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Introduction

The immune system 
Innate and adaptive immunity 
The immune system has evolved numerous strategies to counteract the myr-
iad of pathogens that we will come into contact with throughout our life-
times. The immune system can be divided into the innate and adaptive re-
sponses, where the innate (natural) response is non-specific and works as the 
first-line of defense against many different pathogens. The adaptive (ac-
quired) immune response, which is initially slower, eventually mounts a 
specific response that clears the infection and culminates in immunological 
memory. 

Innate immunity is a multi-pronged attack which employs a plethora of 
specialized cells and proteins including acute phase proteins, the comple-
ment system, inflammatory mediators (such as IFN), antimicrobial peptides 
such as defensins, phagocytic cells (neutrophils and macrophages), and natu-
ral killer (NK) cells which peruse the cell surface for “self “ molecules (i.e. 
major histocompatibility complex; MHC) and kill any cells in which these 
molecules are lacking1, 2.

Adaptive immunity is elicited when antigen-specific T and B lympho-
cytes become activated upon antigen recognition. Activation of T lympho-
cytes occurs via the T cell receptor (TCR) upon recognizing its antigenic 
peptide presented by MHC molecules on the surface of an infected cell, or 
alternatively, on an antigen presenting cell (APC) which collects and dis-
plays antigens from its surroundings. B lymphocytes also bind to antigen 
utilizing an antigen-specific receptor called the B cell receptor, a cell-surface 
immunoglobulin molecule. After initial lymphocyte activation, adaptive 
immunity eventually leads to a memory response where secondary exposure 
to the antigen produces a faster, stronger response. The adaptive arm of the 
immune system can be divided into humoral and cell-mediated immunity, 
where humoral immunity consists of antibody-producing B cells and cell-
mediated immunity includes CD4+T-helper cells (Th) and CD8+ cytotoxic T 
cells (CTLs), the latter which can specifically kill cells that it recognizes3.
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Pattern recognition receptors 
In the late 1980s, Charles Janeway proposed that APCs become activated 
when they recognize pathogen-associated molecular patterns (PAMPs) via 
pattern recognition receptors (PRRs)4, 5. In fact, PRRs are present on various 
cells of the innate system and recognize essential microbial components that 
cannot be substantially altered6. In addition, some PRRs detect danger sig-
nals produced during an inflammatory response such as heat shock proteins 
(HSP)6. Importantly, PRRs act as a link between innate and adaptive immu-
nity since stimulated APCs will in turn activate T lymphocytes and initiate 
an adaptive immune response. Thus, PRRs enable the immune system to 
detect, initiate and sustain an immune response against a wide range of evo-
lutionarily distinct pathogens. 

Although the Toll-like receptors (TLRs) are the most prominent of the 
PRRs, there are also non-TLR PRRs such as classical and non-classical C-
type lectins and scavenger receptors which recognize PAMPs from a wide 
range of microorganisms7.

Toll-like receptors (TLRs) 
The first Toll protein, a receptor identified in Drosophila, was first shown to 
control dorsoventral polarity during embryogenesis, and later found to play 
an important role in the insect’s innate immune response to fungi8. Soon 
after, a mammalian TLR homologue (TLR4) was discovered which induced 
expression of multiple genes involved in inflammation9.

TLRs are type I integral membrane proteins belonging to the Toll/IL1R 
superfamily since they share a conserved domain with IL1Rs. The Toll/IL1R 
cytoplasmic domain is about 200 amino acids and contains three conserved 
regions important for signaling8. In addition, TLRs, but not IL1Rs, contain a 
leucine-rich repeat (LRR) motif in the extracellular domain made up of 19-
25 tandem copies of LRRs. Most TLRs signal via a MyD88-dependent 
(myeloid differentiation primary-response protein 88) pathway, utilizing the 
signaling molecules IRAK1 (IL1-receptor-associated kinase 1) and TRAF6 
(tumor necrosis factor receptor-associated factor 6). This eventually leads to 
the activation of NFkB (nuclear factor-kB) and the induction of proinflam-
matory genes including IL1 , TNF  (tumor necrosis factor- ) and IL68.
TLR3 and -4 also utilize a MyD88-independent pathway that stimulates 
IRF3 (interferon regulatory factor 3) to induce the expression of type I inter-
ferons (IFN / ) as well as IFN-inducible genes such as IP10 (IFN -inducible 
10kDa protein)8.

Currently, the TLR family consists of at least 11 mammalian members 
which recognize a wide range of microbial components such as lipopolysac-
charide (LPS; TLR4), flagellin (TLR5) and dsRNA (TLR3)8. Figure 1 sum-
marizes the cellular localization and major known ligands of the TLRs. In-
terestingly, although most TLRs are found on the cell surface, the TLRs 
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recognizing nucleic acids reside in intracellular compartments. This may be 
because endocytic compartments contribute to the uncoating of viruses and 
bacteria thereby releasing nucleic acids. Moreover, this may have evolved to 
decrease the risk for autoimmunity, since these TLRs could possibly come 
into contact with self nucleic acids if they resided on the cell surface. This 
was recently demonstrated when Barton et al. expressed a TLR9 mutant on 
the cell surface and found that it indeed could be efficiently activated by 
mammalian DNA10.

Figure 1. The TLR family. Most TLRs are cell-surface receptors, while TLRs 3, 7, 
8, and 9 bind to their ligands in the endosomal compartment. 

TLRs 2 and 4, which recognize PAMPs such as peptidoglycan and LPS 
respectively, have also been shown to recognize a few endogenous ligands. 
These ligands include HSP-60 and -70 as well as fibronectin and fibrinogen. 
However, doubt has been cast over these data since the ligands used in the 
experiments may have been contaminated with PAMPs such as LPS8. There-
fore, more evidence must be gathered to substantiate the results. Nonethe-
less, it is likely that some TLRs recognize endogenous ligands that act as 
‘danger signals’ which induce an inflammatory response. Interestingly, 
Sporri et al. found that CpG DNA could fully activate DCs with the capacity 
to stimulate proper Th cell differentiation in contrast to endogenous ligands 
which stimulated Th cell expansion but not differentiation. Hence, they ar-
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gue that PAMPs may be essential for a superior adaptive response at least 
compared to inflammatory stimuli (i.e. endogenous ligands)11.

A conundrum waiting to be unraveled is how TLRs and other PRRs can 
recognize such a wide variety of structurally unrelated ligands. One explana-
tion may be that different PRRs physically associate with each other to rec-
ognize distinct ligands. For example, TLR2 can discriminate between diacyl 
and triacyl lipopeptides by associating with TLR1 and TLR6, respectively9

TLR2 has also been shown to associate with dectin-1, a nonclassical C-type 
lectin, to recognize the fungal cell wall component -glucan 12.

One interesting theory proposed by Polly Matzinger is that PRRs may not 
have evolved to recognize PAMPs, but it is possible that microbes have 
evolved to recognize PRRs4. There are after all countless examples of patho-
gens utilizing normal cellular receptors to their own advantage, for instance 
to gain entry into a cell. One example supporting Matzinger’s hypothesis is 
CD14, which has been dubbed a PRR since it recognizes LPS. However, 
CD14-deficient mice are actually superior to their littermates in resisting 
Gram-negative bacteria indicating that the association between the pathogen 
and CD14 may be most beneficial for, in this case, the pathogen13.

T lymphocyte activation and regulation 

Antigen presentation pathways 
It is by virtue of MHC molecules that a cell reveals which proteins it is pro-
ducing at that time point and which proteins it has taken up from its sur-
rounding milieu. Furthermore, MHC molecules provide a means for T cells 
to inspect this antigenic repertoire and detect peptides derived from intra- or 
extracellular pathogens. Peptides originating from endogenous proteins are 
loaded onto MHC class I molecules and displayed to CD8+ T cells, while 
exogenous antigens are primarily loaded onto MHC II molecules to be 
shown to CD4+ T cells. The class I and II antigen presentation pathways are 
presented below. 

MHC class I pathway 
The MHC I molecule, consisting of 2 polypeptide chains, namely constant 

2 microglobulin and the variable  chain, is present on almost every nucle-
ated cell. Upon ubiquitination, endogenous proteins are delivered to the pro-
teasome in the cytosol where they are degraded into peptides. The peptides 
are then transported to the ER via TAP proteins and eventually bound to 
MHC I within the peptide-binding cleft14. MHC I peptides are typically 8-12 
amino acids long15. Finally, the MHC I-loaded molecule travels via the golgi 
to the cell surface where the peptide/MHC complex is displayed to CD8+ T 
cells14.
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IFN-  can induce upregulation of the three proteasomal subunits LMP2, 
LMP7, and MECL1 16. This so-called immunoproteasome is distinct from 
the standard proteasome in that it produces a slightly different set of pep-
tides, due to altered cleavage patterns. While immature dendritic cells ex-
press both the immunoproteosome and standard proteosome in approxi-
mately equal parts, mature dendritic cells express only immunopro-
teosomes17. At first glance, it seemed that the immunoproteasome might be 
more efficient at antigen presentation than the standard proteasome since its 
cleavage patterns yields peptides with the anchor residues that bind to MHC 
I most efficiently18, 19. Yet, some epitopes cannot be processed by the im-
munoproteosome which means that T cells directed against these epitopes 
will not be activated by mature dendritic cells and will therefore remain qui-
escent18, 19. For tumor antigens, the immunoproteasome is more efficient in 
some instances, while the standard proteosome is more effective in process-
ing other epitopes. This has strong implications for immunotherapy, both for 
cancer and infectious disease regarding the optimal immunization protocol 
for a particular antigen18, 19.

MHC class II pathway 
The MHC class II molecule, which consists of an  and  chain, is present 
on APCs such as dendritic cells (DCs), macrophages and B cells20. Exoge-
nous antigens can be taken up via macropinocytosis (nonspecific uptake of 
extracellular fluid), phagocytosis (receptor-mediated attachment and en-
gulfment), or receptor-mediated endocytosis (binding to clathrin-coated 
pits)21. After uptake by one of these processes, exogenous proteins are trans-
ported by early endosomes which eventually become late endosomes. In the 
late endosome, acidification occurs, which activates proteases to generate 
peptides. MHC II molecules are produced in the ER, but subsequently enter 
vesicles which fuse with late endosomes so that the MHC molecules can 
bind peptide20. MHC II bound peptides are generally 9-25 amino acids in 
length, although they can sometimes be much longer15.

Cross presentation 
Although peptides from exogenous proteins are classically presented on 
MHC class II, they can also be presented by MHC I molecules. This has 
mainly been demonstrated in DCs and is referred to as cross presentation. 
This is an important mechanism since CD8+ cytotoxic T cells, which have 
the capacity to directly kill targets such as virus-infected or malignant cells, 
can only recognize antigenic peptides presented in the context of MHC class 
I. Therefore, virus-specific T cells do not necessarily need to be activated by 
virus-infected cells but can be indirectly activated via DCs. The two major 
routes of cross presentation are the: 1) TAP-independent and 2) TAP-
dependent pathways. In the TAP-independent pathway, late endosomes fuse 
with vesicles containing MHC I so that the MHC molecules can be loaded 



18

with exogenous peptide and transported to the cell surface22. In a TAP-
dependent mechanism, proteins from endosomes are degraded by the protea-
some and the resulting peptides are bound to MHC I via the TAP complex22.
In a recently proposed third pathway, phagosomes fuse with ER membrane 
thereby creating an organelle which contains all of the molecules needed for 
MHC antigen presentation23. It is hypothesized that in this route of cross 
presentation, phagocytosed antigen is released into the cytosol for ubiquiti-
nation and proteasomal processing and then subsequently returned to the 
lumen of the phagosome via TAP for MHC loading before its decent to the 
cell surface23. This mechanism differs from the TAP-dependent pathway 
described above since MHC loading occurs in the phagosome and not the 
ER.

The immunological synapse 
Immature DCs are sentinels of the immune system that travel through the 
body sampling the antigenic milieu, and therefore have an enhanced capacity 
to take up antigen. Upon maturation, DCs upregulate homing receptors such 
as CCR7 and migrate to the lymph node24. At this point, their enhanced abil-
ity to take up antigen is replaced by enhanced capabilities to provide T cell 
costimulation. Although many cells can function as APCs such as DCs, 
macrophages, B cells, and some epithelial cells, DCs are by far the most 
potent APCs given their unique ability to stimulate naïve T cells25.

In lymphoid tissues, naïve T cells travel through surveying other cells in 
search of the antigen they are specific for. According to the two signal hy-
pothesis26, a T cell is efficiently activated when it recognizes its specific 
MHC/peptide complex via its TCR. This primary signal is followed by a 
second signal, delivered when costimulatory receptors on the APC are bound 
to their cognate ligands on the T cell. Without this costimulatory signal, the 
T cell enters a state of anergy27.

There are two prominent families of costimulatory molecules which pro-
vide the second signal in T cell activation: members of the B7 immu-
noglobulin superfamily such as CD28 and ICOS (inducible T cell costimula-
tor), and members of the TNF superfamily including CD40L (CD154) and 
TNF-related activation-induced cytokine (TRANCE). One of the most potent 
costimulatory molecules is CD40L which interacts with its cognate receptor, 
CD40 on the APC. Not only does this costimulatory signal activate the T 
cell, but reciprocal activation occurs since the CD40-CD40L interaction 
upregulates costimulatory and adhesion molecules on the APC such as CD80 
(B7.1), CD86 (B7.2), ICAM1 and LFA328, 29. These interactions, shown in 
Figure 2, are important for guarding against T cell anergy and stabilizing cell 
contacts for a more efficient activation. 
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Figure 2. The immunological synapse. For optimal T cell activation, signal 1 
(TCR bound to its specific MHC/peptide complex) and signal 2 (costimulation) 
must be provided. Signals from molecules such as CTLA-4 inhibit activation. 

Although the immunoglobulin superfamily includes costimulatory mole-
cules contributing to T cell activation, there are also family members which 
inhibit T cell responses. One important inhibitory molecule, CTLA-4 or cy-
totoxic T lymphocyte-associated antigen 4, has the same cognate ligands as 
CD28, namely CD80 and CD86. Moreover, CTLA-4 binds with an even 
higher affinity compared to CD28. Although the details of the mechanism 
behind CTLA-4 inhibition remain to be worked out, one hypothesis known 
as the threshold model states that CTLA-4 interactions could outcompete 
CD28 which could raise the threshold level required for T cell activation. 
Another theory proposes that CTLA-4 does not completely inhibit T cell 
responses, but rather attenuates the response by limiting T cell division after 
activation30. In the CTLA-4 knockout mouse, loss of this potent T cell in-
hibitor results in lymphoproliferation and death about 1 month after birth 31, 

32.

The effector phase 
CD4+ T cells 
CD4+ T cells, often referred to as T helper cells, recognize MHC II-peptide 
complexes on APCs and are divided into the T helper type 1 and 2 subsets 
(Th1 and Th2). The Th1 subset contributes to CTL activation by stimulating 
APCs, endowing them with the full capacity to stimulate CTLs33-36. CD4+

effector cells also benefit CTLs by providing the essential T cell growth 
factor IL237. Th2 cells are important contributors to B cell activation, mainly 
via CD40L which is present on activated CD4+ cells and binds to its receptor 
CD40 on B cells inducing activation28.
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The CD40L-CD40 interaction is also important to the Th1 response, since 
ligation between the CD4+ T cell and APC via CD40L and CD40 respec-
tively, delivers a potent signal that upregulates costimulatory molecules on 
the APC and induces the production of the Th1 cytokine IL1228, 29. In fact, 
blocking CD40L interaction with anti-CD40L antibody completely abrogates 
the CTL response and adding a stimulatory anti-CD40 antibody as a surro-
gate for CD40L reverses the blockade36. For further details about Th1 and 
Th2 responses, refer to the section “T helper responses.” 

When a naïve CD4+ T cell is activated via antigenic peptide in the context 
of MHC II (i.e. signal 1) but not costimulation (signal 2), clonal anergy is 
induced. In this state, IL2 production is inhibited and growth is arrested, 
however this condition can be reversed by the addition of IL2 or anti-OX40 
costimulatory activation38. A gene important in the induction of CD4+ T cell 
anergy has recently been identified, a ubiquitin ligase called GRAIL (gene 
related to anergy in lymphocytes)39. The same researchers also showed that 
GRAIL is highly regulated by a protein called otubain 1 which leads self-
ubiquitinated GRAIL to rapid degradation. On the other hand, if the alterna-
tive spliced form of outbain 1 associates with autoubiquitinated GRAIL, then 
GRAIL is able to be deubiquitinated thereby escaping degradation and even-
tually leading to anergy 40.

Under conditions of optimal activation when CD4+ T cells are properly 
stimulated by signals 1 and 2, they produce IL2, providing help to CD8+ T 
cells and no longer require costimulation for IL2 secretion41. However, 
within a few days, continued IL2 expression promotes the effector cells into 
a state where they are susceptible to activation-induced cell death (AICD). 
Although AICD can occur via different mechanisms, one pathway is Fas-Fas 
ligand (FasL)-mediated death38, 41. T effector cells already express Fas and in 
AICD, FasL is upregulated and death is initiated upon Fas-FasL interaction 
between T cells 41. One way to overcome AICD susceptibility is via IL15, a 
T cell growth factor similar to IL2, which can inhibit AICD42. In contrast, 
IL2 leads to the decreased expression of the apoptosis inhibitor Bcl-2 render-
ing the cells susceptible to AICD43.

T helper responses 
During the last decade, the most effective immunotherapies for experimental 
cancer have been polarized towards a Th1 response, marked by IL-12 and 
IFN  as well as cytotoxic T effector cells which can specifically recognize 
and kill malignant cells44. Th1 cytokines are partly derived from Th1 CD4+ T 
helper cells which activate CD8+ lymphocytes as well as macrophages, lead-
ing to cytotoxic and phagocytic responses. In addition, the Th1 cytokine 
IFN  activates NK cells, enhancing NK cell activation and cytotoxicity. In 
contrast, Th2 CD4+ T cells induce humoral responses by participating in B 
cell activation. The Th2 response is characterized by cytokines such as IL4, 
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IL5, and IL1045. Since the Th2 cytokines inhibit a Th1 response and vice 
versa, this cytokine balance is pivotal and signals the type of cellular re-
sponse that will dominate45. Figure 3 shows a schematic diagram of Th re-
sponses.

Figure 3. The Th1/Th2 response. IL12 and IL4 induce Th1 and Th2 cell differen-
tiation, respectively. IL4 and IL10 inhibit the Th1 response, whereas IFN  inhibits 
Th2 responses. As shown, Th1 and Th2 cells secrete many cytokines which lead to 
cellular and humoral immunity, respectively. 

As potent T cell activators, DCs are pivotal determinants of Th polariza-
tion. Polarization has been found to depend not only on the micromilieu but 
on the stimulus inducing DC maturation as well as the kinetics of matura-
tion. For instance, certain stimuli do not induce substantial amounts of IL12 
such as prostaglandin E2, IL1 and TNF 46, 47. Furthermore, when DCs are 
induced to secrete IL12, thereby acquiring a Th1-polarizing capacity, IL12 
production is limited to approximately 8-16h. When their IL12-producing 
capacity wanes, these “exhausted” DCs have been observed to induce Th2 
responses46, 48, 49.

CD8+ T cells 
CD8+ T cells are potent effectors since they can differentiate into CTLs with 
the capability to directly kill target cells that they are specific for. As dis-
cussed above, to become licensed killers CTLs must receive signals 1 and 2 
(i.e. antigenic peptide in association with MHC I and costimulation). Upon 
activation, these CD8+ effectors proliferate and can provide themselves with 
IL2 for a short time. However, after 3-4 days they enter into a state of split 
anergy called activation-induced nonresponsiveness or AINR50, 51. At this 
point, they can still secrete IFN  and even lyse target cells, but their capacity 
to secrete IL2 ceases. This state of anergy can be reversed by providing exo-
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geneous IL2 over a period of 1-2 days. After passing the AINR checkpoint, 
the CTL can respond to antigen, regains the ability to produce IL2 and is no 
longer dependent on costimulation to carry out its effector function52. Both 
AICD for CD4+ T cells and AINR in CD8+ T cells seem to be normal regula-
tory checkpoints that limit T cell responses unless survival and activation 
signals are still present in the tissue microenvironment, allowing the T cell to 
respond until the stimulus dissipates. 

CTLs (as well as NK cells) carry out their cytolytic effector function via 
two major mechanisms, the FasL (CD95L) pathway which leads to caspase-
dependent apoptosis and the granule exocytosis pathway which leads to cas-
pase-dependent as well as caspase-independent cell death53, 54. In FasL-
mediated death, the CTL expresses CD95L which binds to its cognate recep-
tor CD95 (Fas) on the target cell which eventually activates caspases, or 
cytosolic proteases, that cleave so-called death substrates leading to apop-
totic death. CD95 is a death receptor belonging to the TNF receptor super-
family, and like other death receptors it contains an intracellular “death” 
domain which upon activation binds adaptors and recruits initiator caspases 
such as procaspase-8 to form the death-inducing signaling complex or DISC. 
At the DISC, procaspase-8 undergoes self-cleavage to become active cas-
pase-8 with the capability to cleave BID (BH3-interacting domain death 
agonist), a protein that recruits BAX (Bcl-2 associated X protein) and BAD 
(Bcl-2 antagonist of cell death) to break the integrity of the mitochondrial 
membrane53, 54. This causes the mitochondria to leak apoptotic factors and 
cytochrome c, the latter which forms a complex with APAF1 (apoptotic pro-
tease-activating factor 1). Finally, procaspase-9 is also recruited to form the 
apoptosome. After autocatalytic activation of procaspase-9, active caspase-9 
activates caspase-3, an effector caspase. Other “executioner” caspases also 
become activated (caspase-6 and -7), and apoptosis is executed by the cleav-
age of cellular death substrates that lead to changes associated with apoptosis 
including DNA damage and loss of membrane integrity53, 54.

CTLs can also induce cell death by granule exocytosis via cytotoxic gran-
ules (secretory lysosomes) which contain cytotoxic contents like perforin (a 
membrane-perturbing protein) and granzymes (serine proteases). When the 
CTL recognizes its target, these cytotoxic granules move towards the syn-
apse to release its contents into the target cell. Perforin has long been 
thought to form a pore in the cell membrane, allowing the delivery of gran-
zymes but it has recently been shown that granzymes can enter the cell with-
out perforin, so a new hypothesis proposes that perforin may assist in releas-
ing granzymes from the endocytic compartment in addition to helping them 
enter the nucleus. While granzyme B can directly activate the caspase path-
way by cleaving caspase-3 as well as other caspases, it can also mediate cell 
death through caspase-independent mechanisms. For example, granzyme B 
has the ability to cleave several caspase substrates which are involved in 
DNA repair or sensing DNA damage. In another caspase-independent 
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mechanism, granzyme B cleaves BID which, as described above, induces 
mitochondrial damage. Finally, granzyme B can lead to DNA damage by 
indirectly activating the enzyme known as CAD (caspase-activated DNase) 
via cleavage of its inhibitor ICAD. Although many other granzymes exist, 
granzyme B is the most studied and seems to be one of the most important 
granzyme family members53.

The memory phase 
CD8+ and CD4+ T memory cells have recently been divided into two subsets 
based on phenotype, location and function, and are referred to as central 
(Tcm) and effector (Tem) memory cells. The two memory cell subsets were 
first characterized based on their ability to carry out immediate effector func-
tion as well as expression of the the lymph node homing molecules CD62L 
(L-selectin) and CCR7. While CD62L directs cells to the lymph nodes by 
allowing them to roll along high endothelial venules via binding to its cog-
nate glycoprotein, CCR7 assists by binding CCL19 (EBI1-ligand 
chemokine; ELC) and CCL21 (secondary lymphoid tissue chemokine; SLC) 
on endothelial cells55. Sallusto et al. found that a subpopulation that they 
termed Tcm highly expressed both CD62L and CCR7 and therefore homed to 
lymph nodes, while Tem were CD62Llo CCR7- and migrated to nonlymphoid 
tissues, although both subsets are present in the blood and spleen56, 57. Be-
cause Tem are found in the tissues and can carry out immediate effector func-
tion, they are characterized as the reactive memory cell that confer immedi-
ate protection. In contrast, Tcm cells are thought to provide long term protec-
tion by persisting longer in vivo, rapidly proliferating and secreting IL2 upon 
antigenic stimulation followed by differentiation into effector cells that se-
crete IFN  or IL457. Although this paradigm was first characterized in hu-
mans, it has also been observed in mice where one population of CD4 T 
memory cells home to lymph nodes and produce IL2, while another subset 
resides in nonlymphoid tissues and produces IFN 58. CD8+ memory T cells 
in mice have also been documented to conform to the Tcm/Tem concept59. In 
Table I, distinguishing properties between the memory subsets are shown. 

   Table I. Comparison of memory T cell subsets 

TCM TEM

CD62LhiCCR7+ CD62LloCCR7-

Found in lymph node Found in nonlymphoid tissues 
No immediate effector function Immediate effector function 

Predominantly secrete IL2 Predominantly secrete effector 
cytokines (IFN  or IL4) 

Increased proliferation potential Limited proliferation potential 

Different models have been suggested to explain the lineage and relation-
ship between the two memory subsets. The progressive differentiation model 
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has been proposed by Lanzavecchia and Sallusto60 hypothesizing that T cells 
either terminally differentiate to become Tem or stop at an intermediate dif-
ferentiation state and become Tcm. Later, Tcm differentiate into Tem in order to 
repopulate the effector memory pool. Another model recognizes the two 
subsets as a continuum that goes from naïve effector Tem Tcm. There-
fore, as opposed to the first model, this model suggests that it is Tem that 
convert to Tcm

61. The third model proposes that the subsets arise independ-
ently and that there is no interconversion between them at all62.

Regulatory T cells 
Since some self-reactive T cells do escape negative selection in the thymus, 
it makes sense that a more dominant mechanism may have evolved to con-
trol these cells in the periphery and prevent autoimmunity. The idea of sup-
pressor T cells was posed in the 1970s by Gershon and Kondo63. However, 
due to the lack of markers and lack of reproducibility of the results, the area 
was disregarded and largely abandoned. It was not until the mid-1990s that a 
landmark paper was published providing strong evidence that such a sup-
pressor T population did indeed exist. In this landmark paper, Sakaguchi et 
al. demonstrated that transferring CD4+CD25- T cells into immunodeficient 
mice evoked autoimmunity and that the cotransfer of CD4+CD25+ T cells 
could prevent autoimmune disease64. The solid discovery of a regulatory T 
cell (Treg) population and identification of Treg markers, CD4 and CD25, 
promptly lead to an explosion of the field and sparked new ways of thinking 
about immunology from autoimmunity to tumor immunity. 

In recent years, different subsets have been characterized, the original and 
most studied subset being thymus-derived naturally occurring Tregs (nTreg).
Although their development has not been fully elucidated, nTregs seem to 
undergo positive selection in the thymus based on interactions between their 
TCRs recognizing self peptide and MHC II molecules on thymic epithelial 
cells. During this selection process, a high avidity TCR seems essential 
though it should not be high enough to induce clonal deletion65. In addition 
to nTregs, there are two subsets of induced Tregs (iTregs), the Tr1 and Th3 
subsets which are induced in the periphery by IL10 and TGF , respectively. 
While Tr1 cells express high amounts of IL10 and less TGF , the Th3 subset 
primarily expresses TGF  and less IL1066.

All Treg cells are defined by their ability to inhibit the proliferatory capac-
ity of other cells, including CD4+ and CD8+ effectors65. For nTregs, this sup-
pression is mediated primarily by cell-to-cell contact although the exact 
mechanism remains unclear66. In contrast, iTregs suppress other cells via 
soluble factors, namely the immunosuppressive cytokines TGF  and IL10. 
While Th3 cells mediate suppressive effects primarily via TGF , Tr1 cells 
use both IL10 and TGF 66. Another feature of Tregs is that their default state 
seems to be one of anergy since in vitro cultures are unresponsive to TCR 
stimulation. Interestingly, their anergic state seems to be coupled to their 
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ability to suppress other cells since they temporarily lose their capacity to 
suppress when anergy is overcome by the addition of high dose IL2 or anti-
CD28 antibody in addition to anti-CD3 stimulation67.

In recent years, several markers have been added to the Treg repertoire in-
cluding glucocorticoid-inducible tumor necrosis factor receptor (GITR), 
CTLA-4 (CD152) and CD103. However, like CD25 (IL2R ), these markers 
are not Treg-specific but can be found on other cells as well. For instance, 
CD25 is also expressed on activated T cells. The only Treg-specific marker to 
date is forkhead box p3 or foxp3, a member of the fox (forkhead/winged-
helix) family made up of transcription factors with a conserved DNA bind-
ing domain called the winged helix domain. Although foxp3 was predicted 
to be a transcriptional repressor already in 200168, evidence for this was re-
cently provided by Bettelli et al. who showed that foxp3 represses the activ-
ity of two important transcription factors, NFAT and NF B, which induce 
several important genes involved in T cell function such as cytokine produc-
tion69.

In 2001, three papers presented evidence that foxp3 was indeed essential 
for both the development and function of Tregs. These papers not only dem-
onstrated that foxp3-deficient mice lacked functional Tregs, but also that 
transduction of foxp3 into nonregulatory T cells transformed them into fully 
functional Tregs

70-72. In the scurfy mouse, whose name stems from a pseudo-
nym for the foxp3 protein (i.e. scurfin), the loss of foxp3 results in autoim-
mune disease. This is quite similar to the human disease caused by foxp3 
mutations called immune dysregulation, polyendocrinopathy, and X-linked 
syndrome or IPEX. This syndrome effects widespread autoimmunity that 
can result in multiple disorders such as eczema, hypothyroidism, arthritis 
and diabetes73. Although foxp3 is an excellent intracellular marker for nTregs,
the Tr1 subset is foxp3- while the foxp3 status of the Th3 subset is un-
known66, 74.

Like Tregs, DCs have also recently been implicated to play a role in im-
mune regulation. Based on evidence from his and other groups, Jonuleit 
proposes that immature DC are the true regulatory DC with the capability to 
convert naïve T cells in the periphery to Tregs. Furthermore, he contends that 
treating immature DCs with IL10 induces a “suppressive” DC phenotype 
and that these IL10-modulated DCs lead to T cell anergy, evidenced by de-
creased cytokine secretion and proliferation66. Although many agree that 
immature DCs perform a regulatory function, it has been proposed by other 
groups that certain DC subsets also carry out an important role not only by 
inducing anergy but by inducing Tregs as well75. Recently, Fisson et al. re-
ported that a certain CD8+ splenic DC subset potently stimulated and ex-
panded Tregs

76.
Another group used IL10-modulated DCs which maintained an immature 

phenotype even after LPS or CpG ODN activation, and in addition were 
capable of inducing Tr1 cells in a mouse model75. Although IL10-treated 
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DCs are the most studied, TGF -induced regulatory DCs have also been 
demonstrated which secrete TGF  and induce Tregs

77. Interestingly, CTLA4-
expressing T cells were recently shown to induce expression of indoleamine 
2, 3-dioxygenase (IDO) in human and mouse DCs via crosslinking to 
CD80/CD8678, 79. These IDO-expressing DCs could then inhibit the prolif-
eration of both CD4+ and CD8+ T cells. This may be yet another link by 
which Tregs influence DCs to adapt a suppressive phenotype. Therefore, Tregs
are pivotal regulators of immunity that perform their downmodulating func-
tion via direct and indirect mechanisms. 

Tumor immunology 

Theories regarding immune activation 
F. Macfarlane Burnet developed the self/nonself (SNS) theory in the 1950s, 
which states that the immune system discriminates between self and nonself 
and uses this as the basis to decide whether or not to mount an attack4. How-
ever, lymphocytes can show tolerance to nonself antigens in some cases, 
breaking an important caveat of the theory that suggests lymphocytes are 
activated by default and always ready to respond to nonself antigens. Other 
problems also arose with the SNS model regarding the concept of costimula-
tion which stated that lymphocyte activation required costimulatory “help”. 
Yet, if costimulation is often provided by APCs which are not antigen-
specific and capture an assortment of both foreign and self antigens, and if 
there exists self-directed lymphocytes, then what prevents the immune sys-
tem from responding to self? In 1989, Charles Janeway proposed the Infec-
tious-Nonself (INS) model which states that APCs are in a resting state until 
activated by microbes via a set of receptors recognizing conserved pathogen-
associated molecular patterns (i.e. PAMPs)4, 5. Therefore, APCs could dis-
tinguish between “infectious-nonself” and “noninfectious-self”. While Jane-
way’s hypothesis has indeed been validated with the discovery of many 
PRRs in the last decade, it still does not explain how the immune system can 
attack “self” in the case of autoimmunity. 

In the 1990s, Matzinger and Fuchs suggested the danger model. This pro-
poses that APCs are activated by “danger signals” such as trauma, inflamma-
tion, cell stress, hypoxia, and necrotic death4. In this way, being “foreign” is 
not enough to induce an immune response and being “self” is not enough to 
prevent one. This model also has evidence to support it since endogenous 
ligands have been found for a few PRRs and some inflammatory mediators 
have been shown to activate APCs. Furthermore, by shifting the focus from 
“self” and “nonself” to “harmless” and “harmful”, the danger model begins 
to explain many of the enigmas that have puzzled immunologists for dec-
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ades. Table II shows a list of stimuli, such as the presence of tumor, and 
indicates whether each stimulus would induce an immune response or not, 
according to the assumptions of the SNS, INS or danger model.  

For example, in the case of tumors the models do not predict an immune 
response because tumors are “self” for the most part. Yet, the danger model 
does predict that when the tumor becomes necrotic and/or the number of 
cells dying in the tumor area overloads the immune system’s scavenging 
capacity, danger signals will be released and an immune response will ensue 
against some self-antigens but also against tumor antigens which may eradi-
cate the tumor if it is small. If the tumor burden is large, the ensuing re-
sponse may not be enough to induce complete regression since the response 
will die off when the danger signals cease to remain. Therefore, Matzinger 
emphasizes the importance of repeated vaccination or therapy to provide 
continuous danger signals that can maintain the antitumor immune response 
until the tumor is completely eradicated4.

Table II. Predicting an immune response using immunological models
Condition SNS1 INS2 Danger3

Tumor + - +/-

Transplant + - +

Pregnancy + - -

Bacterial adjuvants + + +

Nonbacterial adjuvants + - +

Environmental toxin + - +

Pathogen + + +

Intestinal bacterial flora + + -

Necrotic cell death - - +

Chronic cell distress putting self-
tissues at risk for attack 

- - +

+/- indicates whether the stimulus would induce an immune response (+) or not (-),according to the 
assumptions of each model. 1The SNS model divides antigens into self and nonself; 2The INS model 
divides antigens into noninfectious-self and infectious-nonself; 3The danger model divides antigens into 
harmless and harmful. 
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Immunosurveillance 
Lewis Thomas, along with F. Macfarlane Burnet, postulated the immunosur-
veillance theory which states that a main function of the immune system is to 
seek out and destroy cancers as they arise80. This theory emerged from data 
showing that syngeneic mice could be immunized and reject methyl-
cholantrene- and virally-induced tumors81, indicating that tumor antigens 
exist and can be detected by the immune system. One way to validate the 
immunosurveillance theory is to show that immunodeficiency results in an 
increased incidence of cancer. However, while spontaneous tumors do not 
develop at an increased frequency in athymic (nude) mice, virus-associated 
tumors did arise indicating that immunosurveillance may play a role in pre-
venting virally-induced tumors81. Several studies have also substantiated this 
finding until recently when gene knockout mice allowed researchers to take 
a closer look at this question82.

In RAG-2 (recombination activation gene-2)-deficient mice lacking T and 
B cells, half of the mice developed spontaneous epithelial tumors. Similar 
results were also demonstrated in double knockouts, deficient in both RAG-2 
and STAT-1 (signal transducer and activator of transcription-1), the tran-
scription factor involved in IFN  signaling. Although this indicates an im-
portant role for immunosurveillance in controlling spontaneous epithelial 
tumors, these data must be repeated on mice with different genetic back-
grounds since RAG-deficient mice on a 129/SvEv background may have an 
increased risk for inflammation-associated hyperplasia compared to other 
mouse strains81.

Immunoediting 
The recent evidence supporting immunosurveillance has led to an expansion 
of the theory by Robert Schreiber and colleagues, called the cancer immu-
noediting hypothesis82. Not only does this hypothesis encompass immune-
mediated surveillance as a means of preventing malignancy, but also empha-
sizes that immunosurveillance has an important role in shaping malignant 
disease. Indeed, the immune system does seem to influence tumor attributes, 
evidenced by the fact that tumors from immunodeficient mice are found to 
be more immunogenic than tumors from their immunocompetent counter-
parts.

The three phases in the cancer immunoediting process consists of the 
elimination, equilibrium and escape phases. In the elimination phase, nascent 
tumor cells are successfully eliminated by means of innate and adaptive im-
mune responses (see section ‘Immune responses to tumors’). During the 
equilibrium phase when the immune response has created a selection pres-
sure towards nonimmunogenic tumor cells, these tumor cell variants survive 
and continue to be sculpted by the immune system. The equilibrium phase is 
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probably the longest and may last several years with the immune system 
keeping the malignant cells in check. Finally, tumor cell variants may arise 
which go undetected and escape the capabilities of the competent immune 
system82.

Although this theory focuses on immunosurveillance, there are also non-
immune surveillance mechanisms which occur before immunosurveillance 
takes place. Nonimmune surveillance strategies are inherent cellular control 
mechanisms that either repair or kill abnormal cells, i.e. regulators of DNA 
repair systems or pathways of apoptosis. It is when nonimmune surveillance 
fails and abnormal cells escape these regulatory mechanisms that immuno-
surveillance steps in and initiates the elimination phase81, 83.

Immune escape mechanisms 
Tumors evade our immune system in numerous ways84, 85. This can range 
from mechanisms as simple as downregulating MHC class I expression to 
more devious ways such as expressing MHC I surrogates that will divert NK 
cells but fail to present antigen correctly. Also, tumors can mutate other 
molecules involved in antigen presentation in order to evade T cell detection. 
In another mechanism, antigenic modulation allows tumors that continually 
alter their antigens to escape immune detection, while other tumors may 
mask their antigens, for example, by glycosylation. Furthermore, the secre-
tion of immunosuppressive cytokines such as TGF  and IL10 and the lack of 
costimulatory molecules on the tumor cell surface transforms functional T 
cells into anergic, dysfunctional lymphocytes lacking the capacity to mount 
an attack84. A recent paper from Thomas et al., shows that TGF  handicaps 
CTLs by downregulating the expression of genes directly involved in their 
weaponry: granzymes A and B, perforin, FasL and IFN 86. In addition, as 
discussed previously, IL10 and TGF  secretion can generate Tr1 and Th3 
cells, respectively, which are Treg cell subsets capable of suppressing im-
mune activation66.

Another means of directly escaping immune responses is to upregulate 
molecules that increase resistance to apoptosis. To escape FasL-mediated 
killing, murine tumors were found to overexpress the anti-apoptotic protein 
FLIP (FLICE-inhibitory protein)54. In order to escape granzyme-mediated 
death via the perforin-granule pathway, human and murine tumors have been 
observed to upregulate a potent inhibitor of granzyme B called PI-9 (human) 
or SPI-6 (mouse)54. Tumor escape mechanisms have not only evolved as a 
defense system in order to make tumors more invisible to our immune sys-
tem, but they are utilized offensively to stifle any strike by our immune sys-
tem once the tumor is detected. In tumor counterattack, Fas-expressing tu-
mor cells can directly kill T cells via the FasL pathway54.

A recently uncovered mechanism of escape utilizes IDO, a ubiquitously 
expressed enzyme that breaks down tryptophan. By depleting tryptophan, 
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IDO limits T cell activation and survival87, 88. In addition, some immunosup-
pressive effects of IDO may be mediated by tryptophan metabolites89. In a 
murine model, tumor cells transduced with IDO could not be rejected by 
prevaccinated mice who were resistant to the parental tumor90.Furthermore, 
many human tumors have been found to express IDO90, endowing them with 
the capacity to disable tumor-specific T cells in the tumor microenviron-
ment. Interestingly, T cells lacking the stress kinase known as GCN2 (GC 
nonderepressing 2 kinase) are resistant to IDO-induced suppression. This 
kinase has a role in detecting increased levels of uncharged tRNA which 
occurs during tryptophan deprivation91. Indeed, the elucidation of additional 
escape mechanisms and identification of ways to overcome these deviant 
strategies is necessary in order to develop effective therapies that halt tumor 
counterattack and escape, and lead to immune detection and attack. 

Immune responses to tumors 
At the dawn of immunology, there was some evidence that our immune sys-
tem indeed had the capacity to launch an anti-tumor immune response. This 
was evidenced by cases of spontaneous tumor regression concurrent to an 
unrelated infection, immune cell infiltration into the tumor, increased prolif-
eration in lymph nodes, and in vivo experiments in mice showing tumor-
specific immunity after vaccination92. These immunization experiments in 
mice lead to the realization that tumor cells can express and be recognized 
via tumor-specific antigens (TSAs) (expressed on tumor but not normal 
cells) or tumor-associated antigens (TAAs) (expressed on tumor cells as well 
as some normal cells). These tumor antigens can be mutated or abnormally 
expressed antigens such as oncogenes or tumor suppressors, antigens en-
coded by silent genes that have been activated, differentiation antigens, on-
cofetal antigens, viral gene products, or antigens with abnormal post-
translational modifications such as altered glycosylation93.

When tumor antigens are detected in the context of danger, such as ne-
crotic cell death or hypoxia, innate immunity ensues generating a non-
specific inflammatory response. This may consist of inflammatory mediators 
such as acute phase proteins, complement proteins, or phagocytic cells that 
can lyse cells opsonized by antibodies (i.e. antibody-dependent cell-
mediated cytotoxicity or ADCC). NK cells may also be part of this initial 
response, by directly killing tumor cells that downregulate MHC expression 
on their surface or by participating in ADCC2.

In response to danger signals elicited by innate immunity such as the 
presence of inflammatory cytokines, the adaptive response begins when ma-
turing DCs cross-presenting tumor antigen home to the draining lymph node 
where they remain about 2 days until their death94. During this time, the DCs 
may properly stimulate tumor-specific lymphocytes (via signals 1 and 2), 
some of which will differentiate into activated CTLs that travel back to the 
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tumor area and directly kill tumor cells expressing the proper tumor antigen. 
Eventually, the immune response will die off since immature DCs in the 
tumor area will present tumor antigen but fail to mature due to both the lack 
of danger signals and costimulatory molecules on the tumor cells. These 
immature DCs will therefore lack the capacity to give proper costimulation 
and will induce tolerance in T cells that they meet. 

Cancer immunotherapy 
The birth of immunotherapy 
Although William Coley was not the first to recognize that cancer remission 
was sometimes concurrent with bacterial infection, he was the first to sys-
tematically treat a large number of cancer patients with bacterial formula-
tions95. Coley’s toxin consisted of Streptococcus pyogenes, and in the late 
1800s his pioneering in immunotherapy led to the complete remission of 
many patients95. However, his work was underappreciated since chemo- and 
radiotherapy were gaining ground and because his success was mainly lim-
ited to sarcoma95. Nonetheless, cancer immunotherapy has developed into a 
promising field with the potential of harnessing our immune system and 
commanding its responses to cure cancer. As of 2006, over 1000 clinical 
trials in gene therapy have been initiated with 67% targeting cancer96.

Beginning in the 1980s, Steven Rosenberg and colleagues pioneered can-
cer immunotherapy by administering IL2 to patients with metastatic mela-
noma, hepatic carcinoma, or non-Hodgkin’s lymphoma. Regression was 
observed in 15-20% of the patients, with complete responses occurring in 
about half of the responders. This demonstrated that high-dose recombinant 
IL2 could even regress bulky, advanced tumors97. Rosenberg went on to treat 
advanced cancer patients with lymphokine-activated killer cells (LAKs) in 
combination with IL2, and later adoptively transferred tumor infiltrating 
lymphocytes (TILs) together with IL2. In the latter study, melanoma patients 
who had become refractory to IL2 therapy alone responded to TIL combina-
tion therapy with an overall response of 35%, twice the rate observed with 
IL2 alone97. Furthermore, by giving lymphodepleting chemotherapy fol-
lowed by adoptive transfer of TILs, Dudley et al. observed an objective 
clinical response in 51% of metastatic melanoma patients98. Lymphodeple-
tion may boost treatment efficacy by increasing effective cytokine concen-
trations and depleting Tregs

99.
Allogeneic hematopoietic stem cell transplantation is a potentially cura-

tive treatment for chronic myeloid leukemia (CML) and one of the most 
successful immunotherapies to date. The therapeutic efficacy of this immu-
notherapy hinges on the graft versus leukemia effect, probably a conse-
quence of minor histocompatibility differences between the donor and re-
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cipient. With this treatment, complete remission has been observed in 60-
80% of CML patients, and in patients with other hematopoetic malignancies 
although at lower response rates100.

Types of immunotherapy 
In the past few decades, advances in molecular biology, cell culturing and 
cell purification have lead to a considerable boost in the amount of tools and 
methods available for immunotherapy101. Cancer immunotherapy can be 
divided into active and passive immunotherapy. During active immunother-
apy, an immune response is induced in the patient that leads to the produc-
tion of immune effectors (ex. T cells or antibody) in vivo. If these immune 
effectors are produced outside of the patient (ex vivo or in vitro), they can be 
infused into the patient as a passive or adoptive immunotherapy. Immuno-
therapy can also be roughly categorized into specific and nonspecific immu-
notherapy. In specific immunotherapy, the tumor is specifically targeted, 
producing a tumor-specific immune response. Even though nonspecific ther-
apy (ex. bacterial DNA) does not specifically target the tumor, a “bystander” 
tumor-specific response can still be generated whereby a nonspecific im-
mune response initiated in the tumor area allows the immune system to de-
tect the tumor and eventually mount a tumor-specific response. While some 
immunotherapies utilize cell carriers such as DCs or T cells to induce an 
immune response, other strategies may not use a cell carrier at all and may 
only employ gene transfer vectors to deliver therapeutic genes. 

Gene transfer vectors 
Corrective gene therapy can be carried out for example by using vectors 
encoding tumor suppressor genes that have been lost during tumorigenesis. 
Other types of genes that can be transferred include suicide genes and im-
munostimulatory genes coding e.g. for cytokines. Transgenes can be ex-
pressed using naked (plasmid) DNA or a viral vector with the most promi-
nent vector systems being adenovirus, retrovirus, adeno-associated virus 
(AAV) and lentivirus. Choosing the right vector system is critical and can be 
based on factors such as the size of the transgene, the host cells being trans-
duced, vector immunogenicity and whether stable integration or transient 
expression is desired (Table III). 
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For this project, adenoviral vectors were utilized since adenovirus can be 
produced in high titers, infects both dividing and nondividing cells and ex-
pression of the transgene is transient. In the case of bladder cancer, the risk 
of complications due to preformed antibodies against the adenovirus are 
minimized since the vector will not be introduced systemically, but locally 
into the bladder by intravesical instillation. Furthermore, the slight immuno-
genicity of the vector may function as an adjuvant, adding to the induction of 
the immune response. 

Although viruses are advantageous due to high gene transfer efficiency 
and durable transgene expression, safety concerns warrant the development 
of alternative methods for gene transfer. Gene delivery using nonviral sys-
tems has developed rapidly and ranges from naked plasmid DNA to lipo-
plexed (cationic lipid complexed) or polyplexed (cationic polymer com-
plexed) DNA102. Although there are many DNA transfection methods avail-
able (mechanical, electrical and chemical), transfection efficiency must still 
be improved before synthetic DNA delivery systems can be widely utilized. 

Cellular therapy 
Vectors encoding transgenes can be used alone as therapeutic agents or in 
conjunction with a cell carrier such as in a tumor cell, T cell or DC vaccine. 
There are several techniques that can be used to manipulate cell carriers, for 
example DCs can take up tumor antigen in the form of RNA, DNA, peptide, 
protein, apoptotic bodies or tumor cell lysate. In one example of ex vivo DC 
therapy, peripheral blood mononuclear cells (PBMCs) may be taken from 
the patient so that monocytes can be isolated and cultured into immature 
DCs. Finally, the DCs can be transduced with vectors encoding immuno-
genes such as TSAs, and then matured before returning the DCs to the pa-
tient. In this case, the mature DCs will hopefully prime tumor-specific CD8+
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T cells and initiate a potent anti-tumor immune response. Other types of cells 
that can be stimulated and transferred back to the patient (i.e. adoptive cell 
therapy) include LAKs, TILs, and tumor-specific CTLs. 

Immunostimulatory molecules for immunotherapy 
In this project, we investigated CpG ODNs and immunostimulatory gene 
therapy. To this end, various immunostimulating genes were inserted into 
adenoviral vectors and tested for their antitumor effect in the MB49 model. 
Adenoviral vector expressing CD40L was also used to induce potent DC 
maturation and compared with TNF -induced maturation. These immu-
nostimulatory transgenes, as well as CpG ODNs, are described below: 

Costimulatory signals: CD40L and TRANCE 
TRANCE belongs to the TNF ligand superfamily which also includes 
CD40L. The costimulatory molecules CD40L and TRANCE interact with 
DCs via CD40 and the receptor activator of NF-kB (RANK), respectively, 
enhancing the immunological synapse (see Fig. 2). 

Since CD40 was originally identified in B cells, it was first well-known 
for its role in B cell activation. Yet, mice lacking CD40L not only have ab-
normal humoral responses but a defective T cell response, highlighting the 
importance of CD40L in T cell priming103. CD40L is mainly expressed by 
activated CD4+ T cells and its ligation to CD40 on DCs upregulates impor-
tant costimulatory molecules on DCs such as CD80, CD86, ICAM1 and 
LFA3 as well as inducing a wide array of cytokines including IL12, TNF ,
IL1, IL6, IL8, and IL1028, 29. In addition, CD40-activated DCs secrete IL12 
at high levels for an extended period of time, potently inducing a Th1 re-
sponse that renders the DCs resistant to the suppressive effects of IL1028, 29, 

104.
Upon activation, TRANCE is upregulated in both CD4+ and CD8+ T 

cells105. In CD4+ T cells, CD28 ligation augments TRANCE expression and 
TRANCE ligation upregulates IFN 105, 106. On mature DCs, the interaction of 
RANK with its cognate ligand TRANCE has been shown to prolong their 
survival by upregulating the antiapoptoic molecule BclXL

107. Like TRANCE, 
CD40L can also upregulate BclXL in DCs to prolong their survival. CD40L 
also performs this function in B cells while TRANCE exclusively affects 
DCs107. Moreover, survival was increased synergistically when TRANCE 
was used in combination with CD40L or TNF  to stimulate DCs105. As men-
tioned in the section ‘CD4+ T cells’, CD40L is necessary for a potent Th1 
response. It has been demonstrated that in the absence of CD40-CD40L sig-
naling (i.e. CD40- or CD40L-deficient mice), the TRANCE-RANK pathway 
is especially important for a Th1-directed response to infection 108, 109.

In addition, TRANCE induces DCs to secrete a plethora of cytokines in-
cluding IL12, IL15, IL6 and IL1105. Importantly, DCs treated with soluble 
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TRANCE and injected into mice led to both increased numbers and greater 
longevity of DCs in the draining lymph node. Furthermore, TRANCE-
activated DCs showed augmented primary and memory T cell responses110, 

111.

Chemotactic signal: Lymphotactin 
Chemokines are classified based on the relative positions of the first two (out 
of four) invariant cysteines found in these proteins. Since lymphotactin 
(Lptn/XCL1) contains only one of the first two invariant cysteines, it is clas-
sified as a C-chemokine and is mainly expressed by activated CD8+ lympho-
cytes and NK cells in both human and mouse112. Lptn attracts CD4+ and 
CD8+ T cells, NK cells, B cells and neutrophils via its cognate receptor 
XCR1112, 113. Although resting macrophages do not express XCR1, IFN
upregulates the receptor, and along with MIP-1 , (CCL3) MIP-1  (CCL4) 
and RANTES (CCL5), Lptn synergized with IFN  to enhance macrophage 
activation by upregulating CD40L, IL12 and TNF 114. In a murine model, 
Cairns et al. demonstrated that a Lptn-expressing tumor infiltrated by CD4+

and CD8+ T cells, NK cells and neutrophils underwent regression via a Th1-
directed, T cell dependent response115.

Proliferatory signals: IL2 and IL15 
IL4, IL7, IL9, IL21, IL2 and IL15 share the common gamma chain ( c) re-
ceptor subunit (CD132) and are therefore referred to as the c cytokines. IL2 
and IL15 also share the IL2/15R -chain subunit (CD122) and bind the het-
erodimeric IL2/15  complex with intermediate affinity. When the IL2
subunit (CD25) is added to form a heterotrimer, IL2 binds with high affinity. 
However, IL2 binds to the IL2  subunit alone with only low affinity. In con-
trast, IL15 can bind to the IL15  subunit with high affinity, either alone or in 
complex with IL2/15 116. This structural relationship translates to func-
tional similarities since both IL2 and IL15 stimulate NK and T cell activa-
tion and proliferation116.

Although the two cytokines have similar properties, they also have dis-
tinct functions. For example, IL2 can induce apoptosis (AICD) in CD4+ acti-
vated T cells while IL15 inhibits this action42 In addition, IL15 plays an im-
portant role in the maintenance and stimulation of CD8+ memory T cells117.
Roychowdhury et al. hypothesized that increased survival and proliferation 
of CD8+ memory cells by IL15 might enhance antitumor immunity. They 
found that after adoptive transfer of tumor-specific T cells into tumor-
bearing mice, IL15, but not IL2, induced long-lasting protective immunity 
and the expansion of activated, memory phenotype tumor-specific T cells118.

CpG ODNs 
Since bacterial DNA has a high proportion of unmethylated CpG dinucleo-
tides while the majority of CpG dinucleotides in our own DNA is methy-
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lated119, 120, our immune system uses CpG methylation status partly as a sys-
tem to detect bacterial DNA. CpG ODNs are short (~20bp), synthetic oligos 
containing unmethylated CpGs, thus mimicking bacterial DNA. This pro-
duces a “danger signal” in the body, leading to a potent immune response 
that has been shown to induce tumor regression and immunity in a few 
mouse models121-124.

CpG ODNs are recognized by the PRR called TLR9 in both human and 
mouse125, 126. Upon cellular uptake of CpG ODNs by endocytosis, TLR9 is 
translocated from the endoplasmic reticulum (ER) to a lysosome where it 
binds to the CpG DNA127. Importantly, endosomal acidification is necessary 
for TLR9 activation by CpG motifs since compounds such as chloroquine 
prevent activation128. TLR9 is expressed in plasmacytoid DCs (pDCs) and B 
cells in mouse and man. In mouse, TLR9 is also expressed in myeloid den-
dritic cells (mDCs), monocytes and macrophages129. Since the discovery of 
mouse pDCs in 2001130-132, a wealth of information has been revealed about 
the origin, phenotype and function of pDCs. 

Plasmacytoid dendritic cells (pDCs) 
In the late 1950s, a peculiar cell found in the T cell area of human lymph 
node was discovered and named T-associated plasma cell. In the 1980s, the 
name was altered to plasmacytoid T cell but was changed again in the late 
80s to plasmacytoid monocyte since these cells lacked a TCR. In the early 
1990s, the “pre-DC” (later plasmacytoid DC or pDC) was described which 
later turned out to be identical to the plasmacytoid monocyte discovered 
earlier. A few years later an additional connection was made when it was 
realized that pDCs were actually the same cells described almost 20 years 
earlier as type I interferon-producing cells (IPC). In the late 1970s, these 
cells were detected in the blood and capable of expressing extremely high 
amounts of type I interferons133, 134.

Evidence suggests that pDCs originate from the common lymphoid pro-
genitor as opposed to classical, myeloid-derived DCs which emerge from the 
common myeloid progenitor. However, the origin of pDCs has yet to be 
fully understood since it has also been demonstrated that pDCs can differen-
tiate from common myeloid progenitors both in vitro and in vivo135. In both 
human and mouse, Flt3L is the key growth factor in the development of pDC 
from hematopoietic stem cells135. In humans, pDCs are characterized as be-
ing CD4+CD11c-lineage- cells. They also express CD123, the IL3R , and 
depend on IL3 for survival and maturation. In mice, pDCs are a more het-
erogeneous population. While murine pDCs may or may not express CD4 or 
CD8, they do express the marker CD45R (B220). In contrast to human 
pDCs, the murine counterparts express low levels of CD11c and do not ex-
press high levels of CD123 (IL3R )135, 136.The phenotypes of human and 
mouse pDCs and mDCs are shown in Figure 4. 
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          Figure 4. DC phenotypes in human and mouse. 

In recent years, pDCs have also become known as DC2 since they induce 
a T helper type 2 (Th2) response in humans in the presence of certain stim-
uli. This is opposed to mDCs, termed DC1, which often lead to a Th1 re-
sponse137. Interestingly, the contrary is observed in mouse, where pDCs fa-
vor a Th1 response138, 139 In any case, the DC1/DC2 paradigm is not fully 
accepted since human pDCs have also been shown to induce Th1 responses 
upon activation with influenza virus or CD40L140. Furthermore, mDCs can 
become Th2-directed in response to maturation stimuli that induce little 
IL12, for example in the presence of prostaglandin E247. Indeed, the type of 
immune response may not be completely predestined in the DC itself but 
most likely depends on the maturation stimuli as well as the types of cells 
and immune mediators present in the microenvironment. 

After a pDC is produced in the bone marrow, it begins its migratory pat-
tern of traveling from the blood to the lymph nodes through high endothelial 
venules. In the lymph node, pDCs compartmentalize in the T cell zone135. In 
both human and mouse, pDCs strongly express the intracellular TLRs -7 and 
-9 which detect ssRNA and CpG motifs, respectively. This specialization in 
the detection of nucleic acids, along with their extraordinary ability to se-
crete elevated amounts of interferons have given pDCs a notoriety as na-
ture’s viral sensors135. Upon activation, pDCs secrete TNF , IL6, and 100-
1000 times the amount of type I IFNs than other cells can produce136. As a 
true link between innate and adaptive immunity, these effects enhance NK 
cell activation and promote mDC maturation. While mDCs have a high ca-
pacity to secrete IL12, pDCs secrete less IL12136. Importantly, pDC also 
differ from mDC in that they have limited capacities for phagocytosis, cross-
presentation and T cell priming136. It seems that pDCs have evolved a spe-
cialized function as a more ‘innate’ DC, with the important role of connect-
ing innate and adaptive immunity via mDCs. 
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CpG ODN classes 
There are three classes of synthetic CpG ODNs, designated as type A (for-
merly known as D), B (formerly known as K) and C. The differences be-
tween CpG ODN classes A, B and C reside both in the sequence and DNA 
backbone, and these differences determine the types of immune cells opti-
mally stimulated and the cytokine milieu induced. Figure 5 shows the opti-
mal sequence motif for CpG ODNs, and outlines important structural differ-
ences between the two main classes, A and B. 

Figure 5. Structural differences between CpG class A and B ODNs. A) An 
immunostimulating CpG motif usually begins with a purine (Pu), followed by 
A,G or T and ends with an A, C or T followed by a pyrimidine (Py). Examples 
of optimal CpG motifs in the human or mouse system is shown. B) Comparison 
of class A and B. C) In a P-S bond, sulfur replaces one of the oxygens in the PO4

-

bond within the DNA backbone. D) Examples of type A or B ODNs. In type A, 
P-S linkages are directly to the right of lowercase letters while other bonds are  
P-O linkages. CpG type C ODNs share characteristics from class A and B. 

CpG type A ODNs contain a poly G motif and a mixed backbone of 
phosphodiester (P-O) and phosphorothioate (P-S) bonds141. In addition, 
CpG-A stimulates pDC to produce large amounts of IFN  which indirectly 
activates NK cells, leading to increased lytic activity, IFN  secretion and 
enhanced ADCC142-144. On the other hand, CpG-B ODNs contain only P-S 
linkages in their backbone, which increases nuclease-resistance and prolongs 
their half-life145. Compared to CpG-A, CpG-B induce pDCs to secrete less 



39

IFN  and lead to potent B cell stimulation146-148. CpG-C is the newest class 
of CpG ODNs, which have purposely been designed to include characteris-
tics from both CpG-A and -B. Hence, they strongly activate B cells in addi-
tion to inducing high amounts of IFN  from pDC148, 149. The immune re-
sponses induced by different CpG ODN types are shown in Figure 6. 

Figure 6. Immune responses induced by CpG class A and B ODNs. Whereas 
class A ODNs primarily induce a strong NK cell response, class B ODNs lead to a T 
cell response. However, class B ODNs induce some NK cell activation while class A 
leads to modest mDC maturation. Class C ODNs induce both types of responses. 

Since all types of CpG ODNs bind to TLR9, it is intriguing that type A 
and B lead to such distinctly different immune responses. These differences 
may be partly due to different adaptors or signaling molecules involved in 
type A and B signaling pathways. Recently, it was shown that type A CpG 
signals via IRF7, an interferon regulating factor that stimulates its character-
istic, high-level IFN  response150. Gursel et al. showed that type A ODNs 
can block the effects of type B and vice versa151. This suggests that the two 
classes activate competing pathways and the activation of one pathway may 
prevent the other. 

An important difference between class A and B is that type B ODNs acti-
vate TLR9-transfected HEK293 cells but not parental HEK293125. In con-
trast, CpG-A cannot stimulate TLR9-expressing HEK293 cells, nor can they 
activate primary B cells or TLR9 positive-B cell lines151. This indicates that 
type A ODNs may require a coreceptor or chaperone to transfer them to 
endosomes. This is also indicated by the fact that the two classes of CpGs 



40

have different cellular distributions and are taken up into distinct vesicles. 
While type B are widely distributed in the cytoplasm and nucleus, type A 
ODNs are located in distinct cytoplasmic vesicles151. Indeed, the detailed 
mechanisms regulating the differential effects induced by CpG class A and B 
ODNs remain to be elucidated. 

Urinary bladder carcinoma 
Epidemiology and etiology 
Urinary bladder cancer is the fifth most common cancer affecting men in 
Western society152. In Sweden, there are about 2000 new cases each year and 
it is the sixth overall most common cancer153. While bladder cancer is un-
common in Japan, the highest rates of incidence are found in North America 
and Western Europe154. The peak prevalence of bladder cancer is among 60-
70 year olds and men are affected 3-4Xs more than women, making gender a 
major risk factor152, 155. Smoking is estimated to contribute to bladder cancer 
in over one-half of the cases in men and one third in women156. Other risk 
factors include dietary sweeteners, multiple urinary tract infections, schisto-
soma infection as well as exposure to aromatic amines, the chemotherapeutic 
agent cyclophosphamide, and radiation therapy152, 154, 157.

Pathology 
The bladder lining, called the urothelium, is a highly specialized epithelium 
consisting of transitional cells and transitional cell carcinoma (TCC) ac-
counts for about 95% of all bladder carcinomas154, 155. Adenocarcinomas and 
squamous cell carcinomas account for only a small proportion, except in 
places where schistosomasis is endemic (ex. Egypt), in which case squamous 
cell carcinoma can account for up to 75% of bladder cancer cases154.

The staging of bladder carcinoma describes the depth of invasion, divided 
into superficial and invasive tumors, where superficial bladder cancer stays 
within the mucosa and submucosal layers and invasive tumors invade the 
muscle layer. Superficial tumors can also be categorized based on morphol-
ogy, which can be solid or consist of finger-like projections called papillary 
tumors152, 157. The Tumor-Node-Metastasis (TNM) system is a widely util-
ized and accepted staging system shown in Figure 7. In this system, the stage 
of disease is described with respect to tumor (T), metastasis to lymph nodes 
(N) and distant metastases (M). Tumor staging begins with carcinoma-in-situ 
(Tis or CIS), and progresses to Ta and T1, superficial cancer which pene-
trates the mucosa and submucosa, respectively. The T2, T3 and T4 stages 
represent invasive cancers, where T3 stays within the bladder and T4 in-
vades surrounding tissues. The WHO grading system can also be used to 
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describe the magnitude of disease, based on the degree of cellular differen-
tiation and atypia. Tumors are classified from G1 to G3 and sometimes G4, 
where G3 is high-grade, usually muscle-invasive cancer. 

Most patients are diagnosed with superficial disease and 80% of these 
cases remain superficial152, 155. Since evidence suggests that most invasive 
tumors do not develop from superficial lesions, the two stages of cancer are 
thought to have distinct origins158. Symptoms of bladder cancer include irri-
tative urination and/or visible to microscopic hematuria157. Metastasis usu-
ally occurs in the regional lymph nodes, liver, lung, and bone 159.

Figure 7. Bladder cancer staging. Tumor-Nodes-Metastasis (TNM) staging de-
scribes the invasiveness of the tumor into the bladder, lymph node, and other organs. 
The WHO grading system (G1, G2, etc.) may also be used. 

Treatment
Superficial bladder cancer can be treated with surgery (ranging from tran-
surethral resection to cystectomy), chemotherapy, radiotherapy, immuno-
therapy, or a combination of these techniques. A standard immunostimulat-
ing therapy developed in the 1970s, Bacille Calmette-Guerin (BCG) is the 
live attenuated vaccine for tuberculosis derived from Mycobacterium bo-
vis156. In a metastudy, BCG decreased tumor recurrence by 43% on average 
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compared to 16-21% using intravesical chemotherapy, depending on the 
agent157. In several studies, BCG has been shown to decrease the rate of re-
lapse and increase the relapse-free interval making it one of the most suc-
cessful immunotherapies used in the clinic to date152. However, there re-
mains a need for new types of therapies due to an overall 65% recurrence 
rate, a 30% progression rate, BCG resistance in up to one-third of patients 
and side effects in >90% treated156, 157, 160.
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Present investigation 

Aims of the study 
1. Optimize the MB49 model in female mice: To develop a MB49 lung 

metastasis model in female mice so that the male HY antigen can be 
used as a TSA for tumor detection and/or targeting. To optimize the 
MB49 orthotopic model for adenoviral gene therapy by identifying an ef-
ficient transduction enhancer. 

2. Construct recombinant adenoviral vectors expressing immunostimula-
tory genes to identify strong candidates for bladder cancer immunother-
apy. 

3. Determine the relative potential of the different transgenes in an immu-
notherapeutic setting by investigating the capability of each transgene to 
increase MB49 cell immunogenicity in vivo.

4. Evaluate the use of CpG ODNs as a monotherapy and in combination 
with immunostimulatory gene therapy: To determine the optimal CpG 
ODN type, dose and regimen to treat preestablished tumors in the MB49 
model. To investigate possible additive or synergistic effects produced 
when combining CpG ODNs with recombinant adenoviral vector to treat 
preexisting MB49 tumor. 

5. Elucidate mechanisms involved in CpG ODN therapy: To explore the 
immunological mechanisms behind MB49 tumor regression and immu-
nity conferred to CpG ODN vaccinated mice. 

6. Evaluate AdCD40L-engineered DCs in a Tr1/Th3 immunosuppressive 
milieu and compare AdCD40L maturation with TNF -induced matura-
tion.

Materials and Methods 
For detailed information regarding the methods, please refer to the Materials 
and Methods section in each paper. 
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Results and discussion 

Paper I 
Practical, convenient, and clinically-relevant experimental models are essen-
tial in the development of cancer therapy. In this paper, we describe the op-
timization of three different MB49 models, the s.c., metastatic, and or-
thotopic models, which can be used to investigate novel therapies for bladder 
cancer in various settings.  

The MB49 cell line is a carcinogen-induced TCC derived from a male 
C57BL/6 mouse. In our laboratory as well as in others, the MB49 cell line 
has been shown to be similar to human bladder cancer in numerous ways 
including its Th3 immunological profile (TGF  expression), induction of 
IL10, and expression of the anti-apoptotic molecule SPI-6. Hence, MB49 is 
an important experimental model that can be exploited to study innovative 
therapies for bladder cancer. 

In this study, the MB49 s.c. model was implemented in female mice be-
cause they are more practical to work with due to their subdued behavior. A 
strong hierarchy among male mice means persistent fighting and sometimes 
injury, whereby mice must be kept in small groups. When large numbers of 
mice are needed, this is cumbersome and problematic if there are space-
limitations. Moreover, wounding and stress may influence the experimental 
results. Using females is advantageous because it minimizes space require-
ments and allows for a greater number of mice per cage. However, since 
MB49 cells are more immunogenic in females, a greater number of cells 
must be used to achieve >98% tumor take. This increased cell number re-
sulted in aggressively-growing tumors which sometimes expanded so 
quickly that the skin was ruptured, producing a wound that could lead to 
inflammation and tumor regression. Since wounding usually occurred in 
larger tumors, it could to a large extent be circumvented by sacrificing mice 
at an earlier endpoint. 

Using the MB49 metastatic model, therapies aimed at systemic immunity 
can be explored such as ex vivo therapy with CTLs. Although male mice can 
be used, we chose to use female mice since this allows for the possibility of 
using male antigens, such as the HY antigen, as a TSA for tumor targeting 
and detection. In addition, the TAAs known as BLCA-4, STEAP and PSCA 
can also be utilized for therapy in the MB49 model. A practical problem 
with this model is that mice must be sacrificed in order to analyze the tumor 
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load in the lungs. In the near future, we will be able to inoculate mice with 
luciferase-expressing MB49 and use in vivo imaging technology to visualize 
tumor load. This reduces the number of mice needed because visualization 
does not require that the mouse be sacrificed, and the same mouse can be 
analyzed at multiple time points.  

Although the s.c. model is convenient considering tumor can be easily 
visualized and measured, substantiating s.c. data in an orthotopic model is 
essential since the immune response in the s.c. model may diverge from the 
true nature of the immune response in the bladder environment. Further-
more, experimental orthotopic tumor can be treated via intravesical instilla-
tion, mimicking the clinical situation. In a novel MB49 orthotopic model, we 
used poly-L-lysine to induce complete tumor take in the bladder. In this 
model, female mice must be used since it is not anatomically possible to 
catheterize male mice. Although other therapies can be explored, we opti-
mized the orthotopic model for adenoviral gene therapy. Adenoviral therapy 
is particularly suitable for bladder cancer since the bladder lumen is isolated 
from other tissues, easily accessible, and high transduction rates can be 
achieved when a transduction enhancer is used. Furthermore, adenoviral 
vectors are advantageous for cancer gene therapy considering high titers can 
be achieved, both dividing and nondividing cells are infected, and expression 
of the transgene is transient. In the present study, we show that Clorpactin 
(sodium oxychlorosene) is a potent transduction enhancer that considerably 
increased adenoviral transduction, probably by loosening up tight junctions 
between cells, allowing the coxsackievirus/adenovirus receptor (CAR) to be 
revealed as well as enhancing virus penetration into deeper cell layers. Since 
Clorpactin is already used in the clinic to treat interstitial cystitis, it should 
be straightforward to get it approved for use in clinical trials using adenovi-
ral therapy. 

Papers II and III
Intravesical instillation of the live attenuated mycobacterium called BCG has 
proven to be a successful immunotherapy for superficial bladder cancer. 
However, since many patients experience side effects and some become 
refractory to BCG, there remains a need for alternative therapies. Since this 
tumor type is already known to be especially responsive to immunotherapy, 
we evaluated CpG ODNs as a novel immunotherapeutic agent for the treat-
ment of superficial bladder cancer. 

Because different CpG ODN sequences can induce distinct immunologic 
effects depending on the tumor model, we used different CpG ODNs to treat 
preestablished s.c. MB49 tumor. Not only could CpG type B ODN 1668 cure 
small MB49 tumors (5/5), but also larger tumors (40-100%, depending on 
the dose). In contrast, the CpG type A ODN 1585 only slightly delayed tu-
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mor growth. Mechanisms behind the differential potency seen among CpG 
ODNs are ill-defined but may be due to variations in uptake, affinity, half-
life, co-receptors or adaptors, signal transduction or differential ability to 
stimulate various immune cell types. Whereas CpG type A ODNs strongly 
activate NK cells and have been shown to be important in a NK cell-
dependent model, CpG type B ODNs were demonstrated to be more effica-
cious in a T-cell dependent model144. In the MB49 model, our results dem-
onstrate that type B ODNs were most effective suggesting that the antitumor 
response requires T cells. In paper III, we show that CpG ODNs can regress 
tumors in immunocompetent but not nude mice, indicating that CpG-
mediated immunity is indeed T cell dependent. Moreover, s.c. rechallenge of 
CpG ODN-cured mice showed that a majority of the mice (61%) were pro-
tected against MB49 but not an irrelevant tumor, demonstrating a potent 
MB49-specific memory response. These results could also be demonstrated 
in the orthotopic model since mice cured of orthotopic bladder cancer were 
rechallenged in the bladder to mimic clinical recurrence and 94% were pro-
tected (Paper III). 

In paper II, recombinant adenoviral vectors encoding the immunostimula-
tory molecules CD40L, TRANCE, lymphotactin, IL-2 and IL-15 were also 
investigated. To determine the relative potency of the various transgenes, 
transduced MB49 cells were inoculated s.c. and tumor growth was observed. 
Since AdCD40L or AdIL-15 transduction could abolish MB49 cell tumori-
genicity (2/5 tumor-free mice per group), each vector was combined with 
CpG ODN 1668 to treat established s.c. tumor. The results showed that all 
combinations, including CpG combined with adenoviral vector lacking a 
transgene (AdMock), effected 40-60% complete tumor regression, as did 
CpG ODNs alone. In addition, all groups of mice treated with CpG ODNs, 
alone or in combination with adenoviral vector, had increased serum IL-12, 
indicative of a Th1 response. Interestingly, mice treated with CpG alone 
exhibited the highest levels of serum IL12 while mice treated with CpG and 
adenovirus in combination displayed somewhat lower levels. Hence, adeno-
viral therapy did not appear to enhance the effect of CpG ODNs. One expla-
nation, studied by Krieg et al., shows that parts of the adenoviral DNA se-
quence contain neutralizing motifs that can block the immunologic effects of 
CpG ODNs161. Obviating the need for adenovirus has practical advantages 
considering that ODN synthesis is rather simple and rapid while preparation 
of recombinant adenovirus is laborious, expensive and problematic due to 
safety concerns. 

While both NK cells and T cells are important in the BCG inflammatory 
response, this response does not lead to immunologic memory in mice162.
Reports using an optimized BCG regimen to treat small MB49 orthotopic 
tumor (1x105 MB49 cells instilled; treatments starting on day 1) showed 
prolonged survival but no cure of tumor-bearing mice163. In Paper II, we use 
the same tumor cell amount and treatment schedule as in the previous report 
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and demonstrate that CpG ODNs could regress orthotopically growing 
MB49 tumor (5/8 mice). This prompted us to compare CpG ODNs and BCG 
side-by-side, but at the same time we posed the question of whether CpG or 
BCG could be effective against large orthotopic tumors. 

Therefore, we compared CpG with BCG in an aggressive orthotopic 
model (5x105 MB49 cells instilled; treatment starting on day 8) as well as in 
the s.c. model (Paper III). In s.c. experiments, BCG delayed tumor growth in 
1 of 5 mice but did not lead to a complete response. In contrast, CpG ODNs 
could cure 70% of mice on average. In the orthotopic model, BCG was inef-
ficacious at this heavy tumor load, however CpG ODNs cured 53% of mice 
on average with aggressive orthotopic cancer. Moreover, different BCG 
preparations were used in separate experiments, and corresponding to the 
clinical situation, the various BCG strains showed similar results. Finally, 
instillation with CpG ODNs, but not BCG, induced elevated cytokine levels 
in the serum indicating that CpG ODNs stimulate a broad immune activation 
while BCG effects remain local. 

In summary, CpG ODN immunotherapy is a potent monotherapy that 
cures s.c. and aggressive orthotopic bladder cancer via a T cell dependent 
response, generating MB49-specific long-term protective immunity. We 
demonstrate that CpG ODNs exhibited increased efficacy compared to the 
gold standard for bladder cancer immunotherapy, namely BCG. These data 
demonstrate the potency of CpG ODNs and motivate their advancement into 
the clinic as a treatment for superficial bladder cancer. 

Paper IV 
In DC vaccination protocols, TNF  is most often used to induce DC matura-
tion. These TNF -matured DCs express moderate levels of IL12 for a lim-
ited time before IL12 exhaustion. Hence, patients may receive impaired, 
exhausted DCs which may lead to suboptimal and even unfavorable re-
sponses. In this paper, DCs were genetically modified with AdCD40L vector 
and we demonstrate their striking capacity to express high levels of Th1 
cytokines, even in a downmodulating Tr1/Th3 tumor milieu. 

Monocytes were isolated from PBMCs and differentiated into immature 
DCs with IL4 and GM-CSF. On day 6, DCs were matured via TNF  or 
AdCD40L transduction. Total supernatants were collected on days 2, 3 and 7 
to measure cytokine levels. After each media change, fresh TNF  was 
added. At day 7, DC viability decreased and the experiment reached a natu-
ral endpoint. CD40L expression by the AdCD40L-modified DCs peaked at 
day 3 but was still highly expressed at day 5. 

DCs were also transduced with the control vector, AdLacZ. Although 
there have been a few reports claiming that adenoviral vector itself can in-
duce DC maturation, AdLacZ did not induce maturation in our experiments. 



48

The only cytokine that seemed to be upregulated in response to adenoviral 
proteins was IL8, since it was upregulated upon AdLacZ- as well as 
AdCD40L-transduction. However, IL6 and IL1  were upregulated only after 
AdCD40L-transduction. Furthermore, AdLacZ-modified DCs did not secrete 
IL12, TNF , or IFN  and upregulation of the DC maturation marker CD83 
was only observed upon AdCD40L transduction. 

In AdCD40L-modified DCs, we observed high level IL12 expression 
even after seven days. On day 3, TNF –matured DCs expressed IL12 but at 
much lower levels compared to CD40L-modified DCs ( 7000 pg/mL vs. 
>50 000 pg/mL). Although our human bladder cancer cell lines do not ex-
press IL10, this immunomodulating Tr1 cytokine is often present in vivo in 
the bladder cancer milieu since it may be secreted by surrounding cells in the 
tumor environment such as Treg cells (Loskog, A., in press). Therefore, we 
also measured IL12 expression in the presence of recombinant IL10. Impres-
sively, AdCD40L-engineered DCs highly expressed IL12 even in the pres-
ence of IL10. While immature DCs express the IL10 receptor, we show that 
CD40L-matured DCs do not, making them resistant to IL10 modulation. In 
contrast, TNF –activated DCs were IL10-sensitive. In one DC donor, IL12 
was downregulated in the presence of IL10 and in two other donors IL12 
was completely abrogated. 

Interestingly, TNF –matured DCs did not express the important Th1 cy-
tokine IFN . IFN  has many immunostimulating properties, including shift-
ing the response towards a Th1 response and increasing IL12 production by 
DCs164. Thus, this may be an important difference between the two matura-
tion stimuli, TNF  and CD40L. Not only did CD40L-stimulated DCs ex-
press IFN  but the expression was unaltered in the presence of IL10. In addi-
tion, CD40L-DCs expressed TNF . which was slightly downregulated upon 
IL10 addition. 

Since tumors can also express such downmodulatory cytokines as TGF
as well as other regulatory factors, we also monitored the effect of adding 
various bladder cancer cell lines to the AdCD40L-engineered DCs. To make 
the model more realistic, we analyzed the cytokine milieu in tumor cell/DC 
mixtures with or without recombinant IL10. While AdLacZ-transduced DCs 
expressed TGF  receptor I (TGF RI), AdCD40L-modified DCs downregu-
lated TGF RI but were not completely negative. However, IL12 production 
did not diminish in the presence of tumor cells expressing TGF , except in 
cocultures with the tumor cell line VMCUB1. The same pattern was ob-
served for IFN  where expression was largely unaltered, except in the case 
of VMCUB1. For TNF , expression decreased in the presence of all tumor 
cell lines except RT112. When IL10 was added to the tumor cell/DC cocul-
tures, IL12 levels did decrease although they were still comparable to IL12 
expression by TNF -matured DCs. Again, VMCUB1 potently hindered ex-
pression of IFN  and TNF . Therefore, VMCUB1 has a greater immuno-
suppressive capacity compared to the other tumor cell lines though this is 
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probably not due to TGF  expression since the various cell lines were ob-
served to have similar expression. 

Finally, we show that AdCD40L-activated DCs lead to functional T cell 
activation. To this end, AdCD40L-modified DCs were pulsed with apoptotic 
cells from a human bladder cancer cell line (KV1919) and incubated with 
autologous T cells for five days. Thereafter, the T cells were stimulated with 
KV1919 tumor cells and analyzed for IFN . Although T cells activated with 
untransduced and AdLacZ-transduced DCs displayed background staining of 
IFN , AdCD40L-DCs stimulated the T cells to express increased IFN  lev-
els. This high background was probably due to an allogeneic response to the 
cell line. 

In the MB49 model, we have previously measured in vivo cytokine levels 
in the tumor microenvironment and demonstrated that untreated tumors ex-
pressed both IL10 and TGF  but not IL12. In contrast, AdCD40L-treated 
tumors were IL12 positive with decreased levels of IL10 and TGF 165.
Hence, CD40L induction also induces IL12 expression in vivo even in the 
presence of downmodulating cytokines. In this study, our data show that 
AdCD40L-engineered DCs express IL12 at higher levels and for a prolonged 
period of time compared to TNF -matured DCs. CD40L-modified DCs also 
express IFN  which is lacking in TNF -modified DCs. Moreover, we take 
into account the Tr1/Th3 tumor suppressive milieu and show that 
AdCD40L-matured DCs are largely resistant to the effects of TGF  and 
IL10. Taken together, AdCD40L-induced maturation should be considered 
for DC vaccination studies to induce a long-lived, potent and robust Th1 
response.
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Conclusions

Murine Model 
1. The MB49 bladder cancer model can be utilized to investigate basic 

mechanisms of bladder cancer and to evaluate novel therapies for s.c., 
metastatic, and orthotopic bladder tumors. 

2. PLL is effective in inducing tumor take in the MB49 orthotopic model. 
In addition, Clorpactin can be utilized in the orthotopic model to 
potently enhance adenoviral transduction in the bladder. 

3. BLCA-4, STEAP, and PSCA are TAAs that can potentially be used for 
tumor targeting, detection and therapy in the MB49 model. Also, the 
male HY antigen can be utilized when female mice are used. 

4. The CpG-type B ODN 1668 is a potent monotherapy that completely 
eradicates s.c. MB49 tumors as well as aggressive orthotopic bladder 
cancer, demonstrating increased efficacy compared to BCG, the gold 
standard for bladder cancer immunotherapy in the clinic. CpG ODN 
1668 mediates a T cell dependent, Th1-directed antitumor response and 
induces tumor-specific protective immunity. 

Human Model 
1. AdCD40L-engineered DCs are potent Th1-directed APCs that exhibit an 

exceptional ability to express high-levels of IL12 for a prolonged time-
span compared to TNF -matured DCs. In addition, AdCD40L-modified 
DCs express IFN  which is lacking in TNF -induced maturation. 

2. AdCD40L-matured DCs downregulate the IL10 receptor and become 
resistant to the effects of IL10 addition, while TNF -stimulated DCs are 
IL10-sensitive.

3. AdCD40L-engineered DCs are potent and robust even in a Tr1/Th3 tu-
mor suppressive environment since coculturing them with human blad-
der cancer cell lines generally does not diminish IL12 expression. Upon 
IL10 addition to the cocultures, IL12 is slightly diminished but the levels 
are still comparable to IL12 levels induced by TNF -induced matura-
tion.
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Future perspectives 

In this work, we demonstrate that CpG ODNs completely regress large 
s.c. and even aggressive orthotopic tumors, and furthermore have the capac-
ity to induce tumor-specific immunity. The exact mechanisms behind the 
potency of this therapy must be established, especially mechanisms pertinent 
to the bladder environment. In order to extend the use of the orthotopic 
model, we plan to utilize luciferase-expressing MB49 cells to visualize tu-
mor growth in the bladder using a bioluminescence detection system. 

An MB49 cell line stably expressing luciferase could also be utilized in 
the metastatic model to allow for tumor visualization in the lungs without the 
need to sacrifice. This would increase the practicality of the metastatic 
model so that novel tumor targeting therapies aimed at treating micrometas-
tases could be explored. Also, by utilizing TAAs such as the HY antigen, we 
could induce tumor-specific CTLs and measure this response with HY 
tetramer reagents for example. 

In the orthotopic model, we utilized Clorpactin, a potent transduction en-
hancer, to optimize the model for adenoviral gene therapy. In the near future, 
Clorpactin will be utilized to enhance the transduction of AdCD40L in a 
Phase I clinical trial which will primarily test the safety and dose limits of 
the vector in bladder cancer patients. 

Importantly, we must begin to investigate the therapeutic potential of 
CpG ODNs in human bladder cancer so that it can eventually be transferred 
to the clinic. The first step will be to test various CpG ODN sequences on a 
variety of human bladder cancer cell lines as well as primary cultures de-
rived from biopsies. The analysis of immunological responses, including 
cytokine secretion and CTL induction, must be monitored to investigate 
which sequences are optimal in the setting of human bladder cancer. 

The keys to immunology are unfolding which will soon allow us to com-
mand adaptive immune responses. The power lies first in gaining a deeper 
understanding of the anatomy of an optimal immunological response since 
the antigen density, maturation stimuli, microenvironment, and timing effect 
qualitative and quantative differences in T cell activation. Furthermore, as 
our therapeutic toolbox improves and expands with better vectors, transduc-
tion enhancers, and reagents to monitor the ensuing immune response, im-
munologists will soon be able to unleash the potential and the power of can-
cer immunotherapy. 
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