocytes. Monocytes differentiate into macrophages and 
dendritic cells (DCs) which both play an important role to initiate adaptive 
immunity, and hence, link innate and adaptive responses.  
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The adaptive immune response is carried out by T cells and B cells. This 
response is not mediated as quickly as the innate response, but it is directed 
towards eradicating specific pathogens and it has the advantage of 
remembering the features of the intruder. If the same intruder comes back 
again, the adaptive immune system will be prepared to eradicate it more 
quickly, in a so-called secondary immune response. The adaptive immune 
responses are activated by antigen presenting cells (APCs), among which 
DCs are the most effective. APCs will process and present parts of the 
intruders, called antigens, in secondary lymphoid organs (spleen and lymph 
nodes) to adaptive immune cells. Each T cell 
has a T cell receptor (TCR) that will recognize 
the combination of a specific antigen bound to 
a major histocompatibility complex (MHC), 
for example on APCs. A T cell presented with 
this MHC/antigen will be activated, 
proliferate, produce cytokines, and migrate to 
the site of infection by following chemokines 
secreted by innate immune cells. B cells are 
activated by recognizing an antigen with their 
B cell receptor and with the help of activating 
signals from T cells. Activated B cells can 
differentiate into plasma B cells that will start producing antibodies that bind 
to the intruder, thereby marking them for destruction by innate immune cells. 
B cells also function as an APC and can present antigens to T cells.     

 

A Closer Encounter to a Selection of Immune Cells  
 
T cells 
To function as a protector against pathogens, a T cell has to be able to 
interact with infected cells and with APCs. Communication between these 
cells is in part carried out via the TCR on the T cell and the MHC, which is 
present on most nucleated cells including APCs. There are two main types of 
MHCs, namely MHC class I and MHC class II, which present intracellular 
and extracellular antigens, respectively.  

T cells arise in the bone marrow and migrate to the thymus were they are 
educated. During the education process, T cells carrying a TCR that bind 
weakly to MHC/self-antigens (positive selection) advance to a second round 
of education whereas the ones that do not recognize the MHC/self antigen 
undergo apoptosis. In the second round, the T cells are once again allowed 
to interact with an MHC carrying a self-antigen. If the T cell binds too 
strongly to this complex they are eliminated through apoptosis or 

Cytokines are soluble 
proteins that function as 
mediators of communication 
between cells in the immune 
system.  

Chemokines are small 
cytokines that stimulate 
immune cell movement and 
regulate immune cell 
migration from the 
circulation into the tissues. 
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differentiated into a T regulatory (Treg) cell (negative selection), while T 
cells demonstrating low avidity to self-antigens are 
released into the circulation. In other words, the T 
cells should be able to recognize the body’s own 
MHC complexes with self-antigens but not react to 
them.  

The two major subsets of T cells are CD4+ helper 
T cells (TH) and CD8+ cytotoxic T cells (CTLs) 
where TH cells recognize MHC class II and CTLs 

recognize MHC class I.  
The TH cells can be further divided into TH1, TH2, TH17, and Tregs where 

they are distinguished mainly by their secretion of cytokines: 
 

 TH1 cells that secrete IL-2, IFN-γ, and tumor necrosis factor α 
(TNF-α). 

 TH2 cells that secrete IL-4, IL-5, IL-10, and IL-13.  
 TH17 that secrete IL-17 and IL-22.  
 Immunosuppressive Tregs that secrete TGF-β and IL-10.  

TH cells are key players in directing immune responses. In the context of an 
anti-tumor response, a TH1 cell differentiation is warranted due to their 
ability to activate CTLs and macrophages against tumor cells and 
intracellular pathogens. A potent inducer of TH1 responses is the cytokine 
IL-121.  

A TH2 response is initiated by IL-42 and is essential in the elimination of 
extracellular pathogens such as helminthes (a parasitic worm) by stimulating 
antibody production by B cells. The cytokines from TH1 cells will inhibit 
TH2 cells and vice versa. 

TH17 cells, so-called because of their signature cytokine IL-17, currently 
play a controversial role in tumor immunology. Several studies demonstrate 
the involvement of TH17 cells in both pro-tumor and anti-tumor responses 
(reviewed in 3,4).  

As mentioned above, Tregs bind strongly to MHC/self-antigens and are 
key players in preventing autoimmune manifestations. They also have a pro-
tumor effect through their immunosuppressive functions on T cells in the 
tumor microenvironment. These cells will be discussed more closely in the 
Tumor Escape Mechanisms section.   

To function as a TH or CTL cell, T cell activation must occur via 
recognition of an antigen presented by a MHC molecule. However, this 
recognition is not enough; activation by co-stimulatory molecules as well as 
cytokines is usually required. Co-stimulation is usually acquired by the 
interaction of CD28 on the T cell with CD80 or CD86 on the APC, see 
Figure 1. Without this so-called second signal, the T cell will become 
anergic.  

Apoptosis is the 
process of programmed 
cell death and is 
important for clearing 
the body of old, 
unnecessary, and 
unhealthy cells.  
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An activated T cell will express cytotoxic T lymphocyte-associated 
antigen (CTLA-4) which binds to CD80/CD86 with a higher affinity than 
CD28 and will therefore prevent co-stimulation through CD28. This has an 
important role in maintaining tolerance but inhibits anti-tumor responses. 
Antibodies that block CTLA-4 interaction have therefore been developed 
and have been demonstrated to improve the overall survival of metastatic 
melanoma patients5.  

 
 

 
Figure 1. T cell activation by DC. For T cell activation to occur, the TCR must 
recognize the MHC/antigen complex (1) and CD28 must interact with CD80 or 
CD86 (2). The interaction of CTLA-4 with CD80 or CD86 will lead to inhibition of 
T cell activation. The interaction of CD40 and CD40L will lead to activation and 
maturation of DCs. LFA1 and CD2 are cell adhesion molecules that facilitate close 
contact with the APC during activation.  

CD40L

MHC TCR

CD4/8

CD40

CD80/86 CD28

CD80/86 CTLA-4 

ICAM-1 LFA1

CD48/59 CD2
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1

T cellDC
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CTLs are essential in the elimination of tumor cells and infected cells. An 
activated CTL will migrate to the tumor and eliminate tumor cells by 

releasing perforin and granzymes that 
will induce apoptosis of the tumor cell. In 
addition, the CTL expresses death 
receptors, for example Fas ligand (FasL), 
which interacts with Fas present on the 
tumor cell and triggers tumor cell death 
by activating caspases.    

In addition to TH cells and CTLs, there 
are also memory T cells that are long-
lived. Together with memory B cells, 
these T cells are the reason why a second 
infection of the same pathogen is cleared 
much faster than the first.  

Dendritic cells 
As previously mentioned, DCs are part of 
the innate immune response, but serve as 
an important link to the adaptive immune 

response due to their potent ability to activate T cells. 
Steinman and Cohn were the first to describe DCs in 19737, a discovery 
which received the Nobel prize in 2011. The name dendritic cell is after the 
greek word dendreon (tree) and was given because of the cell’s resemblance 
to a branched tree8.  

DCs are found in tissues, blood and 
epithelia where they capture antigens, and 
in combination with activation signals 
(CD40 ligand (CD40L), danger signals, 
Toll like receptors (TLRs)), the DC will 
migrate to lymph node or spleen where 
naïve T cells are waiting. DCs express 
CD40 and when interacting with CD40L 
on activated T cells, the DC will increase 
its expression of CD80, CD86, MHC 
molecules and cytokine production, 
making them more potent APCs for 
amplifying T cell responses. The interaction of CD40 and CD40L will be 
discussed more closely in the Cancer Immunotherapy section.  

Anergic T (or B) cells are in a 
state where they are unresponsive 
to antigenic stimulation. 

Granzymes are enzymes which 
are released by T cells and NK 
cells. They enter target cells 
through a pore which perforin has 
created by inserting itself in the 
target cell’s plasma membrane. 
Inside the cell, granzymes will 
cleave and activate caspases which 
will ultimately lead to target cell 
apoptosis.  

Caspases are apoptotic 
cysteine proteases that are 
components of enzymatic cascades 
that lead to apoptosis. 

Danger signals are substances 
that are normally found inside a 
cell, but are made available to the 
immune system through stress or 
death of the cell. These 
substances are for example heat 
shock proteins and nucleotides6.  

TLRs are pattern recognition 
receptors that recognize 
molecules that are expressed on 
pathogens.   
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An important feature of DCs is their ability to present extracellular 
antigens on their MHC class I molecule, so called cross-presentation. 
Generally, MHC class I molecules present intracellular antigens, which are 
mainly proteins synthesized within the cell. These proteins may be self-

proteins, products of viruses or from 
infecting microbes. Intracellular antigens 
are processed by the proteasome and 
transported to the endoplasmic reticulum 
(ER) where they are loaded onto MHC 
class I molecules and transported to the 
cell surface. MHC class II, on the other 
hand, presents antigens that are found in 
the extracellular milieu such as tumor-
associated antigens (TAAs) which are 
discussed later. These extracellular 
antigens are ingested into vesicles 
(endosomes or phagosomes) in the APCs. 

Inside the vesicles the proteins are processed 
and assembled onto MHC class II molecules 
before transportation to the cell surface. MHC 
class II molecules are synthesized in the ER, 
but are hindered from binding to intracellular 
antigens through an invariant chain that blocks 
the antigen-binding cleft. The invariant chain is 
degraded during transport of the vesicle to fuse 
with vesicles carrying the extracellular 
antigens.  

Cross-presentation has mainly been reported 
to occur by two different pathways, a cytosolic 
or a vacuolar pathway. In the cytosolic 
pathway, extracellular antigens are ingested 
into phagosomes in DCs and are processed by 
the proteasome. Once processed, the antigen 
can be loaded onto MHC class I molecules in either the ER or by being re-
imported into the phagosome for loading onto a MHC class I molecule. In 
the vacuolar pathway, extracellular antigens are both processed and loaded 
onto MHC class I molecules in the phagosome9. This unique feature is 
crucial to enable CTL activation against tumors. 

Conventional DCs (cDCs) and plasmacytoid DCs (pDCs) are two 
different types of DC. They are distinguished by their cell surface markers 
and play different roles in immune responses. cDCs are excellent antigen 
presenters and potent stimulators of T cell responses, while pDCs play a 
major role in the immune response to viral infections, in addition to 
functioning as APCs. 

Proteasomes are protein 
complexes within the cell that 
degrade damaged or unwanted 
proteins. 

The endoplasmic reticulum 
(ER) is connected to the nuclear 
membrane and is present in most 
cells, with the exception of red 
blood cells. The ER is involved 
in protein synthesis and targeting 
new proteins to the right 
destination.  

Extracellular proteins enter 
DCs mainly through 
endocytosis or phagocytosis. 
In endocytosis, the plasma 
membrane is folded inward 
to create an endosome (a 
sort of vesicle) around the 
antigen, engulfing it into the 
cell. Phagocytosis is a form 
of endocytosis where large 
molecules, including dead 
cells, are internalized into a 
phagosome. Both 
endosomes and phagosomes 
can process antigens.  
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Macrophages 
Macrophages are important innate immune cells that have an essential part in 
the first line of defense against pathogens.  
Depending on the activation state, macrophages can have pro-tumor and 
anti-tumor activities. By analogy to the TH1 and TH2 classification, they are 
generally classified into M1 and M2 macrophages10.  

Classically activated M1 macrophages are part of an anti-tumor response 
and arise with the help of the TH1 cytokine IFN-γ11,12. M1 macrophages 

secrete high levels of IL-12 which 
promote TH1 responses and kill tumor 
cells through macrophage-mediated 
tumor cytotoxicity or antibody-
dependent cellular cytotoxicity 
(ADCC). Both of these responses are 
dependent on the secretion of TNF-α, 
IL-1, and nitric oxide (NO) (reviewed 
in 13). 

Unfortunately, M2 macrophages 
are more common in tumors and are 
often referred to as tumor-associated 
macrophages (TAMs)14. M2 
macrophages are induced by IL-4 and 
IL-10 and are immune suppressive as 
they secrete TGF-β and IL-1015. They 

also promote tumor growth by inducing angiogenesis through secretion of 
vascular endothelial growth factor (VEGF)14.  

These two phenotypes of macrophages are, however, not stable. If the 
cytokine profile changes, so will the phenotype of the macrophage 
population16. In addition, a recent study revealed a whole spectrum of 
macrophages with different activation states; this could potentially lead to 
therapies that specifically target desired macrophage subsets17.   

 
The immune system is complex and many immune cells demonstrate 
plasticity. Although the above descriptions of T cells, DCs and macrophages 
are true, it does not fully reveal the whole truth. For example, CD4+ T cells, 
in addition to being helper cells, are known to exert effector functions18-20; 
also, potent suppressor CD8+ T cells have been described21. DCs are a 
heterogeneous cell population and can acquire diverse functions, which they 
have demonstrated by exhibiting both regulatory22 and effector functions23, 
besides their major function as APCs. This plasticity is an important feature 
to keep in mind when studying immune cells.  

Macrophage-mediated tumor 
cytotoxicity is a cell-to-cell contact 
dependent process where the activated 
macrophage will release mediators 
such as TNF-α and NO to lyse tumor 
cells.  

ADCC is a process where 
macrophages or NK cells are targeted 
to IgG-coated cells via their Fc 
receptor and results in lysis of the 
antibody-coated cell.   

Angiogenesis is the formation of 
new blood vessels, an important way 
for the tumor to get sufficient nutrients 
that promote its growth. 
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Cancer 
Normal cells in the body grow, divide, and die in a regulated way. Cancer is 
initiated by cells in a tissue that start to grow out of control. This 
uncontrolled cell division is a result of mutations within the cell. Mutations 
may occur due to hereditary factors, 
external factors such as smoking, or as a 
mistake during cell reproduction or DNA 
repair. Cancer is characterized by an 
uncontrolled cell growth, leading to the 
formation of a malignant tumor with 
metastatic potential, making cancer fatal 
as the infiltration of tumor cells cause 
tissue damage and ultimately organ 
failure. Cancer is the general name for 
more than 200 diseases, and cells that 
form a tumor as a solid mass are referred 
to as solid tumors. They can further be 
divided into carcinomas and sarcomas. 
Carcinomas are the most frequent solid tumors and derive from the 
epithelium of an organ. Sarcomas occur in the connective tissue that keeps 
organs together, for example muscles, tendons and nerves24.  
After several decades of cancer research, the molecular knowledge of cancer 
can be summarized in these hallmarks defined by Hanahan and Weinberg: 
evading growth suppressors, sustaining proliferative signalling, resisting cell 
death, enabling replicative immortality, inducing angiogenesis and activating 
invasion, metastasis, reprogramming of energy metabolism, and evading 
immune destruction25,26. All of these hallmarks are not necessarily presented 
in all cancer forms, however, tumor progression will not occur without the 
presence of at least some of them.  

Currently, every third person in Sweden is diagnosed with cancer27 and the 
standard treatments offered today are commonly surgery, irradiation and 
chemotherapy, although new and improved treatments are needed. 

The Tumor Microenvironment 
A solid tumor is more than just a mass of cancer cells, the surrounding 
microenvironment plays an important role in the tumors ability to grow and 
metastasize. In addition, the microenvironment can suppress anti-tumor 
responses and possibly affect the infiltration of immune cells28. The 
microenvironment consists of extra cellular matrix (ECM) and blood vessels 
with its endothelial cells, cancer-associated fibroblasts (CAFs), and immune 
cells29 (see Figure 2).  

A mutation is a random 
change in the DNA sequence 
which can change the product 
of a gene or prevent it from 
functioning correctly. 
Mutations occur from 
spontaneous mistakes in the 
cellular machinery or by being 
induced by, for example, UV 
irradiation or chemicals. 

Metastasis is the spreading 
of cancer from one place in the 
body to another.  
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Figure 2. The cells within the tumor microenvironment. Tumors are surrounded by 
extracellular matrix, CAFs, endothelial cells and an array of immune cells that 
influence the tumor.  

A growing tumor requires nutrients, and therefore, blood/lymph-
angiogenesis is initiated by the tumor to ensure its survival. The formation of 
new blood and lymphatic vessels arises from existing vessels in the tissue in 
response to pro-angiogenic factors that the tumor and cells in the 
microenvironment releases26.  

The immune cells in the tumor microenvironment have been shown to have 
either pro-tumor or anti-tumor functions and it is of prognostic value to have 
the immune system fighting against the tumor. The interplay between the 
tumor and its microenvironment has gained a lot of attention in the past 
years, and increased knowledge will hopefully result in new and better 
targeted anti-tumor therapies. An efficient anti-tumor response is crucial for 
AdCD40L gene therapy and the role of the immune system in fighting 
cancer is discussed in the sections below.    
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Tumor Immunology 
Since a growing solid tumor arises from normal cells, the immune 
recognition may be hampered due to central and peripheral tolerance.  

Despite this, mutations in the tumor cell 
cause the expression of TAAs that can be 
presented to T cells and thereby lead to 
elimination of the tumor cells. TAAs may 
consist of (i) mutated antigens, which are 
tumor specific, (ii) over-expressed 
antigens, (iii) oncogenic viral products 
from virally induced cancers (for example 
human papilloma virus), (iv) differentiation 
antigens which are only found on certain 
tissues, (v) cancer testis antigens which are 
normally restricted to germ cells in the 
testis, but due to mutations can be 
expressed in a proportion of tumors30, and 

(vi) oncofetal antigens which are expressed during fetal development and in 
tumors, although they may be expressed at low levels in adult tissues as 
well31. Tumor-specific T cells have frequently been found in cancer 
patients32-34 and it has been shown that patients with a high degree of tumor-
specific T cells within the tumor have an improved overall survival35-37.  

The tumor immune surveillance theory was described by Sir McFarlane 
Burnet in 195738 and states that the immune system can recognize and 
eliminate tumors. This theory was partly based on the observation that 
patients with advanced tumors can survive for a long time without any 
progression, and in rare cases demonstrate spontaneous tumor eradication. 
This theory has been refined during the years and is now referred to as 
“Immunoediting” with the three phases: Elimination, Equilibrium and 
Escape39,40 (see Figure 3). 

For T cells, central tolerance to 
self-antigens occurs during their 
maturation in the thymus where 
T cells that recognize and bind 
strongly to self-antigens are 
deleted or are differentiated into 
Tregs specific for that self-
antigen. In peripheral tolerance, 
T cells that recognize self-
antigens in peripheral tissues are 
inhibited by anergy, suppression 
by Tregs, or deleted by 
apoptosis.  
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Figure 3. The three phases in Immunoediting: Elimination where the immune 
system can eliminate tumors, Equilibrium where the tumor is controlled by the 
immune system, and finally the Escape phase where the tumor escapes the immune 
system and progresses. This figure is inspired from 41. 

In the Elimination phase, the innate and adaptive immune responses detect 
the abnormally growing cells and are able to eliminate them before a tumor 
is detected in the clinic. Exactly how the immune system is able to destroy 
this developing tumor is not clear, but a possibility is that the tumor cells or 
damaged tissue cells release danger signals that activate the immune system 
against the developing tumor. If a cancer cell is able to avoid being 
eliminated by the immune system, it may enter the Equilibrium phase. This 
phase can last several years, during which the immune system can control 
tumor progression. However, the immune pressure may lead to a selection of 
tumor cells that are invisible to the immune system or that can suppress the 
immune system, and in the end the tumor will escape the immune system, 
progress and enter the Escape phase. There can still be an anti-tumor 
immune response during the Escape phase, as demonstrated by tumor-
infiltrating lymphocytes (TILs) that are associated with improved prognosis 
and better survival, but this is limited due to immune escape mechanisms42-

44.  
The growing knowledge of the importance of the immune system in 

combating cancer has led to a worldwide effort to validate and include 
Immunoscore as a prognostic marker of tumors45,46. Immunoscore is based 
on infiltrating CD3+CD8+ T cells and memory T cells (CD45RO+) in the 
tumor centre and invasive margin. Immunoscore ranges from 0, with low 
densities of either cell in both regions, to 4 with high densities of both cell 
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types in both regions47. Therefore, patients receiving an Immunoscore of 4 
have a better prognosis than patients receiving a 048. 

Despite the promising impact of TILs, the tumor is a master of disguise 
and has a whole repertoire of ways to avoid the immune system. Some of 
these tumor escape mechanisms will be discussed next.  
 

Tumor Escape Mechanisms 
Tumors are very adaptable and during the years many different mechanisms 
revealing how they can evade recognition and killing by the immune system 
have been found.  

The tumor can hide itself from CTLs by losing their expression of the 
MHC class I molecule49. It may also directly kill T cells by expressing FasL 
or secreting soluble FasL, which will make tumor-infiltrating T cells 
undergo apoptosis50,51. With time, the tumor becomes more resistant to T cell 
induced apoptosis through genetic alterations in the apoptotic pathways 
(reviewed in 52).  

As mentioned, the tumor can use cells of the immune system to protect 
itself. The recruitment of immunosuppressive Tregs and myeloid-derived 
suppressor cells (MDSCs) hampers anti-tumor immunity and is an obstacle 
that has to be overcome to create an efficient immunotherapy.  
 

Regulatory T cells (Tregs) 
Tregs function to suppress immune responses and maintain self-tolerance. 

Tregs that are spared during the education process in the thymus are often 
referred to as natural Tregs. In addition, there are induced Tregs that are 
generated in the periphery from naïve T cells as an adaption to an ongoing 
immune response. As a result, natural Tregs are usually specific for self-
antigens while induced Tregs can be specific against foreign antigens.  

In the context of tumor immunology (at least for solid tumors), Tregs are 
undesirable. There are several studies showing that their presence in the 
tumor correlates with poor prognosis (reviewed in 53,54), with the exception 
of some hematological tumors in which Tregs seem to have pleiotropic 
functions55,56.  

The tumor and its microenvironment induce the migration of Tregs into 
the tumor by producing the chemokine CCL2257. Other factors known to 
enhance the migration of Tregs to the tumor are TGF-β58,59 and prostaglandin 
E2 (PGE2)60. 

Tregs suppress immune cells in different ways and the secretion of 
inhibitory cytokines such as IL-10 and TGF-β is one of them.     
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Myeloid-derived Suppressor cells 
MDSCs have gained attention in recent years and are a heterogeneous cell 
population of precursor cells of granulocytes, dendritic cells, and 
macrophages61. MDSCs contribute to a negative regulation of both adaptive 
and innate immune responses during cancer and other diseases. MDSCs are 
only present in low numbers in healthy mice, however, they accumulate in 
tumor-tissue, spleen, blood and lymph nodes in tumor-bearing mice 
(reviewed in 62). The generation of MDSCs can be induced by tumor-derived 
growth factors such as PGE263, IL-1β64, IL-665, granulocyte/macrophage 
colony stimulating factor (GM-CSF)66 and VEGF67, and they can be 
recruited to the tumor site by CCL268. 

Murine MDSCs are characterized by their expression of CD11b and Gr-1, 
making them CD11b+Gr-1+ cells. MDSCs can be divided into two 
subpopulations by grading the expression of Gr-1 or by using the two 
epitopes of Gr-1, namely Ly6G and Ly6C. These subpopulations are called 
the granulocytic CD11b+Gr-1high (CD11b+LY6G+LY6Clow) and the 
monocytic CD11b+Gr-1int/low (CD11b+Ly6G-Ly6Chigh) cells69.  

Human tumors seem to have the ability to induce different subtypes of 
MDSCs70, making it hard to distinguish good markers. Typically, human 
MDSCs express CD11b and CD33 but are negative for HLA-DR (as referred 
to in 62). Granulocytic MDSCs are CD15+ while the monocytic MDSCs have 
CD14 expression71. Circulating MDSCs have been shown to correlate with 
poor prognosis in cancer patients72.  

 

Mechanisms of MDSC Suppressive Activity 
MDSCs exert different mechanisms to suppress immune cells. The three 
most described mechanisms are the production of reactive oxygen species 
(ROS), arginase 1 and inducible nitric oxide synthase (iNOS).  

The production of ROS induces CD8+ T cell tolerance by blocking the 
TCR/MHC class I interaction through nitration of the TCR-CD8 complex. 
ROS is a short-lived substance and therefore requires a close cell-to-cell 
contact which can be achieved by the presentation of antigen by MDSCs to 
CD8+ T cells73.  

By producing arginase 1, MDSCs can suppress T cells. Arginase 1 
catabolizes the reaction from L-arginine to urea and ornithine and a high 
production of arginase 1 will deplete L-arginine from the T cell 
microenvironment. This depletion causes the loss of CD3 ζ-chain expression 
followed by cell cycle arrest74. Another L-arginine-catabolizing enzyme is 
iNOS, and from this reaction NO is released75. NO suppresses T cells by 
dampening IL-2 signaling76. Interestingly, MDSCs express iNOS when 
interacting with activated T cells but not upon contact with activated Tregs77.  
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Granulocytic CD11b+Gr-1high and monocytic CD11b+Gr-1int/low not only 
differ by their markers, but they also have different immunosuppressive 
mechanisms. Granulocytic MDSCs suppress CTLs mainly through the ROS-
mediated mechanism78 and have undetectable levels of NO62. For monocytic 
MDSCs it is the opposite, they suppress CTLs through an NO-mediated 
mechanisms and do not release ROS79. Comparisons in immunosuppressive 
strength between these two subsets have been made in mouse models, where 
the monocytic MDSCs have shown to be more potent at suppressing T 
cells69,80. 

Cancer Immunotherapy 
Cancer immunotherapy aims to eliminate tumors by utilizing the immune 
system against cancer cells. The growing knowledge of anti-tumor immune 
responses and tumor immune escape mechanisms has led to a myriad of 
different approaches to induce or enhance anti-tumor immune responses. 
This thesis focuses on adenovirus-mediated CD40L gene therapy.  

The Role of CD40 and CD40L in the Immune System 

CD40 is a member of the TNF receptor superfamily. A wide range of cells 
express CD40 including APCs and tumors (reviewed in 81-83). CD40L (also 
known as CD154), as the name reveals, is a ligand for CD40 and belongs to 
the TNF ligand superfamily. CD40L expression can be found on activated 
CD4+ T cells84,85, B cells86, platelets87, endothelial cells88, epithelial cells, and 
smooth muscle cells88. CD4+ T cells can present CD40L on their surface 5 
minutes after activation due to storage of pre-expressed CD40L in secretory 
lysosomes89-91. This expression peaks at 15 minutes and remains the same for 
30 minutes; after this the CD40L expression is dependent on de novo 
synthesis91. Under inflammatory conditions, NK cells92, monocytes, mast 
cells and basophils93 can also express CD40L. The aforementioned cells 
express membrane bound CD40L, however there is also a soluble form of 
CD40L that is secreted mainly from platelets and can induce cytokines and 
chemokines by activating CD40-expressing cells in a similar way as 
membrane bound CD40L94. 

The interaction of CD40 and CD40L has pleiotropic functions depending on 
which cells are interacting. For DCs, CD40 stimulation leads to maturation 
and activation with up-regulation of MHC molecules and the co-stimulatory 
receptors CD80/CD86, which licenses DCs to prime antigen-specific CD8+ 
T cells and expression of C-C chemokine receptor 7 (CCR7) to ensure 
migration to lymph nodes95. DCs also start producing IL-1296 which 
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stimulates T cells and NK cells to produce IFN-γ, thereby initiating a TH1-
immune response86,87. CD40L expression is generally thought to be restricted 
to CD4+ T cells, however, a recent study describes a CD40L+CD8+ memory 
T cell population that exerts T helper cell functions, including the ability to 
activate APCs97.  

The engagement of CD40 on B cells by activated CD4+ T cells is critical 
for the differentiation of B cells into IgG-producing plasma cells98. 
Mutations in the CD40L gene leads to a severe immune deficiency called 
hyper-IgM syndrome which is characterized by low levels of IgG and IgA 
but elevated levels of IgM in serum, making the patients more susceptibility 
to infections. As with other immune deficiencies, hyper-IgM syndrome is 
associated with increased risk of developing tumors99,100.   

Expression of CD40 is detected on a variety of human cancer cells 
including bladder, breast, ovary, and cervix101-104. However, in contrast to the 
activating and proliferating effects demonstrated on a wide range of immune 
cells, CD40 interaction on cancer cells results in growth retardation or 
apoptosis of the cancer cell (reviewed in 82,83,96).  

The interaction of CD40L and CD40 is strongest when both CD40 and its 
ligand are trimerized96. This causes a conformational change and recruitment 
of TNF receptor-associated factors (TRAFs) to the cytoplasmic domain of 
CD40 that act as adapter molecules to downstream pathways and are largely 
responsible for CD40 signaling105. TRAF2, TRAF3, TRAF5, and TRAF6 are 
commonly mentioned in CD40 signaling and trigger the activation of several 
signaling pathways that act to regulate the many different activities of 
CD4083. For CD40 signaling in DCs, TRAF6 has demonstrated to play an 
important role in initiating the activation of cytokine production and up-
regulation of co-stimulatory receptors and maturation markers (reviewed in 
106,107).   

The important role of the CD40-CD40L interaction in adaptive immune 
responses and the direct apoptotic effect on CD40+ cancer cells makes CD40 
a promising target for immunotherapy. CD40-based immunotherapies 
include CD40L gene delivery, agonistic anti-CD40 antibodies, injection of 
recombinant soluble CD40L protein, and infusion of CD40L-expressing 
tumor vaccines. These therapies all aim to target DCs in the tumor 
microenvironment in order to evoke anti-tumor immune responses.  
In this thesis, we have focused on local adenoviral delivery of the CD40L 
gene into the tumor microenvironment (see Figure 4). With this approach, a 
replication-deficient adenovirus carrying the CD40L gene, AdCD40L, is 
injected locally into the tumor where the virus is able to transduce the cells 
that it encounters so that these cells start expressing CD40L. Infiltrating DCs 
will become activated into potent APCs after interaction with CD40L, 
enabling them to stimulate T cells in a draining lymph node. The T cells may 
than migrate to the tumor and exert anti-tumor responses. If the tumor is 
CD40 positive, the expression of CD40L in the tumor microenvironment can 
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also directly kill cancer cells by inducing apoptosis through CD40 
interaction. Since the CD40 molecule lacks a death domain, an apoptotic 
pathway can instead be induced upon the disruption of survival signals 
provided to the cell by TRAF6. TRAF2 is proposed to be a regulator of anti-
tumor functions by CD40 and can induce a caspase-dependent death 
pathway together with receptor-interacting protein 1 (RIP1)108. CD40 may 
also indirectly induce cancer cell death in tumor cells by activating the death 
receptors FasL, TNF-α, and TRAIL (TNF-related apoptosis-inducing 
ligand)109.   
 

 
 

Figure 4. AdCD40L therapy of tumors. Adenovirus containing the CD40L gene 
transduces tumor cells and other cells present in the tumor microenvironment, 
inducing CD40L expression. CD40-CD40L interaction on the tumor results in 
apoptosis and tumor antigen shedding. DCs become activated by CD40-CD40L 
interaction and take up the tumor shedded material and present tumor antigen on 
their MHC molecules. DCs migrate to lymph nodes where they can activate T cells 
and other immune cells that migrate back to the tumor and mediate tumor cell death.  
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The AdCD40L approach has demonstrated promising results in murine 
models110-113, dogs114,115 and in bladder cancer patients here at Uppsala 
University. Eight patients with invasive bladder cancer were included in a 
phase I/IIa trial with AdCD40L gene therapy. The patients received three 
local treatments one week apart and histopathology of removed bladders 
could demonstrate a tumor reduction as well as increased infiltration of T 
cells into the bladder tissue. The patients also had an increase of IFN-γ 
mRNA in tumor biopsies, indicating an active immune response116. A trial 
using AdCD40L therapy on melanoma patients is currently ongoing in 
Uppsala. In this trial, AdCD40L is used alone or in combination with a low-
dose of the cytostatic drug cyclophosphamide which has been demonstrated 
to reduce Tregs117.  

In addition, an oncolytic adenoviral gene therapy carrying the CD40L 
gene has been evaluated in nine patients with progressing advanced solid 
tumors, in combination with low-dose cyclophosphamide. As with the 
replication-deficient vector, the oncolytic virus was well-tolerated and anti-
tumor T cell responses were demonstrated118.  

Since adenovirus of serotype 5 is used to deliver the CD40L gene into the 
tumor microenvironment, the next section takes a closer look at this vector 
system.  

Adenoviral Gene Therapy 
Adenoviruses 
Human adenoviruses cause infections in the respiratory-, gastrointestinal-, 
kidney- or urinary tracts, and in the eye119. Over 50 human adenovirus 
serotypes have been identified, and they have been subdivided into seven 
species (A-G), mainly based on genome sequences120,121.  

The human adenovirus is a non-enveloped virus and encapsulates a 
double-stranded DNA genome. The adenovirus is an icosahedral particle 
where the hexon proteins are the most abundant structural components. In 
each of the 12 corners there is a penton base from which a fiber emerges. At 
the distal tip of the fiber, there is a knob domain that, for serotype 5, serves 
as the binding site for the coxsackie-adenovirus receptor (CAR)119 (see 
Figure 5).  
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Figure 5. A simplified illustration of the adenovirus structure. 

 

To be able to infect cells, the Ad5 fiber binds to CAR whereupon there is a 
secondary interaction between RGD motifs (integrin-binding motifs) on the 
penton bases and αv-integrins which 
are present on the cell membrane 
and promote virus internalization123. 
Ad5 enters the cell mainly through 
clathrin-mediated endocytosis and 
travels to the endosome where it 
disassembles and escapes to the 
nucleus through microtubule-
mediated translocation124,125 (see 
Figure 6). Replication of adenoviral 
DNA is carried out inside the 
nucleus of the host cell126.  
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In clathrin-mediated endocytosis of 
adenoviruses, the adenovirus binds to 
CAR and activates αv-integrins which 
triggers internalization of the adenovirus 
into a clathrin-coated vesicle. Once in 
the cell, the vesicle uncoats and can fuse 
with endosomes122.  
Microtubules are long hollow cylinders 
that function to determine cell shape and 
are involved in intracellular transports 
such as microtubule-mediated 
translocation where adenovirus binds to 
a motor protein (dynein) that transports 
the adenovirus towards the nucleus by 
“walking” on the microtubule.  
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Figure 6. Entry pathway of Ad5 into cells. Attachment to CAR and αv-integrins 
triggers clathrin-mediated endocytosis. The virus is dissembled in the endosome and 
escapes to the nucleus via a microtubule-mediated translocation. Replication of 
adenoviral DNA occurs in the nucleus of the host cell. This figure is inspired from 
122.  

The adenoviral genome consists of early and late genes where the early 
genes (E1 (E1A and E1B), E2 (E2A and E2B), E3 and E4) are responsible 
for production of new viral genes. The E1 genes are expressed first and 
encode proteins that are necessary for viral growth127. Therefore, to make a 
vector replication-deficient, the E1 gene is removed. This is often done in 
combination with deleting E3 in order to yield more space for inserting 
transgenes128,129. Transcription of the 
late genes (L1-L5) leads to the 
production of structural components 
necessary for assembly of the viral 
particles129. 

Adenoviruses are generally well- characterized and are the most 
commonly used vectors in gene therapy clinical trials, approximately 23% 
utilizes adenoviruses (April 2014)130. The adenoviruses that have entered 
gene therapy clinical trials for cancer have been well- tolerated131. 

The vector of choice in Paper I and Paper II in this thesis is a replication-
deficient (E1/E3 deleted) adenovirus serotype 5 vector used to introduce 
CD40L into the microenvironment132,133. As mentioned, Ad5 viruses utilize 
CAR receptor for infection. CAR is mainly expressed in heart, testis, 
prostate, pancreas and brain tissue134 and is localized at tight junctions135. 
Cancer cells may also express CAR, but it has been demonstrated that the 
expression of CAR decreases during tumor progression134,136,137. Thus, 
decreased CAR expression is a limitation for Ad5 vectors. To circumvent 
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this issue, several different approaches have been tried to modify adenoviral 
cell tropism.   

Adenovirus Modification 
One approach to circumvent the dependence on CAR expression for 
transduction is to modify the tropism of the fiber knob. For example, Nilsson 
et al developed an Ad5-based vector where the fiber molecule is switched to 
the fiber from adenovirus serotype 35138 whose receptor is CD46139. CD46 is 
a complement regulatory receptor expressed on most human cells, while in 
mouse the expression is restricted to mature spermatozoa and germ cells in 
the testis (reviewed in 140). A functional homolog to human CD46 has been 
found in mice, Crry/p65141, but whether this receptor can function for 
adenoviral entry is unknown. Modifications can also be made in the fiber 
that makes the virus specific for cancer cells. An example is an adenovirus 
with an insertion of a cyclic FWKT motif from somatostatin in the fiber, 
making the virus transduction selective for neuroendocrine cancer cells 
which express high levels of somatostatin receptors142.   

Another approach of adenovirus modification is to alter the hexon 
proteins. By incorporating a Tat-PTD motif (protein transduction domain 
originating from the HIV-1 Tat protein) into the hexons of Ad5, an increased 
transduction rate was demonstrated143. The Tat-PTD protein functions as a 
cell-penetrating peptide and has a positive charge which most likely enables 
efficient virus transduction, although the exact mechanism is unknown.  

In Paper III, we used a double-modified vector with a PTD insertion into 
the hexons and fiber switch from serotype 5 to serotype 35. This vector has 
previously been proven to significantly enhance transduction into a number 
of human cells144.  

Immune Responses against Adenoviruses 
Adenoviruses are intruders in our body and our immune system will react 
against them. As adenovirus infections are common, the majority of us have 
encountered them at several occasions and therefore have an acquired 
immunity against some of the serotypes145. 
The innate immune system is activated through both TLR-dependent and 
TLR-independent pathways146. In human and mice, 10 and 13 TLRs have 
been identified, respectively, and each TLR recognizes a specific set of 
PAMPs147. For example, TLR9 has proven to be essential for adenovirus 
recognition by pDCs and will drive a TH1 immune response by secretion of 
type 1 IFNs (IFN-α and IFN-β)146. In other types of DCs, adenoviral 
recognition will lead to secretion of pro-inflammatory cytokines148. Type 1 
IFNs have an important role in the defense of adenoviruses and will activate 
NK cells against the vector and induce DC maturation149,150. 
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TLR-independent pathways are not fully understood, but a suggested 
pathway is through cytosolic sensing of adenoviral DNA by DCs and 
macrophages, which also results in the production of type 1 IFNs151,152.  

Infected cells will present adenoviral antigens on their MHC class I 
molecules, which CD8+ T cells can recognize and consequently kill the 
infected cells. APCs ingest adenoviral vectors and present adenoviral 
antigens on their MHC class II molecules which will activate CD4+ T 
cells153. Adenoviral-specific T cells are often targeted toward the adenoviral 
capsid154, with a preferred target against the major component of the 
adenoviral capsid−the hexons155. Activated CD4+ T cells will participate in 
the activation of B cells with subsequent secretion of antibodies directed 
against adenoviral antigens156. 

In addition, the complement system also contributes to antiviral defense. 
The complement system is a group of protective proteins in our plasma that 
take part in the defense against pathogens. Complement activation can occur 
through 3 different pathways: the classical, alternative, or the lectin pathway. 
These three pathways all lead to lysis of the pathogen and is often followed 
by an inflammatory response. In human plasma, adenoviruses activate the 
classical pathway by binding anti-adenovirus antibodies and activate the 
alternative pathway by binding directly to complement protein C3157,158 
which has a pivotal role in the activation of the complement system.  

While these adenovirus-directed immune activities are a hurdle to 
overcome for some adenoviral therapy applications, they may very well be 
beneficial when the goal is to lyse tumor cells. This is especially true when 
the adenovirus is delivered locally into the tumor microenvironment, as in 
the case with our AdCD40L therapy.  

Immunotherapy in Combination with Chemotherapy 
 
To combine chemotherapy with immunotherapy has long been considered 
counterproductive since chemotherapy often causes lymphopenia. However, 
there are studies showing that chemotherapy-induced cell death can elicit an 
effective anti-tumor immune response (reviewed in 159). In fact, recent 
discoveries show that some chemotherapeutics can induce a special form of 
apoptosis in cancer cells that evokes the immune system through DAMPs 
and danger signals. This form of apoptosis is called immunogenic cell death 
(ICD) and stimulates DCs to take up antigens from dying tumor cells and 
present them for T cells160. When normal cells in our body die from 
apoptosis, they do so silently, without evoking an immune response. Most 
chemotherapeutics induce the same tolerogenic apoptosis in cancer cells, and 
the cancer cell dies in silence (reviewed in 161). However, chemotherapeutics 
have other ways of making the tumor more susceptible to an immune attack, 
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for example up-regulating death receptors such as TRAIL162. The 
immunostimulatory effect of chemotherapy may explain the favorable 
prognosis of patients with high levels of tumor-infiltrating T cells prior to 
chemotherapy163. 

In this thesis, we have evaluated whether AdCD40L gene therapy can be 
combined with 5-Fluorouracil (5-FU) to enhance tumor eradication.  
 
5-Fluorouracil 
5-FU is a commonly used chemotherapy drug in the treatment of 
gastrointestinal, breast, head and neck cancers. The best effect has been 
observed in colorectal cancer, although acquired or inherited resistance is a 
clinical limitation164,165. 5-FU is an analog to uracil and enter cells through 
facilitated transport (protein-mediated)166. The cytotoxicity of 5-FU lies in its 
ability to misincorporate its metabolites fluorodeoxyuridine monophosphate 
(FdUMP), fluorodeoxyuridine triphosphate (FdUTP) and fluorouridine 
triphosphate (FUTP) into RNA and DNA, and by inhibiting the nucleotide 
synthetic enzyme thymidylate synthase (TS). TS catalyzes the conversion of 
deoxyuridine monophosphate (dUMP) into deoxythymidine monophosphate 
(dTMP) and the inhibition of TS results in DNA damage due to elevated 
levels of deoxyuridine triphosphate (dUTP) and deoxynucleotide (dNTP) 
imbalances (reviewed in 167).  
5-FU has also been observed to be immunostimulatory, for example by 
making cancer cell lines more sensitive to T cell cytotoxicity by up-
regulating MHC molecules168,169. Further, 5-FU has been demonstrated to 
enhance CD40L-induced apoptosis101. 5-FU can selectively kill MDSCs, 
which led to the proposal that most of 5-FU’s anti-tumor effect lies in its 
ability to eliminate MDSCs and thereby restore anti-cancer immune 
responses170. Although 5-FU can deplete MDSCs through activation of the 
pro-apoptotic protein Bax, it has also been demonstrated that 5-FU treatment 
can induce MDSCs to secrete IL-1β, leading to the production of IL-17 by 
TH17 cells, which to some extent could interfere with the anti-cancer effect 
of 5-FU. However, combining 5-FU with a soluble IL-1 antagonist enhanced 
the anti-cancer efficacy of 5-FU171.  
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Aims of this Thesis 

CD40L gene therapy (AdCD40L) is a strong inducer of anti-tumor immune 
responses and has shown promising results in the treatment of tumor-bearing 
mice, dogs, and humans. The general aim of this thesis is to increase our 
knowledge of AdCD40L gene therapy. This knowledge will help to define 
how this promising therapy should be used to achieve the greatest benefit in 
cancer patients. The specific aims of each paper are listed below: 

 

Paper I 
The cells in the tumor microenvironment play an important role for an 
efficient anti-tumor response. The aim of this paper was to investigate 
whether AdCD40L had an effect on myeloid cell populations in vitro and in 
vivo with a focus on myeloid suppressor cells. 

 

Paper II 
Combining immunotherapy with chemotherapy is a promising approach to 
treat cancer. The aim of this paper was to investigate whether AdCD40L 
therapy would benefit from being combined with the chemotherapeutic drug 
5-FU. 

 

Paper III 
The aim of this paper was to evaluate whether an alternative adenoviral 
vector system with a higher transduction rate could improve the therapeutic 
efficacy of AdCD40L therapy. In addition, we investigated whether 
AdCD40L affected the antigen presentation capacity of DCs.  
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Summary of Papers  

Paper I 

T cell activation plays an important role in AdCD40L therapy. However, T 
cells may be inhibited by suppressive myeloid cells recruited into the tumor 
microenvironment. We investigated the infiltration of CD11b+Gr-1+ cells in 
murine bladder MB49 tumors and found that they were significantly 
reduced, while activated T cells were increased when the tumors had been 
treated with local AdCD40L gene therapy. In vitro we found that CD40L-
expressing MB49 cells tilted the myeloid subpopulations in favor of 
granulocytic CD11b+Gr-1high myeloid cells instead of monocytic CD11b+Gr-
1int/low myeloid cells. Further, in cultures with MB49 cells expressing CD40L 
the overall level of macrophages was reduced and the remaining cells were 
differentiated into M1-like cells. Hence, these data support that AdCD40L 
therapy tilts the cells in the tumor microenvironment in favor of an efficient 
anti-tumor immunity (M1 and activated T cells) rather than an 
immunosuppressive environment (CD11b+Gr-1int/low and M2 cells). 

Paper II 

Immunotherapy combined with conventional chemotherapy has shown 
promising results, and we therefore sought to investigate whether our 
AdCD40L vector could be used together with 5-FU. In paper II, we 
demonstrated a synergistic effect of combining local AdCD40L with 5-FU 
treatment in an orthotopic MB49 bladder tumor model. The combination 
therapy resulted in decreased tumor growth, increased survival and systemic 
MB49-specific immunity, whereas AdCD40L or 5-FU therapy alone had a 
poor effect on tumor growth. Efficacy was abolished in athymic nude mice, 
demonstrating the necessity of T cells. Further, we show that 5-FU is able to 
up-regulate Fas expression in MB49 cells and that T cells from AdCD40L-
treated mice could efficiently lyse MB49 cells in a Fas-dependent manner. 
Collectively, AdCD40L gene therapy in combination with 5-FU is a 
promising treatment for bladder cancer.  
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Paper III 
  

An efficient AdCD40L therapy is dependent on good transduction efficiency 
in both cancer cells and cells present in the tumor microenvironment. 
AdCD40L transduction is reliant on the expression of CAR, which often is 
down-regulated on cancer cells. In an attempt to enhance the transduction 
efficiency, and thereby the therapeutic efficacy, a modified adenovirus was 
developed. This modified Ad5PTDf35(mCD40L) has a protein transduction 
domain (PTD) inserted into the hexon protein and the virus fiber is switched 
from serotype 5 to serotype 35. The insertion of PTD into the hexons make 
the virus positively charged, facilitating entry into cells which are negatively 
charged. The fiber switch enables transduction of CD46- expressing cells 
and together these two modifications can transduce a wider cell type range 
than AdCD40L. In comparison with the unmodified Ad5(mCD40L), 
Ad5PTDf35(mCD40L) demonstrated increased transduction capacity of a 
variety of murine cells. Further, the ability of antigen presenting cells to 
present antigens to T cells was improved after transduction with 
Ad5PTDf35(mCD40L). This was demonstrated in both an in vitro and in 
vivo antigen presentation assay. In addition, Ad5PTDf35(mCD40L) could 
delay tumor growth of subcutaneous MB49 tumors at a virus concentration 
where the therapeutic efficacy of the Ad5(mCD40L) vector was lost. 
Consequently, the novel Ad5PTDf35(CD40L) vector holds great promise as 
a second-generation immune stimulatory therapy. 
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Methods 

Orthotopic Bladder Tumors 
To better mimic human bladder cancer, we have used an orthotopic bladder 
cancer model to evaluate the efficacy of AdCD40L, alone or in combination 
with 5-FU. In this model, the mice are anesthetized and the bladders were 
pre-incubated with poly-L-lysine (PLL) before tumor implantation through 
catheterization. PLL is a cationic polymer that binds to negatively charged 
cells. Hence, PLL acts as a glue to make the tumor cells stick to the bladder 
epithelium172 and ensure tumor take. Administration of AdCD40L was 
performed locally into the bladder, and to circumvent mucin layers covering 
the bladder wall, Clorpactin was used as a transduction enhancer. Clorpactin 
acts as a detergent to strip the bladder walls of mucin layers and facilitate 
transduction of the tumor cells. 

The tumor cell line that we have chosen to work with is the murine 
bladder 49 cells (MB49) derived from a male C57BL/6 mouse173. MB49 
cells are widely used in both in vitro and in vivo models to study human 
bladder cancers as they share similarities, such as inducing IL-10 secretion 
from cells in the microenvironment174 and production of TGF-β175.   



 41

Future Perspectives 

As I described in the introduction, a tumor has the ability to both hide from 
the immune system, and highjack parts of it to ensure its own progression. 
The complexity of the tumor and its microenvironment makes it reasonable 
to argue that the therapy against a tumor should also be as complex. 
Therefore, I believe that to efficiently eradicate an invading tumor, the tumor 
must be targeted from different angles. This will not only increase the 
chance of eliminating the tumor, but will hopefully also prevent the tumor 
from becoming resistant to treatment.  It must be clarified how therapies 
affect tumors and other cells in the body to cunningly combine cancer 
therapies.  

How AdCD40L gene therapy affects the tumor and its surrounding 
microenvironment has been investigated in this thesis, and these findings can 
be added to what has previously been demonstrated by our research group 
and others. Paper I in this thesis showed that AdCD40L tilts the tumor 
microenvironment beneficially towards efficient anti-tumor response. It 
remains to be investigated why tilting the balance of the myeloid monocytic 
and granulocytic cells affects the therapeutic outcome. A hypothesis is that 
the monocytic CD11b+Gr-1+ cells differentiate to DCs or M1 macrophages 
that drive anti-tumor responses despite the remaining presence of 
granulocytic myeloid suppressors. It would also be interesting to investigate 
these cell types in patients that have been treated with AdCD40L to 
understand the clinical relevance of our findings. 

Local AdCD40L gene therapy together with the chemotherapeutic drug  
5-FU showed a synergistic effect in eliminating bladder tumors using 
experimental animal models in Paper II. The next step would be to evaluate 
this combination in bladder cancer patients. 5-FU is often given to patients 
with colorectal cancer. These patients initially respond well to 5-FU 
monotherapy but eventually develop resistance. This patient group may also 
be of interest to enroll in a trial using combination therapy. 

The new modified adenovirus evaluated in Paper III showed great 
transduction efficacy and was able to slow down tumor growth. Further 
preclinical studies should be performed to evaluate both efficacy and 
possible toxicity prior to initiating a clinical trial with this new vector.  
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