
VU Research Portal

Adoptive transfer of tumor specific T cells for the treatment of cervical cancer:
Generation of HPV specific T cells
Scholten, K.B.J.

2010

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Scholten, K. B. J. (2010). Adoptive transfer of tumor specific T cells for the treatment of cervical cancer:
Generation of HPV specific T cells. [PhD-Thesis - Research and graduation internal, Vrije Universiteit
Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/63c3d764-fdb9-4440-9b04-c8fbf89ff7fc


 

 

 

 

  

 
 

Adoptive transfer of tumor specific T cells for the treatment of 

cervical cancer: 

Generation of HPV specific T cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The work presented in this thesis was performed in the department of Pathology (head: Prof. 

Dr. C.J.L.M. Meijer) of the VU University Medical Center, Amsterdam, The Netherlands. 

Cover photography by G.G.J. Scholten 



 

 

 

 

 

VRIJE UNIVERSITEIT 

 

 

 

 

Adoptive transfer of tumor specific T cells for the treatment of cervical cancer:  

Generation of HPV specific T cells 
 

 

 

 

 

 

ACADEMISCH PROEFSCHRIFT 

 

ter verkrijging van de graad Doctor aan 

de Vrije Universiteit Amsterdam, 

op gezag van de rector magnificus 

prof.dr. L.M. Bouter, 

in het openbaar te verdedigen 

ten overstaan van de promotiecommissie 

van de faculteit der Geneeskunde 

op donderdag 2 december 2010 om 11.45 uur 

in de aula van de universiteit, 

De Boelelaan 1105 

 

 

 

 

 

 

 

 

 

 

door 

 

Kirsten Barbara Johanna Scholten 

 

geboren te Weesp 

 



 

 

 

 

promotor: prof.dr. C.J.L.M. Meijer 

copromotoren: dr. E. Hooijberg 

dr. M.W.J. Schreurs 

 

 



 

 

 

 

 

 
 

In herinnering aan 

 

Opa en Oma Bussum 

Sjoerd 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Contents 

 

 

Chapter 1 General introduction         11 

 

Chapter 2  In vitro generation and life span extension of human     43 

papillomavirus type 16-specific, healthy donor-derived 

 CTL clones. J Immunol. 2003 Sep 15;171(6):2912-21. 

 

 

Chapter 3  Preservation and redirection of HPV16E7-specific T cell    75  

 receptors for immunotherapy of cervical cancer.  

 Clin Immunol. 2005 Feb;114(2):119-29.  

 

 

Chapter 4 Codon modification of T cell receptors allows enhanced    99 

functional expression in transgenic human T cells.  

Clin Immunol. 2006 May;119(2):135-45. 

 

 

Chapter 5 Promiscuous behavior of HPV16E6 specific T cell receptor  125 

  beta chains hampers functional expression in TCR transgenic T 

cells, which can be restored in part by genetic modification. 

Cellular Oncology 2010 32(1-2): 43-56. 

 

 

Chapter 6 Generating HPV specific T helper cells for the treatment of  151 

  HPV induced malignancies using TCR gene transfer. Submitted  

 

  

Chapter 7 General discussion and summary      175 

 

 

Chapter 8 Nederlandse samenvatting       187 

 

               

  Curriculum Vitae        195 

 

 

  Dankwoord         201 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 

 

Chapter 1 

 
 

General introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



General introduction 

 

 

11 

 

Chapter 1:General introduction  

 

It has now been recognised that HPV is the causative agent for cervical cancer
1
. HPV also 

plays a causative role in most of the carcinomas of the vagina
2
, anus

3,4
, vulvar

5,6
 and penis

7-11
. 

Moreover, HPV is causative involved in 10-15% of oropharyngeal carcinomas, including 

~60% of tonsillar carcinomas. Standard treatment modalities for these malignancies involve 

surgery, radiotherapy, chemotherapy or a combination of these. Insight in the genesis of these 

HPV- induced malignancies opens the possibility of immunotherapy for these types of tumor. 

In this thesis we will describe the approach of generation of HPV specific T cells and the 

possibility of adoptive transfer of T cells for the treatment of HPV induced malignancies. 

 

1.1 Association between cancer and the human papilloma virus 

 

1.1.1 Human papilloma virus 

To date 120 different human papilloma virus types have been described. The HPV types can 

be divided into “low” risk and “high” risk types. ”Low” risk HPV types, including HPV6 and 

HPV11, infect the squamous epithelium of the lower genital tract and cause genital warts but 

are rarely detected in cervical cancers. In contrast, “high” risk or oncogenic HPV types, of 

which HPV16 and HPV18 are the most predominant, are important for the development of 

cancers
1,12

. Other types involved in the development of cancer are HPV types 31, 33, 35, 39, 

45, 51, 52, 56, 58 and 59 
12,13

. It is still not clear whether HPV types like 26, 53, 66, 68, 73 

and 82 can be classified as high risk HPV types
2
. 

 HPV viruses are DNA containing viruses belonging to the family of papovaviridae. 

These viruses exclusively infect epithelia and skin. The genome consists of a 7.9kB circular 

DNA strand that can be divided into three different sections: the locus control region (LCR), 

early (E) genes and late (L) genes
14

. The LCR is involved in the regulation of transcription of 

the viral early genes. The early genes comprise of six different areas, designated as E1, E2, 

E4, E5, E6 and E7. The late proteins comprise of L1 and L2. According to their L1 DNA 

sequence, the HPV types have been sub grouped into different genera (e.g. alpha, beta and 

gamma). With rare exceptions, most of the known HPV types that infect the genital

tract are members of the alphapapillomavirus genus. HPV16 is the prototype of the Alpha-9 

species, while HPV18 is the prototype for the Alpha-7 species
15

. 
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Figure 1: Phylogenetic tree containing genus -, -, and -papillomaviruses. The outer circle encompasses 

genera, the inner circle the species, and the numbers at the ends of the branches identify type. C-numbers refer to 

candidate HPV types. The four numbers associated with the arrows show the total number of HPV-positive DNA 

samples detected in lesion, perilesion, sun-exposed and sun-protected tissues, respectively (Adapted from De 

Villiers 2004)
15

. 

 

1.1.2 Prevalence of HPV in human cancers 

In the early 1980s Zur Hausen et al were the first to show a correlation between infections 

with the human papilloma virus (HPV) and cervical cancer
16

. Cervical cancer is the second 

most common cause of cancer related deaths among women world-wide. The worldwide 

incidence and mortality of cervical cancer are 15.2 and 7.8, respectively. In the Netherlands 

these figures are 5.4 and 1.5 respectively (http://globocan.iarc.fr/). HPV DNA is detected in 

more than 99% of all tumors of the uterine cervix
1
. This was supported by in vitro studies in 

which it was shown that the human papilloma virus is able to immortalize epithelial cells and 

able to initiate cervical cancer
17,18

. Since the introduction of large scale population screening 

programs the incidence of cervical cancer has reduced dramatically in the developed 

countries. However, in developing countries the incidence of cervical cancer is still very high 

because routine screening programs are not available. These screening programs are based on 

the early recognition of cytological abnormalities of the cervix, including: increased nucleus 

size, abnormal nucleus to cytoplasm ratio, abnormal chromatin distribution and nuclear 
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membrane abnormalities. The papanicolaou test, also called pap test, is able to detect these 

precancerous changes. Based on the proportion of abnormalities three premalignant stages can 

be distinguished, defined as cervical intraepithelial neoplasia (CIN) grades I, II and III
19

. 

Depending on the proportion of dysplasia, lesions are defined as mild (CIN I), moderate (CIN 

II) and severe (CIN III). Dysplasia is often reversible, but the more severe the degree of 

dysplasia the less the tendency to reverse. Ultimately, dysplasia will progress into cancer. 

Cancers of the vulva
5,6

, vagina
2
, anus

3,4
 and penis

7-9
 are less common HPV induced 

malignancies as compared to cervical cancer. Incidence rates for vulvar cancers in women and 

anus cancer in both women and men is 2 per 100,000
20

. For vaginal cancer the incidence is 

below 1 per 100,000. In 40% of all vulva cancers, and in 80% of all vagina and of anus 

cancers HPV-DNA is detected. In more than 75% of the vulva carcinomas HPV-DNA could 

be detected
5,6,21

. In agreement, in 64-91% of vaginal cancers and in approximately 90% of the 

anal cancers HPV-DNA could be detected
2,4

. In 46.9% of all penile carcinomas HPV DNA 

can be detected
22

. Also in these carcinomas three premalignant stages can be distinguished 

defined as vulvar, vaginal, anal and penile intraepithelial neoplasia (VIN, VAIN, AIN and 

PIN) grades 1-3. 

HPV-DNA can also be found in some head and neck squamous cell carcinomas
23-25

. 

HPV is most frequently detected in cancers
 
of the oropharynx and tonsil than at other head 

and neck sites. Approximately 18.3% of all HNSCC show HPV-DNA
26

.  

 

1.1.3 HPV mediated carcinogenesis 

The HPV life cycle begins when the virus gains entry into the basal layer at the site of 

infection (see figure 2). Upon infection HPV DNA integrates into the host’s DNA under the 

control of E1
27

. E1 together with E2 is capable to maintain a stable viral episome and to 

initiate viral replication in the basal layer. Soon after infection E5 is expressed. The E5 

protein stimulates cell growth and the transformation of normal cells into cancer cells
28-30

. 

Subsequently, E6 and E7 are expressed, which are responsible for immortalization and 

malignant transformation. Both E6 and E7 bind to the tumor suppressor genes p53
31

 and 

pRB
32

, respectively. 

In normal cells, p53 responds to DNA damage by contributing to cell cycle arrest, 

allowing DNA repair or cell death through apoptosis. However, when E6 interacts with p53, 

the function of p53 is disrupted resulting in uncontrolled growth of the cells
34

. 
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Figure 2: HPV-mediated progression to cervical cancer. Basal cells in the cervical epithelium rest on the 

basement membrane, which is supported by the dermis. Human papillomavirus (HPV) is thought to access the 

basal cells through micro-abrasions in the cervical epithelium. Following infection, the early HPV genes E1, E2, 

E4, E5, E6 and E7 are expressed and the viral DNA replicates from episomal DNA (purple nuclei). In the upper 

layers of epithelium (the midzone and superficial zone) the viral genome is replicated further, and the late genes 

L1 and L2, and E4 are expressed. L1 and L2 encapsidate the viral genomes to form progeny virions in the 

nucleus. The shed virus can then initiate a new infection. Low grade intraepithelial lesions support productive 

viral replication. An unknown number of high-risk HPV infections progress to high-grade cervical intraepithelial 

neoplasia (HGCIN). The progression of untreated lesions to microinvasive and invasive cancer is associated with 

the integration of the HPV genome into the host chromosomes (red nuclei), with associated loss or disruption of 

E2, and subsequent upregulation of E6 and E7 oncogene expression. LCR, long control region (Adapted from 

Woodman et al)
33

. 

 

In accordance, E7 binds to the tumor suppressor gene pRB, which in an unphosporylated state 

regulates the growth of the tumor cells
32

. However, when E7 binds to pRB, pRB is 

phosporylated. pRB in its phosporylated state is incapable of suppressing cell growth. The 

delay in cell cycle arrest allows the virus to replicate using the host’s DNA replication 

machinery in the suprabasal epithelial cells. As the cell reaches the suprabasal layer, the virus 

amplifies its DNA into high copy numbers and virus encoded structural proteins, late (L) 

proteins L1 and L2, are assembled. Just before cells in this layer are dying, the virus is 

released under the influence of E4
35

. The constitutive expression of the early proteins E6 and 
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E7 in infected cells leads to a series of additional (epi)genetic alterations that accumulate in 

high grade CIN lesions and which are responsible for the development of cervical cancer
36,37

. 

 

1.2 Immunity 

 

Two main arms of the immune system can be identified: innate and adaptive immunity. The 

first line of defense against microorganisms is provided by the innate immune system. The 

main tools of the innate immune system are engulfment and killing by the complement 

cascade and macrophages. Unlike the adaptive immune system, it does not confer long-lasting 

or protective immunity to the host. The adaptive immune system recognizes and builds up 

immunological memory against a specific pathogen. Upon re-challenge with the pathogen the 

adaptive immune system is able to mount a quick response.  

 

1.2.1 Immunity to papillomaviruses 

In general, about 75% of the sexually active population acquires at least 1 genital HPV type 

during their lifetime
38

. Most individuals remain asymptomatic and clear HPV infections 

spontaneously within approximately 7–10 months
39-41

. Nonetheless, a small proportion of 

individuals fail to clear the virus. It is estimated that less than 1% of the infected women will 

ultimately develop cervical cancer
38,42

   

The immune system plays a pivotal role in the natural clearance of virus infections. 

Disorders of cell mediated immunity lead to increased susceptibility to papillomavirus 

induced warts and cancer
43

. In fact, regression of papillomavirus induced warts was 

associated with T cell infiltrations in different animal models
44-47

. In humans, 

immunohistological studies have revealed that spontaneously regressing genital warts show 

infiltrates of both CD4+ and CD8+ T cells and macrophages
48

. This has been supported by the 

notion that immunocompromised individuals like patients infected with the human 

immunodeficiency virus or transplant patients have an increased risk of progression of HPV 

infection to malignancies
49-53

.  

 Spontaneous viral clearance and subsequent regression of genital warts has been 

observed
48,54

. Failure of the host immune system to control HPV infections may contribute to 

persistence of the virus and ultimately to the development of malignancies. This idea is 

supported by the fact that in patients suffering from HPV induced malignancies hardly any 
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HPV specific CD4+ T cells are detected. Moreover, when HPV specific CD4+ T cells are 

detected they display antigen specific proliferative responses and exhibit noninflammatory 

cytokine profiles
55

. In contrast, HPV16E2, E6 and E7 specific CD4+ T cells are detected in 

the peripheral blood of healthy individuals
55-57

.  

  

1.3 Immune evasion 

 

Professional antigen presenting cells, like Langerhans’ cells (LC) and dendritic cells (DC), are 

specialized in the uptake, processing and presentation of antigens to T cells. Langerhans’ cells 

are located at the site of primary infection where they can take up HPV antigens. 

Subsequently the LCs migrate to the draining lymph node, process antigen and present 

antigenic peptides in assembly with the major histocompatibility complex class I or II to naive 

T cells in the lymph node. The T cells differentiate into effector cells and migrate to the site of 

infection where they destroy infected cells. In contrast to Epstein Barr Virus (EBV) and 

Cytomegalovirus (CMV), the immune system ignores or fails to detect HPV infections. In 

fact, non-regressing genital warts are characterized by the lack of immune cells at the site of 

infection. The mechanisms of immune evasion are still not clear. There might be several 

reasons why HPV is able to evade the immune system as will be discussed below.  

 

1.3.1 Lack of MHC molecules 

As commonly known, T cells recognize infected cells through the interaction between the T 

cell receptor and antigenic peptides presented by major histocompatibility complex (MHC) 

class I and II molecules on the surface of infected cells. Changes in both MHC class I and II 

expression has been found in premalignant and malignant lesions of the uterine cervix 

containing HPV
58,59

. An up-regulation of MHC class II antigens on dysplastic epithelial cells 

in the different CIN groups and carcinomas has been described
59

. However, the influence of 

up-regulation of MHC class II molecules is still poorly understood. Evidence that HPV 

associated tumor cells lack MHC class I has also been described previously
60-62

. Also the loss 

of HLA-B alleles was found more frequently compared to the loss of HLA-A alleles
61

. Recent 

experiments have investigated the involvement of the early HPV proteins, E5 and E7, in the 

down-regulation of MHC class I complexes. E5 causes the retention of MHC (HLA) class I 

complexes in the Golgi apparatus and impedes their transport to the cell surface
63

. The E7 
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protein of both HPV16 and 18 is able to suppress promoter activity which is involved in the 

transcription of the MHC class I heavy chain
64

. Thus, E7 regulates the transcription of genes 

involved in the presentation of antigens, which reduces presentation of the antigenic peptide 

on the cell surface and therefore helps the virus to escape detection by CTLs.  

 

1.3.2 Microenvironment 

The tumor microenvironment plays an important role in the clearance of the tumor. In CIN 

lesions the microenvironment shows decreased expression of proinflammatory cytokines like 

TNF and IFN. Conversely, the suppressive cytokine IL-10 was absent in normal 

epithelium
65

, but was up regulated in a number of CIN lesions. Increased numbers of CD4+ 

and CD8+ T cells could be detected in VIN lesions
66,67

. It was found that VIN patients with 

preexisting T cells to HPV had a more favorable clinical outcome when treated with 

Imiquimod
68

. Imiquimod is a cream which is used to treat genital warts. It acts as an immune 

response modifier by activating both Langerhans’ cells and macrophages via toll like 

receptor-7 (TLR-7), which in turn will release proinflammatory cytokines such as IFN, 

TNF and IL-12 into the tumor microenvironment
69,70

. Using Imiquimod an optimal 

microenvironment will be generated in which the innate effector cells, like macrophages and 

NK cells act in concert with HPV specific T cells to form an effective immune system
68

. 

Another mechanism by which HPV is able to escape from the immune system is inhibition of 

immune mediators present in the microenvironment. Monocyte chemoattractant protein-1 

(MCP-1) attracts a variety of cell types, including NK-cells, T cells and monocytes to the site 

of infection and therefore plays a pivotal role in the clearance of viral infections. Both E6 

and/or E7 from high risk HPV have been shown to suppress MCP-1 expression in primary 

epithelial cells derived from the female genital tract
71

. Other examples are the suppression of 

the cytokines IL-8
72

 and IL-18
73

, which both play a role in the clearance of infections. 

 Despite the many mechanisms to evade the immune system, the majority of immune-

competent individuals infected with the virus are eventually able to clear the virus. 

Nonetheless, approximately 1% of the infected women will ultimately develop cervical 

cancer
38,42

 For these women vaccines have to be developed to protect against the virus or to 

kill infected cells.   

1.4 Vaccination against the human papillomavirus 
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Since the 1990s much research has been focused on the development of vaccines against 

human papillomaviruses. Modulation of the immune response to HPV infected cells can be 

accomplished using different vaccination strategies. Vaccines can be divided into two 

different groups, prophylactic and therapeutic vaccines: 1) prophylactic vaccines are designed 

to prevent HPV infections through the induction of antibodies directed against the viral capsid 

proteins L1 and L2; 2) therapeutic vaccines are designed to cure individuals who have already 

established warts, pre-cancerous lesions or cervical cancer through the activation of T cells. 

Both prophylactic and therapeutic vaccines depend on the presence of an intact immune 

system to mount an effective anti-viral or anti-tumor response. In humans, most studies have 

focused on generating immune responses against HPV16 because of its high prevalence in 

both premalignant and malignant lesions. 

 

1.4.1 Prophylactic vaccines  

Vaccines to protect against HPV infection and the subsequent risk of cervical cancer have 

recently become available. These vaccines are based on the virion proteins L1 and L2, which 

are able to assemble into virus like particles (VLPs) 
74

. VLPs are morphologically 

indistinguishable from the outer shell of authentic virions, are non-infectious and do not 

contain viral DNA. In in vitro assay VLPs have been shown to induce high titer neutralizing 

antibodies directed against L1
74

. Moreover, these VLPs have been proven to be effective in 

generating papillomavirus type-specific protection from viral challenge in animal 

papillomavirus models
75-77

. Inoculation of animals with VLPs derived from canine oral 

papillomavirus (COPV) resulted in the production of COPV specific antibodies and protection 

against challenge with a high dose of COPV
78

. Similar results were obtained using a cottontail 

rabbit papillomavirus model
75

 and bovine papillomavirus model
74

.  

In young females, following immunization with HPV 6/11/16/18 VLPs (Gardasil®, 

neutralizing antibodies against HPV6/11/16 and 18L1 proteins could be detected after 3 

vaccinations, even up to 44 months
79

. More importantly, this vaccine was 95%-100% 

effective in reducing HPV16/18-related cervical, vulvar and vaginal lesions and genital warts 

in females negative for HPV. Also a reduction of high grade cervical lesions (~20%), vaginal 

and vulvar lesions (~50%), and genital warts (~60%) was observed in the intention to treat 

group
80,81

. These results suggest that a reduction in the number of cervical, vulvar and vaginal 
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cancer patients can be expected the next couple of years due to decreased numbers of 

persistent HPV infections and high grade CIN, VIN and VAIN lesions. 

 Nowadays, two different VLP based prophylactic vaccines, Gardasil, a quadrivalent 

HPV6/11/16 and 18L1 VLP (Merck), and Cervarix, a bivalent vaccine containing HPV16 and 

18L1 VLP (GlaxoSmithKline), have been approved for the prevention of cervical cancer and 

are now used to vaccinate young adolescent females. Girls between the ages of 9-16 have the 

opportunity to be vaccinated. For once, girls between the ages 9-16 years have been 

vaccinated in the Netherlands. Nowadays, young girls between the ages of 9-12 years of age 

can be vaccinated. These prophylactic vaccines are most effective pre-exposure to the virus. It 

is expected that the vaccines will be protective for at least10 years, but how long females are 

protective is currently unknown. Moreover, since HPV is also involved in cancers of the 

vagina
2
, anus

3,4
, penis

7-9,82,83
, vulva

5,6,83
 and in some head and neck cancers

24,84
 the vaccines 

might be applied to a multitude of cancers in both male and female. Till this point it is still 

unclear whether the vaccines are able to prevent HPV infections in males and therefore 

whether the vaccines can protect against other HPV cancers.  In addition, the frequency of 

viral clearance and spontaneous regression is significantly lower in immunosuppressed 

patients, such as organ transplant patients and patients suffering from HIV
85,86

. Although 

these patients are vaccinated, it is still unclear how HIV infected and immunosuppressed 

patients will respond to the VLP vaccines.  

 Nevertheless, other methods to treat patients suffering from cervical cancer should be 

explored otherwise millions of women will be at risk of developing cervical cancer over the 

next 15-20 years as a consequence of preexisting HPV infections. Moreover, non-vaccinated 

individuals including men are at risk of developing HPV induced malignancies. For this group 

of patients other methods for the treatment of HPV induced malignancies should be 

developed. 

 

1.4.2 Therapeutic vaccines 

Therapeutic vaccines are designed to boost the body’s immune system in order to control 

infections or cancer. A successful therapeutic vaccine would generate specific CD4+ and 

CD8+ T cells, in vivo or in vitro, which are able to induce cell death (apoptotic death) of HPV 

infected cells. Therapeutic vaccines can be divided into either passive or active 

immunotherapy. Active immunotherapy is involved in generating an effective immune 
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response against tumor cells in vivo. This can be accomplished by vaccination with irradiated 

tumor cells, proteins, multiple peptides, dendritic cells (DC) presenting the tumor antigen or 

administration of IL-2/ GM-CSF. Passive immunotherapy on the other hand is involved in the 

adoptive transfer of antibodies or T cells to generate an immune response that has been 

obtained outside the body. Two different types of passive immunotherapy can be 

distinguished: 1. humoral (antibody) therapy and 2. cellular immunotherapy.  

 

1.4.2.1 Choice of antigen, antigen of choice 

Inductions of cellular immune responses require proteolytic cleavage of tumor antigens into 

small antigenic peptides and their presentation to T lymphocytes in assembly with the major 

histocompatibility complex (MHC) molecules. The specificity of a T cell mediated immune 

response is determined by the interaction between the T cell receptor (TCR) and the antigenic 

peptide presented by MHC molecules. Two different MHC classes can be distinguished, 

MHC class I and MHC class II. Fragments of intracellular proteins are presented by MHC 

class I molecules to CD8+ T cells while fragments of intracellular and exogenous proteins are 

presented at the cell surface in the context of MHC class II to CD4+ T cells.  

 Most of these antigens are tumor associated antigens (TAAs). Targeting TAAs may 

result in severe side effects since also healthy cells could be targeted. In the case of cervical 

cancer different TAAs can be targeted, namely p53, survivin, hTERT and p16ink4a. 

Overexpression of p16ink4a is found in cervical cancer and its precursor lesions compared to 

normal cervical epithelia
87,88

. Survivin is expressed in foetal tissues as well as in most cancer 

tissues but rarely in normal adult somatic tissues. It is believed that survivin may promote the 

development of cervical cancer by suppressing apoptosis
89

. In contrast, tumor specific 

antigens (TSAs) are solely presented on tumor cells. These TSAs are novel antigens to the 

organism created by mutations or encoded by the viral genome. In the case of HPV induced 

malignancies, the epitopes presented are completely foreign viral proteins. Attempts to 

vaccinate against HPV are supposed to induce strong CTL and T helper responses against the 

early HPV antigens,  present in pre-cancerous and cancerous tissue. Early antigens E1, E2, 

E4, E5, E6 and E7 are potential candidates for therapeutic vaccination strategies. However, 

unlike E6 and E7, neither E1 nor E2 is constitutively expressed in cervical carcinomas
90

. 

Likewise, the E4 protein is unlikely to be a suitable candidate for immunotherapy because this 

protein is not detectable in basal epithelial cells of benign or malignant lesions
91,92

. E5 is 
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poorly immunogenic and therefore not a suitable target for immunotherapy
90

. Immunogenic 

antigens directed against HPV16 and HPV18 early proteins E6 and E7 have already been 

identified in humans 
93-95

. Since E6 and E7 are necessary for the maintenance of CIN lesions 

and cancer, E6 and E7 proteins seem the ideal candidates for use in vaccines.  

 

1.4.2.2 Active immunotherapy 

A range of different mouse models have been developed to test the efficiency of both specific 

and non-specific immunotherapeutic approaches. Transplantable tumor models have often 

been used to demonstrate vaccine efficacy in HLA-A2 transgenic mice
96,97

. Immunization of 

tumor bearing mice with a recombinant fusion protein consisting of heat shock protein  and 

the HPV16E7 protein (hspE7) resulted in protection of mice against challenge with an E7 

expressing tumor cell line
98,99

. Furthermore, tumour regression following therapeutic hspE7 

immunization was CD8-dependent and CD4-independent. However, immunological therapies 

that are successful when tested in these mice are rarely effective in clinical trials of cervical 

cancer. This can be explained by the fact that the H-2D
b
 restricted RAHYNIVTF (E749-57) 

epitope is highly immunogenic whereas the human E7 equivalent is not. Therefore it is 

difficult to evaluate antitumor vaccination strategies which have been tested in mice for 

clinical application in human.  

Different clinical trials for the treatment of HPV induced malignancies have now been 

conducted. Some trials have been conducted using dendritic cells. Dendritic cells play a role 

as professional antigen presenting cells in the induction of immune responses. Multiple 

studies have indicated that DC are superior in presenting antigen to unprimed resting T cells 

in vitro and in vivo
100,101

. The use of DC as vehicle for antigen delivery and subsequently 

tumor antigen specific T cell activation requires loading of the DC with tumor antigens. DC 

can be loaded with short (8-10aa) or long peptide, whole protein, tumor lysates, transfected 

with RNA or DNA, transduced with tumor antigen encoding viral vectors or fused with tumor 

cells. For the treatment of cervical cancer, dendritic cells were pulsed with HPV16/18 E7 

proteins. Specific humoral and cellular CD4+ and CD8+ T cell responses to the E7 vaccine 

were detected. No objective clinical responses could be detected in these patients. However, 

those patients in whom specific CD4+ and CD8+ T cells responses were detected experienced 

slower tumor progression as compared to unresponsive patients
102

.  
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 Furthermore, both short and long peptides generated from E6 and E7 have been used 

in clinical trials attempting to treat patients suffering from cervical cancer
95,103-106

. A recent 

clinical trial showed that vaccination of patients with HPV16E6 and E7 synthetic long 

peptides resulted in increased numbers and activity of HPV specific CD4+ and CD8+ T 

cells
105

. Also increased numbers of CD25+/Foxp3+ T cells were detected. In addition, the 

efficacy of these long peptides were also tested in patients suffering from vulvar 

intraepithelial neoplasia
107

. Also in this clinical trials increased levels of CD4+ and CD8+ T 

cells could be detected. Fifteen out of 19 patients in this trial had a clinical response with a 

complete response in 9 out of 19 patients. Patients with a complete response after 3 months 

had a significantly stronger CD4+ and CD8+ T cell response than did patients without a 

complete response
107,108

.  

Instead of using peptide, viral or bacterial based vaccines can be used
94,109

. They have 

the advantage of being highly immunogenic. Likewise, HPV proteins are endogenously 

processed from viral DNA by the host cell, thereby an array of HPV peptides are produced 

and presented at the cell surface. Such systems pose no restriction on the patients’ HLA 

genotype. The major drawbacks of these vectors are safety concerns and pre-existing viral 

immunity in the recipient.  

 Results obtained by vaccination with HPV16E6 and E7 synthetic long peptides were 

promising. However, part of the vaccine induced T cells displayed a CD4+CD25+FoxP3+ 

phenotype that is associated with regulatory T cells
105

. Since regulatory T cells are induced 

upon vaccination the question arises whether active therapeutic vaccination can establish an 

effective immune response in cervical cancer patients. Passive immunotherapy might 

therefore be another strategy to treat patients suffering from cervical cancer and other HPV 

induced malignancies. 

 

1.4.2.3 Passive immunotherapy 

A number of observations support the idea that cell mediated immunity plays a role in the 

control of HPV infections and related malignancies. The regression of HPV induced genital 

warts is associated with infiltration of lymphocytes and HPV associated cervical cancer is 

more prevalent in immune suppressed patients
110

. Therefore, adoptive transfer of HPV 

specific T cells might be an attractive treatment modality. 
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Adoptive transfer of tumor specific T cells 

An attractive method to treat patients might be adoptive transfer of virus or tumor specific T 

cells
111,112

. Initial studies on adoptive transfer of T cells were performed using LAK 

(lymphokine activated killer) cells, generated in vitro from polyclonal T cell bulk 

populations
113

. This approach has been proven to be successful in murine models
114

 and in 

some extent in human clinical trials
115,116

. Subsequently, TIL populations isolated from 

tumors and aspecifically expanded in vitro were used for adoptive transfer purposes
117

. 

Transfer of TILs mediated tumor regression in tumor bearing mice
118,119

 and in patients 

suffering from melanoma
120

. The last couple of years it was found that the therapeutic effects 

of TIL transfer could be enhanced after host lymphodepletion
111,121,122

. Recent in vitro assays 

showed that minimally cultured TILs display optimal characteristics for adoptive cell therapy, 

like expression of CD27 and CD28 and long telomeric ends
123

. Therefore, short term cultured 

T cells might be more effective in clinical settings compared to aged antigen selected TILs.  

Many studies have been performed on adoptive transfer of antigen specific CD4+ and 

CD8+ T cells for the treatment of melanoma patients. Adoptive transfer of CD8+ T cells has 

been demonstrated to lack clinical effectiveness, probably due to the absence of tumor 

specific CD4+ T cells. More recent clinical trials using both CD4+ and CD8+ T cells were 

more successful since 18 out of 35 patients showed a clinical response, including three 

complete responders
121,124

. This might be explained by the fact that CD4+ T cells can provide 

cytokines and costimulation to CD8+ T cells, thereby augmenting the priming, persistence 

and trafficking of cytotoxic T cells
125,126

.  

Besides MART-1 specific T cells also CMV and EBV specific T cells were used for 

adoptive transfer purposes. Individuals who have received allogeneic bone marrow transplants 

are susceptible to CMV mediated diseases and EBV+ B cell lymphomas. Adoptive transfer of 

CMV and EBV specific T cells protected against the development of these transplantation 

associated diseases
127,128

.  

CMV, MART-1 and EBV specific CTLs are relatively easy to detect and to isolate as 

compared to other antigen specific T cells
129

. Low frequencies of tumor specific T cells may 

represent a failure of the immune system to mount an effective immune response or tumor 

cells are able to actively suppress or delete tumor specific T cells. 

Adoptive transfer of HPV specific T cells in vivo looks promising. As indicated by 

Matsumoto et al adoptive transfer of HPV-E7 specific T cells in a mouse model showed 
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infrequent rejection of skin grafts
130

. In contrast, E7 skin grafts were rapidly rejected in mice 

that received E7 specific CD8+ T cells and were immunized with E7 protein. These results 

suggest that effective immunotherapy of cervical cancer may require a combination of both 

active and passive immunotherapy
130

. Nevertheless, the wide-spread use of adoptive T cell 

transfer is limited by the fact that it is laborious, time-consuming, and expensive. Moreover, it 

is difficult to generate 10
10

-10
11

 antigen specific T cells in vitro necessary for adoptive 

transfer purposes. A successful attempt to extent the CTL life span and thereby generation of 

numerous amounts of T cell has been reported by Hooijberg et al, who showed that after 

transduction of the T cell with a retroviral construct encoding for human telomerase reverse 

transcriptase (hTERT), cell were prevented to go into senescence
131

. These hTERT transduced 

human T cells retained their normal phenotype, functional activity and growth 

requirements
131,132

. In case of HPV specific T cells, cells transduced with hTERT showed to 

proliferate in culture for more than 16 months
133

.Despite the fact that these cells were 

maintained in culture for prolonged periods of time, the in vivo application of these cells in a 

clinical setting is obstructed by the appearance of chromosomal aberrations in both CD4+ and 

CD8+ T cell
133,134

. A promising “off the shelf” method to generated high numbers of tumor 

specific T cells might be the introduction of antigen specific TCR genes into recipient T cells. 

 

TCR gene transfer 

The TCR dictates the specificity of the T cells for the recognition of tumor antigens. It is an 

immunoglobulin like molecule that is composed of a TCRand TCR chain in T cells, or 

composed of a TCR and TCRchain in T cells. From tumor specific T cells the TCR open 

reading frames can be isolated and used to confer patients’ T cells to tumor specific T cells. 

After short term in vitro culture, peripheral blood derived T cells are transduced with TCR 

genes generating in only a few days 10
10

-10
11

 tumor specific T cells for adoptive transfer 

purposes
135,136

. Tumor specific TCR genes derived from one individual may be employed to 

treat many patients sharing the same HLA type.  

Dembic et al
137

 were the first to show that transfer of a TCR into recipient T cells 

resulted in redirected specificity of these cells. To date many groups have successfully 

redirected T cells toward tumor or virus specific T cells. Many research has focused on the 

generation of melanoma specific T cells using TCR gene transfer
138-145

. The antigens 
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recognized by these melanoma specific TCRs are all tumor associated antigens (TAA), 

meaning that these antigens are also expressed on healthy tissue. Another TAA specific TCR 

that have been used for TCR transfer purposes is WT-1
146,147

.This antigen can be used for the 

treatment of leukaemia or lymphomas. Several groups have generated T cell clones which are 

reactive against minor histocompatibility antigens. TCR genes were isolated and used to 

redirect PBLs towards alloantigens
148-151

. Also TCRs specific for virus antigens that are 

associated with human cancer have been transferred into lymphocytes
152-154

. All reports have 

indicated that TCR gene transfer can result in the successful redirection of antitumor 

reactivity
148,155,156

, and that the avidity and peptide fine specificity were preserved following 

TCR gene transfer into human CTL
141,157

. The in vivo efficacy of TCR transgenic T cells was 

investigated in immunodeficient mice. Upon antigen encounter TCR transgenic T cells 

strongly proliferated and homed to the site of antigen presentation. In addition, TCR 

transgenic T cells were shown to be lytic against tumor cells. Rechallenge with tumor cells 

led to the expansion of these TCR transgenic T cells. Persistence of TCR transgenic T cells 

was observed even two months post tumor clearance
158

. 

Different systems to deliver TCR and TCR chains into human and mouse CD8+ 

and CD4+ T cells have been described. The system used to deliver the TCR ORFs should 

yield high expression levels without the risk of multiple integrations into the human genome. 

Often retroviral transduction protocols are used to deliver TCR and TCR chains
148

. To a 

lesser extent lentiviral vectors
146,159,160

 or electroporation
161,162

 are used to introduce TCR 

ORFs into T cells.  

  When using retroviral or lentiviral vectors, the TCR ORFs can either be introduced 

into 2 different vectors or combined into one vector.  When using two different vectors 

encoding either the TCR or TCR open reading frame, marker genes are incorporated. A 

major disadvantage of such an approach is that both TCR ORFs have to infect the same T 

cell. Additionally, to make TCR transfer more favorable for clinical purposes the use of 

marker genes should be avoided since immunogenic peptides from such proteins may be 

presented by MHC class I and II, triggering an undesirable immune response, eliminating 

TCR transgenic T cells. This phenomenon has already been observed in animal models
163,164

 

as well as in HIV patients 
165

. Therefore, many groups have incorporated both TCR ORFs into 

one vector in which the TCR and TCR ORFs are either separated by an internal 



Chapter 1 

 

  

26 

 

promoter
142,155,156

, an  internal ribosomal entry site (IRES) element
166

 or a picorna virus 

derived 2A sequence
167-169

. If TCR ORFs are separated by an internal promoter than the 

expression of one TCR ORF is under the control of a long terminal repeat (LTR) promoter 

while the other TCR ORF is under the control of an internal promoter, such as an pgk 

promoter. A disadvantage is that due to promoter interference down-regulation of transgene 

expression may occur. In other cases the TCR and TCR ORFs are separated by either an 

IRES element or a picorna derived 2A sequence. The IRES element enables transcription of 

both genes, a cap-dependent translation of the first gene and an IRES directed translation of 

the second gene in a cap-independent fashion. The gene upstream of the IRES is expressed to 

higher levels compared to the gene downstream of the IREs sequence
138

. An advantage of 

using a 2A sequence is that both the TCR and TCR genes are equimolar expressed. 

Overall the in vitro and in vivo results obtained so far using TCR transgenic T cells are 

encouraging. In most of the in vitro studies published T cells could be redirected into tumor or 

virus specific T cells. Even in some of the patients suffering from melanoma partial regression 

was observed after adoptive transfer of TCR transgenic MART-1 specific T cells. Therefore, 

adoptive transfer of TCR transgenic HPV specific T cells might be promising to treat patients 

suffering from HPV induced malignancies. 

 

1.5 Aim and outline of this thesis 

 

Although the incidence of cervical cancer by cytology screening has been decreased still new 

cases of cervical cancer occur even in countries with population based screening programs. 

Treatment by surgery, radiotherapy, chemotherapy or a combination there-off is often 

successful in lower stages of the disease but success decreases at higher stages. Therefore new 

treatment modalities are needed. In this context, immunotherapeutic strategies are promising. 

Adoptive transfer of tumor specific T cells for the treatment of cancer has proven to be 

effective for melanoma patients. In this thesis we explore the possibility of generating HPV 

specific T cells for the treatment of cervical cancer patients. 

The current availability of human CTLs specific for HPV16 as well as reactive against CxCa 

is extremely limited and hampers the efforts to explore adoptive CTL therapy of CxCa 
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patients. In Chapter 2 the isolation of HPV16-specific, CxCa-reactive CTL clones in vitro 

from healthy donor-derived precursors is described.   

Another way to generate tumor specific T cells is TCR gene transfer. In Chapter 3 it is 

described how HPV16 E711-20 specific TCR transduction can confer antigen specific and 

HLA-A2.1 restricted functional activity to CD8+ T cells. This approach allows the 

preservation and redirection of CxCa reactive CTL mediated immunity for 

immunotherapeutic purposes. 

Often TCR expression levels in donor T cells are very low. In Chapter 4 wild-type TCR 

sequences and codon-modified TCR sequences are compared in human T cells for their 

expression and functionality.  

Promiscuous behavior of TCR and TCR chains has been observed. Newly formed TCR 

pairs can be potentially dangerous since they can be directed against self-antigens. In 

Chapter 5 it is shown that promiscuous behavior of the HPV16E6 specific TCR chain can 

in part be forced back into specific action in TCR transgenic T cells by codon modification in 

combination with the inclusion of an extra cysteine in the TCR chains. 

Not only CD8+ T cells, also CD4+ T cells are required for an effective anti-tumor response. 

Therefore, TCR genes were isolated from an HLA-DP1 restricted T cell clone and 

subsequently introduced into both CD4+ and CD8+ T cells, as has been described in Chapter 

6. 

Finally, in Chapter 7 future perspectives on TCR gene transfer for the treatment of HPV 

induced malignancies are discussed.  
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Abstract 

 

Human papillomavirus (HPV) type 16 infection is strongly associated with the development 

of cervical carcinoma (CxCa) in women. The HPV16-derived oncoproteins E6 and E7, 

responsible for both onset and maintenance of malignant transformation, are expressed 

constitutively in CxCa cells and represent tumor-associated antigens. As a result, E6 and E7 

constitute potential targets for adoptive cytotoxic T lymphocyte (CTL)-mediated 

immunotherapy of CxCa. However, the availability to date of well-characterized HPV16-

specific, CxCa-reactive human CTLs is extremely limited. The current study describes the in 

vitro generation and isolation of HPV16 E7-specific, CxCa-reactive human CTL clones from 

low frequency healthy donor-derived CD8 positive precursors. For this purpose, an in vitro 

CTL induction protocol was used involving mature monocyte-derived dendritic cells (DCs) as 

stimulator cells loaded with an HLA-A2.1-restricted, E711-20-derived high affinity altered 

peptide ligand (APL). A double tetramer-guided isolation procedure and subsequent limiting 

dilution cloning resulted in antigen-specific CTL clones. Stringent CTL characterization 

clearly indicated antigen-specific, HLA-A2.1-restricted reactivity against different HPV16-

transformed CxCa cell lines. To allow expansion of E711-20-specific CTL clones to numbers 

required for prolonged in vitro as well as in vivo application, their life span was significantly 

extended by ectopic expression of human telomerase reverse transcriptase (hTERT). 

Collectively, our results show that optimized CTL induction and stringent CTL selection 

procedures, followed by hTERT-mediated life span extension will allow continued 

availability of low frequency HPV16-specific, CxCa-reactive human CTL clones. This may 

enhance the prospects of HPV16-specific adoptive CTL immunotherapy in CxCa patients. 
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Introduction 

 

Cervical cancer is the second most common cause of cancer death in women worldwide. The 

vast majority of CxCa is associated with infection by malignant HPV serotypes, particularly 

HPV16 and HPV18
1,2

. The HPV-derived oncoproteins E6 and E7 are exclusively responsible 

for both onset and maintenance of malignant transformation through inactivation of the p53 

and retinoblastoma tumor suppressor genes, respectively
3,4

. Constitutive expression of E6 and 

E7 in CxCa tumor cells appears to result in the induction of HPV-specific cell-mediated 

immune responses in CxCa patients. HPV16-specific CD8+ CTLs have been detected in both 

peripheral blood lymphocytes and tumor-infiltrating lymphocytes isolated from CxCa 

patients, albeit only after repeated antigen-specific in vitro restimulation
5-7

. Similarly, 

HPV16-specific CTLs could be generated from peripheral blood isolated from healthy donors, 

either with
8
 or without

9
 the use of DCs as antigen presenting cells.  

 The apparent immunogenic potential of HPV16-derived E6 and E7 may allow CTL-

mediated immunotherapeutic intervention in CxCa patients. Indeed, animal models have 

shown that HPV16-specific CTLs can eradicate HPV16-transformed tumor cells in vivo
10-12

. 

Adoptive CTL transfer represents a potential immunotherapeutic strategy to intervene with 

malignant disease, including CxCa. Recent studies in melanoma patients have shown that 

adoptive transfer of ex vivo selected and expanded CTLs can result in transfer of their 

functional activity in vivo leading to regression of the patient’s metastatic melanoma
13,14

.  For 

adoptive immunotherapeutic purposes the availability to date of well-characterized HPV16-

specific CTL is extremely limited. Sofar examples of HPV16-specific CTLs mainly represent 

poorly characterized, mostly bulk cultures with limited value for adoptive CTL therapy
15-18

. 

The use of DCs as professional antigen presenting cells (APC) for the induction of specific 

CTLs in vitro has boosted identification of new tumor antigens as well as the availability of 

tumor antigen-specific CTLs (reviewed in 
19-21

). DCs loaded with different antigenic 

preparations, including synthetic peptides, recombinant protein, and apoptotic tumor cells 

have been shown to successfully induce specific human CTL in vitro from low frequency 

healthy donor-derived precursors
19,21,22

. Furthermore, the recent development of soluble 

fluorogenic MHC-peptide complexes (tetramers) has allowed identification and isolation of 

such CTL from bulk cultures
23

. The current report describes a protocol for the in vitro DC-

mediated induction and subsequent isolation of bona fide HPV16-specific, CxCa-reactive 
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CTL clones from low frequency healthy donor-derived precursors. For DC loading a high 

affinity APL
24,25

 was generated from the immunodominant HPV16-derived CTL epitope, the 

HLA-A2.1-restricted E711-20 epitope, identified previously by reverse immunology together 

with the E782-90 and E786-93 epitopes
26

. However, results obtained in HLA-A2.1 transgenic 

mice suggest that the latter two epitopes are not or inefficiently processed from the E7 

antigen
27,28

. We used an HLA-A2.1/E711-20 tetramer-directed isolation procedure in order to 

obtain E711-20–specific human CTL clones followed by extensive phenotypic and functional 

CTL characterization. To enable extensive in vitro characterization and future 

immunotherapeutical application in vivo of E711-20–specific human CTL clones, multiple 

rounds of CTL expansion are required. Unfortunately, the in vitro expansion of human T cells 

is hampered by corrosion of chromosomal telomeric ends resulting in replicative 

senescence
29

. Current evidence indicates however that the life span of CD4+ and CD8+ 

human T cells can be significantly extended by ectopic expression of hTERT without 

malignant transformation
30-33

. In agreement with this, hTERT transduction resulted in a 

prominent life span extension of the E711-20–specific human CTL clones described herein. 

 

Materials and Methods 

 

Cell lines. The EBV-transformed B cell line JY and HLA-A2.1 transfected K562 cells
34

     (K-

A2, kindly provided by dr. C. Britten, TVZ, Mainz, Germany) were cultured in Iscove’s 

medium (BioWhittaker, Verviers, Belgium) supplemented with 8% FCS (Perbio, 

Helsingborg, Sweden) and antibiotics (penicillin/streptomycin, Gibco, Paisley, Scotland) . 

The HPV16 positive cervical carcinoma cell lines Caski (ATCC), Siha (ATCC), CxCa866
35

 

(kindly provided by dr. P. Stern, Manchester, UK) and Siha transfected with HLA-A2.1 

(Siha-A2, kindly provided by dr. S. Man, Cardiff, UK) were cultured in Keratinocyte-SFM 

(Gibco) supplemented with 5% FCS, bovine pituitary extract (BPE, Gibco), epidermal growth 

factor (EGF, Gibco) and antibiotics.  

 

Bioinformatics, peptides and HLA-A2.1 binding assay. The Rammensee
36

 and Parker
37

 

peptide binding scores to HLA-A2.1, expressed in arbitrary units, were determined at 

http://syfpeithi.bmi-heidelberg.com/Scripts/MHCServer.dll/EpPredict.htm and http://www-

bimas.dcrt.nih.gov/molbio/hla_bind/index.html, respectively. Peptides were synthesized with 
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a free carboxy-terminus by solid-phase strategies on an automated multiple peptide 

synthesizer (Syro II, MultiSyntech, Witten, Germany) using Fmoc chemistry. Peptides were 

>90% pure as analyzed by reverse-phased HPLC, dissolved in DMSO and stored at -20C. 

Peptide binding to HLA-A2.1 was determined using the JY-based peptide binding assay as 

described
38

. Briefly, HLA-A2.1-presented peptides were stripped from the surface of JY cells 

by mild acid elution. After washing, JY cells were incubated with a mixture of fluorescein-

labeled reference peptide (FLPSDC[fl]FPSV) and different concentrations of competitor 

peptide for 24 hr at 4C, followed by flowcytometric analysis of fluorescence intensity. 

Binding capacity of competitor peptides was determined as the concentration required for 

50% reference peptide binding inhibition (IC50). Peptide IC50 values <5 M are considered 

high affinity binders to HLA-A2.1, whereas values of 5>15 M represent intermediate 

affinity peptides
39

. 

 

Antibodies, tetramers and flowcytometry. FITC or PE labeled antibodies directed against 

human CD2, CD3, CD4, CD8, CD11a, CD16, CD25, CD27, CD28, CD45RA, CD45RO, 

CD54, CD56, CD57, CD69, T cell receptor (TCR), TCR, CCR7 (all from Beckton 

Dickinson, Mountain View, CA) and CD8 (Beckman Coulter, Marseille, France), and APC 

labeled anti-human nerve growth factor receptor (NGFR, Chromoprobe, Aptos, CA) were 

used for flow cytometric analysis. Flow cytometric analysis of TCR V expression was 

performed using antibodies present in the Beta Mark TCR V repertoire kit (Beckman 

Coulter). PE and APC labeled HLA-A2.1 tetramers presenting the HPV16 E711-20, E711-20V, 

E786-93 and Influenza-A MP58-66 epitopes were prepared as described previously
40

. Tetramer 

and/or antibody staining of cells was performed in PBS supplemented with 0,1% BSA and 

0,01% azide (PBA) for 15 min at 37C and/or 20 min on ice, followed by washing with PBA. 

Stained cells were analyzed on a FACScalibur (Beckton Dickinson) using CellQuest software. 

To exclude dead cells, all flowcytometric analyses were performed in the presence of 0.5 

g/ml propidium iodide (ICN Biomedicals, Zoetermeer, The Netherlands). Antibody- and/or 

tetramer-directed flow sorting was performed (in the absence of azide and propidium iodide) 

on a FACStar Plus (Beckton Dickinson) using CellQuest software.  
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Primary CTL induction in vitro. Healthy donor-derived PBMC were isolated from an HLA-

A2.1 positive buffy coat using density gradient centrifugation using Lymphoprep (Nycomed 

AS, Oslo, Norway).  Isolation of resting CD8 positive CTL precursors from total PBMC was 

performed by positive selection on an automated magnetic sorting device (autoMACS, 

Milteny Biotech, Bergisch Gladbach, Germany). For this purpose, total PBMC were stained 

with anti-CD8 mAb and micro bead-conjugated anti-mouse IgG antibodies (Molten 

Biotech), followed by autoMACS sorting. The CD8-negative PBMC fraction was used to 

generate mature monocyte-derived DCs as described previously
41

, with minor modifications. 

Briefly, plastic adherent PBMC (8x10
6
/ml in Iscove’s supplemented with 1% human serum 

(HS, Perbio) for 45-60 min at 37C) were washed with PBS and cultured for 6-7 days in 

Iscove’s supplemented with 8% FCS, 1000 U/ml IL-4 (Sanquin, Amsterdam, The 

Netherlands) and 100 ng/ml GM-CSF (Schering-Plough, Kenilworth, NJ). Cytokines were 

refreshed at day 3 and 6, and DC maturation was induced by an additional 2-day culture in the 

presence of monocyte-conditioned medium (MCM), generated as described previously
42

. 

Briefly, 50x10
6
 PBMC were seeded on a human Ig-coated (30 g/ml in PBS for 1 hour at 

room temp) 10 cm bacteriological Petri dish and incubated 30 min at 37C. Adherent 

monocytes were washed with PBS and incubated 24 hours at 37C in Iscove’s supplemented 

with 2% HS. Supernatant (MCM) was harvested, filtered and used at 25-50% v/v for DC 

maturation. Mature DCs were loaded with 25 M peptide for 2-4 hr at room temperature in 

Iscove’s supplemented with 1% HS in the presence of 3 g/ml human 2-microglobulin 

(Sigma), washed twice with medium, and irradiated (40 Gy). Peptide-loaded DCs (1-2x10
5
) 

were cultured for 10 days with 1x10
6
 autologous CD8-positive CTL precursors and 1x10

6
 

irradiated (80 Gy) autologous PBMC as feeders in 1.5 ml Yssel’s medium
43

 supplemented 

with 1% HS, 10 ng/ml IL-6 (R&D systems, Oxon, UK), and 5 ng/ml IL-12 (R&D systems) 

per well of a 24-well culture plate (Nunc, Intermed, Denmark). On day 1, 10 ng/ml IL-10 

(R&D systems) was added to the cultures. From day 10 on, CTL cultures were restimulated 

weekly with fresh peptide-loaded mature DC (1x10
5
) in the presence of 5 ng/ml IL-7 (R&D 

systems). Two days after each restimulation 20 U/ml IL-2 (Chiron, Amsterdam, The 

Netherlands) was added to the cultures. One day before each restimulation, a sample from 

each individual well was taken and analyzed by flow cytometry using the tetramers as 

indicated in the results section. Tetramer-positive CTLs were isolated by tetramer-directed 

flow sorting, cloned by limiting dilution as previously described
44

, and CTL clones were 
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expanded in 24-well plates by weekly stimulation with an irradiated (80 Gy) feeder mix 

consisting of 1x10
6
 allogeneic PBMC from two different donors and 1x10

5
 JY cells per ml 

Yssel’s medium supplemented with 1% HS, 100ng/ml PHA (Murex Biotech, Dartford, UK), 

and 20 U/ml IL-2. The Influenza-A MP58-66-specific CTL clone used in figure 4 was isolated 

directly ex-vivo from an HLA-A2.1-positive healthy donor. For this purpose, PBMC were 

stained with pe-labeled HLA-A2.1/MP58-66 tetramers followed by micro bead-conjugated anti-

pe antibodies (Molten Biotech) and autoMACS sorting (positive selection). The used MP58-66-

specific CTL clone was subsequently obtained by limiting dilution cloning and expansion as 

described above. 

 

Chromium-release and ELISPOT assays. Cytolytic activity of CTL clones was determined 

using a standard chromium-release assay as described previously
45

. Briefly, 1x10
6
 target cells 

were labeled with 100 Ci Na2[
51

Cr]O4 (Amersham, Bucks, UK) for 45 min at 37C, washed 

extensively, and loaded with 1 M peptide (when indicated) for 30 min at 37C. Effector CTL 

clones were added to 2x10
3
 target cells at the indicated effector to target (E/T) ratios in 

triplicate wells of a round bottom 96-well plate (Nunc). After a 4-hr incubation at 37C, 50 l 

of the supernatant was harvested and its radioactive content was measured. The percentage 

specific lysis was defined by: [(experimental release-spontaneous release) / (maximum 

release-spontaneous release)] x 100%. CxCa cell lines CxCa866, Caski and Siha (-A2) were 

cultured in the presence of 200 U/ml human IFN (R&D systems) for 48-72 hr prior to their 

use in a chromium-release assay. Production of IFN by CTL clones was determined using an 

ELISPOT assay as described previously
46

. Briefly, 1x10
4
 effector CTL were incubated o/n 

with 1x10
4 

target cells (loaded with 1 M peptide when indicated) at 37C in a multiscreen 

96-well filtration plate (Millipore, Molsheim, France) coated with mAb 1-D1K (Mabtech, 

Nacka, Sweden). Plates were washed and incubated with biotinylated mAb 7-B6-1 (Mabtech) 

for 2-4 hr at room temperature, followed by washing and incubation with streptavidin-AP 

(Mabtech) for 1-2 hr at room temperature. IFN spots were developed with an AP conjugate 

substrate kit (Biorad, Hercules, CA) and counted with an automated ELISPOT reader (AID, 

Strassberg, Germany). 

 

RT-PCR analysis of TCR V repertoire. Total RNA was isolated from ~5x10
6
 CTLs using 

RNAzol (Campro Scientific, Veenendaal, The Netherlands) according to the manufacturer’s 
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instructions. Copy DNA was synthesized from 2-5 g RNA using oligo(dT) primers and 

reverse transcriptase (Gibco) in a volume of 20 l according to the manufacturer’s 

instructions. PCR was performed using 12 mixtures of 4-5 primers (all primers used were a 

kind gift from dr.T. Schumacher, Amsterdam, The Netherlands) complementary to the 

variable TCR  chain and 1 primer complementary to the constant TCR  chain. PCR 

reactions were performed on 1l cDNA in the presence of 2mM MgCl2, 15M of each 

primer, dNTPs and 2.5U Taq polymerase (Roche, Almere, The Netherlands) in a volume of 

50 l. When a band of the expected size was visible on an agarose gel stained with ethidium 

bromide, the PCR reactions were repeated using each of the variable primers separately 

together with the constant TCR  primer. V3 was subsequently confirmed by sequence 

analysis (BaseClear, Leiden, The Netherlands). 

 

Retroviral hTERT transduction. The retroviral vector LZRS-hTERT-IRES-NGFR was 

constructed by replacing the marker green fluorescent protein (GFP) for the coding sequence 

of a truncated, signaling incompetent form of the low affinity nerve growth factor receptor 

(NGFR)
47

 and inserting the hTERT coding sequence
48

 in the multiple cloning site in the 

original LZRS-mcs-IRES-GFP
49

. The LZRS-hTERT-IRES-NGFR construct was used to 

produce retroviral supernatant followed by retroviral hTERT transduction of CTL clones 

using protocols described previously
50,51

. Briefly, 5x10
5
 CTLs, stimulated for 48 hr with 

feeder mix as described above, were resuspended in 0.5 ml retroviral supernatant 

supplemented with 20 U/ml IL-2 and transferred to a fibronectin (RetroNectin; Takara, Otsu, 

Japan)-coated well of a non-tissue culture treated 24-well plate (Beckton Dickinson). Plates 

were centrifuged for 90 min at 2000 rpm, followed by 5 hr incubation at 37C. The CTLs 

were subsequently harvested, washed with culture medium, and kept at 37C o/n in culture 

medium supplemented with 20 U/ml IL-2. The next day, retroviral transduction as described 

above was repeated. Expression of hTERT was investigated after 48 hr and later time points 

by flowcytometric analysis of NGFR marker gene expression using an NGFR-specific 

antibody. CTLs transduced with hTERT were stimulated weekly or bi-weekly in 24-well 

plates with feeder mix as described above. 
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Results 

 

Selection of an HLA-A2.1-restricted high affinity altered peptide ligand derived from HPV16 

E7. The E711-20 epitope YMLDLQPETT represents the best studied HLA-A2.1-presented, 

HPV16-derived epitope against which CTL-mediated reactivity has been found both in CxCa 

patients and healthy donors
52-55

. Consequently, this epitope may prove a suitable target for 

CTL-mediated immunotherapy of CxCa, including the generation of specific CTL clones 

followed by adoptive transfer into CxCa patients. For this purpose we set out to generate E711-

20-specific healthy donor-derived CTL clones by primary in vitro CTL induction. Since 

previous work in both mice and humans has indicated that epitope affinity for its presenting 

MHC class I molecule positively correlates with CTL induction efficiency
56,57

, altered peptide 

ligands (APL) of the E711-20 epitope were designed to improve binding affinity. E711-20 APLs 

containing the dominant C-terminal HLA-A2.1 anchor residues valine (V), leucine (L), 

isoleucine (I), or methionine (M), absent in the wild type epitope, were screened for HLA-

A2.1 affinity by bioinformatics. Table I indicates that the calculated binding affinity of the 

E711-20 epitope, depicted as Rammensee and Parker scores in arbitrary units, can be increased 

substantially by substitution of the C-terminal threonine (T) into either a V or an L. The use of 

C-terminal I or M residues affected the calculated affinity only marginally, resulting in 

selection of the E711-20V and E711-20L APLs for further study.  

 

Figure 1. Binding affinity to JY-expressed HLA-

A2.1 of the E711-20 wild type () and E711-20V 

APL () epitopes as determined in a competition 

assay. Increasing amounts of competitor (test) 

peptide are used to inhibit HLA-A2.1 binding of a 

FITC-labeled reference peptide to determine the 

concentration of competitor peptide required to 

inhibit 50% reference peptide binding (IC50). 

 

 

 

Analysis of actual binding affinity to HLA-A2.1 was performed with both E711-20V and E711-

20L APLs and indicates a twofold decrease of the IC50 value for the E711-20V APL (3 M, high 

affinity) as compared to the wild type E711-20 epitope (6 M, intermediate affinity) (Figure 1), 
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whereas the IC50 value for the E711-20L APL decreased to 3.5 M (data not shown). 

Consequently, the E711-20V APL was selected for CTL induction. 

 

Generation and isolation of HPV16 E7-specific CTL clones from healthy donor-derived 

precursors. As professional APC, DCs have the unique capability to activate naïve antigen-

specific T cells both in vivo and in vitro
19,21,58

. In order to generate CxCa-reactive, HPV16 

E711-20-specific CTL clones, mature monocyte-derived DCs loaded with the above selected 

E711-20V APL were used as stimulator cells. The employed in vitro CTL induction procedure, 

as described in the materials and methods section, represents a procedure adopted from 

previously published protocols
19,59

 involving continued stimulations with mature peptide-

loaded DCs in the presence of different cytokines to allow specific CTL expansion. Mature 

DCs were derived as described previously
60

, and displayed typical mature DC veiled 

morphology and phenotype including expression of CD80, CD86, CD83, and HLA-DR (data 

not shown). Precursor CTLs were selected as responder cells from total PBMC based on the 

expression of CD8Since CD8 is only expressed by CTLs, selection of these cells as 

responders may avoid potential aspecific in vitro activation and expansion of CD8+ natural 

killer (NK) cells or CD4+ helper T cells.  

 Stimulation of 18 individual cultures per healthy donor (1x10
6
 CD8+ precursors as 

starting material per individual culture) with peptide-loaded DCs was repeated on a weekly 

basis and each stimulation was monitored by tetramer-guided flowcytometric analysis of a 

sample taken from each individual culture (figure 2A-C). As depicted in figure 2A, all 

tetramer-guided analyses were performed on cells present within a CD8+, propidium iodide-

negative gate to ensure analysis of live CTLs. Moreover, tetramer staining was performed by 

the simultaneous use of two individual HLA-A2.1 tetramers presenting the same E711-20V 

epitope, labeled with two different fluorochromes. Such approach was chosen to avoid false 

positive interpretation of potential aspecific staining with either of the single tetramers, 

especially when low numbers of specific, tetramer-positive cells are present. Additionally, 

CTL clones for validation of specific and background staining by individual tetramer 

preparations were not available to us at the time. Figure 2B indicates tetramer analysis of a 

representative culture out of 54 cultures analyzed in three individual HLA-A2.1 positive 

healthy donors (18 cultures per donor) after the first DC stimulation, showing absence of any 

double positive cells. Similar results were obtained after the second DC stimulation (data not 
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shown). In contrast, low numbers of E711-20V tetramer double positive cells could be detected 

after the third DC stimulation in two out of 54 individual cultures (0,02-0,07% of live CTLs), 

both derived from the same healthy donor (data not shown) and both increasing to 0,2% of 

live CTLs after the fourth stimulation (figure 2C). Double tetramer positive cells increased to 

0,6% of live CTLs after the fifth stimulation of both individual cultures (data not shown). 

Next to the low percentages of specific CTLs obtained after multiple DC stimulations, the low 

number of positive cultures obtained in one donor and the absence of positive cultures in the 

other two donors further illustrate the low precursor frequency of HPV16 E711-20-specific 

CTLs. Moreover, these results point out the difficulty of obtaining such CTLs in vitro in spite 

of the use of the high affinity E711-20V APL. 

  

Figure 2. Flowcytometric HLA-A2.1 tetramer (T A2)-guided analysis of healthy donor-derived CD8 positive 

precursors stimulated with E711-20V-loaded mature DC. (A) Inclusion criterium (R2 gate) for tetramer analysis: 

propidium iodide negative, CD8+ T cells. (B) Double tetramer (T A2 11-20V-pe and –apc, presenting the 11-

20V APL) analysis of an individual CTL bulk culture after the first DC stimulation and (C) after the fourth DC 

stimulation (% double tetramer positive cells is indicated in the upper right corner). Double tetramer analysis of 

CTL clones after tetramer-guided flow sorting followed by limiting dilution cloning using tetramers (D) T A2 

11-20V-pe and -apc, (E) T A2 11-20-pe (presenting the wild type 11-20 epitope) and T A2 11-20V-apc, and (F) 

T A2 11-20-pe and an irrelevant T A2 86-93-apc.  
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Based on the binding of both E711-20V tetramers shown in figure 2C, specific CTLs were 

sorted after the fourth and fifth DC stimulations by flow cytometry, followed by limiting 

dilution cloning and expansion of CTL clones. As shown in figure 2D, CTL clones reacting 

with both E711-20V tetramers could be isolated by double tetramer-directed flow sorting. A 

comparable binding capacity of both tetramers on a per cell basis is illustrated by the diagonal 

cell distribution of the cells plotted in figure 2D. A similar staining could be observed when 

the E711-20V tetramer was combined with the tetramer presenting the E711-20 wild type epitope, 

indicating full TCR cross-reactivity between the E711-20V APL and E711-20 wild type epitopes 

regarding tetramer binding (figure 2E). In contrast, binding to HLA-A2.1 tetramers presenting 

the E786-93 epitope (figure 2F) or the Influenza-A matrix protein-derived MP58-66 epitope (data 

not shown) could not be detected, further emphasizing TCR specificity for the HPV16 E711-20 

epitope. 

 

Phenotype and functional activity of HPV16 E7-specific CTL clones. Multiple CTL clones 

generated and isolated as described above were subsequently used for phenotypical (n=4) and 

functional (n=6) analysis. Table II shows the expression levels of T cell-associated surface 

molecules as determined by flowcytometric analysis. According to the resulting phenotype 

CD8+CD27-CD28-CD45RA+/-CD45RO+CCR7-TCR+, the isolated E711-20-specific CTL 

clones can be defined as CD8+ type 1 effector memory CTL expressing an TCR
61,62

. 

 Functional activity of E711-20-specific CTL clones was investigated using standard 

chromium-release and IFN ELISPOT assays (figure 3). Figure 3A indicates lytic activity 

against HLA-A2.1 positive EBV-transformed B cells exogenously loaded with the relevant 

E711-20 wild type epitope, but not with an irrelevant E786-93 epitope. Importantly, HPV16-

transformed CxCa866 cells, isolated and expanded from a biopsy taken from an HLA-A2.1 

positive CxCa patient
63

, were specifically lysed by E711-20-specific CTL clones, suggesting 

recognition of endogenously processed E7 antigen as well (figure 3A). Similar results were 

obtained in an ELISPOT assay using the same targets, showing antigen-specific production of 

IFN (figure 3B).  

 To provide more extensive characterization of antigen recognition and specificity, an 

additional set of target cells were used in chromium-release assays. HLA-A2.1 transfected 

K562 cells
64

, devoid of any other MHC class I molecule, were only lysed upon exogenous 

loading with the relevant  E711-20 wild type epitope (figure 3C). These results further 
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emphasize epitope specificity and rule out NK-like lytic activity. Figure 3D shows specific 

lysis of the broadly used HLA-A2.1 positive, HPV16-transformed CxCa cell line Caski, but 

not the HLA-A2.1 negative, HPV16-transformed CxCa cell line Siha. However, Siha cells 

were sensitized for lysis upon transfection with the HLA-A2.1 restriction element, providing 

formal proof for HLA-A2.1-restricted recognition of endogenously processed E7 antigen by 

E711-20-specific CTL clones. Collectively, the data presented in figure 3 clearly show that our 

strategy involving the use of APL-loaded mature DCs for E711-20-specific CTL induction and 

restimulation allows the generation of bona fide CTLs recognizing exogenously loaded and, 

more importantly, endogenously processed wild type E711-20 in an HLA-A2.1 restricted 

fashion. 

 

Figure 3. Lytic activity of an E711-20-specific CTL clone, representative of six individual clones analyzed, in a 

standard chromium-release assay (A,C,D) and an IFN ELISPOT assay (B), both performed as indicated in the 

materials and methods section. (A,B) Used targets were HLA-A2.1 positive JY cells loaded with the relevant 

E711-20 epitope () or an irrelevant E786-93 epitope (), and the HLA-A2.1, HPV16-transformed CxCa line 

CxCa866 (). (C) Used targets were HLA-A2.1 transfected K562 cells (K-A2) loaded with the relevant E711-20 

epitope () or an irrelevant E786-93 epitope (). (D) Used targets were HPV16-transformed CxCa lines Caski 

() (HLA-A2.1 positive) and Siha () (HLA-A2.1 negative), and HLA-A2.1-transfected Siha cells () (Siha-

A2). CxCa cell lines CxCa866, Caski and Siha (-A2) were pre-treated for 48-72 hr with 200 U/ml IFN. 
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Functional avidity of HPV16 E7-specific CTL clones. Functional CTL avidity involves the 

amount of TCR triggering required for functional activity, thereby reflecting the amount of 

presented specific peptide/MHC complexes required for optimal CTL function. Analysis of 

functional avidity of HPV16 E711-20-specific CTL clones was performed by using HLA-A2.1 

positive target cells loaded with decreasing amounts of specific peptide in a chromium-release 

assay (figure 4). As such, four individual CTL clones were analysed using target cells loaded 

with decreasing amounts of the E711-20 wild type epitope (figure 4A) or the E711-20V APL 

(figure 4B). The results indicate CTL-mediated recognition of the E711-20 wild type and E711-

20V APL epitopes with half-maximal lysis observed around the 10 nM and 1 nM range, 

respectively. The one log increased avidity of E711-20V recognition by the CTLs most probably 

reflects the higher affinity of the E711-20V APL for HLA-A2.1 as compared to the E711-20 wild 

type epitope (figure 1).  

 

 

Figure 4. Functional avidity analysis of four individual E711-20-specific CTL clones as determined in a standard 

chromium-release assay using HLA-A2.1 positive JY cells as target (10/1 E/T ratio), loaded with serial 10-fold 

dilutions of the E711-20 wild type (A) or E711-20V APL (B) epitopes. (C) Similar avidity analysis of anHLA-A2.1-

restricted, Influenza A MP58-66-specific CTL clone using the relevant MP58-66 () or an irrelevant E711-20 () 

epitope.  
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The observed half maximal lysis by E711-20-specific CTL clones in the low nM range reflects 

an intermediate avidity recognition of antigen
65

. For comparative purposes, the avidity of 

antigen recognition by an MP58-66-specific CTL clone is depicted in figure 4C. CTL responses 

against the Influenza-A MP58-66 epitope are usually of high avidity
66

. Indeed, the half maximal 

lysis of MP58-66-loaded target cells by MP58-66-specific CTLs is not reached within the peptide 

titration range used in figure 4, reflecting high avidity antigen recognition. 

 

T cell receptor gene usage of HPV16 E7-specific CTL clones. The success rate of E711-20-

specific CTL induction described in the current report is relatively low, in spite of the use of 

mature DCs loaded with a high affinity APL. As a result, the expected variety of isolated CTL 

clones regarding TCR gene usage may be restricted. To investigate this, individual E711-20-

specific CTL clones isolated from the culture depicted in figure 2C were analyzed for TCR 

V gene usage by RT-PCR.  

 

Figure 5. V TCR gene usage by E711-20-

specific CTLs using RT-PCR (A,C) and 

flowcytometric (B) analysis. (A) RT-PCR on 

total RNA isolated from a representative 

E711-20-specific CTL clone using a single 

constant TCR region-specific primer 

combined with 12 groups of primers 

representing 4-5 V-specific primers each as 

specified in the materials and methods 

section. M represents DNA marker. (B) V3 

expression by a representative E711-20-

specific CTL clone determined using a fitc-

labeled, V3-specific mAb together with T 

A2 11-20-apc tetramer staining. (C) 

Comparative RT-PCR on 7 individual E711-

20-specific CTL cloned using a constant TCR 

region-specific primer combined with a V3-

specific primer. M represents DNA marker, -

- represents control PCR without reverse 

transcription. 
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A total of 12 groups of PCR primers containing 4-5 individual V family-specific primers 

each and the same constant TCR region-specific primer were used for RT-PCR analysis 

(figure 5A). The results depicted in figure 5A indicate that primer group 12 convincingly 

amplifies a V gene segment of the expected size from E711-20-specific CTL-derived RNA. 

RT-PCR analysis performed with the 5 individual V primers present in group 12 only 

resulted in a PCR product of the expected size with one of the variable region primers, 

specific for V3 (data not shown). Expression of V3 was subsequently confirmed by 

sequence analysis (data not shown) and flowcytometry using a V3-specific mAb (figure 5B). 

Comparative RT-PCR analysis of 7 individual E711-20-specific CTL clones isolated from the 

culture depicted in figure 2C is shown in figure 5C and clearly indicates uniform expression 

of V3 by all clones analyzed. These results strongly suggest that the tetramer positive cells 

depicted in figure 2C represent a clonal CTL population derived from a single CD8 positive 

precursor.  

 

Telomerase-mediated life span extension of HPV16 E7-specific CTL clones. Given the 

difficulties in obtaining tumor-reactive, E711-20-specific CTLs, continued availability and 

expansion to sufficient amounts of such specificities seems of utmost importance for extended 

in vitro and in vivo use. One strategy to ensure continued availability of such specificities 

clones is described in the section above and represents the isolation of the gene fragments 

encoding the E711-20-specific TCR, i.e. the process of molecular ‘immortalization’. 

Alternatively, the recently described process of T cell life span extension, i.e. cellular 

‘immortalization’, may ensure continued CTL availability and CTL expansion to sufficient 

amounts
67-70

. Ectopic expression of the catalytic subunit of telomerase, hTERT, efficiently 

compensates for replicative CTL senescence induced by corrosion of telomeric ends of 

chromosomes. In order to extend the life span of the isolated E711-20-specific CTL clones, 

retroviral hTERT transduction was performed and subsequently monitored on the basis of 

NGFR marker gene expression (figure 6A). As compared to non-transduced counterparts 

(figure 6A, t=0), hTERT-IRES-NGFR expression can be detected in >10% of transduced 

CTLs one week after transduction (figure 6A). Without selection of hTERT-IRES-NGFR 

positive cells, but with the requirement of weekly CTL stimulation using feeder mix, the 

fraction of hTERT-transduced CTLs increases to almost 100% in the 10 weeks following 

retroviral transduction (figure 6A). Similar results were obtained upon hTERT transduction of 
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human Influenza-A-specific CTL clones (data not shown). These results illustrate the 

replicative advantage hTERT-transduced E711-20-specific CTL clones in agreement with 

previous studies
71-74

. The recently described elevated expression levels of the anti-apoptotic 

Bcl-2 proto-oncogene observed upon hTERT transduction of human T cells may account for 

the growth advantage observed in figure 6A
75

. 

 A total of six individual E711-20-specific CTL clones were hTERT transduced, and 

displayed the replicative advantage over non-transduced counterparts as described above, 

resulting in an approximately 100% hTERT-IRES-NGFR positive population after 6-12 

weeks of culture without selection. The transduced CTL clones could be maintained in vitro 

for over 6 months, whereas their non-transduced counterparts were routinely lost after a 2-4 

month culture period (data not shown). The observation that hTERT-transduced HPV16 E7-

specific CTLs thrive somewhat better in vitro, and their prolonged in vitro life span indicate a 

significant increase in the expansion potential of CTLs upon hTERT transduction. 

  

Figure 6. Flow cytometric (A) and functional (B) 

analysis of E711-20-specific CTLs after retroviral 

transduction with LZRS-hTERT-IRES-NGFR, 

representative of 6 individual CTL clones 

transduced. (A) An hTERT-transduced E711-20-

specific CTL clone was monitored for hTERT-

NGFR expression up to 10 weeks after 

transduction using an NGFR-specific, apc-labeled 

mAb. (B) Lytic activity of wild type, non-

transduced (closed symbols) and hTERT-

transduced (open symbols) E711-20-specific CTLs, 

representative of 6 individual CTL clones 

transduced, in a standard chromium release assay 

using as target HLA-A2.1 positive JY cells 

loaded with the relevant E711-20 epitope (open and 

closed squares) or an irrelevant E786-93 epitope 

(open en closed circles). 
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To investigate the effect of hTERT transduction on the phenotype and function of HPV16 E7-

specific CTLs, a direct comparison was made between wild type and transduced CTL clones. 

The phenotype of hTERT-transduced CTLs remained similar as depicted in table II for their 

non-transduced counterparts (data not shown).  Moreover, the functional activity of hTERT-

transduced CTL clones remains unaffected as shown in figure 6B. As compared to their non-

transduced counterparts, the lytic activity of an hTERT-transduced E711-20-specific CTL 

population (>95% hTERT-IRES-NGFR positive) is of similar magnitude and dependent on 

the presentation of the relevant antigen. Collectively, life span extension of E711-20-specific 

CTL clones by hTERT transduction represents a valuable strategy to ensure continued 

availability of such low frequency CTLs. 

 

Discussion 

 

Adoptive CTL immunotherapy represents a promising immunotherapeutical strategy to fight 

malignant disease as indicated by the results obtained sofar in different preclinical mouse 

models (reviewed in
76

). Moreover, recent clinical studies have shown that objective 

regressions of human melanoma can be induced in patients upon adoptive transfer of tumor-

specific CTL clones
77,78

. The constitutive expression of HPV16-derived oncoproteins E6 and 

E7 confers immunogenic potential to the majority of CxCa tumors and thus could be targeted 

by CTL-mediated active or adoptive immunotherapy. However, the low precursor frequencies 

of HPV16 E6- and E7-specific CTLs observed among human PBMC may render active 

vaccination against CxCa less attractive, as illustrated by the limited success obtained sofar 

with synthetic peptide-based vaccines in a clinical setting
79,80

. One of the primary conditions 

for successful adoptive immunotherapy is the availability of tumor-reactive T cells, well 

characterized both phenotypically and functionally. The current availability of human CTLs 

specific for HPV16 as well as reactive against CxCa is extremely limited and hampers the 

efforts to explore adoptive CTL therapy of CxCa patients. Consequently, we set out to 

circumvent this restriction by deriving HPV16-specific, CxCa-reactive CTL clones in vitro 

from healthy donor-derived precursors. 

 It is well appreciated that mature DCs have the unique capability to activate antigen-

specific CTLs from naïve precursors in vitro
19,21,81

. In accordance with previous work
82

, 

mature immunostimulatory DCs were generated and used to induce HPV16-specific CTLs 
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from low frequency precursors in vitro. Existing protocols regarding primary CTL induction 

in vitro were adopted with modifications, as described in the materials and methods section, 

in order to allow the induction and isolation of such low frequency CTLs. Modifications of 

interest represent the use of purified CD8 positive CTL precursors as responder cells to 

exclude the activation of NK(T) and/or helper T cells, the continued use of mature DCs for 

effective CTL restimulation, and a compilation of different cytokine combinations previously 

employed to allow activation and expansion of antigen-specific CTLs
19,83

. Furthermore, we 

are the first to include the use of a high affinity APL derived from the immunodominant E711-

20 epitope to improve and prolong the stability of DC-presented MHC/peptide complexes. 

Detection of E711-20-specific CTLs in vitro required three E711-20V APL-loaded mature DC 

stimulations and was observed only in 2 out of 54 induction cultures analyzed in three healthy 

donors. These results illustrate the low frequency of HPV16-specific CTLs in the periphery, 

in contrast to other virus-specific CTLs including CMV, EBV, and Influenza-A
84-86

. The 

underlying mechanisms for this phenomenon are currently unclear and require further 

investigation, but may involve holes in the T cell repertoire induced in early life by related 

non-malignant HPV serotypes, or perhaps even molecular mimicry as suggested previously
87

. 

 The simultaneous use of two HLA-A2.1 tetramers presenting the same epitope but 

labeled with different fluorochromes represents a novel approach for specific CTL detection 

and isolation. This resulted in highly specific CTL isolation from bulk cultures containing low 

numbers (0,2-0,6%) of E711-20-specific CTLs as illustrated by the almost exclusive presence 

of E711-20-specific CTLs in cultures expanded from wells that were seeded with 100 as such    

sorted cells (data not shown). A representative phenotypical analysis of expanded E711-20-

specific CTL clones indicated a predominant type 1 effector memory classification,  proposed 

previously to exhibit a high degree of anti-tumor reactivity
88,89

. Indeed, analysis of their 

functional activity clearly indicates both lytic activity and production of IFN upon tumor cell 

recognition. The use of an extended set of target cells in the chromium-release assays depicted 

in figure 3 provides formal proof for E711-20-specific and HLA-A2.1-restricted recognition of 

endogenously processed E7 antigen expressed at physiological levels. This is in contrast to 

previous reports using as targets peptide-loaded cells, recombinant vaccinia virus-infected 

cells, and the HPV16-transformed Caski cell line
90-92

. Since the E711-20 epitope was identified 

by reverse immunology
93

 and Caski cells appear sensitive for aspecific lysis
94

, results 

obtained with CTLs generated with E711-20 peptide-loaded DCs require careful interpretation. 



Generation of HPV specific T cells 

 

 

61 

 

All E711-20-specific CTL clones analyzed in the current report were shown to recognize their 

respective MHC/peptide complex with intermediate avidity, reaching half-maximal lytic 

activity in the low nM range of peptide concentration. This is in agreement with the results 

obtained by Youde et al. using the CxCa patient-derived C6 clone ((
95

) and dr. S. Man, 

personal communication). In contrast, the Influenza-A MP58-66-specific CTL clone used in this 

study displays high avidity antigen recognition. Different factors contribute to functional CTL 

avidity, including TCR affinity for its respective MHC/peptide complex
96

.  

Our preliminary results sofar fail to indicate increased TCR affinity of the MP58-66-

specific CTL clone as compared to the E711-20-specific CTL clones (data not shown), as 

determined by tetramer decay kinetics
97

. However, other factors may be involved including 

additional receptor-ligand interactions and downstream signalling processes, which are 

currently under investigation. We and others
98

 have failed to detect any high avidity E711-20-

specific CTL clones. Peptide-based CTL restimulation may favor the outgrowth of lower 

avidity CTLs in vitro
99

. However, the odd chance that mixed avidity precursors have ended up 

in the same induction culture is basically ruled out by the low precursor frequencies of E711-

20-specific CTLs. Moreover, analysis of TCR V gene usage revealed the shared expression 

of a single V segment by all E711-20-specific CTL clones analyzed, suggesting a monoclonal 

origin. Adoptive transfer experiments in preclinical animal models will be required to 

investigate whether the observed intermediate avidity of the current E711-20-specific CTL 

clones is sufficient for CxCa eradication in vivo. The recently described retroviral TCR 

display technology may be included to improve on the avidity of E711-20-specific CTL 

clones
100

.  

 The results presented in this report show that HPV16 E7-specific, CxCa-reactive CTL 

clones can be generated in vitro from low frequency healthy donor-derived precursors. Such 

CTL clones hold promise for adoptive transfer in vivo to contribute to eradication of CxCa 

tumors in patients, provided that sufficient CTL expansion can be reached in vitro. 

Replicative senescence, a decrease in proliferative potential resulting from corrosion of 

telomeric ends of chromosomes
101

, imposes severe restrictions on T cell expansion in vitro
102-

105
. However, ectopic expression of human telomerase (hTERT) in human T cells can 

effectively compensate for this, mediating extention of the lifespan of CD4+ and CD8+ T 

cells
106-109

. In agreement with these results, we have been able to significantly extend the 

lifespan of multiple E711-20-specific CTL clones by retroviral hTERT transduction allowing 
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continued expansion of such transduced CTLs for a culture period of over 6 months. In 

contrast, their non-transduced counterparts could be maintained in culture for only 2-4 

months, severely restricting CTL expansion to relatively large numbers. Experiments 

performed on human fibroblasts have shown that hTERT expression alone does not result in 

malignant transformation, but requires the additional expression of at least two other pre-

malignant features including the H-ras and SV40 large T oncogenes
110

. The hTERT-

transduced E711-20-specific CTL clones described herein remained dependent on (bi-) weekly 

growth stimulation during a continued culture period of over 6 months. This is in agreement 

with a previous report showing that CTLs fail to proliferate in the absence of growth 

stimulation in spite of hTERT transduction
111

. Importantly, hTERT-transduced E711-20-

specific CTL clones displayed both an unaltered phenotype and functional activity as 

compared to non-transduced CTLs. Collectively, our and other in vitro results sofar might 

indicate the safe use of hTERT-transduced CTLs
112-115

. However, more extensive analyses of 

the potential adverse affects may be required to allow their use in a clinical setting. These may 

include cytogenetic analysis, analysis of insertional mutagenesis, and follow-up of pre-clinical 

in vivo adoptive transfer experiments in animal models. When these requirements are met, the 

use of hTERT-transduced human CTL clones may boost the clinical evaluation of adoptive 

CTL immunotherapy of CxCa and other malignancies. 
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Preservation and redirection of HPV16E7 specific T cell receptors for immunotherapy 

of cervical cancer 

 

Kirsten B.J. Scholten, Marco W.J. Schreurs, Janneke J. Ruizendaal, Esther W.M. Kueter, 

Duco Kramer, Sharon Veenbergen, Chris J.L.M. Meijer and Erik Hooijberg 

 

Abstract 

 

Human papilloma virus (HPV) type 16 infections of the genital tract are associated with the 

development of cervical cancer (CxCa) in women. HPV16 derived oncoproteins E6 and E7 

are expressed constitutively in these lesions and might therefore be attractive candidates for T 

cell mediated adoptive immunotherapy. However, the low precursor frequency of HPV16E7 

specific T cells in patients and healthy donors hampers routine isolation of these cells for 

adoptive transfer. To overcome this problem we have isolated T cell receptor (TCR) genes 

from four different HPV16E7 specific, healthy donor and patient derived human cytotoxic T 

lymphocyte (CTL) clones. We examined whether genetic engineering of peripheral blood 

derived CD8+ T cells in order to express HPV16E711-20 specific TCRs is feasible for adoptive 

transfer purposes. Reporter cells (Jurkat/MA) carrying a transgenic TCR were shown to bind 

relevant, but not irrelevant tetramers. Moreover, these TCR transgenic Jurkat/MA cells 

showed reactivity towards relevant target cells indicating proper functional activity of the 

TCRs isolated from already available T cell clones. We next introduced an HPV16E711-20 

specific TCR into blood derived, CD8+ recipient T cells. Transgenic CTL clones stained 

positive for tetramers presenting the relevant HPV16E711-20 epitope and biological activity of 

the TCR in transduced CTL was confirmed by lytic activity and by interferon- secretion 

upon antigen specific stimulation. Importantly we show recognition of the endogenously 

processed and HLA-A2 presented HPV16E711-20 CTL epitope by A9-TCR transgenic T cells. 

Collectively, our data indicate that HPV16E7 TCR gene transfer is feasible as an alternative 

strategy to generate human HPV16E7 specific T cells for the treatment of patients suffering 

from cervical cancer and other HPV16 induced malignancies. 
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Introduction 

 

Cervical cancer (CxCa) is the second leading cause of cancer related death among women 

worldwide. Infection with the sexually transmitted human papilloma virus (HPV) is proposed 

to be associated with cervical cancer
1
 because HPV DNA is detected in more than 99% of all 

tumors of the uterine cervix
2
. Vaccination strategies against HPV are currently based on the 

induction of HPV specific, virus-neutralizing antibodies that reduce viral load and infection, 

thereby preventing the development of premalignant lesions and cervical cancer. The 

immunogens used for prophylactic vaccines consist of the late proteins, L1 and L2, which are 

structural elements of the virus. From the work of Koutsky et al
3
, it is clear that these 

prophylactic vaccines can indeed prevent the appearance of premalignant lesions. While 

prophylactic vaccines are useful in preventing HPV infection, they are useless in the 

treatment of existing, HPV induced premalignant lesions and cervical cancer. The increased 

incidence and progression of HPV infections in immunosuppressed individuals suggest that 

Tcell- mediated immune responses may be important for the control and eradication of HPV- 

associated cervical neoplasia
4
.  

  Therapeutic vaccines have been designed to prime antigen-specific T cell responses 

directed against virus-infected cells. The late proteins can be excluded from therapeutic 

vaccines because they are not expressed in CxCa or its precursor lesions. The early HPV 

proteins E6 and E7 are responsible for malignant transformation of HPV infected cells. The 

constitutive expression of these proteins is necessary for the maintenance of a transformed 

phenotype and is therefore considered an ideal target for T-cell-mediated immunotherapy
5
. 

Therapeutic vaccines consisting of E6 and/or E7 have been tested in patients and have proven 

to be safe and effective against benign warts, however have had limited therapeutic effect so 

far in cases of cervical cancer
5
. Tumor infiltrating lymphocytes directed against HPV16E7 

have been found in cervical cancers; therefore these cells might be attractive for adoptive T 

cell transfer
6,7

.  

  Recent clinical studies have shown regression of human melanoma upon adoptive 

transfer of tumor-specific cytotoxic T lymphocytes (CTL)
8,9

. In the case of melanoma, the 

frequencies of melanoma antigen-specific CTL are usually high within tumor-infiltrating 

lymphocytes and also in peripheral blood. However, in the case of cervical carcinoma 

HPV16E7-specific CTL are relatively rare, hampering the isolation of tumor-specific CTL for 

T-cell-mediated adoptive transfer 
10,11

. To circumvent this problem we have used T cell 
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receptor (TCR) gene transfer, which allows the generation of high numbers of HPV-specific 

CTL. Previous reports have indicated that TCR gene transfer can result in the successful 

redirection of anti-tumor reactivity
12-14

, and that the avidity and peptide fine specificity are 

preserved following TCR gene transfer into human CTL
15,16

. Additionally, Kessels et al.
17

 

showed antigen-specific expansion and antitumor reactivity of TCR-transduced CTL in vivo 

in a murine tumor model. 

  In this study we describe TCR gene transfer of a number of different TCRs, specific 

for the HPV16E711-20 epitope, isolated from different CTL clones. TCR-transduced T cells 

showed MHC restriction and specific reactivity against the endogenously processed and 

HLA-A2 presented HPV16E711-20 epitope. Our data indicate that TCR gene transfer might be 

an alternative strategy to generate HPV16E7-specific, CxCa reactive T cells.  

 

Materials and Methods 

 

Cell lines and CTL culture The HPV16 positive, HLA-A2 negative CxCa cell line SiHa 

(American Type Culture Collection, ATCC, Manassas, VA) and the HPV16 positive, HLA-

A2 positive CxCa cell line SiHa-A2 (SiHa transfected with HLA-A2.1, kindly provided by 

dr. S. Mann, University of Wales College of Medicine, Cardiff, U.K.) were cultured in 

keratinocyte serum-free medium (Life technologies, Paisley, U.K.) supplemented with 5% 

(v/v) fetal calf serum (FCS; Perbio, Helsingborg, Sweden), 20-30 g/ml bovine pituitary 

extract (Life technologies), 0.1-0.2 ng/ml epidermal growth factor (Life technologies) and 

antibiotics (100 IE/ml penicillin and 100 g/ml streptomycin, Life technologies). Jurkat/MA 

is a modified Jurkat cell line devoid of endogenous TCRβ, engineered to express both CD8 

and an NFAT-luciferase construct
18

. These cells were cultured in Iscove’s modified 

Dulbecco’s medium (IMDM; BioWhittaker, Verviers, Belgium) supplemented with 8% FCS 

and antibiotics. CTL were cultured in Yssel’s medium
19

 supplemented with 1% human serum 

(HS; ICN Biomedicals, Aurora, OH) and antibiotics. The EBV transformed B cell line JY, 

which is homozygous for HLA-A2, was cultured in IMDM supplemented with 8% FCS and 

antibiotics. To obtain CD8+ T cells, healthy donor-derived PBMC were isolated from an 

HLA-A2-positive buffy coat by density gradient centrifugation using Lymphoprep 

(Nycomed, Oslo, Norway). Subsequently, isolation of resting CD8+ CTL precursors from 

total PBMC was performed by positive selection on an automated magnetic sorting device 

(AutoMACS; Miltenyi Biotec, Bergisch Galdbach, Germany), using anti-CD8 mAb (clone 
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2ST8.5H7, Immunotech, Marseille, France) and microbead-conjugated anti-mouse IgG 

antibodies (Miltenyi Biotec), according to the manufacturer’s protocol. The HPV16E711-20 

specific CTL clones A9, JJR3.1 and JJR7.3 were obtained as has been described previously
10

. 

The HPV16E711-20 specific CTL clone C6 has been described previously
11

. Once a week CTL 

were stimulated with an irradiated feeder mixture as described previously
10,19,20

. and were 

maintained at 37C in humidified air containing 5% CO2. 

 

RT-PCR and sequence analysis of TCR repertoire Total RNA was isolated from 5  x10
6
 CTL 

using RNAzol (Campro Scientific, Veenendaal, The Netherlands) according to the 

manufacturer’s instructions. Copy DNA was synthesized from 2–5 g of RNA using oligo 

(dT) primers and reverse transcriptase (Life Technologies) according to the manufacturer’s 

instructions. PCR was performed using 12 mixtures of four to five primers (a kind gift from 

Dr. T. Schumacher, The Netherlands Cancer Institute, Amsterdam, The Netherlands) 

complementary to the variable TCR chain or the TCR chain in combination with the 

downstream constant  or  primer respectively
21,22

. PCR was performed in the presence of 2 

mM MgCl2, 15 M of each primer, 200 M dNTPs, and 2.5 U of Taq polymerase (Roche, 

Almere, The Netherlands). When a band of the expected size was obtained, the PCR was 

repeated using each of the variable primers separately together with the constant TCR primer. 

PCR products were purified using a PCR purification kit (Qiagen, Leusden, The Netherlands) 

and ligated into the pCR2.1 vector (Invitrogen). Sequence analysis was subsequently 

performed to determine TCR and TCR usage of the different CTL clones (BaseClear, 

Leiden, the Netherlands). 

 

Cloning of TCR and TCR chains and retroviral transduction The TCR and TCR open 

reading frames were cloned into the Moloney murine leukemia virus based retroviral vector 

LZRS
23

. For each TCR, the α and β chains were inserted into the multiple cloning site (mcs) 

of  the bicistronic LZRS vector containing an internal ribosomal entry site (IRES) followed by 

either Green Fluorescent Protein (GFP) or the truncated version of the nerve growth factor 

receptor (NGFR)
12

. The constructs were transfected into the packaging cell line Phoenix-A 

using lipofectamine (Invitrogen). Retroviral supernatants were produced and subsequently 

used to transduce Jurkat/MA and CD8+ T cells as described previously in detail
24

. Expression 

of the TCR was determined  48 hr and later time points after transduction by flow cytometric 
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analysis. Antibodies used were, FITC-labeled antibodies directed against CD8, PE-labeled 

antibodies directed against human TCR and V3, and APC-labeled anti-human NGFR 

(Chromoprobe, Aptos, CA) antibody. Flow cytometric analysis of TCRV expression was 

performed using antibodies present in the IO-Test® Beta Mark TCRV Repertoire Kit 

(Beckman Coulter, Marseille, France). PE- and APC-labeled HLA-A2 tetramers presenting 

the HPV16E711-20, the HPV16E786-93 and the Influenza A virus MP58-66 epitopes were 

prepared as described previously
10

. Tetramer and/or antibody staining of cells were performed 

in PBS supplemented with 0.1% BSA and 0.01% azide (PBA) for 15 min at 37C and/or 20 

min on ice, followed by washing with PBA. Stained cells were analyzed on a FACSCalibur 

(BD Biosciences, San Jose, CA, USA) using CellQuest software (BD Biosciences). 

Jurkat/MA cells expressing a transgenic TCR were sorted by tetramer directed MACS sorting 

and cultured as described above. CTL expressing high levels of GFP and NGFR were isolated 

by NGFR/GFP directed flow sorting and cloned by limiting dilution. TCR transgenic T cells 

were weekly stimulated as described above. 

 

Luciferase assay Activation of signal transduction in TCR transduced Jurkat/MA cells was 

measured by the production of luciferase
25

. To measure the activation of TCR-transduced 

Jurkat/MA cells by JY cells loaded with 10 M of irrelevant Influenza A MP58-66 peptide or 

relevant HPV16E711-20 peptide, 10
5
 Jurkat/MA cells were incubated overnight with 5x10

4
 

target cells in a 96-well plate. As a positive control we used PMA and calcium ionofoor
26

. 

After incubation with various stimuli, cells were analyzed for luciferase activity. 

Luminescence was subsequently measured in a Lumat LB 9507 luminometer (EG and G 

Berthold, Bad Wildbad, Germany). Luciferase activity in stimulated Jurkat/MA cells was 

expressed in relative luminescence units (RLU) related to the luciferase activity of 

nonstimulated Jurkat/MA cells, which was set at a value of one. 

 

Cytotoxicity assay Cytotoxic activity of TCR-transduced CD8+, HLA-A2+, CTL clones was 

measured in a standard 4 h 
51

Chromium release assay
10

. Briefly, 1 x 10
6
 target cells were 

labeled with 100 Ci Na2[
51

Cr]O4 for 1 h at 37C, washed extensively before co-cultivation 

with responder cells at different effector to target (E:T) ratios, after which supernatant was 

harvested and its radioactive content was measured. The percentage of specific lysis was 
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calculated as follows: % specific lysis= [(experimental release- spontaneous 

release)/(maximal release-spontaneous release)] x100. 

 

IFN production and ELISA Interferon (IFN)- production of HLA-A2+, TCR-transgenic, 

CTL clones was measured using an IFN ELISA. Briefly, HLA-A2+ T cells were cultured at 

1 x 10
5
 cells/well with decreasing amounts of HPV16E711-20 peptide in a 96 U-bottomed 

micro titer plate in a volume of 200l. In this fully autologous system the T cells, 

exogenously loaded with synthetic peptides, function as antigen presenting cells, as well as 

responder cells, thereby avoiding reactivity towards allogeneic stimulator cells. As negative 

controls, we used these TCR-transgenic T cells without added peptide or these T cells were 

exogenously loaded with irrelevant influenza A MP58-66 peptide. After 24 h, supernatant was 

harvested and used to determine IFN production using the PeliKine compact human IFN 

ELISA kit (Sanquin, Amsterdam, The Netherlands) according to the manufacturer’s protocol. 

 

Results 

 

Original HPV16E7-specific CTL clones and validation of tetramer staining We investigated 

whether we could preserve the specificity of several different CxCa-reactive CTL clones by 

isolating their TCR genes. The four HPV16E711-20 specific CTL clones used in this study 

were isolated after several rounds of in vitro stimulation of purified CD8β+ peripheral blood-

derived T cells using mature dendritic cells exogenously loaded with the HPV16E711-20 

peptide, followed by tetramer guided sorting and limiting dilution cloning. CTL clone A9 was 

isolated from a healthy donor as has been described previously by Schreurs et al
10

. This bona 

fide CTL clone A9 was shown to recognize the endogenously processed and HLA-A2 

presented HPV16E7 derived E711-20 CTL epitope
10

. From another healthy donor, CD8+ CTL 

clones JJR3.1 and JJR7.3 were isolated using similar stimulation and isolation protocols 

(unpublished observation). The CD8+ CTL clone C6 was isolated from a patient suffering 

from cervical cancer as has been described by Youde et al
11

 and was reported previously to 

react with the HLA-A2.1/E711-20 tetramer. The CD8+ CTL clones JJR3.1, JJR7.3 and C6 

could only be maintained in vitro for a short culture period preceding replicative senescence, 

excluding their use as a reference in follow-up experiments in the current study. CTL clone 

A9 was transduced with human telomerase reverse transcriptase (hTERT), resulting in 

extended in vitro life span as described previously
10

 and enabling its use in control 
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experiments performed in the current study. Validation of the specificity of the HLA-

A2.1/E711-20 tetramers is shown in Figure 1.  

 

 
Figure 1. Tetramer analysis of HPV16E711-20 specific CTL clones. Flow cytometric CD8 versus tetramer 

analysis of the original human CTL clones A9, JJR7.3 and JJR3.1, isolated from healthy donors after several 

rounds of in vitro stimulation using mature dendritic cells exogenously loaded with E711-20 peptide. (A-C) 

Appropriate control staining of isolated CD8+ PBL (A) and the E711-20 specific CTL clone A9 (B and C) with the 

indicated homemade HLA-A2.1 tetramers used for this study. (D-F) E711-20 tetramer staining of the E711-20 

specific CTL clones A9 (D), JJR7.3 (E) and JJR3.1 (F). CTL JJR3.1 was not costained with anti-CD8. 

 

Purified CD8+ peripheral blood derived T cells were stained with CD8 antibodies and 

counter-stained with HLA-A2.1/E711-20 tetramers. No double staining is observed (Figure 1A, 

upper right), indicating the absence of nonspecific binding of the tetramers. The CD8+ CTL 

clone A9 does not stain with irrelevant tetramers containing either the HPV16E786-93 epitope 

or the influenza matrix epitope (influenza A MP58-66) (Figure 1B, upper right and Figure 1C, 

upper right, respectively). CTL clone A9 shows high level almost uniform staining with the 

relevant tetramer HLA-A2.1/E711-20 (Figure 1D). The CD8+ CTL clones JJR7.3 and JJR3.1 

also showed specific staining with HLA-A2.1/E711-20 tetramers (Figure 1E and 1F 
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respectively), although to a somewhat lower extent for clone JJR3.1. Because of low cell 

numbers the CD8+ CTL clone JJR3.1 was not counterstained with CD8 in this particular 

experiment. 

 

Isolation of HPV16E711-20  specific TCR α and β open reading frames TCRV usage by the 

individual CTL clones, A9, C6, JJR3.1 and JJR7.3, was analyzed by flow cytometric analysis 

and is summarized in Table 1. Using RT-PCR we isolated the TCR and TCR genes from 

the HPV16E711-20 specific clones. Sequence analysis revealed the TCRV and TCRV 

combinations expressed by the different CTL clones. As shown in Table 1, TCRV usage as 

revealed by sequence analysis was in accordance with the results obtained by flow cytometric 

TCRV staining.  

 

 
Flow cytometric 

analysis 
Sequence analysis 

CTL clone TCR usage TCRusage TCRusage 

A9 3 3 7 

C6 6 6 3/14 

JJR3.1 3 3 12 

JJR7.3 14 14 14 

Table 1 TCRand TCR usage of different HPV16E711-20 specific CTL clones 

 

Interestingly, both clone A9 and JJR3.1, originating from two different healthy donors, 

expressed the same TCRV3, exclusively differing in size and amino acid composition of the 

complementarity determining region 3 (CDR3, Table 2). Similarly, from both clone C6 and 

JJR7.3 the same TCRV14 gene was isolated, which differed exclusively in the size and 

amino acid composition of the CDR3 region. Furthermore, from clone C6 we isolated two 

different TCR chains, V3 and V14, of which the latter turned out to be unable to pair 

with the TCR chain (data not shown).  

 

Cloning of TCR genes and functional TCR expression in Jurkat/MA cells TCR and TCR 

gene fragments encoding the different TCRs used in this study were cloned into the retroviral 



HPV16E7 specific TCR gene transfer 

 

 

83 

 

 

 Tabel 2: TCR variable domains were designated according to Arden et al. 

 

vector LZRS containing an IRES followed by the markers GFP or NGFR as previously 

described by Heemskerk et al
12

. To investigate proper formation of stable TCRcomplexes 

on the surface of transduced cells, we used the Jurkat/MA cell line, which is devoid of 

endogenous expression of the TCR chain. Jurkat/MA cells, Jurkat T cells transfected with an 

NFAT-luciferase reporter construct
18

, were co-transduced with TCR-IRES-GFP and TCR-

IRES-NGFR recombinant retroviruses generated from the different CTL clones. Surface 

expression of the transgenic TCRs on Jurkat/MA cells was determined using TCR-specific 

antibodies and specific tetramers containing the relevant epitope. After transduction, the 

majority of  cells coexpressing GFP and NGFR were positive for TCR staining (data not 

shown). TCR staining was found on 51% of total cells (Figure 2A). Around 44% of  total 

cells reacted with tetramers presenting the relevant epitope (Figure 2A, left hand panel, upper 

right quadrant). Around 7% of total cells stained with TCRαβ antibodies but not with 

HPV16E711-20 tetramers (Figure 2A, left hand panel, upper left quadrant), possibly reflecting 

pairing of the endogenous TCRα-chain with the transgenic TCRβ-chain. Virtually no staining 

(0.5%) was observed with tetramers containing an irrelevant peptide (Figure 2A, right hand 

panel, upper right quadrant). Jurkat/MA cells transduced with TCRαβ derived from JJR3.1 

stained positive for TCR and tetramers (data not shown). Positive staining was also 

observed when the TCR chain of C6 was combined with its V3 chain but not with its 

V14 chain (data not shown). Unexpectedly, JJR7.3-TCR transduced Jurkat/MA cells failed 

to bind specific tetramers above background levels (data not shown). Jurkat/MA cells 

transduced with the HPV16E711-20 specific TCR from either of the clones A9, C6, JJR3.1 and 

JJR7.3 were subsequently examined for NFAT activation resulting in luciferase activity in 
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response to specific TCR triggering. Therefore, transduced Jurkat/MA cells were stimulated 

overnight with the HLA-A2+ cell line JY exogenously loaded with the HPV16E711-20 peptide, 

followed by a luciferase assay to detect NFAT activation.  

Potent nonspecific stimulation with PMA and calcium ionofoor served as a positive 

control. As depicted in Figure 2B, JY cells loaded with the relevant HPV16E711-20 epitope 

induced NFAT activation in the A9-TCR transgenic Jurkat/MA cells.  As expected, no NFAT 

activation was observed after stimulating transduced Jurkat/MA cells with JY cells alone or 

JY cells loaded with a high concentration of an irrelevant peptide.  

 

Figure 2. Phenotypical and functional activity analysis of E711-20 specific TCR transduced Jurkat/MA cells.  

A, flow cytometric TCR versus relevant (E711-20, left panel) or irrelevant (MP58-66, right panel) tetramer 

analysis of A9 TCR transgenic Jurkat/MA cells. The percentage of TCR+ cells is indicated in the upper left 

corner, percentage of TCR+tetramer+ cells is indicated in the upper right corner. B, functional activity of A9 

TCR transgenic Jurkat/MA cells as determined in a luciferase assay in response to stimulation with the HLA-

A2.1 positive cell line JY, alone or exogenously loaded with relevant (E711-20) and irrelevant (MP58-66) 

peptide. As positive control cells were stimulated with PMA and Ca2+ ionofoor. Luciferase activity in 

Jurkat/MA cells is shown in Relative Luminescence Units (RLU), defined as the ratio of luciferase activity in 

stimulated versus unstimulated cells. 
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Likewise, NFAT activation in Jurkat/MA cells transduced with the TCRs derived from JJR3.1 

and C6 was induced upon specific stimulation (data not shown). In contrast, JJR7.3 TCR 

transduction did not mediate NFAT activation upon specific stimulation, in agreement with 

the failure to bind specific tetramers (data not shown). Jurkat/MA cells transduced with the 

HPV16E711-20 specific TCR derived from clone A9 were subsequently enriched by MACS 

isolation based on tetramer binding capacity. Next, limiting dilution cloning was performed to 

isolate individual TCR transgenic clones.  Functional TCR avidity of transduced Jurkat/MA 

clones was analyzed in response to JY target cells loaded with decreasing amounts of 

HPV16E711-20 peptide. As shown in Figure 3, three individual Jurkat/MA clones expressing 

the TCR obtained from CTL clone A9 were analyzed. The results indicate that A9-TCR 

transgenic Jurkat/MA recognize the HPV16E711-20 epitope with a half-maximal luciferase 

activity around 50 nM of added peptide (Figure 3). 

 

Figure 3. Functional avidity analysis of E711-20 specific TCR transduced Jurkat/Ma cells. Three individual 

Jurkat/MA clones transduced with the E711-20 specific TCR derived from CTL clone A9 were stimulated 

overnight with HLA-A2.1 positive cell line JY, exogenously loaded with serial 10-fold dilutions of E711-20 

peptide, and were subsequently analyzed in a luciferase assay. Luciferase activity in Jurkat/MA cells is shown in 

Relative Luminescence Units (RLU), defined as the ratio of luciferase activity in stimulated versus unstimulated 

cells. The maximal RLU is set at 100%. The results indicate that E711-20 specific TCR transduced Jurkat/MA 

cells recognize the E711-20 peptide with a half-maximal luciferase activity of approximately 50 nM.  

 

Expression and functional activity of transgenic TCRs in CD8+ T cells To investigate the 

application potential of CxCa directed TCR gene transfer in a clinical setting, we tested the 

expression of the HPV16E711-20 TCR in human peripheral blood-derived CD8+ T cells of 

unrelated HLA-A2+ donors. For these experiments we chose the TCR derived from the 

HPV16E711-20 specific CTL clone A9 because the original CTL clone was available as a 
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reference. CD8+ T cells were sequentially transduced with Vα7-IRES-GFP recombinant 

retrovirus, 1 week later followed by Vβ3-IRES-NGFR recombinant retrovirus. Three days 

after the TCRβ transduction, 12% of the CD8+ T cells that were transduced with the A9-TCR 

expressed GFP and NGFR (Figure 4A, left panel, upper right, percentage not indicated). 

However, only 15% of the cells expressing high levels of GFP and NGFR (Figure 4, left 

panel, small gate R3) reacted with HLA-A2.1/E711-20 tetramers (Figure 4, middle panel). In 

that same gate also a small percentage (1.7%) of Influenza A MP58-66 tetramer staining cells 

were present, which is probably a reflection of an influenza infection in the blood donor 

(Figure 4, right panel).  

 

Figure 4. Tetramer analysis of E711-20 specific TCR transduced CD8+ T cells.  

A, isolated CD8+ T cells were transduced with vectors LZRS-TCRa7-IRES-GFP and LZRS-TCRb3-IRES-

NGFR and were subsequently analyzed for GFP and NGFR marker gene expression by flow cytometry. 

Transduced cells co-expressing high levels of GFP and NGFR (gate R3) bind relevant E711-20 tetramers but not 

control MP58-66 tetramers, as indicated by the percentage of tetramer positive cells. B, depicted are three 

representative examples of E711-20 specific TCR transduced CD8+ T cell clones, obtained after flow sorting 

based on high co-expression of GFP and NGFR (gate R3 in A), binding relevant E711-20 tetramers with 

variable efficiency. No binding of tetramers presenting an irrelevant MP58-66 epitope was observed with any of 

the isolated TCR transduced T cell clones (not shown). 
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Cells expressing high levels of GFP and NGFR were sorted (Figure 4A, indicated small gate 

R3) and cloned by limiting dilution. Flow cytometric analysis of different clones showed 

HLA-A2.1/E711-20 tetramer staining (Figure 4B), whereas no staining above background 

levels with an irrelevant HLA-A2.1/MP58-66 tetramer could be detected (data not shown).  

 

 

 

Figure 5. Functional activity analysis of E711-20 specific TCR transduced CD8+ T cells.  

Tetramer binding and lytic activity of the original E711-20 specific CTL clone A9 and three individual CD8+ T 

cell clones (#2, #11 and #29) transgenic (tg) for the A9 derived TCR. A,  CTL A9 and the three TCR transduced 

CD8+ T cell clones used, #2, #11 and #29, showing binding with the relevant E711-20 tetramer (upper panel). 

No staining of the TCR transduced cells was observed with an irrelevant MP58-66 tetramer (lower panel). B, 

lytic activity of E711-20 specific TCR transduced CD8+ T cells clones #2, #11 and #29, as compared to the 

original A9 CTL clone, determined in a standard chromium release assay. Target cells used were the HLA-A2.1-

HPV16+ cervical carcinoma cell line Siha (open circles) and Siha cells transfected with HLA-A2.1 (Siha-A2, 

closed circles). Percentage of specific lysis is shown for the indicated effector to target (E/T) ratios. The data 

shown are representative of 4 clones tested in two separate experiments.  
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Of the 115 clones obtained, 36 clones stained positive for tetramers presenting the relevant 

epitope. The results depicted in Figure 4B point out that a wide variety of expression levels of 

transgenic TCRs can be obtained, resulting in low, intermediate and high tetramer staining 

intensity, respectively. 

Functional activity of A9-TCR transgenic CD8+ T cell clones was examined using a 

standard chromium release assay and an IFN production assay measured by ELISA. For both 

assays, we used three different A9-TCR transgenic CTL clones, referred to as #2, #11 and 

#29, displaying intermediate levels of relevant tetramer binding as depicted in Figure 5A.  

No staining was observed with an irrelevant tetramer (Figure 5A three lower panels). As a 

control, the parental CTL clone A9 was used, which is capable of recognizing the 

endogenously processed and HLA-A2 presented HPV16E711-20 CTL epitope
10

. As shown in 

figure 5B, the parental CTL clone A9 does not lyse the original HPV16 positive but HLA-A2 

negative SiHa cells, whereas it does lyse the HPV16 positive and HLA-A2 positive 

transfectant cell line SiHa-A2. Importantly, Figure 5B also shows that the three A9-TCR 

transgenic CTL clones displayed lytic activity at levels comparable to the parental CTL A9 

(Figure 5B, left panel) 

To determine antigen specific IFN production, the original CTL clone A9 and A9-

TCR transgenic, HLA-A2+, CTL clones #2, #11 and #29 were incubated without the addition 

of peptides or stimulated with decreasing amounts of the relevant HPV16E711-20 peptide or 

with one high concentration of an irrelevant peptide. In this fully autologous system the HLA-

A2+ T cells, exogenously loaded with synthetic peptides, function as antigen presenting cells, 

as well as responder cells. As shown in Figure 6, stimulation with the HPV16E711-20 peptide 

resulted in a dose dependent production of IFNby TCR transgenic CTL. A9-TCR transgenic 

clone #2 also produces some IFN without being stimulated or being stimulated with a high 

concentration of the irrelevant peptide, whereas clone #11 only produces low amounts of 

IFN after specific stimulation. Despite the noted discrepancy between the results of the 

cytotoxicity assays and the IFN production assays the results clearly indicate that CxCa 

reactive, HLA-A2 restricted CTL activity can be transferred to recipient CD8+ CTL via TCR 

transfer.  
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Figure 6. Functional activity analysis of 

E711-20 specific TCR transduced CD8+ T 

cells. Production of IFN by purified, 

E711-20 tetramer positive A9 TCR 

transduced CD8+ T cells in response to 

decreasing amounts of relevant E711-20 or 

irrelevant MP58-66 peptide, as compared to 

the original A9 CTL clone, determined by a 

standard ELISA. TCR transduced T cell 

clones tested were those used in figure 5: 

#2, #11 and #29. The data shown are 

representative of three separate experiments 

performed.  

 

 

 

Discussion 

 

Previously, adoptive transfer of specific T cells has been used successfully to generate T cell 

immunity in patients suffering from malignant melanoma
8,9

 and in immunocompromized 

patients suffering from viral infections
27,28

. Adoptive immunotherapy employing HPV16 

specific CTL might represent an attractive tool in cases of cervical cancer and other HPV16 

induced malignancies. Validated tetramers containing the relevant CTL epitope can be used to 

isolate HPV16 specific CTL as has been shown previously. However the frequencies of 

HPV16 specific CTL in peripheral blood are extremely low, in contrast to CMV, EBV and 

melanoma specific CTL
29

. Youde et al
11

 and Schreurs et al
10

 have shown that multiple rounds 

of stimulation of purified T cells with peptide pulsed mature dendritic cells are needed before 

low percentages of HPV specific CTL can be detected and subsequently isolated. Moreover, 

replicative senescence is restricting the CTL expansion to large numbers required for adoptive 

transfer. The CTL clones JJR3.1, JJR7.3 and C6 cells used in this study could only be 

maintained in vitro for a short culture period preceding replicative senescence. The low 

frequencies of HPV16 specific CTL found in peripheral blood necessitate multiple rounds of 

in vitro stimulation and prolonged periods of culture before sufficient numbers of cells are 

obtained. For adoptive transfer purposes this makes the procedure laborious, time consuming 

and difficult to apply in a clinical setting. 
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TCR gene transfer might be an alternative tool to treat patients suffering from cervical 

cancer and other HPV16 induced malignancies. Dembic et al
30

 were the first to show that 

transfer of the TCR into recipient T cells resulted in redirected specificity of these cells. In 

recent years it has been shown for leukemia, melanoma and HIV that retrovirally mediated 

transfer of TCR genes leads to recognition of tumor cells or virally infected cells in 

vitro
12,13,31

. In an animal model it has also been demonstrated that T cells expressing 

retrovirally transduced TCR genes are able to expand and are functionally active in vivo
17

. In 

the current study, we show that HPV16E711-20 specific TCR transduction can confer antigen 

specific, HLA-A2 restricted, functional activity to CD8+ recipient T cells. 

Four different HPV16E711-20 specific TCRs have been isolated from four different 

CTL clones. Proper pairing, resulting in TCR expression, tetramer staining and functional 

activity of the isolated and transduced TCR and TCR chains, was tested with the 

Jurkat/MA/Luciferase system. A9-, C6- and JJR3.1-TCR transgenic Jurkat/MA cells stained 

positive for tetramers presenting the relevant epitope and showed functional activity in the 

Luciferase assay. In contrast, JJR7.3-TCR transgenic Jurkat/MA cells were largely negative 

for TCR expression, and completely negative for tetramer binding and functional activity in 

the Luciferase assay. Despite the fact that we isolated only one TCR chain from the JJR7.3 

T cell clone, we suggest that perhaps another TCR chain may have been present. The primer 

set used to isolate the different TCR and TCR chains does not cover all existing TCR and 

TCR families and we may have missed the functional TCR chain in that particular CTL 

clone. Another explanation may be that functional allelic exclusion at the post translational 

level has taken place, influencing the TCR assembly process against the introduced TCR, as 

has been demonstrated in TCR transgenic mouse models 
32

. 

To determine functional TCR avidity of the A9 derived TCR, we stimulated A9-TCR 

transgenic Jurkat/MA cells with decreasing amounts of relevant peptide. TCR transgenic 

Jurkat/MA cells showed a half maximal relative luciferase activity at ~50 nM peptide 

indicating an intermediate functional avidity
33

. These results obtained with the A9-TCR 

transgenic cells are in accordance with the results obtained with the original A9 CTL clone, 

as described previously
10

.  

  To investigate the application potential of HPV16 E711-20 specific TCR gene transfer 

in a clinical setting, we tested whether specific TCRs could be expressed on the surface of 

HLA-A2+ CD8+ T cells. After transduction of bulk culture, HLA-A2+, CD8+ T cells, 12% 

of the TCR transduced cells stained positive for both GFP and NGFR (Figure 4). 
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Unfortunately not all of these cells co-stained with tetramers. Fifteen percent of the cells 

expressing high levels of GFP and NGFR stained positive for tetramers presenting the 

relevant epitope (Figure 4, middle panel, in R3). Most of the tetramer-binding clones obtained 

after sorting on the basis of high levels of expression of GFP and NGFR showed low to 

intermediate levels of specific tetramer staining. Only a few of the clones showed high levels 

of expression of the transgenic TCR.  This might be a reflection of cross pairing of 

endogenous TCR or TCR chains with the newly introduced TCRβ or TCRα chains.  

Several A9-TCR transgenic CTL clones were obtained, all showing specific lysis of 

the HPV16 positive, HLA-A2 positive cervical carcinoma cell line SiHa-A2, but not of the 

HLA-A2 negative SiHa cells, which clearly shows MHC restricted lysis of target cells 

endogenously presenting the HPV16E711-20 CTL epitope. This is in good agreement with the 

lytic activity of the original CTL clone A9. As expected some of the lytic clones produced 

high amounts of interferon, where others produced lower amounts. Similar discrepancies 

between lytic activity and the production of interferon have been reported by Heemskerk et 

al
12

 using minor histo compatibility antigen specific transgenic T cells. 

For adoptive transfer purposes of HPV16 specific TCR transgenic CTL in a clinical 

setting a number of problems remain to be resolved. The transduction efficiencies and 

expression levels of the transgenic TCRs need to be improved without enlarging the risk of 

insertional mutagenesis. Nonetheless transduction efficiencies should not be above 30%, 

since it has been documented by Kustikova et al
34

 that on average this is the result of one 

retroviral insertion. Efficiencies of around 60% were the result of three, and above 90% of 

nine or more insertions. In order to achieve equimolar expression of the TCRα and the TCRβ 

chain we made a retroviral construct encoding both chains. Initial experiments with a 

retroviral construct containing both the A9-TCR and the A9-TCR chain, separated by an 

IRES sequence, resulted in poor transduction efficiencies and poor expression of the 

transgenic A9-TCR (unpublished observations). This warrants improvements on the level of 

transcription of transgenic TCR encoding open reading frames, cDNAs or genes
35

. Secondly, 

improved translation of the transgenic TCR mRNA should lead to high-level expression of 

the introduced TCRs. This might be improved by optimizing the codon usage for expression 

in human recipient cells as has been shown in other systems
36,37

. 

Circumvention of the formation of numerous TCRs with undesired specificities due to 

pairing of the endogenous TCR and TCR chains with newly introduced TCR and TCR 
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chains may in part be resolved by employing recipient CTL with a set and well defined 

specificity as has been demonstrated in murine and human systems
38-40

. 

In conclusion, in this study we demonstrated that the transfer of HPV16E711-20 specific 

TCR genes into peripheral CD8+ HLA-A2+ T cells resulted in recognition of endogenously 

processed and presented HPV16E7 antigen and in anti-tumor reactivity in vitro. This 

indicates that TCR gene transfer might be an attractive strategy to generate sufficient numbers 

of HPV16E711-20 specific T cells to treat patients suffering from cervical cancer and other 

HPV related malignancies.  
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Codon modification of T cell receptors allows enhanced functional expression in 

transgenic human T cells 

 

Kirsten B.J. Scholten, Duco Kramer, Esther W.M. Kueter, Marcus Graf, Thomas Schoedl, 

Chris J.L.M. Meijer, Marco W.J. Schreurs and Erik Hooijberg 

 

Abstract 

 

Expression of native transgenic T cell receptors in recipient human T cells is often insufficient 

to achieve highly reactive T cell bulks. Here we show that codon modification of an 

HPV16E7-specific T cell receptor (TCR), together with omission of mRNA instability motifs 

and (cryptic) splice sites, leads to a dramatic increase in the expression levels of the 

transgenic TCRs in human CD8+ T cells. The codon-modified TCRs have been tested in three 

different configurations in the retroviral vector LZRS: 1) TCR-IRES-GFP in combination 

with TCR-IRES-NGFR, 2) TCR-IRES-TCR, and 3) TCR-2A-TCR. T cells carrying 

the codon-modified TCRs are functionally active against target cells loaded with relevant 

peptide, model tumor cells expressing the specific epitope as well as cervical carcinoma cells. 

The significant improvements we report here in the functional expression of specific human 

TCRs will hopefully expedite clinical application of TCR transfer-based immunotherapy. 
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Introduction 

 

Adoptive transfer of antigen specific T cells represents an attractive strategy to treat patients 

suffering from viral and malignant disease
1,2

. In recent clinical studies objective regression of 

human melanoma has been observed after adoptive transfer of tumor specific cytotoxic T 

lymphocytes (CTL)
3,4

. A drawback is that tumor reactive T cells have to be isolated and 

expanded for each patient individually, which is often hampered by low precursor frequencies 

and replicative senescence of the desired CTLs. Additionally, while culturing these cells to 

obtain sufficient numbers for adoptive transfer purposes, these cells may undergo 

immunosenescence
5
. A promising “of the shelf method” to generate high numbers of tumor 

reactive human CTLs is the introduction of antigen specific TCR genes into recipient T cells
6
. 

Dembic et al were the first to show that the transfer of the TCR genes into recipient mouse T 

cells resulted in redirected specificity of these cells
7
. Additionally, in another murine model it 

has been demonstrated that TCR transgenic T cells are able to expand and are functionally 

active in vivo
8
. TCR gene transfer allows for the introduction of a known TCR specificity into 

a predetermined T cell population. Adoptive transfer of central memory T cells in mice has 

been shown to be more effective to eradicate tumor cells as compared to effector memory T 

cells
9
. In recent years, retargeting of primary human T cells with antigen specific TCRs 

showed that both avidity and peptide fine specificity were preserved
10-15

. 

Ideally, TCR transfer should result in efficient TCR expression in relevant recipient T 

cells, mediated by a single retroviral construct. The use of marker genes should be avoided 

since immunogenic peptides from such proteins may be presented by major histocompatibility 

complex (MHC) class I and II, triggering an undesirable immune response eliminating the 

therapeutically administered T cells. In animals it has been shown that cells carrying green 

fluorescent protein (GFP) induced relatively strong CTL and antibody responses against GFP 

that were associated with the disappearance of the GFP expressing cells in vivo
16,17

. 

Additionally, Riddel et al showed, in HIV positive patients, the disappearance of adoptively 

transferred T cells carrying a selectable marker
18

. 

 A strategy to accomplish high TCR expression levels, thereby avoiding the necessity 

for antibiotic selection, enrichment and cloning of TCR transgenic T cells or the use of high 

viral titers, may be obtained by improving the translation of the transgenic TCR mRNA
19

. 

Heterologous protein expression levels may be improved by codon modification
19

. Many 

reports on codon optimization involved expression of mammalian proteins in bacteria
20

. In 
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mice, CTL responses and antitumor reactivity in vivo was greatly enhanced after vaccination 

with codon optimized DNA vaccines encoding viral proteins
21,22

. Moreover, in a variety of 

human cells, expression of the jellyfish derived GFP and genes encoding viral proteins were 

greatly enhanced after codon modification
23-25

. In this study we investigated whether  codon 

modification of TCR genes can enhance the expression levels of the transgenic TCR in 

primary human T cells. As a model we used the TCR genes derived from an HPV16E7 B11-20 

Bspecific CTL cell clone previously isolated and described by us
13,26

. The unmodified TCR 

and TCR open reading frames were inserted in a retroviral vector as LZRS-TCR-IRES-

GFP and LZRS-TCR-IRES-NGFR. After transduction of bulk T cells, 12% of the cells 

stained positive for both markers.  Only fifteen percent of GFP-high/NGFR-high cells were 

also capable of tetramer binding
13

. The LZRS retroviral vector we have used in these studies 

is capable of supporting high level expression of a variety of transgenes other than TCRs
27-29

. 

In the current modified TCR constructs we omitted multiple cryptic splice donor sites and 

RNA instability motifs present in the original native TCR genes, and combined this with 

improved codon usage, resulting in enforced expression of the transgenic TCRs. We 

compared expression levels and functionality of the wild-type TCR constructs with the 

modified ones in two different configurations. The first configuration contains the markers 

GFP and NGFR as LZRS-TCR-IRES-GFP in combination with LZRS-TCR-IRES-NGFR. 

In the second configuration we omitted the markers, but left the separating IRES sequences 

intact as LZRS-TCR-IRES-TCR resulting in one mRNA encoding two different proteins. 

In the third configuration we introduced a picorna virus derived 2A sequence resulting in one 

mRNA, which is translated into a LZRS-TCR-2A-TCR fusion protein
30

. Cellular proteases 

recognizing the 2A peptide sequence cleave the fusion protein resulting in equimolar 

expression of the alpha and the beta chain of the introduced TCR open reading frames and a 

functional TCR at the cell surface of recipient T cells. The feasibility of the approach using 

separating 2A sequences has recently been demonstrated in murine T cells
31

.  

 In the present study we have shown that, compared to the original wild-type TCR 

sequences, codon modification of human TCR open reading frames in combination with the 

omission of mRNA instability motifs and (cryptic) splice sites leads to a substantial increase 

in expression of the transgenic TCR. We also show that the use of marker genes can be 

omitted using retroviral constructs containing either an IRES sequences or the picorna virus 

derived 2A peptide, thereby avoiding the introduction of potentially immunogenic proteins in 
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recipient T cells. These data show that the application potential of TCR gene transfer in a 

clinical setting is substantially enhanced using codon-modified TCR genes. 

 

Materials and Methods 

 

Cell lines and CTL culture The HPV16-positive CxCa cell lines SiHA (American Type 

Culture Collection, ATCC, Manassas, VA, USA) and SiHA-A2 (SiHA transfected with HLA-

A2.1, kindly provided by dr. S. Mann, University of Wales College of Medicine, Cardiff, 

U.K.), were cultured in keratinocyte-serum free medium (Life technologies, Paisley, U.K.) 

supplemented with 5% (v/v) foetal calf serum (FCS; Perbio, Helsingborg, Sweden), 20-

30g/ml bovine pituitary extract (Life technologies), 0.1-0.2ng/ml epidermal growth factor 

(Life technologies) and antibiotics (100 IE/ml penicillin and 100g/ml streptomycin, Life 

technologies). The JurMa cell line, devoid of endogenous TCR chain in cultured in IMDM 

supplemented with 8% FCS and antibiotics. The EBV transformed B cell line JY and the 

melanoma cell line melAKR were cultured in IMDM supplemented with 8% FCS and 

antibiotics. The melanoma cell line melAKR was transduced with minigenes encoding the 

HPV16E7B11-20wtB (YMLDLQPETT) or the HPV16E7 B11-20VB (YMLDLQPET UVU) epitope. The 

resulting model cell lines containing these constructs have been called melAKR-E7wt and 

melAKR-E7V respectively. CTL were cultured in Yssel’s medium
32

 supplemented with 1% 

human serum (HS; ICN Biomedicals, Aurora, OH, USA) and antibiotics. Once a week CTL 

were stimulated with an irradiated feeder mixture containing 1x10 P
6 P allogeneic PBMC, 0.1x10 P

6P 

JY cells, 20U/ml IL2 (Chiron, Amsterdam, The Netherlands) and 100ng/ml 

phytohemagglutinin (PHA; Murex Biotec, Dartford, U.K.) in Yssel’s medium supplemented 

with 1% HS and antibiotics (penicillin/streptomycin)
28

. For the generation of a CD8+ T cells 

population, healthy donor derived PBMC were isolated from an HLA-A2.1 positive buffy 

coat by density gradient centrifugation using Lymphoprep (Nycomed, Oslo, Norway). 

Isolation of resting CD8 positive CTL precursors from total PBMC was performed by 

positive selection on a magnetic sorting device (MACS; Miltenyi Biotec, Bergisch Galdbach, 

Germany). For this purpose, total PBMC were stained with anti-CD8 mAb and microbead- 

conjugated anti- mouse IgG Abs (Miltenyi Biotec), followed by autoMACS sorting according 

to the manufacturer’s protocols. All cells were mycoplasm free and were maintained at 37C 

in humidified air containing 5% CO B2 B. 
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Codon optimizing TCRand TCR genes Compared with the most recent codon usage table 

available from the Kazusa codon database (http://www.kazusa.or.jp/codon/) we found within 

the natural A9 TCR and TCR  genes several rare codons (26 over 838 and 32 over 940, 

respectively). A codon is considered a 'rare codon' if used with less than 50% of the frequency 

of the most frequently used codon for the same amino acid (in the respective organism). The 

overall codon usage quality of a given gene can be estimated by evaluating its respective 

codon usage adaptation index (CAI). The CAI was first described by Sharp and Li
33

 as a 

measurement of the codon usage of a given gene providing an estimate for its expression 

capabilities in the respective host. A gene comprising only most frequently used codons 

would thus result in a theoretical CAI of 1.0. The analyzed natural A9 TCR and TCR genes 

show a CAI of 0,77 and 0,78 respectively. After codon optimization the sequence showed no 

direct or indirect repeats longer than 12 nucleotides, no known cryptic splice sites or mRNA 

instability motives and elevated CAI levels (>0.98). 

The in silico gene expression analysis and multi-parameter gene optimization of TCR genes 

was performed using GeneOptimizer P
TM P software (GENEART GmbH, Regensburg, Germany).  

Codon-modified TCR genes were designed and produced by GENEART 

(http://www.geneart.com). Briefly, the artificial genes were assembled from synthetic 

oligonucleotides using a one-batch PCR method. The resulting 860 bp and 964 bp long PCR 

fragments encoding A9 TCR and TCR respectively were ligated into the pCR-Script 

cloning vector using KpnI and SacI restriction sites. The ligation mixture was used to 

transform E. coli, and the resulting colonies were screened by sequencing to obtain plasmids 

showing 100% sequence congruence to the previously designed genes. 

 

Cloning of TCR and TCR chains, retroviral transduction and flow cytometric analysis 

Wild-type TCR and TCR chains were isolated from CTL clone A9 as has been described 

previously
13

.  All TCR and TCR genes were cloned into the moloney murine leukemia 

virus based retroviral vector LZRS, which is devoid of the viral gag, pol and env genes
34

. This 

episomal retroviral vector contains a puromycine resistance marker allowing the stable 

production of retroviral supernatants in the Phoenix cell line
35

. The Phoenix cell line carries 

the gag/pol genes under control of the RSV promoter and the env under the CMV promoter 

(for detailed information see HTUhttp://www.stanford.edu/group/nolan/ UTH). Different retroviral 

constructs were made (Supplementary Figure 1).  

http://www.stanford.edu/group/nolan/
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Supplementary figure 1: Schematic representation of retroviral constructs encoding for the TCR and TCR 

genes.  All retroviral vectors comprise of the LZRS backbone. Retroviral vectors modified to encode the wild-

type (A) or codon-modified (B) TCR genes followed by the marker genes GFP or NGFR respectively. Wild-type 

(C) or codon-modified (D) TCR and TCR ORF in one configuration. Both TCR genes are separated by an 

IRES sequence. (E) Codon-modified TCR genes in one configuration in which both TCR genes are separated by 

a 2A-like sequence.  

 

First, both wild-type and codon-modified TCR alpha and beta chains were inserted into a 

bicistronic LZRS vector containing an internal ribosome entry sequence (IRES) followed by 

either GFP or the truncated version of the nerve growth factor receptor (NGFR), 

respectively
36

. Secondly, retroviral constructs containing both wild-type or codon-modified 

TCR chains separated by an IRES sequence were constructed (Supplementary Figures 1C and 

1D). In a third configuration we ligated both codon-modified TCR chains, separated by the 

picorna virus (Thosea asigna Virus) derived 2A sequence
31

, in LZRS (Supplementary Figure 

1E). Subsequently, the constructs were transfected into the packaging cell line Phoenix-A 

using lipofectamine (Invitrogen). Retroviral supernatants were produced and used to 

transduce CTL as described previously
27

. When introducing the TCR chains using two 

different retroviral constructs, first the TCR chain was introduced into T cells followed one 

week later by the TCR chain. Expression of the TCR was determined 48 h and at later time 

points after transduction by flow cytometric analysis.  
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Antibodies used were PE labeled antibodies directed against human nerve growth factor 

receptor (NGFR; Chromoprobe, Aptos, CA), allophycocyanin (APC) labeled anti-NGFR 

antibody. PE- and APC - labeled HLA-A2.1 tetramers presenting the HPV16 E7 B11-20B and the 

Influenza A virus MP B58-66B epitopes (irrelevant tetramer) were prepared as described 

previously
26

. Tetramer and/or Ab staining of cells was performed in PBS supplemented with 

0.1% BSA and 0.01% azide (PBA) for 15 min at 37C and/or 20 min on ice, followed by 

washing with PBA. Stained cells were analyzed on a FACSCalibur (BD Biosciences, San 

Jose, CA, USA) using CellQuest software (BD Biosciences). CTL expressing the HPV16 E7 

specific TCR were sorted by tetramer directed MACS sorting and cultured as described 

above. 

 

Cytotoxicity assay and intracellular interferon-staining Cytotoxic activity of retrovirally 

TCR transduced CD8+ T clones was measured in a standard chromium release assay
26

. 

Briefly, 1x10 P
6 P target cells were labeled with 100Ci Na B2 B[ P

51PCr]OB4B for 1 hour at 37C, washed 

extensively before cocultivation with responder cells at the following E:T ratios 30:1, 10:1, 

3:1 and 1:1. Plates were incubated for 4h at 37C after which 50l supernatant was harvested 

and radioactivity was measured. The percentage of specific lysis was calculated as follows: % 

specific lysis= [(experimental release- spontaneous release)/ (maximal release-spontaneous 

release)] x100%. Production of interferon IFN- by stimulated CTL was determined using 

intracellular staining of permeabilized CTL with a PE labeled IFN- specific antibody 

according to the manufacturer’s instructions (CytoFix/CytoPerm kit with GolgiStop, BD 

Biosciences). Stimulations were performed for 4 hours at 37C in a round bottom 96-well 

plate (Nunc) containing 1x10P
5P responder CTL and 5x10P

4P targets cells per well, followed by 

tetramer-APC or NGFR-APC staining as described above, and intracellular IFN- staining. 

Samples were subsequently analyzed by flow cytometry in order to calculate the percentage 

of responding CTL. 

 

Results 

 

Careful analysis of the codon usage of a number of human TCR and TCR chains 

unexpectedly revealed that these were far from optimal for expression in mammalian cells. 

Further analysis of these TCR genes also showed the presence of RNA instability motifs such 

as adenine rich elements, which are known to negatively influence mRNA stability of 
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cytokine transcripts (e.g. GM-CSF)
37

. In particular, we detected several cryptic splice donor 

sites which may negatively influence the expression of the TCR by either retaining the mRNA 

within the nucleus and/or leading to non-sense mediated mRNA decay as observed for 

instance in lentiviral transcripts
38-40

 or splice site mutations related with human diseases
41

 

(Figure 1 and Supplementary Figure 2 and data not shown). Based on these analysis we 

hypothesized that modification of synonymous codons, together with the omission of RNA 

instability motifs and cryptic splice donor sites should allow high level and stable TCR 

expression in recipient human T cells. Thus, the TCR encoding sequences were optimized 

with respect to several expression-limiting factors: (i) codon choice or CAI, (ii) cryptic splice 

sites, mRNA instability motifs, and (iii) avoidance of mRNA secondary structures and direct 

DNA repeats. The optimized TCR genes were predicted to be expressed in higher quantities 

in mammalian cells than the natural templates. The level of changed codons in the codon-

modified TCR genes were high compared to the natural genes since the majority of codon 

wobble positions were exchanged (Figure 1 and data not shown). 

For detailed analysis of the effects of codon modification we have chosen the TCR 

derived from clone A9, since this TCR can be expressed at the cell surface of recipient T cells 

in its native form, albeit at relatively low levels
13

. Only 15% of the GFP-high/NGFR-high 

cells were capable of binding relevant tetramers after transduction with the native TCRs. Most 

of the clones obtained after single cell sorting showed low to intermediate transgenic TCR 

expression. In a few clones high expression levels were found. 
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Figure 1: Sequence analysis of the wild-type and codon-modified A9 TCR and TCR genes. (A) 

Percentage of sequence codons, which fall into a certain quality class. The quality value of the most 

often used codon for a given amino acid in the human system is set to 100, the remaining codons are 

scaled according to Sharp et al.
33

 (B) The numbers of cryptic splice donor sites and RNA instability 

motifs found in the wild-type A9 TCR genes are depicted. Cryptic splice donor sites and RNA 

instability motifs have been removed during codon modification. 
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Codon modification improves transgenic TCR expression in recipient T cells In order to make 

a fair comparison between the expression of wild-type (wt) and codon-modified (cm) TCRs 

we titrated the separate retroviral supernatants on JurMa cells. The analyses were performed 

based on the expression of the markers. As shown in Figure 2 the transduction efficiency of 

wt and cm TCR-IRES-GFP were identical, whereas the transduction efficiency of the wt 

TCR-IRES-NGFR was slightly higher that the corresponding cm version. Based on these 

results we can conclude that the viral titers of the four different constructs were near identical. 

 

Figure 2: Titration of wild-type and codon-modified TCR retroviral supernatants in JurMA cells. (A) 

Titration of wt and cm TCR-IRES-GFP retroviral supernatants on recipient JurMA cells. Shown is the 

expression of the marker gene GFP. (B) Titration of wt and cm TCR-IRES-NGFR retroviral supernatants on 

recipient JurMA cells. Shown is the expression of the marker gene NGFR. 

 

Next we compared the transduction efficiency and expression levels of wt and cm HPV16E7 

specific TCRs in human peripheral blood derived CD8+ T cells after transduction with 

undiluted retroviral supernatants. As can be seen in Figure 3A comparable transduction 

efficiencies of both the wt and the cm TCR genes were found based on GFP and NGFR and 

69% of the cells transduced with the cm TCR-IRES-GFP retrovirus. Additionally, 

expression. GFP expression was found in 72% of the wt TCR-IRES-GFP transduced cells 

NGFR marker expression was found in 43% of the wt TCR-IRES-NGFR transduced cells 

and 38% of the cells transduced with the cm TCR-IRES-NGFR retrovirus.  
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Figure 3: Tetramer analysis and functional activity of CD8+ T cells expressing the wild-type and codon-

modified A9 TCR. (A) Wild-type TCR transgenic cells co-expressing GFP and NGFR (R3) bind relevant E7-

tetramers but not irrelevant tetramers as indicated by the percentage tetramer positive cells (upper right 

quadrant). (B) Codon-modified TCR transgenic cells expressing both GFP and NGFR (gate R3) show high 

percentages of cells binding the relevant E7-tetramer. No binding of the irrelevant tetramer could be detected in 

the same gate. (C) Functional analysis of TCR transgenic CD8+ T cells as determined by intracellular IFN- 

staining. Bulk population of TCR transgenic T cells were stimulated with JY cells loaded with 1 µM of either 

relevant (E7) or irrelevant (Flu) peptide. The percentage of IFN-positive cells in gate R3 is indicated. (D) 

Intracellular IFN- staining of cmTCR transgenic (tg) T cells. Cells were co-cultured with the HLA-A2.1 

positive cell lines melAKR, melAKR-E7wt or melAKR-E7V. Intracellular IFN- staining is shown for the E7-

tetramer positive cells. (E) Lytic activity of cmTCR transgenic (tg) T cells as determined in a chromium-release 

assay. Target cells used were the HLA-A2.1 negative CxCa cell line SiHa (open triangles), SiHa transfected with 

HLA-A2.1 (SiHa-A2, closed triangles). Percentage of specific lysis is shown for the indicated effector to target 

(E/T) ratio. The data shown are representative for three different donors tested.  
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 It is noted that although the transduction efficiency of the TCR containing constructs is 

similar, the expression levels of the markers differ considerably between the constructs 

carrying either the wild-type TCR or codon-modified TCR genes. In both cases the 

transduction efficiency of the wild-type construct is slightly higher than of the codon-

modified construct. The expression levels on the other hand are lower (MFI of GFP for wt 

and cm is 70 and 175, respectively; MFI of NGFR is 350 and 750, respectively).  

Since the GFP/NGFR sequences are identical in all constructs the differences in 

expression level of the marker genes may well be the result of RNA instability of the wt TCR 

genes, which are located upstream of the IRES sequence. Next we analyzed the capacity of 

transduced T cells to bind relevant tetramers. Co-expression of GFP and NGFR was found in 

31% and 26% in wt and cm TCR transduced T cells, respectively (Figures 3A and 3B; left 

panels). 

However, in the GFP and NGFR positive gate (R3) only 6% of the wt TCR transgenic 

cells reacted with the relevant HLA-A2/HPV16E7 B11-20B tetramer (further on called E7-

tetramer) compared to 54% of the cm TCR transgenic cells (Figures 3A and B, middle panel). 

Additionally, TCR expression levels of cm TCR transgenic cells (MFI 477) were much higher 

compared to the wt TCR transgenic cells (MFI 84). In that same gate (R3) only background 

staining was observed with an irrelevant tetramer (Figures 3A and B, right panel). As 

expected, no E7-tetramer positive cells could be detected in the single positive (GFP+/NGFR-

, GFP-/NGFR+) or double negative (GFP-/NGFR-) quadrants (data not shown). Functional 

activity of the wt and cm TCR transgenic CD8+ T cells was tested in an intracellular 

interferon (IFN)- assay. Cells were incubated with JY loaded with either relevant E7 B11-20B or 

irrelevant MP B58-66 peptide. In agreement with tetramer binding data only a few wt TCR 

transgenic cells in the GFP/NGFR positive gate (R3) produced IFN-upon specific 

stimulation. In contrast, 30% of the cmTCR transgenic CD8+ T cells in gate R3 produced 

IFN- (Figure 3C). Low numbers of cells produced IFN- after stimulation with JY loaded 

with the irrelevant peptide. As expected, no IFN- producing T cells could be detected in the 

single positive and double negative quadrants (data not shown). 

To measure functional activity against tumor cells, TCR transduced T cells were 

sorted based on tetramer binding. The resulting population showed ~90% positivity for the 

E7-tetramer. Functional activity of these cells was tested in an intercellular IFN- assay and a 

standard chromium-release assay. TCR transgenic CD8+ T cells produced IFN- upon 
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stimulation with the model tumor cell line melAKR-E7wt and melAKR-E7V (Figure 3D). As 

expected, these cells did not produce IFN-after stimulation with the original melAKR 

devoid of HPV16E7 (Figure 3D). Specific lysis of cervical carcinoma (CxCa) tumor cells was 

tested in a chromium-release assay. TCR transgenic cells lysed the relevant 

HLA.A2.1 P
pos P/HPV16P

pos P CxCa cell line SiHA-A2, but not the HLA-A2.1P
negP variant of this cell 

line (Figure 3E). Lysis of SiHA-A2 could further be enhanced by the addition of relevant 

peptide (data not shown). This is in full agreement with the reactivity of the original CTL 

clone A9 from which the TCR genes have been isolated
13,31

. The data shown in Figure 3 are 

representative for TCR tg T cells derived from three different donors tested. 

From these results we can conclude that: 1) T cells transduced with the codon-

modified TCR genes show greatly enhanced transgenic TCR expression (6% in wtTCR 

transgenic T cells compared to 54% in cmTCR transgenic T cells), and 2) cm TCR transgenic 

T cells are functionally active against peptide loaded target cells, model tumor cells as well as 

CxCa tumor cells. Moreover, these transgenic T cells stably expressed the introduced TCR 

over a period of four months and remained highly functional. 

 

High level expression of codon-modified TCRs allows omission of marker genes To avoid 

marker gene expression two retroviral constructs containing the TCR followed by the TCR 

chain separated by an IRES or the picorna virus derived 2A sequence were generated. The 

TCR-IRES-TCR configuration results in one mRNA which is translated into two separate 

proteins of which the latter is presumed to be expressed at 20-50% lower levels
42

. The TCR-

2A-TCR configuration results in one mRNA, which is translated into one fusion protein that 

is subsequently cleaved in the recipient T cells into equimolar amounts of two proteins; a 

TCR-2A and a TCR protein. 

 

Performance of T cells transgenic for cm TCR alpha and beta chains separated by an IRES 

sequence. The use of a single construct, TCR-IRES-TCR, was tested (Supplementary 

Figures 1C and 1D). Recipient CD8+ T cells were transduced with the constructs containing 

either the wt or cm TCR-IRES-TCR (Figures 4A and 4B). Cells were analyzed for their 

binding capacity to tetramers presenting a relevant or an irrelevant epitope. As can be 

observed in Figure 4A (dashed lines) we could only detect 1.6% tetramer positive cells in the 

CD8+ T cells transduced with the construct carrying the wtTCR. In clear contrast, 50% of the 
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cells transduced with the cmTCR showed binding of the relevant E7-tetramer. In both cases 

an irrelevant tetramer did not show binding (Figures 4A and 4B; thin lines). Next we sorted 

tetramer positive cells from the cm TCR transduced bulk which resulted in a population of 

~85% positivity. Functional activity was tested in an intracellular IFN- assay and a 

chromium-release assay. As expected no IFN- production was observed after stimulation 

with JY exogenously loaded with the irrelevant MP B58-66 Bpeptide. Importantly, cmTCR 

transgenic T cells produced IFN- in response to HPV16E7 B11-20wt B loaded JY cells. Similar 

results were obtained using the model tumor cell lines melAKR-E7wt and melAKR-E7V as 

targets. As expected, unmodified melAKR failed to stimulate IFN- production (Figure 4C). 

To test cervical carcinoma recognition, several TCR transgenic T cell clones were tested in a 

chromium release assay. The relevant HLA.A2.1 P
pos P/HPV16P

pos P CxCa cell line SiHA-A2 was 

lysed, but not the HLA-A2.1 P
negP variant of this cell line (a representative example is given in 

Figure 4D). Lysis of SiHA-A2 could further be enhanced by the addition of relevant peptide 

(data not shown). In conclusion, transduction of T cells with a single construct, containing the 

TCR and TCR separated by an IRES sequence, resulted in a high percentage of tetramer 

positive cells. These cells were functionally active against target cells loaded with the relevant 

peptide as well as against relevant model tumor cells and against a cervical carcinoma cell 

line.  

 

 

Figure 4: Tetramer analysis and functional activity of A9 TCR-IRES-TCR transgenic CD8+ T cells 

(A,B) Tetramer binding to wild-type TCR transgenic CD8+ T cells (A) and codon-modified TCR transgenic 

CD8+ T cells (B). Thin lines represent irrelevant tetramers, dashed lines represent relevant tetramers. (C) 

Functional analysis of a bulk population (~85% E7-tetramer positive) cmTCR transgenic (tg) CD8+ T cells as 

determined in an intracellular IFN- staining. Target cells used were JY loaded with 1 µM relevant (E7) or 

irrelevant (Flu) peptide, melAKR, melAKR-E7wt and melAKR-E7V. Intracellular IFN- staining is shown for 

the E7-tetramer positive cells. (D) Lytic activity of a codon-modified TCR transgenic (tg) CD8+ T cell clone as 

determined in a chromium-release assay. Target cells used were the HLA-A2.1 negative CxCa cell line SiHa 

(open triangles) and SiHa cells transfected with HLA-A2.1 (SiHA-A2, closed triangles). Percentage of specific 

lysis is shown for the indicated effector to target (E/T) ratios. (E) Tetramer binding to codon-modified TCR 

transgenic CD8+ T cells. Thin lines represent irrelevant tetramer binding; dashed lines represent relevant 

tetramer binding. (F) Functional analysis of TCR transgenic (tg) T cells (90% E7-tetramer positive) as 

determined in an intracellular IFN- assay. Target cells used were JY cells loaded with 1 M relevant (E7) or 

irrelevant (Flu) peptide, melAKR, melAKR-E7wt and melAKR-E7V. Intracellular IFN- staining is shown for 

the E7-tetramer positive cells. Data are representative for four different donors tested. 
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Performance of T cells transgenic for cm TCR alpha and beta chains separated by a picorna 

virus derived 2A sequence. To determine tetramer binding and functionality of a single 

construct in which both TCR chains are expressed at equimolar amounts, codon-modified 

TCR-2A-TCR(Supplementary Figure 1E) was introduced into CD8+ T cells. After 

retroviral transduction 40% of the cells were able to bind to the relevant E7-tetramer (Figure 

5A; dashed line), while binding of the irrelevant tetramer was neclectable (Figure 4E; solid 

thin line). Tetramer based sorting resulted in a bulk expressing the transgenic TCR by 92% of 

the T cells. Functional activity of these TCR-2A-TCR transgenic cells was tested in an 

intracellular IFN- staining. As shown in Figure 4F ~90% of the TCR transgenic cells 

produced IFN- upon stimulation with JY loaded with the relevant HPV16E7 B11-20B peptide. As 

expected, no IFN- production was observed after stimulation with JY loaded with the 

irrelevant peptide (MP B58-66B). Additionally, unmodified melAKR failed to stimulate IFN- 

production. Importantly, stimulation with the model tumor melAKR-E7wt and melAKR-E7V 

resulted in the production of IFN- (Figure 4F). Similar results were obtained using TCR 

transgenic CD8+ T cells derived from four different donors. In conclusion, transduction of T 

cells with a single construct, containing the TCR and TCR separated by a 2A sequence, 

resulted in a high percentage of tetramer positive cells. The transgenic T cells were 

functionally active against target cells loaded with relevant peptide as well as against relevant 

model tumor cells. 

 

Discussion 

 

Previously, it has been shown for leukemia, melanoma, renal cell carcinoma, HIV and HPV 

that retrovirally mediated transfer of human TCR genes leads to recognition of tumor cells or 

virally infected cells in vitro
10,11,13-15,43

. Expression levels of transgenic TCRs are high in 

murine recipient T cells and it has been demonstrated in an animal model that TCR transgenic 

T cells are able to expand and function in vivo
8
. However, transgenic TCR expression levels 

in human cells are often very low necessitating antibiotic selection
11,15,44

, enrichment or even 

cloning of TCR transgenic T cells before a sizeable population of TCR transgenic T cells can 

be tested for functional activity
13,45

. Retroviral vectors of different origin and high viral titers 

have also been used to increase transgenic TCR expression levels and percentages of positive 
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cells
46,47

. However, the latter approach may eventually lead to an increased risk of insertional 

mutagenesis, while the first approaches are time consuming and laborious.  

In the present study experiments to test the effects of codon modification were performed 

using two retroviral constructs in which both TCR chains were followed by a marker gene, 

either GFP or NGFR. Using this approach we were able to circumvent potential problems 

involving possible differences in viral titers between the retroviruses containing wt or cm 

TCRs. Based on the percentage of recipient T cells positive for GFP and NGFR we concluded 

that transduction efficiencies were comparable between wild-type and codon-modified TCR 

genes. We found that the expression level of the codon-modified transgenic TCR was greatly 

enhanced compared to the wild-type transgenic TCR and suggest that this is due to a 

combination of improved stability and improved translation of the mRNA allowing higher 

rates of protein synthesis
48

. This notion is further confirmed by additional experiments we 

performed using chimeric TCR constructs, comprising of wt variable domain and cm constant 

domain, in the configuration chimeric TCR-IRES-GFP and chimeric TCR-IRES-NGFR. 

The use of these chimeric TCR constructs resulted in comparable percentages of transduced 

cells and higher expression levels of GFP and NGFR compared to the wt TCR transduced 

cells, but lower compared to the cm TCR transduced cells (data not shown). 

To make TCR transfer more feasible for clinical purposes the use of marker genes 

should be avoided. Tetramer technology has allowed for the visualization of antigen specific 

T cells, without the need of marker gene expression, even when the percentages are very low. 

We tested single retroviral constructs in which the TCR and TCR chains were separated by 

an IRES sequence or a picorna virus derived 2A sequence. Previous experiments with a single 

retroviral construct containing wild-type TCRα-IRES-TCRβ derived from clone A9, resulted 

in poor transduction efficiencies and poor expression levels of the wild-type transgenic TCR 

13
. In the present study we have used two different clinically relevant configurations for the 

expression of TCRs without co-expression of markers. Our results clearly show that both 

approaches lead to high-level expression of transgenic TCRs when codon-modified TCR 

and TCR sequences are used. Moreover, these TCR transgenic T cells are functionally active 

against relevant targets. Whether our approach of codon modification is generally applicable 

is not yet clear. We have however obtained similar results with two other TCRs (data not 

shown). We are currently investigating whether the expression of codon-modified TCRs can 

be further improved by the use of regulatory elements such as PRE
46

.  
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Generating tumor specific T cells using TCR gene transfer may lead to the formation 

of numerous TCRs with unknown and possibly undesirable specificities due to pairing of the 

endogenous TCR chains with newly introduced TCR chains. This may in part be solved using 

a T cell clone with a well-defined specificity as has been described previously
49,50

.A 

disadvantage of this approach however is the need to isolate patient derived T cell clones with 

predetermined specificities.  The use of small interfering RNAs
51

, specifically inhibiting the 

expression of endogenous TCR and/or TCR chains, may be another strategy to prevent or 

reduce pairing of endogenous and exogenous TCR chains. Since the TCR sequences differ 

between cm and wt, siRNA can be designed to knock down the endogenous TCR specifically. 

A potential drawback of the use of retroviral vectors compared to non-integrating 

vectors is the increased risk of insertional mutagenesis
52

. This is of clinical relevance since 

gene therapy approaches, using retroviral vectors, in children with X-linked severe combined 

immune deficiency resulted in the development of leukemia in two patients
53,54

. Recent 

studies have implied that the age at which the stem cells of these patients are used to correct 

the defect may be of crucial importance
55

. Although TCRs with defined specificity will not be 

transferred into stem cells but instead in mature T cells it seems wise to aim at no more than 

one retroviral insertion per cell. Kustikova et al
52

 have shown that on average one insertion is 

found in both K562 and CD34+ cells with a transduction efficiency of 30% or less. Increasing 

the efficiencies to 90% resulted in an average of nine retroviral insertions
52

. We therefore 

made a dilution range of our codon-modified TCR-2A-TCR retrovirus to find the dilution 

giving 30% transduction efficiency. At this level 25% of the TCR transgenic T cells were 

capable of producing IFN- upon stimulation with relevant peptide loaded target cells, 

whereas about 20% produced IFN- after incubation with the relevant model tumor (data not 

shown). This clearly indicates that even at lower levels of transduction efficiency, presumably 

resulting in just one retroviral insertion, the TCR transgenic T cells are still functional. 

In conclusion, in this study we demonstrated that the transfer of codon-modified TCR 

genes into peripheral CD8+ T cells resulted in a much higher expression of the TCR at the 

cell surface compared to the wild-type TCR genes. Cells transduced with the codon-modified 

TCR were shown to be functionally active against both peptide loaded target cell as well as 

endogenously presented antigen on tumor cells. The significant improvements we have made 

in the functional expression of specific human TCRs, and the convenient cassette model we 

have presented here, will hopefully expedite clinical application of T cell receptor transfer-

based immunotherapy. 
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Promiscuous behavior of HPV16E6 specific T cell receptor beta chains hampers 

functional expression in TCR transgenic T cells, which can be restored in part by 

genetic modification 

 

Kirsten B.J. Scholten, Janneke J. Ruizendaal, Duco Kramer, Marcus Graf, Thomas Schoedl, 

Chris J.L.M. Meijer, Stephen Man and Erik Hooijberg 

 

Abstract 

 

Background: T cell receptor gene transfer is a promising strategy to treat patients suffering 

from HPV induced malignancies. Therefore we isolated the TCR open reading frames of 

an HPV16E6 specific CTL clone and generated TCR transgenic T cells. In general low level 

expression of the transgenic TCR in recipient human T cells is observed as well as the 

formation of mixed TCRs dimers. Here we addressed both issues employing three different 

expression platforms.  

Methods: We isolated the HVP16E6 specific TCR and TCRopen reading frames and 

retrovirally transduced human T cells with either wild-type (wt), or codon-modified (cm) 

chains to achieve enhanced TCR expression levels, or used codon-modification in 

combination with cysteinization (cmCys) of TCRs to facilitate preferential pairing of the 

introduced TCR and TCRchains.  

Results: Careful analysis of recipient T cells carrying the HPV16E6 TCR and endogenous 

TCR chains revealed the transgenic TCR chain to behave very promiscuously. Further 

analysis showed that the percentage of tetramer positive T cells in codon-modified/cysteinized 

TCR transgenic T cells was four-fold higher compared to wild-type and two-fold higher 

compared to codon-modification only. Functional activity, as determined by IFN- 

production, was high in cmCysTCR transgenic T cells, where it was low in cm and wt TCR 

transgenic T cells. Recognition of endogenously processed HPV16E6 antigen by cmCysTCR 

transgenic T cells was confirmed in a cytotoxicity assay.  

Conclusion: Promiscuous behavior of the HPV16E6 specific TCR chain can in part be 

forced back into specific action in TCR transgenic T cells by codon modification in 

combination with the inclusion of an extra cysteine in the TCR chains. 
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Introduction 

 

Human Papilloma viruses (HPV) are DNA containing viruses belonging to the family of 

papovaviridae. To date, more than 120 HPV types have been identified. These can be divided 

into “low” risk and “high” risk HPV types
1
. Infection with “low” risk HPV types, including 

HPV6 and 11, may result in benign epithelial lesions like warts. In contrast, “high” risk or 

oncogenic HPV types, of which HPV16 and HPV18 are the most predominant, are associated 

with precancerous lesions
2,3

. In the early 1980s Zur Hausen et al were the first to associate 

HPV infections with genital lesions and cervical cancer (CxCa)
4
. An association between 

infection with HPV and cancer has also been shown for a number of other anogenital 

carcinomas, including vulvar and penile carcinomas
5,6

, and for some head and neck squamous 

cell carcinomas
7,8

.    

Prophylactic vaccines designed to induce neutralizing antibodies are now in use for the 

protection of young females against HPV infection
9,10

. These vaccines however are of no use 

for the treatment of preexisting HPV lesions or cancers. Therefore there is still a need to 

develop therapeutics for this group of patients and for non-vaccinees at risk. Attractive 

candidates for therapeutic approaches are the early proteins E6 and E7, since these proteins 

are constitutively expressed and necessary to maintain a transformed phenotype of the tumor 

cells
11

. For the treatment of melanoma, adoptive transfer of tumor specific T cells has been 

effective in animal models
12

, and more importantly also in patients
13,14

. Since effectiveness of 

HPV specific T cell treatment has been shown in animal models
15,16

, adoptive transfer of HPV 

specific T cells could also be valuable for the treatment of HPV induced malignancies in 

patients
17

. Low frequencies of pre-existing HPV specific T cells however hampers the routine 

isolation of sufficient numbers of HPV specific T cells on a per patient basis
18,19

. 

  Alternatively, large numbers of tumor specific T cells can be generated by T 

cell receptor transfer
20-22

. TCR transgenic T cells have indeed been shown to express the 

exogenously introduced TCRs and to recognize and kill tumor cells in vitro
23-26

. Importantly, 

both CD8+ and CD4+ TCR transgenic T cells were functionally active and capable of 

delaying growth of established tumors in animal models
27,28

. In humans, the first clinical trial 

using TCR transgenic T cells has recently been conducted in melanoma patients
29

. Although 

promising results have been obtained in this clinical trial it should be emphasized that there 

are still some major improvements warranted in curing low level expression of transgenic 

TCRs and avoiding the formation of mixed TCR dimers. Formation of mixed TCR dimers 
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could lead to TCRs with unknown and potential harmful specificities
30

. Molecular 

engineering approaches like codon-modification
31,32

, the inclusion of murine constant 

domains
33

, the introduction of an extra cysteine in the constant domains
34,35

, referred to as 

cysteinization
36

, and the “hole-into-knob” configuration
37

 can contribute to enhanced TCR 

expression levels and the safety of TCR gene therapy.  

 Different retroviral constructs have been used to introduce the TCR and TCR into 

recipient T cells. For clinical application the use of one retroviral construct encoding both 

TCR chains is preferred. In these cases the TCR ORFs are separated by an IRES sequence 
38

, 

or a picorna virus derived 2A sequence
31

, or one TCR ORF is under the control of a long 

terminal repeat (LTR) promoter while the other TCR ORF is under the control of an internal  

promoter, such as an pgk promoter
21,22,39

. We used two retroviral vectors each containing a 

different marker gene. The TCR ORF was followed by the marker gene GFP and the TCR 

ORF was followed by the marker gene NGFR
20,40,41

, thus allowing detailed investigation of 

proper TCR pairing.  

In the current study we describe the isolation of the TCR ORFs encoding the TCR 

from CTL clone 7E7
42

,  which is directed against HPV16E629-38, and detail the functional 

expression in recipient CD8 positive T cells. We performed comparative analyses employing 

three different expression platforms in one and the same retroviral vector. The expression 

level and functional activity was charted of TCR transgenic T cells in which the TCR was 

either encoded by wild-type (wt) or codon-modified (cm) ORFs or a combination of codon-

modification with the addition of an extra cysteine (cmCys) in the constant domains of both 

TCR chains to facilitate improved TCR pairing. 

 

Materials and Methods 

Cell lines and T cell culture The HPV16-positive CxCa cell lines SiHA (American Type 

Culture Collection, ATCC, Manassas, VA, USA) and SiHA-A2 (SiHA transfected with HLA-

A2.1), were cultured in keratinocyte-serum free medium (Life technologies, Paisley, U.K.) 

supplemented with 5% (v/v) foetal calf serum (FCS; Perbio, Helsingborg, Sweden), 5g/ml 

bovine pituitary extract (Life technologies), 0.5ng/ml epidermal growth factor (Life 

technologies) and antibiotics (100 IE/ml penicillin and 100g/ml streptomycin, Life 

technologies). Jurkat/MA cells, which are devoid of endogenous TCR chains, were cultured 
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in IMDM supplemented with 8% FCS and antibiotics.  The EBV transformed B cell line JY 

was cultured in IMDM supplemented with 8% FCS and antibiotics. CTL were cultured in 

Yssel’s medium
43

 supplemented with 1% human serum (HS; ICN Biomedicals, Aurora, OH, 

USA) and antibiotics. Once a week the CTLs were stimulated with an irradiated (5,000 rad) 

feeder mixture containing 1x10
6
 allogeneic PBMC, 0.1x10

6
 JY cells, 20U/ml IL2 (Chiron, 

Amsterdam, The Netherlands) and 100ng/ml phytohemagglutinin (PHA; Murex Biotec, 

Dartford, U.K.) in Yssel’s medium supplemented with 1% HS and antibiotics
44

. For the 

generation of a CD8+ T cell population, healthy donor derived PBMC were isolated from an 

HLA-A2.1 positive buffycoat (Sanquin, Amsterdam, The Netherlands) by density gradient 

centrifugation using Lymphoprep (Nycomed, Oslo, Norway). Subsequently, isolation of 

resting CD8 positive CTL precursors from total PBMC was performed by positive selection 

using a MACS column (MACS; Miltenyi Biotec, Bergisch Galdbach, Germany). For this 

purpose, total PBMC were stained with anti-CD8 mAb and microbead-conjugated anti-

mouse IgG Abs (Miltenyi Biotec), followed by MACS sorting according to the 

manufacturer’s protocols. All cells were mycoplasm free and were maintained at 37C in 

humidified air containing 5% CO2. 

 

Isolation of the HPV16E6 specific TCR alpha and beta open reading frames Total RNA was 

isolated from 2x10
6
 CTL using RNAzol (Campro Scientific, Veenendaal, The Netherlands) 

according to the manufacturer’s instructions. Copy DNA was synthesized from 2–5 g of 

RNA using oligo(dT) primers and reverse transcriptase (Life Technologies) in a volume of 20 

l according to the manufacturer’s instructions. PCR was performed using 12 mixtures of 

four to five primers (the primers used were a kind gift from Dr. T. N. Schumacher (The 

Netherlands Cancer Institute, Amsterdam, The Netherlands)) complementary to the variable 

TCR chain or the variable TCR chain in combination with the downstream constant  or  

primer, respectively. PCR was performed on 1l of cDNA in the presence of 2 mM MgCl2, 

15 M of each primer, 200 M dNTPs, and 2.5 U Taq polymerase (Roche, Almere, The 

Netherlands) in a total volume of 50 l. When a band of the expected size was visible on an 

agarose gel stained with ethidium bromide, the PCR was repeated using each of the variable 

primers separately together with the constant TCR primer. PCR products were purified using 

a GeneClean III kit (Q-BIOgene, Amsterdam, the Netherlands) and ligated into the pCR2.1 

vector (Invitrogen). Sequence analysis (BaseClear, Leiden, the Netherlands) was 
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subsequently performed to confirm isolation of open reading frames encoding the TCR and 

TCR chains and to identify V and V TCR family usage of the original CTL clone. 

Molecular cloning of TCR and TCR open reading frames and retroviral transduction 

Analysis of codon usage of the 7E7 TCRand TCR chains showed several rare codons in 

the natural 7E7 TCR and TCR genes (Supplementary Figure 1A). Further analysis of these 

TCR genes also showed the presence of procarya inhibitory motifs and cryptic splice donor 

sites which may negatively influence the expression of the TCR by retaining the mRNA 

within the nucleus (Supplementary Figure 1B). Codon-modified TCR open reading frames 

were synthesized by GeneArt (Regensburg, Germany). Codon-modified ORFs in combination 

with an extra cysteine in the constant domain of both the TCR and TCR were obtained by 

mutagenesis. Residue 48 in the constant TCR region has been altered from a threonine into 

a cysteine and residue 57 in the constant TCR region from a serine into a cysteine
34

. The 

TCR and TCR ORFs were cloned into the Moloney Murine Leukaemia Virus based 

retroviral vector LZRS
45

 containing an internal ribosome entry sequence (IRES) followed by 

the markers eGFP or the signaling defective truncated version of the nerve growth factor 

receptor (NGFR). The TCR chain was cloned into LZRS-mcs-IRES-GFP and the TCR 

chain in LZRS-mcs-IRES-NGFR
20

. These constructs were transfected into the packaging cell 

line Phoenix-a using lipofectamine (Invitrogen). Two days after transfection 2g/ml 

puromycin (Sigma-Aldrich, St. Louis, MO) was added to select for virus producing cells. Ten 

to 14 days after transfection of the Phoenix cells, puromycin free retroviral supernatant was 

harvested, aliquoted and stored at -80°C for future use. Jurkat/MA
25,26,46

 and CD8+ T cells 

were retrovirally transduced as described in detail previously
47

. Briefly, two days prior to 

retroviral transduction, CD8+ T cells were stimulated using a feeder mixture as described 

above. 5 x 10
5
 Jurkat/MA or CD8+ T cells were resuspended in 0.5ml virus supernatant 

supplemented with 100U/ml IL-2 and transferred to a fibronectin (RetroNectin; Takara, Otsu, 

Japan)-coated well of a non tissue-culture-treated flat bottom 24-well plate (BD Biosciences, 

Mountain View, CA). Plates were centrifuged for 90 min at 2000 rpm, followed by 4-5h 

incubation at 37°C. The cells were subsequently harvested, washed and resuspended in 

Yssel’s medium for T cells or complete medium for Jurkat/MA, and kept at 37°C overnight. 

After 18 hours, retroviral transduction was repeated as described. 
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Supplementary Figure 1: Analysis of the wild-type TCR and TCR genes. (A) Percentage of sequence 

codons which fall into a certain quality class. The quality value of the most often used codon for a given amino 

acid in the human system is set to 100, the remaining codons are scaled according to Sharp et al, Nucleic Acids 

Res.  15 (1987), 1281-1295. (B) The numbers of cryptic splice donor sites and RNA instability motifs found in 

the wild-type TCR genes are depicted. Cryptic splice donor sites and RNA instability motifs have been removed 

during codon-modification. 
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Expression of the TCR was determined by flow cytometric analysis after 48h, and at later 

time points after the second transduction. PE labeled antibodies directed against human Nerve 

Growth Factor Receptor (NGFR; Chromoprobe, Aptos, CA), TCRV1 and TCRV8 were 

used, and allophycocyanin (APC) labeled anti-NGFR (Chromoprobe, Aptos, CA) antibody. 

PE- and APC-labeled HLA-A2.1 tetramers presenting the HPV16E629-38 epitope
18

 were used. 

Tetramer and Ab staining of cells was performed in PBS supplemented with 0.1% BSA and 

0.01% Azide (PBA) for 15 min at 37C and 20 min on ice respectively, followed by washing 

with PBA. Stained cells were analyzed on a FACSCalibur (BD Biosciences, San Jose, CA, 

USA) using CellQuest software (BD Biosciences).  T cells expressing GFP and NGFR were 

isolated by NGFR/GFP directed flow sorting using a FACS Aria (BD, Biosciences). TCR 

transgenic T cells were stimulated weekly as described above. 

Functional read-out assays Peptides were obtained from Leiden University Medical Center 

(LUMC). Peptides were >90% pure as analyzed by reverse-phase HPLC, dissolved in DMSO 

and stored at -20C for future use. Activation of TCR transduced Jurkat/MA cells was 

measured by the production of luciferase
46

. To measure the activation of the TCR transduced 

Jurkat/MA cells by JY cells loaded with  E711-20 peptide or E629-38, 10
5
 Jurkat/MA cells were 

incubated overnight with 5x10
4
 JY cells in a 96-well plate. After incubation with various 

stimuli, cells were washed in PBS and lysed in 20l Cell-culture-lysis buffer (Promega, 

Madison, WI, USA). To 10l of cell extract 50 l Luciferase assay reagent (Promega) was 

added. Luminescence was subsequently measured in a Lumat LB 9507 luminometer (EG&G 

Berthold, Bad Wildbad, Germany). Luciferase activity in stimulated Jurkat/MA cells was 

expressed in Relative Luminescence Units (RLU) related to the luciferase activity of 

nonstimulated Jurkat/MA cells, which was set at a value of one. 

Production of interferon- by stimulated CTL was determined using intracellular 

staining of permeabilized CTL with a PE labeled IFN- specific antibody according to the 

manufacturer’s instructions (CytoFix/CytoPerm kit with GolgiStop, BD Biosciences). 

Stimulations were performed for 4hr at 37°C in a round bottom 96-well plate (Nunc) 

containing 1x10
5
 responder CTL and 5x10

4
 target cells per well, followed by NGFR staining 

as described above, and intracellular IFN- staining. Samples were subsequently analyzed by 

flow cytometry in order to calculate the percentage of responding CTL. 
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  Cytotoxic activity of retrovirally TCR transduced CD8+ T cells was measured in a 

standard chromium release assay
18

. Briefly, 1x10
6
 target cells were labeled with 100Ci 

Na2[
51

Cr]O4 for 1 hour at 37C, washed extensively before co-culture with responder cells at 

the following E:T ratios 10:1, 3:1 and 1:1. Plates were incubated for 4h at 37C after which 

50l supernatant was harvested and radioactivity was measured. The percentage of specific 

lysis was calculated as follows: Percentage specific lysis = [(experimental release-

spontaneous release)/ (maximal release-spontaneous release)] x100. 

 

Results 

 

Isolation and preservation of the HPV16E6 specific T cell receptor The HPV16E6 specific T 

cell clone 7E7 used in the current study was generated from a patient suffering from cervical 

cancer, after short term in vitro stimulation of T cells with peptide pulsed irradiated PBMCs 

followed by limiting dilution cloning. This CTL clone was shown to recognize the HLA-A2 

restricted T cell epitope TIHDIILECV corresponding to amino acids 29-38 derived from 

HPV16E6 as a synthetic 10-mer peptide and as an endogenously processed and presented 

epitope
42

. Because of its anti-tumor reactivity this T cell clone was considered a promising 

candidate for the isolation of its TCR for transfer purposes. Tetramer and TCRV staining on 

the original CTL clone 7E7 was positive for tetramers presenting the relevant HPV16E629-38 

epitope and TCRV1 antibodies (data not shown). Using RT-PCR, we isolated the TCR and 

TCR ORFs from this HPV16E629-38 specific T cell clone. Sequence analysis revealed the 

chains to be TCRV29J37 and TCRV1J2S1 family members. TCRV usage as revealed by 

sequence analysis was in accordance with the results obtained by flow cytometric TCRV 

staining. No antibodies were available to stain the TCR chain. 

TCR expression and functional activity of HPV16E6 specific TCR transgenic JurMA cells 

Isolated TCR alpha and beta ORFs from CTL clone 7E7 were cloned into the marker gene 

containing retroviral vector LZRS as TCR-IRES-GFP and TCR-IRES-NGFR
20

. Next, we 

tested whether the isolated TCR ORFs were capable of forming a stable TCR complex on 

the cell surface of JurMA cells. JurMA cells are devoid of endogenous TCR chains, but do 

express a TCR chain. After retroviral transduction we found co-expression of the markers 

GFP and NGFR in 46% of the transduced JurMA cells (Figure 1A). TCR cell surface 

expression was determined using specific TCRV1 antibodies and tetramers presenting the  
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Figure 1. Phenotypical and functional activity analysis of HPV16E6 specific TCR transgenic JurMA cells. (A) 

7E7- TCR transgenic JurMA cells co-expressing GFP and NGFR (gated in R3) are negative for TCRV8 but 

positive for TCRV1 staining as indicated by the percentage of TCRV positive cells (upper right quadrant).  

Tetramer analysis of 7E7-TCR transgenic JurMA cells co-expressing GFP and NGFR show binding to relevant 

but not irrelevant tetramer as indicated by the percentage tetramer positive cells (upper right quadrant). (B) 

Functional activity of 7E7-TCR transgenic JurMA cells against peptide loaded target cells as determined in a 

luciferase assay. Luciferase activity in JurMA cells is shown in Relative Luminescence Units (RLU), defined as 

the ratio of luciferase activity in stimulated versus unstimulated cells. Data presented are representative for 2 

different experiments performed. 
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relevant HPV16E629-38 epitope. Despite the fact that 66% of the JurMA cells were positive for 

TCRV1 staining in the GFP+/NGFR+ quadrant, only 18% of the JurMA cells in the same 

quadrant were positive for tetramer staining (Figure 1A). Discrepancies of this kind have 

been documented by others as well
21,46

 and may in part be explained by differences in affinity 

of tetramers and TCRVantibodies. As expected, negligible percentages of TCRV1 staining 

were detected in the GFP-/NGFR- (~0.4%) quadrant and GFP-/NGFR+ (~3%) quadrant (data 

not shown). This clearly indicates that the introduced TCRV1 does not cross-pair to 

significant levels with the TCRV8 endogenously present in JurMA cell. As expected, no 

tetramer binding was observed when using an HLA-A2 tetramer containing a negative control 

peptide, nor did we see staining with monoclonal antibodies directed against the irrelevant 

TCRV8 family members (Figure 1A).  

In order to test functional activity of the transduced TCR alpha and beta chains we 

made use of the JurMa/NFAT-luciferase system
25,26,46

. TCR transgenic JurMA cells were 

incubated overnight with the HLA-A2.1 positive B cell line JY loaded with either relevant or 

negative control peptide. As shown in Figure 1B, JY cells loaded with relevant HPV16E629-38 

peptide induced luciferase activity in TCR transgenic JurMA cells. As expected, no luciferase 

activity was induced after incubation of the TCR transgenic cells with JY cells pulsed with 

negative control peptide. From these experiments we concluded that we had successfully 

isolated the wild-type TCRand TCR ORFs from CTL clone 7E7 and that this wtTCR is 

functionally active against peptide loaded target cells as determined in the JurMA/NFAT-

luciferase system.  

 

Comparative analysis of transgenic 7E7-TCR expression in recipient CD8+ T cells To 

investigate the application potential of 7E7-TCR transgenic CD8+ T cells in a pre-clinical 

setting, we introduced the 7E7 derived TCR ORFs in peripheral blood derived CD8+ T cells 

from unrelated HLA-A2.1 positive donors. In this analysis we compared three different 

formats (wt, cm and cmCys) to achieve functional expression of the transgenic 7E7-TCR. In 

order to facilitate analysis of transgene expression we made use of the retroviral vector LZRS, 

in which the TCR and TCR ORFs were combined with the markers GFP and ΔNGFR, 

respectively. Co-expression of marker genes in conjunction with TCR and TCR chains 

allowed for careful analyses of expression patterns in transduced T cells. 
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Figure 2. Schematic representation of retroviral constructs encoding for the wt (A), cm (B) or cmCys (C) TCR 

and TCR genes. Isolated wt TCR and wtTCR from CTL clone 7E7 were introduced into the multiple cloning 

sites (mcs) of LZRS carrying the marker genes GFP and NGFR, respectively (B+C), using the indicated 

restriction enzymes. Variable cmTCR and cmTCR can be easily introduced into the pCRScript vectors 

containing the cm or cmCys constant domains of the TCR chains. The variable cmTCR chain can be 

introduced using BamHI *SacII while the cmTCR chain can be introduced using XhoI *BglII. The cm and 

cmCysTCR and TCR chains can subsequently be introduced into the mcs of LZRS-mcs-I-GFP and LZRS-

mcs-I-NGFR, respectively, using BamHI* EcoRI for the TCR chain and XhoI*NotI for the TCR chain. 

 

Figure 2 shows the vector system we developed to accommodate TCR variable regions into 

vectors already containing the modified constant regions of the TCR and TCR chains.  

After transduction of CD8+ T cells with wt, cm or cmCys TCR ORFs, cells were analyzed for 

the expression of the markers. GFP expression (as a marker for TCR) indicated in the upper 

left and upper right quadrants, was found in 47% (24+23), 45% (26+19) and 51% (28+23) of 

the cells transduced with wt, cm and cmCys 7E7-TCR-IRES-GFP retroviruses, respectively. 

NGFR expression (as a marker for TCR), indicated in the lower right and upper right 

quadrants, was found in 45% (22+23), 38% (19+19) and 41% (18+23) of the cells transduced 

with wt, cm and cmCys TCR-IRES-ΔNGFR retroviruses, respectively (Figure 3). Co-

expression of GFP and NGFR was found in 23%, 19% and 23% of the wt, cm and cmCys 

TCR transduced T cells, respectively (Figure 3). It should be noted that the transduction 

efficiency of the wt, cm and cmCysTCR ORFs were comparable, excluding differences in  



Chapter 5 

 

 

136 

 

 

Figure 3. Tetramer analysis of CD8+ T cells after transduction with wt, cm or cmCyc 7E7-TCR encoding 

retroviruses. Healthy donor derived CD8+ T cells were transduced with TCR-I-GFP and TCR-I-NGFR 

encoding retroviruses. Tetramer analysis was performed on T cells with the wt (A), cm (B) and cmCys (C) 7E7-

TCR in gate R3 (GFP-/NGFR-) and gate R4 (GFP-/NGFR+). Data are representative for 4 different donors 

tested. 
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expression level as a result of the number of retroviral insertions
48

. Cells were subsequently 

analyzed for the capacity to bind tetramers presenting relevant or irrelevant epitopes. Merely 

5.4% of the wtTCR transgenic T cells in the GFP+/NGFR+ gate were capable of binding to 

relevant tetramers (Figure 3A). To our surprise only 10% of  the cmTCR transgenic T cells in 

the upper right quadrant (GFP+/NGFR+ cells; gated in R4) were able to bind to relevant 

tetramers (Figure 3B). Whereas 22% of the cmCysTCR transgenic T cells in the 

GFP+/NGFR+ gate were capable of binding to relevant tetramers (Figure 3C). Background 

staining with tetramers containing the relevant peptide was 2-3% in all cases (lower left 

quadrant; GFP-/NGFR- gated in R3). As expected, no tetramer staining was detected in the 

single positive (GFP+/NGFR- or GFP-/NGFR+) gates or double negative (GFP-/NGFR-) gate 

using tetramers presenting the relevant epitope (data not shown). Nor did we see binding in 

either of the quadrants using tetramers presenting an irrelevant epitope (data not shown). 

In conclusion, codon-modification of the TCR ORFs did not lead to highly increased 

binding of relevant tetramers when compared to wild-type sequences, which is in contrast to 

previous observations
31

. A further increase in relevant tetramer binding has been observed in 

cmCysTCR versus cmTCR transgenic cells (Figure 3). These data suggest that the 

introduction of extra cysteine residues in the constant regions of the TCR alpha and beta 

chains indeed allows for improved pairing of the exogenous TCR chains.  

 

Functional activity of 7E7- TCR transgenic CD8+ T cells In order to asses functional activity 

against appropriate target cells, TCR transgenic cells were sorted based on GFP and NGFR 

expression. The sorted cells were 90-96% positive for both GFP and NGFR (data not shown). 

Functional activity of 7E7-TCR transgenic CD8+ T cells against peptide loaded target cells 

was tested in an interferon- assay. Cells were incubated with JY cells exogenously loaded 

with either relevant HPV16E629-38 or irrelevant peptide. Low background levels of interferon-

 production were observed against JY cells loaded with irrelevant peptide. In agreement with 

tetramer staining profiles (See Figure 3, right hand panels), very few wtTCR or cmTCR 

transgenic T cells in the GFP+/NGFR+ gate were capable of producing interferon- upon 

stimulation with JY cells loaded with relevant peptide (Figure 4A). In contrast to this, 25% of 

the cmCysTCR transgenic CD8+ T cells produced interferon-As expected, no interferon- 

production was observed in the double negative and single positive quadrants (data not 

shown). Functional TCR avidity of transduced CD8+ T cells was analyzed in response to JY  



Chapter 5 

 

 

138 

 

 

Figure 4. Analysis of functional activity of CD8+ TCR transgenic T cells against peptide loaded target cells as 

well as tumor cells. (A) Bulk populations (~95% GFP+/NGFR+) wt, cm and cmCys TCR transgenic CD8+ T 

cells in an intracellular interferon- staining against JY cells loaded with irrelevant or relevant peptide. (B) 

Functional avidity as determined in an intracellular interferon- assay. The HLA-A2.1 + cell line JY loaded with 

decreasing amounts HPV16E6 peptide were used as target cell. The maximal interferon- production is set at 

100%. The results indicate that 7E7-TCR transgenic CD8+ T cells recognize the E629-38 peptide with a half 

maximal interferon- production of ~ 50nM.  Lytic activity of bulk cmCysTCR transgenic CD8+ T cells directed 

against the HLA-A2.1 negative cervical cancer cell line SiHa (closed circles), SiHA transfected with HLA-A2.1 

(SiHA-A2, closed squares) and SiHA-A2 loaded with HPV16E6 peptide (open squares). Percentage specific 

lysis is shown for the indicated effector to target (E/T) ratio. 
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cells exogenously loaded with decreasing amounts of the E629-38 peptide in an intracellular 

interferon- staining. The results show that the cmCysTCR transgenic CD8+ T cells recognize 

peptide with a half-maximum interferon- production between 10-100 nM (Figure 4B) which 

is indicative of T cells with intermediate avidity
49

. To confirm recognition of endogenously 

processed antigen by TCR transgenic T cells a chromium release assay was performed against 

cervical cancer cells using cmCysTCR transgenic T cells. As expected TCR transgenic T cells 

were capable of killing the HLA-A2.1
+
/HPV16

+
 CxCa cell line SiHA-A2, which 

constitutively expresses the antigen HPV16E6 (Figure 4B). The HLA-A2 negative variant of 

this cell line (SiHA, Figure 4B) nor the negative control cell lines JY and Caski (data not 

shown) were lysed by these TCR transgenic T cells. These results are in agreement with the 

results obtained by Thomas et al
50

 with the original T cell clone. 

 

Promiscuous behavior of the HPV16E6 specific TCR beta chain. Cross-pairing of endogenous 

TCR and TCR chains with exogenously introduced TCR and TCR chains might lead to 

unexpected and possibly harmful T cell specificities. Antibodies directed against TCRV1 are 

available and facilitate the analysis of expression of the transgenic TCR chain, whereas 

antibodies against TCRV29 are unavailable. Co-expression of the marker genes GFP and 

NGFR with the TCR and TCR chain respectively facilitates detailed analysis of TCR 

expression patterns. Low percentages of TCRV1 positive cells were detected in the 

GFP/NGFR double negative quadrant (Figure 5; gated in R3), representing the percentage of 

endogenous repertoire of TCRV1 positive T cells naturally present in this particular donor. 

Approximately 25% of the GFP+/NGFR+ double positive T cells (gated in R4) transduced 

with the wtTCR were positive for TCRV1 (Figure 5A). In the GFP+/NGFR+ quadrant 

(gated in R4) 46% of the cmTCR transgenic T cells were positive for TCRV staining 

(Figure 5B) while 52% of the cmCysTCR transgenic T cells showed TCRV1 staining 

(Figure 5C). Additionally, TCRV1 expression levels of cmTCR transgenic cells (MFI 192) 

were higher compared to wtTCR transgenic cells (MFI 142) and cmCysTCR transgenic cells 

(MFI 157).  

Importantly, approximately 54% of the cells transduced with the cmTCR ORF were 

positive for TCRV1 staining in the GFP-/NGFR+ population (Figure 5B, gated in R5). This 

percentage is lower in the cmCysTCR transgenic cells in the GFP-/NGFR+ gate where 47% 

of the T cells show TCRV1 staining (Figure 5C). Biochemical evidence provided by others  
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Figure 5. Phenotypic analysis of CD8+ T cells after transduction with either wt, cm or cmCys 7E7-TCR 

encoding retroviruses. Healthy donor derived CD8+ T cells were transduced with TCR-I-GFP and TCR-I-

NGFR encoding retroviruses. TCRV1 analysis was performed on T cells with the wt (A), cm (B) or cmCys  (C) 

7E7-TCR in gate R3 (GFP-/NGFR-), gate R4 (GFP+/NGFR+) or gate R5 (GFP-/NGFR+). Data are 

representative for 4 different donors tested. 
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has shown that TCR chains are incapable of cell surface expression without a paired TCR 

chain
51

. Our data clearly indicate that the TCRV1 isolated from CTL clone 7E7 is 

promiscuous in binding to different TCRV family members.  

 In general the percentage of specific tetramer binding is lower when compared to 

binding of specific TCRbeta antibodies, as documented previously by others
21,52

. As also seen 

in JurMA cells, the percentage of TCRV1 staining is much higher compared to tetramer 

staining. In summary, ~20-25% of the wt and cmTCR transgenic T cells positive for TCRV1 

were also capable of binding relevant tetramers, whereas this is ~40% in the case of 

cmCysTCR transgenic T cells. This is a clear indication that cross-pairing between 

endogenous TCR chains and the introduced TCR chains can in part be circumvented by the 

introduction of an extra di-sulfide bond between the TCR and TCR chains. 

 

Discussion 

Thus far only few T cell clones directed against HPV16E6 have been described
42,53

. By 

isolating the TCR from CTL clone 7E7 and its introduction into recipient CD8
+
 T cells we 

were able to generate HPV16E6 specific T cells capable of recognizing peptide loaded target 

cells as well as HPV expressing tumor targets. Next we sought to enhance TCR expression 

levels by codon-modification
31,32

 and to facilitate preferential pairing of the exogenously 

introduced TCR and TCR chain by cysteinization
34-36

 of the codon modified TCR and 

TCR chains. In the current study we compared TCR expression levels and functional activity 

of T cells transduced with wild-type, codon-modified or codon-modified/cysteinized TCRs. 

The combined use of TCRV antibodies and tetramers allows for detailed analysis of the 

introduced TCR chains as reported here. Transduction of wild-type TCRs into CD8+ T cells 

resulted in low percentages of tetramer positive cells, as has also been documented by us for a 

TCR with a different specificity
25

. To our surprise and in contrast to our previously published 

data
31

, only low percentages of codon-modified TCR transgenic T cells were capable of 

binding tetramers presenting the relevant epitope, despite the notion that a high percentage of 

T cells expressed the introduced TCR chain at high levels. Therefore we sought to improve 

TCR expression by codon-modification in combination with cysteinization. Others have 

shown previously that cysteinization allows for preferential pairing of introduced TCRs. 

Indeed the percentage of tetramer positive cells increased from 10% to 22% in the 

GFP+/NGFR+ quadrant. A substantial increase in mean fluorescence intensity was also 
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observed (Figure 3). About half (52%) of the cmCysTCR transgenic cells in the 

GFP+/NGFR+ quadrant were positive for TCRV1 staining (Figure 5), and about a quarter 

(22%) of the cells in the same quadrant were capable of binding to relevant tetramers (Figure 

3). This probably indicates that tetramer staining is abrogated due to the fact that in a fair 

portion of these TCR transgenic T cells the exogenously introduced TCR much rather pairs 

with the endogenously present TCR. From these data it is clear that the formation of mixed 

TCR dimers is not prevented completely by this combined approach. Besides TCRV and 

tetramer staining we compared the three different platforms for the production of interferon- 

upon stimulation with target cells loaded with synthetic peptide. In agreement with the 

findings of Cohen et al
35

, we found increased interferon production in transgenic T cells 

carrying the cysteinized TCRs. Codon-modified/cysteinized TCRs showed improved 

functional activity when compared to wild-type and codon-modified TCR transgenic T cells. 

To confirm recognition of endogenously presented antigens we performed a chromium release 

assay. Whereas the original T cell clone 7E7 was only able to kill CxCa cell lines in 20 hour 

cytotoxicity assays, 7E7-TCR transgenic CD8+ T cells were capable of killing tumor cells in 

a standard 4 hour chromium release assay. A possible explanation for these findings may be 

that the original T cell clone was near exhaustion
54,55

, whereas the TCR transgenic T cells 

were not. Therefore, TCR transgenic CD8+ T cells might still have retained their intrinsic 

cytolytic capacity. 

 To determine functional TCR avidity of the 7E7 derived TCR, we stimulated 7E7-

TCR transgenic CD8+ T cells with decreasing amounts of relevant peptide. TCR transgenic 

CD8+ T cells showed a half maximal interferon- production at approximately 10-100nM 

peptide indicating an intermediate functional avidity
49

. Evans et al showed that the 7E7 T cell 

clone had a 50% maximal lysis of approximately 1nM
42

. Cross-pairing of a substantial 

number of exogenously introduced TCRbeta chains with endogenous TCRalpha chains, 

leading to a reduction of the number of HPV16E6 specific TCR on the cell surface may 

explain these differences in sensitivity.  

 Alternative approaches have been published recently to prevent the formation of 

mixed TCR dimers. These approaches include the murinization of TCR constant domains
56

, 

and inter-chain conversion of the constant domains, referred to as the hole-into-knob 

approach
37

. Here we have engineered a cassette model in which TCR alpha and beta variable 

regions can easily be incorporated. To date these contain codon modified constant regions as 
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such or combined with the addition of extra cysteine residues. Likewise one could prepare 

additional cassettes containing murine constant domains, hole-into-knob configurations or the 

addition of an extracellular tag to the variable region of the TCRalpha chain. Incorporation of 

marker genes would allow for detailed analysis of expression of individual TCR chains 

derived from one and the same T cell clone. 

 As an alternative approach one may choose recipient CTL clones with known 

specificity
57

 or effector cells devoid of endogenous TCR and TCR chains like  T cells
58

 

or NK cells
59

. Phage display technology could also be applied, not only to improve TCR 

affinity
60

, but also to improve inter-chain affinity. Careful analysis of different engineering 

approaches should be performed to determine which is best applicable. 

 Preclinical studies in mice have shown value with respect to determining the in vivo 

capacity of TCR transgenic T cells to eliminate model tumors and to compare the 

effectiveness of different  TCRs with the same specificity
32

. Along these lines the HPV16E6 

specific TCR presented here should be tested along side the previously described HVP16E7 

specific TCRs A9 and D4
25,61

. 

 In conclusion, promiscuous behavior of TCR chains can in part be forced back into 

specific action in TCR transgenic T cells by codon modification in combination with the 

inclusion of an extra cysteine in the TCR chains. 
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Abstract 

 

Infection with the human papilloma virus (HPV) is associated with cancers of the cervix, 

vagina, penis, vulva, anus and some head and neck carcinomas. The HPV derived 

oncoproteins E6 and E7 are constitutively expressed in tumor cells and therefore potential 

targets for T cell mediated adoptive immunotherapy. Effective immunotherapy is dependent 

on the presence of both CD4+ and CD8+ T cells. However, low precursor frequencies of 

HPV16 specific T cells in patients and healthy donors hampers routine isolation of these cells 

for adoptive transfer purposes. Generation of HPV specific CD8+ T cells has been shown, 

using TCR gene transfer of both HPV16E6 and HPV16E7 specific TCRs. In this paper, HPV 

specific CD4+ T cells were generated using either a MHC class I or MHC class II restricted 

TCR directed against HPV16 antigens. Introduction of the HPV16 specific TCRs into blood 

derived CD4+ recipient T cells resulted in recognition of the relevant HPV16 epitope as 

determined by IFN- secretion. Importantly, we also show recognition of the endogenously 

processed and HLA-DP1 presented HPV16E6 epitope by 24.101 TCR transgenic CD4+ T 

cells and recognition of the HLA-A2 presented HPV16E7 epitope by A9 TCR transgenic 

CD4+ T cells. Collectively, our data indicate that TCR transfer is feasible as an alternative 

strategy to generate human HPV16 specific CD4+ T helper cells for the treatment of patients 

suffering from cervical cancer and other HPV16 induced malignancies. 
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Introduction 

 

Human papilloma viruses play an important role in the development of cervical cancer 

(CxCa), which is the second most common cause of cancer related deaths among women 

world-wide. Each year approximately 500,000 women, commonly between the ages of 30 and 

50, are diagnosed with this type of cancer
1
.  Other less common cancers associated with HPV 

infections are cancers of the vulva
2
, vagina

3
, anus

4;5
, penis

6-8
 and some head and neck 

cancers
9-11

.  

Nowadays, two prophylactic vaccines, Gardasil and Cervarix are approved to prevent 

cervical cancer. Clinical trials are promising and therefore it is likely that a significant 

reduction in cervical cancer can be expected
12;13

. However, since there are major cultural and 

social differences between countries and communities the vaccine will not be accepted for 

vaccination of female adolescents everywhere. Additionally, till this point, it is still unclear 

whether the vaccines are protective against other HPV induced cancers and whether 

immunosuppressed patients will respond to the vaccine. Therefore, methods to treat patients 

suffering from cervical cancer and HPV induced malignancies should be explored.  

Adoptive transfer of HPV specific T cells is an attractive strategy to treat patients 

suffering from HPV induced malignancies. In previously described clinical trials of adoptive 

transfer of melanoma specific CD8+ T cells no objective clinical responses were found in 

melanoma patients while melanoma specific CD8+ T cells were highly reactive against tumor 

cells in vitro
14

. More recent clinical trials using both CD4+ and CD8+ T cells were more 

successful since 18 out of 35 patients showed a clinical response, including three complete 

responders
15;16

. Therefore, adoptive transfer of HPV specific CD4+ and CD8+ T cells might 

be attractive to treat patients suffering from HPV induced malignancies. However, CTL 

responses against HPV antigens in women with natural HPV infections are difficult to detect 

indicating that the precursor frequencies of HPV specific CTLs is very low making it difficult 

to isolate these HPV specific T cells
17;18

. 

 In addition, HPV16 specific CD4+ Th responses were either absent or severely 

impaired in patients with HPV16 positive genital lesions and patients suffering from cervical 

cancer
19-21

. Increased numbers and activity of HPV specific CD4+ and CD8+ T cells can be 

found in cervical cancer patients after vaccination with synthetic long peptides (SLP)
22

. In the 

majority of patients suffering from premalignant HPV positive lesions regression was 
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observed after SLP vaccination
23

. In contrast, hardly any clinical responses were observed in 

late stage cervical cancer patients after SLP vaccination
24

. 

A promising “off the shelf” method to generated high numbers of tumor specific T 

cells consists of the introduction of antigen specific TCR genes into recipient T cells. 

Recently, the generation of HPV specific CD8+ T cells was described using both E6 and E7 

specific TCRs
25;26

.  For the generation of tumor specific CD4+ T cells two different strategies 

can be applied. First, TCRs derived from CD4+ T cell clones can be introduced into recipient 

CD4+ T cells as has been described previously for non HPV malignancies
27;28

. Second, tumor 

specific CD4+ T cells can be generated by introducing MHC class I restricted TCRs
29

. 

Previous reports have shown that the introduction of a CD8 independent TCR into CD4+ T 

cells resulted in production of cytokines after co-culture with peptide pulsed cells and 

cytotoxicity against tumor cells
29

. 

In this paper we show that T helper functions against HPV16 antigens can be obtained 

after transfer of MHC class I or MHC class II restricted TCRs into CD4+ T cells.  

 

Materials and methods 

 

Cell lines and T cell culture For the generation of a CD4+ T cell population, healthy donor 

derived PBMC were isolated from buffycoats by density gradient centrifugation using 

Lymphoprep (Nycomed, Oslo, Norway). Subsequently, isolation of resting CD4+ helper T 

cells from total PBMC was performed by positive selection on a magnetic sorting device 

(MACS; Miltenyi Biotec, Bergisch Galdbach, Germany). For this purpose, total PBMC were 

stained with anti-CD4 mAb and microbead-conjugated anti-mouse IgG Abs (Miltenyi Biotec), 

followed by MACS sorting according to the manufacturer’s protocols. T cell blasts from a 

HLA-DP1+ donor were obtained by stimulating PBMCs with 800 ng/ml PHA and 100 IU/ml 

IL-2 for 1 week. T cell blasts and CD4+ T cells were cultured in Yssel’s medium
30

 

supplemented with 1% human serum (HS; ICN Biomedicals, Aurora, OH, USA) and 

antibiotics(100 IE/ml penicillin and 100g/ml streptomycin, Life technologies). T cell blasts 

and CD4+  T cells were stimulated weekly with an irradiated feeder mixture as has been 

described previously
25

. 

 The HLA-DP1+ EBV transformed B cell line EBV24 and Jurkat/MA cells were 

cultured in IMDM supplemented with 8% (v/v) foetal calf serum (FCS; Perbio, Helsingborg, 

Sweden) and antibiotics. The HLA-A2+ melanoma cell line melAKR was transduced with 
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minigenes encoding the HPV16E711-20wt (YMLDLQPETT) or the HPV16E711-20V 

(YMLDLQPETV) epitope. The resulting model cell lines containing these constructs are 

called melAKR-E7wt and melAKR-E7V, respectively. All cells were mycoplasm free and 

were maintained at 37C in humidified air containing 5% CO2. 

 

DNA constructs In order to isolate the TCR open reading frames from CD4+ T cell clone 

24.101, total RNA was isolated from 1.5x10
6
 cells and PCR was performed as has been 

described earlier
25

. Sequence analysis was performed to determine TCR and TCR usage of 

this particular T cell clone (BaseClear, Leiden, the Netherlands). As has been shown 

previously, TCR expression can be greatly enhanced after codon-modification of the TCR 

ORFs
31;32

 or the introduction of an extra cysteine in the constant domain of both the TCR 

and TCR chains
33;34

. The first improves greatly on translation into protein whereas the latter 

facilitates binding of the exogenous TCRand TCR chains. Therefore, TCR ORFs of clone 

24.101 were codon-optimized and an extra cysteine was incorporated in the constant domains 

(GeneArt, Regensburg, Germany). Wild-type and codon-modified+cysteinized (from here on 

called cmCys) TCR and TCR ORFs were cloned into the multiple cloning site (mcs) of the 

moloney murine leukaemia based retroviral vector LZRS, followed by the marker GFP or the 

truncated version of the nerve growth factor receptor (NGFR), respectively
35;36

. For 

experiments with the A9 TCR the retroviral construct carrying cmTCR-2A-cmTCR was 

used, which have been described previously in detail
31

. Furthermore, to test CD8 dependency 

of the A9-TCR transgenic CD4+ T cells a retroviral LZRS construct encoding CD8-2A-

CD8 was used.  

 The sorting signal of lysosome associated membrane protein-1 (LAMP-1) reroutes the 

antigen into the MHC class II processing pathway, resulting in enhanced presentation to 

CD4+ T cells in vitro
37

. To accomplish enhanced presentation of HPV16E6 we linked LAMP-

1 to HPV16E6 resulting in sig-[HPV16E6LAMP]. This DNA fragment was introduced into 

the mcs of the retroviral vector, LZRS-mcs-IRES-GFP.  

 

Retroviral transduction and analysis of gene expression All retroviral constructs were 

transfected into the packaging cell line Phoenix-a using lipofectamine (Invitrogen). Two days 

after transfection 2g/ml puromycin (Sigma-Aldrich, St. Louis, MO) was added. Ten to 14 

days after transfection puromycin free retroviral supernatant was harvested.  
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 T cell blasts were retrovirally transduced with either GFP or sig-[HPV16E6LAMP]-

IRES-GFP. Subsequently, T cell blasts were sorted for the expression of GFP using flow 

cytometry. Retroviruses encoding for the TCR ORFs were used to transduce Jurkat/MA and 

CD4+ T cells as has been described previously
25;38

. Retrovirus encoding for CD8 was used to 

transduce TCR transgenic CD4+ T cells.  

 Expression of the TCR was determined after 48h and later time points by flow 

cytometric analysis. Antibodies used were FITC labeled antibodies directed against CD8, PE 

labeled antibodies directed against human TCRV3, TCRV17 and TCR1, and 

allophycocyanin labeled anti-human nerve growth factor receptor (NGFR; Chromoprobe, 

Aptos, CA) antibody. APC-labeled HLA-A2.1 tetramers presenting the HPV16E711-20 epitope 

were used
39

. Tetramer and Ab staining of cells was performed in PBS supplemented with 

0.1% BSA and 0.01% azide (PBA) for 15 min at 37C and 20 min on ice respectively, 

followed by washing with PBA.  Stained cells were analyzed on a FACSCalibur (BD 

Biosciences, San Jose, CA, USA) using CellQuest software (BD Biosciences).  24.101 

transgenic CD4+ T cells expressing GFP and NGFR were isolated by NGFR/GFP directed 

flow sorting in complete medium. In addition, A9 TCR transgenic T cells positive for 

tetramers were sorted by tetramer directed flow sorting while those also carrying CD8 were 

sorted based on tetramer binding and CD8 expression.  

 

Functional read-out assays HPV16E711-20, HPV16E673-104 and irrelevant (HPV16E637-68 and 

MP158-66) peptides were synthesized by the Leiden University Medical Center (LUMC, the 

Netherlands). Peptides were >90% pure as analyzed by reverse-phase HPLC, dissolved in 

DMSO and stored at -20C until further use. 

Functionality of TCR transgenic Jurkat/MA cells was measured using a luciferase 

assay
40

. To measure the activation of 24.101 TCR-transduced Jurkat/MA cells by EBV24 

cells loaded with 10 M of irrelevant HPV16E637-68 peptide or relevant HPV16E673-104 

peptide, 10
5
 Jurkat/MA cells were incubated overnight with 5x10

4
 target cells in a 96-well 

plate. After incubation with various stimuli, cells were analyzed for luciferase activity. 

Luminescence was subsequently measured in a Lumat LB 9507 luminometer (EG and G 

Berthold, Bad Wildbad, Germany). Luciferase activity in stimulated Jurkat/MA cells was 

expressed in relative luminescence units (RLU) related to the luciferase activity of 

nonstimulated Jurkat/MA cells, which was set at a value of one. 
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Production of interferon- by stimulated CD4+ T cells was determined using 

intracellular interferon- staining of permeabilized T cells with PE labeled IFN- specific 

antibody according to the manufacturer’s instructions (Cytofix/Cytoperm kit with golgistop, 

BD Bioscience). Stimulations were performed for 4hr at 37°C in a round bottom 96-well plate 

(Nunc) containing 1x10
5
 responder CD4+ T cells and 5x10

4
 target cells per well, followed by 

either NGFR staining or CD8/tetramer staining as described above, and intracellular IFN 

staining. Samples were subsequently analyzed by flow cytometry in order to calculate the 

percentage of responding CD4+ T cells. 

  Proliferation assays were performed by stimulating 10
4
 TCR transgenic 

CD4+T cells with 10
3
-10

4
 target cells for 4 days in 96-well plates in Yssels’medium. At day 

4, 2.5uCi/ml [
3
H]-thymidine (Amersham, Aylesbury, UK) was added per well for a period of 

16 hours. Plates were harvested onto glass fiberglass filters. Incorporation of [
3
H] thymidine 

was quantified using a Topcount NXT Microbetacounter (Packard, Meriden, CT). 

  In order to measure cytokine production upon specific stimulation a cytokine 

bead array (CBA) assay was performed using the manufacturer’s protocol (BD Biosciences, 

San Jose, CA, USA). 1x10
5
 CD4+ T cells were co-cultured with 5x10

4
 target cells in a round 

bottom 96-well plate (Nunc). After 24 hours, supernatants were harvested and stored at -20°C 

until the assay was performed.  

 

Results 

 

Isolation and preservation of a MHC class II restricted HPV16E6 specific TCR As a source of 

MHC class II restricted HPV specific TCR we used the T cell clone 24.101. This HPV16E673-

104  specific CD4+ T cell clone 24.101 was generated from a healthy donor after short term in 

vitro stimulation with peptide, followed by limiting dilution cloning
41

. This helper T cell 

clone was shown to recognize the HLA-DP1 restricted HPV16E673-104 T cell epitope as a 

synthetic peptide but also as an endogenously processed and presented epitope
42

. Flow 

cytometric analysis showed that this T cell clone was TCRV17 positive which was 

confirmed by sequence analysis. Sequence analysis also revealed TCRV1 usage.  

Isolated TCR alpha and beta ORFs from CD4+ T cell clone 24.101 were cloned into 

the marker gene containing retroviral vector LZRS as TCR-IRES-GFP and TCR-IRES-

NGFR.  
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Figure 1: Phenotypical and functional activity analysis of wildtype HPV16E673-104 specific TCR 

transgenic JurMA cells. (A) JurMA cells were transduced with vectors LZRS-wtTCR-I-GFP and LZRS-

wtTCR-I-NGFR and were subsequently analyzed for GFP and NGFR marker gene expression by flow 

cytometry. Transduced cells co-expressing GFP and NGFR (gate R3) are negative for irrelevant TCR (upper 

right plot) but positive for relevant TCR17 (lower right plot) staining, as indicated by the percentage TCR 

positive cells (upper right quadrant). (B) Functional activity of 24.101 TCR transgenic JurMA cells as 

determined in a luciferase assay in response to stimulation with the HLA-DP1 positive cell line EBV24, 

exogenously loaded with relevant (E673-104) or irrelevant (E637-68) peptide. Luciferase activity in JurMA cells 

is shown in Relative Luminescence Units (RLU), defined as the ratio of luciferase activity in stimulated versus 

unstimulated cells.  
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To investigate proper formation of stable TCR complexes on the cell surface, we 

introduced the TCRand TCR chain into Jurkat/MA cells. Surface expression of the 

transgenic TCR at the cell surface was determined using TCRVantibodies. Co-expression of 

the marker genes GFP and NGFR was found in approximately 51% of the transduced 

Jurkat/MA cells (Figure 1A, left panel). In the GFP+/NGFR+ gate ~95% of the cells were 

positive for TCRV17 staining (Figure 1A, right panel). In the same gate only background 

staining was observed using irrelevant TCR antibodies (Figure 1A, middle panel). 

Jurkat/MA cells do not express an endogenous TCR chain but do express a TCRchain. 

Therefore, we analyzed whether the TCR chain is capable of cross-pairing with this 

particular TCR chain. Some background TCRV17 staining was detected in the GFP-

/NGFR- (~2%) quadrant. In the GFP-/NGFR+ quadrant ~8% of the cells are positive for 

TCR17 staining (data not shown). This clearly indicates that the introduced TCRV17 does 

not cross-pair to significant levels with the TCRV8 endogenously present in JurMA cells.   

Functional activity was measured using a luciferase assay. TCR transgenic Jurkat/MA 

cells were stimulated overnight with the HLA-DP1+ EBV24 cell line, which was derived 

from the same donor as the 24.101 T cell clone, exogenously loaded with irrelevant peptide or 

relevant HPV16E673-104 peptide. As depicted in Figure 1B, specific luciferase activity could 

be detected after stimulation with EBV24 exogenously loaded with the relevant peptide. No 

luciferase activity could be detected after stimulation with irrelevant peptide. From these 

results we concluded that we successfully isolated the correct TCR and TCR pair from 

clone 24.101 and that this TCR is functionally active as determined in the JurMA/NFAT-

luciferase system.  

 

MHC class II restricted HPV16E6 specific TCR transgenic CD4+ T cell: TCR expression and 

functionality To investigate the application potential of HPV16E6 specific CD4+ T cells, we 

tested the expression of the HPV16E673-104 specific TCR in human peripheral blood derived 

CD4+ T cells of unrelated donors. For this purpose we used cmCys TCR ORFs to introduce 

into CD4+ T cells. Transduced CD4+ T cells were analyzed for the expression of GFP and 

NGFR. As shown in Figure 2 co-expression of the markers was found in 15% of the CD4+ T 

cells. No tetramers are available to visualize the antigen specific TCR transgenic T cells. 

Therefore, surface expression of the introduced TCR was analyzed using TCRV17 

antibodies. In the GFP-/NGFR- gate 6.4% of the cells were positive for TCRV17 staining, 
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representing the percentage of TCR17+ cells naturally present in the donors’ T cell 

population. Importantly, in the GFP+/NGFR+ gate 37% of the cells were positive for 

TCRV17 staining. In the GFP-/NGFR+ gate 24% of the cells were positive for TCRV17 

staining (Figure 2, gate R5), indicating that this TCRis very promiscuous and capable of 

pairing with endogenously  

present TCR chains.  

 

Figure 2: TCR17 analysis of codon-modified/ cysteinized HPV16E6 73-104 specific TCR transduced 

CD4+ T cells. Isolated CD4+ T cells were transduced with vectors cmCysLZRS-TCR1-IRES-GFP and 

cmCysLZRS-TCR17-IRES-NGFR and were subsequently analyzed for GFP and NGFR marker gene 

expression by flow cytometry. Cells in the double negative quadrant (gate R3) staining positive for TCR 

represent the percentage of TCR17+ cells naturally occurring in the CD4+ population. Transduced cells co-

expressing GFP and NGFR (gate R4) are positive for TCR17 staining as indicated by the percentage of 

TCR17 positive cells (upper right quadrant). Cells in the NGFR+/GFP- quadrant (gate R5) are positive for 

TCR17 staining indicating that this TCR is capable of pairing with endogenously present TCR chains. Results 

are indicative for three different donors tested. 

 

To measure functional activity, TCR transduced T cells were sorted based on GFP and 

NGFR expression. The resulting population showed 96% positivity for both GFP and NGFR 
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and 36% positivity for TCR17 staining. Functional activity of cmCysTCR transgenic CD4+ 

T cells against peptide loaded target cells was tested using an intracellular interferon- assay. 

Upon stimulation with HLA-DP1 positive mature dendritic cells loaded with relevant E673-104 

peptide, 57% of the cells were capable of producing interferon-(Figure 3A) Low level 

staining was detected after stimulation with irrelevant peptide (Figure 3A).  

A peptide titration experiment was performed using EBV24 cells loaded with 

decreasing amounts of the HPV16E673-104 peptide. The results, shown in Figure 3B, indicate 

that the 24.101 TCR transgenic CD4+ T cells recognize the HPV16E673-104 peptide with a half 

maximum interferon-production of 1-10ug/ml of added peptide.  

Subsequently, we investigated whether endogenously processed antigen could be 

recognized by these TCR transgenic CD4+ T cells. Functional activity of TCR transgenic T 

cells against protein loaded target cells was tested using a proliferation assay. Therefore, 

monocytes derived from an HLA-DP1 positive donor were pulsed with either relevant 

HPV16E6 protein or irrelevant flu MP1 protein. As expected, TCR transgenic T cells 

proliferated specifically upon stimulation with monocytes loaded with E6 protein and not 

after stimulation with monocytes loaded with flu MP1 protein (Figure 3C).  

To investigate cytokine production, thus allowing us to analyze which T helper 

phenotype (Th1/Th2/Treg) is present in the TCR transgenic CD4+ T cell population, a 

cytokine bead array assay was performed. For this purpose T cell blasts from an HLA-DP1 

positive donor were transduced with either GFP or sig-[HPV16E6LAMP]-IRES-GFP and 

sorted on the basis of GFP expression. Linking the sorting signal of lysosomal associated 

membrane protein-1 to HPV16E6 results in higher expression of HPV16E6 peptides in the 

context of MHC class II. Upon stimulation with T cell blasts transduced with sig-

[HPV16E6LAMP]-IRES-GFP, TCR transgenic CD4+cells were capable of producing IFN-, 

TNF-, IL-5, IL-4 and IL-2 (Table 1). As expected, low amounts of cytokines were produced 

upon stimulation with T cell blasts transduced with GFP alone. No IL-10 production was 

observed after stimulation with T cell blasts transduced with sig-[HPV16E6LAMP] and GFP 

(Table 1).  These results show that in a TCR transgenic CD4+ bulk population both Th1 and 

Th2 cytokines are produced upon specific stimulation.   

In conclusion, T helper cell functions against HPV16E6 can be generated by transfer 

of MHC class II restricted HPV16E6 specific TCR ORFs in recipient CD4+ T cells.  
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Figure 3: Functionality of HPV16E673-104 specific TCR transgenic CD4+ T cells against peptide loaded 

target cells as endogenously processed antigen (A) IFN production of TCR transgenic CD4+ T cells as 

determined in an intracellular IFN assay. Target cells used were mature dendritic cells exogenously loaded with 

relevant (HPV16E673-104) or irrelevant (HPV16E637-68) peptide.  Intracellular IFN staining is shown for GFP and 

NGFR expression. (B) Functional avidity analysis of HPV16E673-104 specific TCR transgenic CD4+ T cells as 

determined in an intracellular IFNassay. Target cells used were the HLA-DP1 positive cell line EBV24 loaded 

with serial 10-fold dilutions of the HPV16E673-104 peptide.  (C) Proliferation capacity of TCR transgenic CD4+ T 

cells as determined in a thymidine incorporation assay. Target cells used were monocytes loaded with relevant 

E6 or irrelevant flu protein.  
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 Th1 cytokines Th2 cytokines 

 IFN TNF IL-2 IL-5 IL-4 IL-10 

Unstimulated 84 5.6 6.3 57 5.6 8.4 

GFP 121 6.8 11 81 8.4 5.9 

Sig-

[HPV16E6LAMP]-

IRES-GFP 

>5000 162 2118 198.7 35 7.1 

 

Table 1: Functional activity of 24.101 TCR transgenic CD4+ T cells as determined in a cytokine bead 

array assay. Target cells used are HLA-DP1+ T cell blasts or HLA-DP1+ T cell blasts carrying a gene encoding 

for either GFP or sig-[HPV16E6LAMP]-I-GFP. Amounts of cytokines produced are depicted as pg/ml. Results 

are representative for three different donors tested (n=3). 

 

MHC class I restricted, HPV16E7 specific, TCR transgenic CD4+ T cells: TCR expression 

and functionality Effective immunotherapy is dependent on the presence of both tumor 

specific CD4+ and CD8+ T cells. For this purpose it would be very attractive to use one and 

the same TCR which is functionally active in both CD4+ and CD8+ T cells. We investigated 

whether we could generate HPV specific CD4+ T cells using the MHC class I restricted 

HPV16E711-20 specific TCR derived from CTL clone A9, which has previously been shown to 

be functionally active in recipient CD8+ T cells
25;31

.  

A bulk population of CD4+ T cells was transduced with cmTCR-2A-cmTCR of 

TCR A9
31

.  A proportion of these A9-TCR transgenic CD4+ T cells were transduced with 

retrovirus encoding for CD8-2A-CD8. CD4+ TCR transgenic T cells without the 

incorporation of CD8 were sorted based on tetramer binding, resulting in a population which 

was ~64% positive for tetramer binding. TCR transgenic CD4+ T cells transduced with CD8 

were sorted based on tetramer binding and CD8 expression, resulting in a population which 

was ~54% positive for both tetramers and CD8 (Figure 4A). To test functionality of the A9-

TCR transgenic CD4+ T cells with or without CD8 an intracellular IFN- staining was 

performed. As shown in Figure 4B approximately 6% of the CD4+ TCR transgenic T cells 

were capable of producing IFN- against JY cells exogenously loaded with relevant peptide. 

Some background IFN- production was observed after stimulation with JY cells loaded with 

irrelevant peptide. Addition of CD8 into CD4+ T cells resulted in IFN- production in 41% of 

the cells after stimulation with JY cells loaded with relevant peptide. As expected, some 

background IFN- production was observed after stimulation with JY cells loaded with 
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irrelevant peptide. Similar results were obtained using an HLA-A2 positive model tumor cell 

line containing a minigene encoding for either HPV16E7wt or HPV16E7V. 

 

Figure 4: Phenotypical and functional analysis of HPV16E711-20 specific TCR transgenic CD4+ T cells. 

(A) CD4+ T cells were transduced with cmTCR-2A-cmTCR(left plot) and a proportion was also transduced 

with CD8-2A-CD8 (right plot). Cells were analyzed for binding to E7 tetramers and CD8 expression. (B) 

Functional activity of TCR transgenic CD4+ T cells as determined in an intracellular IFN staining. Effector 

cells carried either CD8 (black bars) or not (white bars). Target cells used were JY loaded with 1M irrelevant 

(MP58-66) or relevant (E711-20) peptide, and an HLA-A2.1+ model cell line either or not carrying a minigene 

encoding E711-20wt or E711-20V.  

 

Only, low percentages of IFN- production against the tumor cell lines was observed in TCR 

transgenic CD4+ T cells without the addition of CD8. In contrast, 22% of the cells transduced 

with both the TCR and CD8 showed IFN- production against the tumor cell line encoding 

HPV16E7wt and 40% against the tumor cell line encoding HPV16E7V. As expected, 

unmodified tumor cells failed to stimulate IFN- production.  
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Subsequently, a CBA was performed to investigate which T helper cell populations 

were involved. TCR transgenic CD4+ T cells without the addition of CD8 showed hardly any 

cytokine production after stimulation with the tumor cell lines encoding HPV16E711-20wt and 

HPV16E711-20V (data not shown). In contrast, IFN-, TNF-, IL-5, IL-4, IL-2 and low 

amounts of IL-10 were produced upon stimulation with the tumor cell lines encoding 

HPV16E7wt and HPV16E7V (Table 2). As expected, only low amounts of cytokines were 

produced upon stimulation with unmodified tumor cells. These results show involvement of 

both Th1 and Th2 responses.  

 

 Th1 cytokines Th2 cytokines 

 IFN TNF IL-2 IL-10 IL-5 IL-4 

HPV16E7negative 180 10 5 4 52 7 

HPV16E7wt 1644 119 74 14 604 32 

HPV16E7V >5000 591 893 52 2989 89 

 

Table 2: Functional activity of A9-TCR transgenic CD4+ T cells + CD8 as determined in a cytokine bead 

array assay. Target cells used are the HLA-A2 model tumor cell line, and the HLA-A2 model cell line carrying 

a minigene encoding for either HPV16E711-20wt or HPV16E711-20V. Amounts of cytokines produced are depicted 

as pg/ml. Results are representative for two different donors tested (n=2). 

 

In conclusion, transfer of the MHC class I restricted TCR, derived from CTL clone 

A9, together with CD8 into recipient CD4+ T cells resulted in functional activity against 

peptide loaded target cells as well as tumor cells.  

 

Discussion 

 

Adoptive transfer of TCR transgenic T cells is a promising strategy to treat patients suffering 

from malignancies. From previously described clinical trials it has become clear that both 

CD4+ and CD8+ T  cell are required to obtain effective antitumor responses
15;16

. In this study 

we demonstrate that HPV specific CD4+ T helper cells can be generated using either MHC 

class II or MHC class I restricted TCRs. Often, transgenic TCR expression levels in human 

cells are often very low necessitating antibiotic selection
43-45

, enrichment or even cloning of 

TCR transgenic T cells before a sizeable population of TCR transgenic T cells can be tested 

for functional activity
25;36

. Enhancement of TCR expression levels can be accomplished using 

codon-modification alone
31;32

 or in combination with cysteinization
26

. 
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 TCR transfer in unselected primary human CD4+ T cells might result in the 

development of suppressive T cell reactivity due to transfer into regulatory T cells. 

Regulatory T cells could be depleted from the population using CD25 antibodies, followed by 

MACS sorting. Alternatively, CD4+ T cell clones with a predetermined specificity might be 

used. However, a disadvantage for this is isolation and expansion of T cell clones on a per 

patient basis which is laborious, time consuming and not always feasible to obtain sufficient 

numbers for adoptive transfer purposes.  

 Furthermore, previous reports have shown that both Th1 and Th2 cells mediate 

anticancer functions
46;47

 but IFN secreting Th1 cells appeared to be more effective in this 

role
48;49

. Therefore, immunotherapy using TCR transgenic CD4+ Th1 cells may be more 

desirable in a clinical setting. Cytokine production profiles of 24.101 and A9 TCR-transgenic 

CD4
+
 T-cells indicate that both Th1 and Th2 subsets are represented. To obtain a Th1 

population, CD4+ T cells could be sorted based on cytokine production, i.e. IFN. Enrichment 

of Th1 cells can be accomplished by non-specific stimulation of CD4+ T cells after which 

cells can be sorted using an interferon- catch assay. Otherwise, as shown in mice CD4+ T 

cells, could be polarized towards Th1 by culturing the cells in the presence of IL-12 and anti-

IL4
50

.   

 Functional TCR avidity of the 24.101-TCR transgenic CD4+ T cells was shown to 

have a half maximal interferon- production at approximately 1-10 ug/ml indicating a low 

functional avidity
51

. In both viral infection and tumor models, high avidity CTLs are more 

effective in mediating viral clearance and tumor eradication as compared to low avidity 

CTLs
52-54

. Therefore, it would be preferred to obtain T cells with a higher avidity. To obtain 

high avidity TCRs for adoptive transfer purposes, TILs isolated from patients suffering from 

HPV induced malignancies could be used to isolate the TCR ORFs
55

.  Another solution to 

generate higher avidity TCRs is to remove the N-glycosylation site in either the TCR or 

TCR constant domain as has been shown recently by Kuball et al
56

.  

As has been indicated there are still some limitations in the use of TCR transgenic T 

cells for adoptive transfer purposes. TCR gene transfer may result in the formation of “mixed 

TCR dimers” due to cross-pairing of the endogenous TCR chains with newly introduced TCR 

chains. Conflicting data have been reported on the occurrence of autoimmunity in vivo
57

. In a 

previously published report no signs of autoimmunity pathology were observed in mice 

receiving TCR transgenic T cells in combination with antigen specific vaccination
58

. 
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However, more recent data show lethal autoimmune pathology under conditions that promote 

expansion of TCR transgenic T cells more strongly
57;59

. Thus far no signs of severe 

autoimmunity have been observed in the first clinical trial conducted
60

. However, on the basis 

of data obtained in mouse models the use of strategies to limit the formation of mixed TCR 

dimers are important to explore. Molecular engineering approaches  have been published to 

reduce the formation of mixed TCR dimers, including cysteinization of the constant TCR 

and TCR chains
33;34

, murinization of TCR constant domains
61

, and inter-chain conversion of 

the constant domains, referred to as the hole-into-knob approach
62

. Cellular approaches to 

reduce the formation of mixed TCR dimers include the use of -T cells
63

, NK cells
64

, or T 

cell clones with predetermined specificities
65

. The use of small interfering RNAs, specifically 

inhibiting the expression of the endogenous TCR and/or TCR chains, may be another 

strategy to prevent cross-pairing
66

. Careful analysis of different engineering approaches 

should be performed to determine which is best applicable. We suggest this may be found in 

using -T cells which are equipped with high avidity codon-modified specific TCRs.   

 In this paper we show that the TCRs derived from clone 24.101 and A9 are functional 

active against peptide loaded target cells as well as tumor cells in CD4+ T cells. A 

combination of HPV16 specific TCR in CD4+ T cells and HPV16 specific TCR transgenic 

CD8+ T cells
25

 might be ideal for the treatment of patients suffering from cervical cancer and 

other HPV induced malignancies.  
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General discussion and Summary 

 

HPV infections have been associated with different malignancies, including cancers of the 

cervix, vulva, vagina, anus, penis, and some head and neck cancers. Although the incidence of 

cervical cancer has been decreased by population based cytology screening in the western 

world, new cases of cervical cancer still occur. The success of treatment by surgery, 

radiotherapy, chemotherapy or a combination there-of is often high in lower stages of the 

disease but  decreases at higher stages. Therefore new treatment modalities are needed. In this 

context, immunotherapeutic strategies may hold promise. 

  

 Adoptive transfer of cytotoxic T cells has been demonstrated to be effective in clinical 

trials for the treatment of chronic myelogenous leukemia, cytomegalovirus mediated diseases, 

and Epstein Barr Virus positive B cell lymphomas. Ideally, the target antigens for adoptive 

transfer should be (over)expressed by malignant cells and not by normal cells. However, even 

low level expression of the target gene in normal tissues can lead to deleterious effects upon 

adoptive transfer of TCR transgenic T cells, as has been documented in two recent 

publications.  Patients suffering from renal cell carcinoma who were treated with carboxy-

anhydrase-IX specific transgenic T cells showed liver toxicity. This was most likely due to the 

reactivity of transduced T cells against normal tissue, that is, the epithelial cells lining the bile 

ducts
1
. In addition, in an attempt to treat patients with ERBB2 overexpressing tumors, a 

chimeric antigen receptor (CAR) was used to transduce PBLs
2
. Soon after cell infusion one 

patient experienced severe side effects and five days later died. It was shown that the gene 

modified cells localized in the lung and released cytokines upon recognition of low levels of 

ERBB2 on lung epithelia cells. Therefore it should be kept in mind that adoptive transfer of 

TCR transgenic T-cells should be monitored carefully for this type of serious side-effects 

 The antigens to target for cervical cancer are antigens derived from the human 

papilloma virus. These virus antigens are only expressed in tumor cells and not in healthy 

tissues. Bonafide HPV specific T cells, which are able to detect HPV antigens in the context 

of MHC class I or II on tumor cells, are required for adoptive transfer purposes. Different 

strategies can be applied to isolate HPV specific T cells. One approach is to isolate HPV 

specific T cells directly from the blood of cervical cancer patients using an interferon- catch 

assay, resulting in a bulk population of T cells
3
. Another approach is to isolate HPV specific T 

cell after several rounds of in vitro stimulation and expansion for adoptive transfer purposes. 
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As shown in Chapter 2 of this thesis we were successful in the isolation of HPV16E7 

specific CTL clones from healthy donors, which were able to lyse cervical cancer cell lines. 

Such CTL clones hold promise for adoptive transfer in vivo to contribute to the eradication of 

CxCa tumors in patients, provided that sufficient CTL expansion can be reached in vitro. For 

adoptive transfer purposes approximately 10
10

-10
11

 CTLs are required. Replicative 

senescence, a decrease in proliferative potential resulting from erosion of telomeric ends of 

chromosomes, imposes severe restrictions on T cell expansion in vitro and in vivo. Ectopic 

expression of human telomerase (hTERT) in human T cells can effectively compensate for 

this, mediating extention of the lifespan of both CD4+ and CD8+ T cells
4
. We have been able 

to significantly extend the lifespan of multiple HPV16E711-20-specific CTL clones by 

retroviral hTERT transduction allowing continued expansion of such transduced CTLs. 

However, chromosomal aberrations were detected in hTERT-transduced HPV16 E7-specific 

CTL clones
5
. Therefore, it is believed that these cells cannot be used safely in a clinical 

setting.  

 Equally important to the capacity of specific T cells to expand, is the affinity of the 

transferred TCR. The avidity of a T cell, which is greatly dependent on the TCR affinity, has 

been shown to correlate directly with its function. All T cell clones from which the HPV 

specific TCRs are isolated, were obtained after several rounds of in vitro stimulation using 

relatively high concentrations of peptide. These T cells often have low to intermediate affinity 

for its ligand, the peptide/MHC complex. This may hamper the efficacy of tumor/virus 

specific T cells in a clinical setting. Therefore, the isolation of HPV specific T cells from the 

tumor or the tumor draining lymph nodes might result in T cells with a higher affinity. Such 

TIL derived T cells may well be more effective in eradicating cervical cancers as compared to 

those T cells isolated after peptide stimulation. 

Isolation and expansion of HPV specific T cells on a per patient basis is very 

laborious, time consuming and not always feasible. An alternative method to generate HPV 

specific T cells is by means of TCR gene transfer, which is described here in Chapter 3. 

TCR and TCR open reading frames were isolated from different HPV16E711-20 specific 

CTL clones. Using HPV16 specific TCR transduction we were able to confer antigen specific, 

HLA-A2 restricted, functional activity to recipient CD8+ T cells. Several HPV16E7 specific 

TCR transgenic CTL clones were obtained, which all showed specific lysis of an HPV16 

positive, HLA-A2 positive cervical carcinoma cell line. Expression levels of the introduced 

TCR at the cell surface of recipient T cells are often lower compared to the parental T cell 
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clone, necessitating limiting dilution cloning to obtain TCR-high T cell clones. There are 

several explanations for this reduced level of expression.  First, the introduced TCR has to 

compete for cell surface expression with the endogenous TCR and mixed TCR dimers, which 

are composed of the -chain from one TCR and the -chain from the other TCR. The TCR 

complex with the best intrinsic pairing properties will be in favor of cell surface expression. 

Therefore, the concept of weak and strong TCRs was introduced
6
. TCR transfer into T cell 

clones showed that a strong TCR was able to replace a weak TCR on the cell surface. 

Furthermore, two strong TCRs could be co-expressed on the cell surface of the same cell. 

Secondly, TCRdimerscan only be expressed at the cell surface when properly assembled 

with components of the CD3 complex. TCRs with a higher intrinsic affinity for binding to the 

CD3 complex will be more favorable for expression at the cell surface
7
. Therefore, selecting 

TCRs with high intrinsic capacities for binding to CD3 might be crucial for high TCR 

expression levels and target recognition. This requires further isolation of multiple HPV 

specific T cells to enable comparative studies.  

 Another explanation for low expression levels of the introduced TCR at the cell 

surface is suboptimal translation of the encoding mRNA. In Chapter 4 we showed that the 

TCR expression levels were greatly enhanced after codon-modification, in combination with 

the omission of mRNA instability motifs, of an HPV16E7 specific TCR. Furthermore 

functional activity in vivo is also improved after codon-modification
8
. Regrettably, codon-

modification of TCRand TCR chains does not always lead to increased TCR expression, 

as has been documented in Chapter 5. This can be explained by the promiscuity of newly 

introduced TCR chains, which are able to pair with the endogenously present TCR chains. 

The formation of such mixed TCR dimers can result in autoreactive TCR transgenic T 

cells
9;10

. Previous reports on preclinical and clinical trials did not show signs of autoimmunity 

induced by the transfer of genetically engineered T cells
11;12

. However, van Loenen et al 

showed potentially harmful reactivity of human TCR transgenic T cells in an in vitro model 

system
13

. Moreover, in mice, the occurrence of lethal autoimmune pathology was observed as 

a consequence of adoptive transfer of TCR transgenic T cells resulting in the fatal destruction 

of the hematopoietic compartment
9
. Therefore, it is of utmost importance to further develop 

expression platforms which prevent the formation of mixed TCR dimers. Thus far, different 

molecular engineering approaches have been developed which can contribute to the 

prevention of cross-pairing between the endogenous and introduced TCR chains. These 

include the inclusion of murine constant domains
14

, the introduction of an extra cysteine in the 
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constant domains
15;16

, referred to as cysteinization
17

, and the “hole-into-knob” configuration
18

. 

In Chapter 5, we introduced an extra cysteine into the constant domains of the TCR and 

observed increased TCR expression levels. However, cross-pairing between the endogenously 

present and introduced TCR chains was not prevented.  

Another approach to prevent the formation of mixed TCR dimers is to use small 

interfering RNAs
19

, which specifically inhibit the expression of endogenous TCRand/or 

TCRchains. Okamoto et al showed that siRNAs can reduce pairing of endogenous and 

exogenous TCR chains
20

. Since the TCR sequences differ between codon-modified and wild-

type TCRs, siRNA was designed to knock down the endogenous TCR specifically. Careful 

comparative analysis of different engineering approaches should be performed to determine 

which is best applicable for a specific TCR. As an alternative approach one may choose to use 

effector cells devoid of endogenous TCR and TCR chains like  T cells
21

 or NK cells
22

.  

Several different safeguard systems have recently been developed for the elimination 

of potentially harmful TCR transgenic T cells. These include the Herpes Simples Virus-

thymidine kinase (HSV-TK) gene
23

 and a Fas chimeric molecules termed LV’VFas
24;25

. 

However, T cells carrying HSV-TK rapidly disappeared due to induction of HSV-TK-specific 

immunity
26

. Mechanisms based on human proteins, like CD20, might be more favourable for 

clinical use
27

. We however, have observed loss of expression of CD20 on transduced T cells 

(unpublished results). Incorporation of a myc-tag between the signal peptide and the variable 

domain of the TCR chain guarantees continued expression of the marker-tag and allows for 

depletion of potentially harmful T cells. This has been shown in vitro and in an animal 

model
28

. Similar approaches should be undertaken for the TCR chain.  

 It should be kept in mind that in previous clinical trials of adoptive transfer of 

melanoma specific CD8+ T cells showed no objective clinical responses in these patients 

while the melanoma specific CD8+ T cells were highly reactive against tumor cells in vitro
29

. 

More recent clinical trials using both CD4+ and CD8+ T cells were more successful since 18 

out of 35 patients showed a clinical response, including three complete responders
12;30

. Thus, 

transfer of both CD4+ and CD8+ T cells needs to be taken into account in adoptive T cell 

transfer protocols. In Chapter 6, we redirected CD4+ T cells into HPV specific T cells using 

TCR gene transfer. TCR ORFs from an HLA-DP1 restricted T cell clone were introduced into 

CD4+ T cells. However, thus far very few MHC class II restricted CD4+ T cell clones have 

been isolated. To overcome this limitation, MHC class I restricted TCRs can be transferred to 

CD4+ T cells
31;32

. Introduction of a MHC class I restricted HPV16 specific TCR in 
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combination with CD8 co-receptor resulted in functional activity of recipient CD4+ T cells. 

This allows for transfer of cytotoxic and helper T cell functions into recipient T cells.  

 

Future perspective 

TCR gene transfer has become a feasible treatment modality through technical advances made 

during the last couple of years. Although clinical trials have been conducted, TCR gene 

transfer needs further advancements to be both effective and safe.  

A significant reduction in cervical cancer can be expected as a consequence of  

prophylactic vaccination protocols and population based screening programs. However, 

besides cervical cancer, HPV is also related to other types of cancer. Both men and women 

are still at risk of developing HPV induced malignancies such as anogenital cancer and oro-

pharyngeal cancer. At present standard treatment are often surgery, radiotherapy or 

chemotherapy or a combination there-of. Patients for whom these standard treatment 

protocols are not curative might benefit from therapeutic vaccinations. A successful 

therapeutic vaccine would generate specific CD4+ and CD8+ T cells, in vivo or in vitro, 

which are able to induce cell death (apoptotic death) of HPV infected cells. TCR gene transfer 

is such strategy that is able to generate HPV specific CD4+ and CD8+ T cells in a relatively 

short period of time. 

Currently used systems to deliver TCR genes into recipient T cells are electroporation of TCR 

mRNA and the use of retroviral or lentiviral vectors. Only transient expression of the TCR is 

observed after mRNA electroporation and therefore is not suitable for introduction of TCRs 

into T cells for adoptive transfer purposes. Retroviral or lentiviral vectors on the other site are 

stably expressed. However, the main safety concern of using retroviral or lentiviral vectors is 

related to the risk of malignant transformation following oncogene activation due to random 

genomic integration. Therefore, development and improvements of novel vectors to deliver 

TCRs to recipient T cells would be important to make adoptive transfer of TCR transgenic T 

cells safer for clinical purposes. 

 Also important for the safety and effectiveness of TCR gene transfer is the choice of 

TCR. Expression levels of the introduced TCRs are often very low necessitating antibiotic 

selection and in some cases even cloning for those cells that are functionally active. 

Therefore, introduction of TCRs into a polyclonal T cell population requires optimization of 

the TCRs to give them an advantage over endogenous TCR to be expressed on the cell 

surface. Furthermore, a major problem using TCR transfer is cross-pairing of the introduced 
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TCR chains with the endogenously present TCR chains. The currently described techniques to 

prevent cross-pairing are not 100% successful. The development of approaches like the knock 

down of the endogenously present TCR chains might be attractive to prevent cross-pairing. 

Most tumor antigens to target are tumor associated antigens. These antigens are often also 

expressed on healthy tissue. As has been described targeting these antigens can result in 

severe side effects. Tumor specific antigens are only expressed at the cell surface of the tumor 

and not on healthy tissue. In case of HPV induced malignancies these include HPV antigen.   

 Finally, TCR gene transfer in combination with another type of treatment might be 

more effective in fighting cancer. Strategies to boost in vivo immune responses, to promote 

specific expansion and persistence of TCR transgenic T cells, and to allow tumor infiltration 

will be desirable.  
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Nederlandse samenvatting 

 

Baarmoederhalskanker en het humaan papillomavirus 

 

Baarmoederhalskanker is de op een na meest voorkomende vorm van kanker bij vrouwen. Elk 

jaar krijgen wereldwijd ongeveer 500.000 vrouwen de diagnose baarmoederhalskanker 

waarvan ongeveer 650 in Nederland.  

Baarmoederhalskanker wordt in vrijwel alle gevallen veroorzaakt door een virus: het humaan 

papillomavirus (HPV). Tot op heden zijn er meer dan 100 HPV typen geïdentificeerd die 

onderverdeeld kunnen worden in laag en hoog risico typen. De meesten HPV typen behoren 

tot de laag risico typen. Deze kunnen genitale wratten veroorzaken maar worden zelden 

gevonden in baarmoederhalskanker. Echter de hoog risico HPV typen, waarvan de HPV typen 

16 en 18 het meest voorkomen, kunnen verschillende vormen van kanker veroorzaken 

waaronder baarmoederhalskanker, kanker aan de vulva, vagina, penis, anus en tumoren in het 

hoofd/hals gebied.  

Besmetting met HPV vindt plaats via seksueel contact. Het merendeel van de seksueel actieve 

vrouwen wordt gedurende het leven wel eens geïnfecteerd met een hoog risico HPV type.  

Gelukkig is het merendeel van de vrouwen in staat om het virus binnen twee jaar op te 

ruimen. In een kleine groep vrouwen (< 1%) blijft het virus aanwezig en kan het 

baarmoederhalskanker veroorzaken. De tijd tussen infectie met het humaan papillomavirus en 

het ontwikkelen van baarmoederhalskanker is een langdurig proces dat wel 12 tot 15 jaar in 

beslag kan nemen. Patiënten met baarmoederhalskanker of andere HPV geïnduceerde vormen 

van kanker, kunnen behandeld worden door middel van chirurgie, chemotherapie en 

radiotherapie. Er kunnen echter na behandeling tumor cellen achterblijven of de tumor is al 

eerder uitgezaaid. Daarnaast kunnen tumorcellen immuun zijn, of worden, tegen behandeling 

met chemotherapie of radiotherapie. Voor deze patiënten zou een nieuwe vorm van 

behandeling uitkomst kunnen bieden.  

 

Vaccinatie strategieën tegen baarmoederhalskanker 

 

Als wij spreken over vaccinatie kunnen wij het hebben over profylactische vaccinatie of 

therapeutische vaccinatie. Profylactische HPV-vaccinatie is gericht op de preventie van een 

HPV-infectie en daarmee het voorkomen van baarmoederhalskanker. Sinds 2008 is een 
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vaccin tegen het ontstaan van baarmoederhalskanker opgenomen in het rijksvaccinatie 

programma. Dit vaccin is gericht tegen een van de mantel eiwitten (L1) van de HPV typen 16 

en 18. Echter kan dit vaccin alleen bescherming bieden tegen infecties met de HPV typen 16 

en 18 en niet tegen infecties met andere hoog risico HPV typen. Waarbij ook rekening 

gehouden moet worden is dat wanneer het virus een cel infecteert het zijn mantel eiwitten 

verliest, waardoor L1 niet meer herkent kan worden. Dit betekent dat het vaccin alleen 

bescherming geeft bij vrouwen die nog niet in aanraking zijn gekomen met HPV. 

Therapeutische vaccins zijn bedoeld om het afweersysteem te prikkelen om tumorcellen op te 

ruimen. Een belangrijk aangrijpingspunt voor therapeutische vaccinatie tegen 

baarmoederhalskanker zijn de HPV eiwitten E6 en E7. Tijdens het proces van het ontstaan 

van baarmoederhalskanker integreert het DNA van het virus in het DNA van de geïnfecteerde 

cellen. De HPV eiwitten E6 en E7 spelen vervolgens een rol bij het ongeremd groeien van de 

geïnfecteerde cellen wat uiteindelijk kan leiden tot het ontstaan van baarmoederhalskanker. 

Zowel E6 als E7 komen tot expressie in de tumorcellen en niet op normale gezonde cellen. 

Omdat deze eiwitten afkomstig zijn van het humaan papillomavirus, kunnen deze eiwitten 

door het lichaam als lichaamsvreemd worden herkend.  

Er zijn verschillende technieken waarmee vaccinatie als therapie wordt toegepast. In dit 

proefschrift zal een van de technieken besproken worden, namelijk adoptieve transfer van 

HPV specifieke T cellen. 

 

Adoptieve transfer van HPV specifieke T cellen 

 

Het immuunsysteem bestaat uit veel verschillende typen cellen. Belangrijk voor het 

herkennen van de HPV eiwitten op het oppervlak van de tumorcellen zijn T cellen. CD8+ T 

cellen ofwel cytotoxische T cellen zijn in staat tumorcellen te doden. Wanneer een virus een 

cel infecteert, zullen de virale eiwitten E6 en E7 geknipt worden in kleine fragmenten 

(peptide) die gepresenteerd zullen worden in MHC klasse I moleculen op het oppervlak van 

deze cellen. CD8+ T cellen zijn in staat deze E6 en E7 peptiden op het oppervlak van de 

geïnfecteerde cellen te herkennen. Na herkenning, zijn de CD8+ T cellen in staat de 

geïnfecteerde cellen te doden.  

Bij adoptieve transfer wordt getracht de patiënt te behandelen met HPV specifieke CD8+ T. 

Deze kunnen zowel uit het bloed van de patiënt geïsoleerd worden als in het lab verkregen 

worden met TCR gene transfer. 



Nederlandse samenvatting 

 

 

189 

 

Dit proefschrift 

 

In hoofdstuk 2 van dit proefschrift wordt beschreven hoe E7 specifieke CD8+ T cellen uit het 

bloed geïsoleerd kunnen worden. Zulke HPV16E7 specifieke CD8+ T cellen kunnen een 

belangrijke rol spelen bij het opruimen van de tumorcellen, mits er genoeg T cellen geïsoleerd 

en gekweekt kunnen worden. Voor adoptieve transfer van tumor specifieke T cellen zijn 

miljarden specifieke T cellen nodig. De geïsoleerde T cellen kunnen echter maar voor een 

bepaalde tijd gekweekt worden. In de wetenschap wordt dit ook wel “replicative senescence” 

genoemd. Dit betekent dat de T cellen niet langer in staat zijn om te delen en uiteindelijk dood 

gaan waardoor het moeilijk gaat worden om genoeg specifieke T cellen te verkrijgen. Het 

introduceren van een gen, humaan telomerase (hTERT), kan de levensverwachting van de T 

cellen aanzienlijk verhogen. Echter zijn er chromosomale afwijkingen ontdekt in deze hTERT 

positieve T cellen. Deze chromosomale afwijkingen kunnen resulteren in ongecontroleerde 

groei van de T cellen wat uiteindelijk weer kan resulteren in leukemie. Daarom zullen deze 

cellen uiteindelijk niet in de kliniek gebruikt kunnen worden.  

Doordat de frequentie van HPV specifieke T cellen in het bloed van gezonde donoren 

erg laag is, is het niet altijd mogelijk deze T cellen te isoleren. Daarbij is het isoleren en 

kweken van HPV specifieke T cellen erg bewerkelijk en tijdrovend. Hierdoor is het niet altijd 

mogelijk om genoeg specifieke T cellen te verkrijgen voor de behandeling van de patiënt. Een 

alternatief voor het verkrijgen van HPV specifieke T cellen is T cel receptor transfer. De HPV 

eiwitten op het oppervlak van tumorcellen worden herkend door de T cel receptor (TCR) op 

de T cellen. Een TCR bestaat uit twee ketens, de TCR-alfa en de TCR-beta keten. 

In hoofdstuk 3 wordt beschreven hoe de TCR wordt geïsoleerd uit een HPV16E7 specifieke 

T cel klonen en vervolgens wordt geïntroduceerd in CD8+ T cellen van een niet gerelateerde 

donor. Hierdoor kunnen in een relatieve korte tijd HPV specifieke CD8+ T cellen verkregen 

worden. De expressie van de geïntroduceerde TCR was echter heel erg laag. Hierdoor 

moesten de cellen wederom gekloneerd worden voordat er een goede populatie HPV 

specifieke T cellen verkregen was die in staat waren de tumorcellen op te ruimen. Er zijn een 

aantal verklaringen voor het feit dat de expressie van deze TCR zo laag is. Ten eerste hebben 

de T cellen waarin de HPV specifieke TCRs geïntroduceerd zijn al een eigen TCR. Er zal 

daardoor competitie ontstaan tussen de TCR die al aanwezig was in de cellen en de TCR die 

geïntroduceerd wordt voor expressie op het oppervlak. Een andere verklaring voor de lage 

expressie van de geïntroduceerde TCR is een suboptimale translatie. In feite komt het erop 
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neer dat de TCR niet goed wordt aangemaakt in de T cellen, waardoor deze niet op het 

oppervlak komt waar hij het antigeen kan herkennen. 

In hoofdstuk 4 van dit proefschrift wordt aangetoond dat de expressie niveaus van de 

geïntroduceerde TCR enorm toeneemt wanneer men de TCR codon-optimaliseert. Een codon 

is een combinatie van drie DNA-'letters' die codeert voor een van de aminozuren waaruit een 

eiwit is opgebouwd. Sommige aminozuren kunnen worden aangeduid met meer dan een 

codon, maar cellen hebben meestal een voorkeur voor één van die codons. Door de beste 

codons te kiezen, kan de productie van het gewenste eiwit verhoogt worden. Bij codon-

optimalisatie worden die codons gekozen waar T cellen de voorkeur voor hebben.  Helaas is 

gebleken dat niet elke TCR een verhoogd expressie niveau laat zien na codon-optimalisatie, 

als ook te lezen is in hoofdstuk 5. Een mogelijke verklaring hiervoor is het feit dat de 

geïntroduceerde TCR en TCR keten kunnen gaan paren met de al aanwezige TCR en 

TCR keten in de T cellen. De TCR die daardoor ontstaat wordt ook wel een TCR dimer 

genoemd. De specificiteit van deze TCR dimer is vaak onbekend. Zo is het mogelijk dat 

zo’n TCR dimer lichaamseigen eiwitten herkennen en daardoor auto-immuniteit kunnen 

veroorzaken. Dit wordt nog eens onderstreept doordat er in een muismodel een dodelijke 

auto-immuniteit is gezien als gevolg van TCR dimers die lichaamseigen eiwitten 

herkennen. Gelukkig zijn in de eerste klinische studies die uitgevoerd zijn geen tekenen van 

auto-immuniteit gezien. Toch is het van groot belang om de formatie van deze TCR dimers 

te voorkomen. 

Verschillende technieken zijn beschreven die de formatie van TCR dimers kunnen 

voorkomen. Een van die technieken is ook beschreven in hoofdstuk 5. Hierin wordt een 

mutatie in zowel de TCRals de TCR aangebracht, waardoor de twee geïntroduceerde 

ketens liever met elkaar willen paren dan met de al aanwezige TCR ketens. Echter moet wel 

opgemerkt worden, dat de formatie van TCR dimers niet in zijn geheel voorkomen kan 

worden. 

Uit verschillende klinische onderzoeken is gebleken dat naast de CD8+ T cellen ook 

CD4+ T cellen een belangrijke rol spelen. Deze CD4+ T cellen, ook wel T helper cellen 

genoemd, herkennen peptiden die gepresenteerd worden in klasse II moleculen, die in 

tegenstelling tot MHC klasse I, alleen op het oppervlak van antigeen presenterende cellen 

voorkomen. Wanneer CD4+ T cellen peptiden, gepresenteerd in MHC klasse II, herkennen,  

produceren zij signaalstoffen (cytokinen) die belangrijk zijn om een goede immuunrespons op 
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gang te brengen en te behouden. In hoofdstuk 6, wordt beschreven hoe HPV specifieke 

CD4+ T cellen verkregen zijn met TCR transfer.  

 

Tot slot 

 

De afgelopen jaren is er veel onderzoek gedaan naar TCR transfer wat ervoor gezorgd heeft, 

dat de eerste klinische trials al uitgevoerd zijn. Daaruit is gebleken dat er nog steeds ruimte is 

voor vooruitgang wat betreft effectiviteit en veiligheid van TCR transfer.  

Een afname van het aantal gevallen van baarmoederhalskanker kan verwacht worden nu er 

een goede screening voor baarmoederhalskanker is en er een profylactisch vaccin beschikbaar 

is. Echter, naast baarmoederhalskanker speelt HPV ook een rol bij het ontstaan van andere 

typen kanker, waaronder bij mannen. De standaard behandeling van baarmoederhalskanker 

bestaat uit een operatie, radiotherapie of chemotherapie of een combinatie van deze 

therapieën. Voor die patiënten die geen profijt hebben van deze standaard technieken kan 

adoptieve transfer van HPV specifieke T cellen een uitkomst zijn.   
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