
 
 

 

 

 

Summary 

 

 

 

 

z578134
Proefschrift Johan Mollingpromotie 23 mei 2008



Invariant CD1d restricted natural killer T (iNKT) cells share phenotypic properties with both T-
cells and natural killer (NK) cells; i.e. expression of a T-cell receptor (TCR) together with NK 
receptors (reviewed in [1]). In contrast to conventional T cells, that can recognize antigens 
presented by polymorphic MHC molecules, iNKT cells express a canonical TCR-Vα-chain 
(Vα24.Jα18 in humans, preferentially paired with Vβ11; Vα14.Jα18 in mice, paired with Vβ2, 
Vβ7 or Vβ8.2) and as such recognize glycolipid antigens presented by the monomorphic 
CD1d molecule. The glycolipid α-galactosylceramide (αGalCer) originally isolated from the 
marine sponge Agelas mauritianus is a strong synthetic ligand for iNKT cells, which induces 
iNKT cell proliferation and activation and secretion of both Th1 and Th2 cytokines. 
Glycolipids derived from e.g. Ehrlichia muris, Sphingomonas capsulata or Borrelia burgdorferi 
and a (currently challenged [2;3]) endogenous ligand, the lysosomal glycosphingolipid 
isoglobotrihexosylceramide (iGb3), have also been demonstrated to trigger iNKT cell 
activation in vitro. This implies that microbial and endogenous glycolipids exist which may 
control iNKT cell activation in vivo [4-9]. 
The main function of iNKT cells lies in regulation of immune responses through the 
production of a wide variety of both pro-inflammatory (th1) and anti-inflammatory (th2) 
cytokines very swiftly upon their activation. Owing to this broad range of cytokines, iNKT cells 
have the capacity to enhance host immunity to microorganisms and cancers as well as to 
prevent autoimmunity [Reviewed in [10]]. Human and mouse iNKT cells can either be CD4+ 
or CD4-CD8- (double negative (DN)) and in humans a small proportion can express CD8. 
Direct ex vivo analyses suggested that CD4+ iNKT cells produce both pro-inflammatory 
cytokines (TNFα, IFNγ) as well as anti-inflammatory cytokines (IL-4, IL-13) whereas the DN 
and CD8+ iNKT cell subsets, primarily produce Th1 cytokines [11-14].  
Studies in several tumor models provided the insight that systemic αGalCer injection 
activates iNKT cells leading to the inhibition of metastasis formation [15;16]. The therapeutic 
effects could be enhanced by combining αGalCer treatment with IL-12 [17]. In addition, 
subsequent studies have shown anti-tumor effects of adoptively transferred iNKT cells into 
tumor inoculated iNKT cell deficient recipients. These effects depended on the iNKT subtype 
in combination with systemic αGalCer treatment [18] or in vitro activation with IL-12 but not 
recombinant Th1 cytokine treatment [19]. Although the anti-tumor effects were mostly NK-cell 
dependent, T-cell dependent effects have also been described [20]. In vitro studies have 
shown that iNKT cells can indeed enhance NK cell activation as well as alloresponses 
dependent on αGalCer presented by dendritic cells (DC) [21;22]. In line with these findings, 
adoptive transfer of αGalCer pre-pulsed DC induced strong anti-tumor responses in various 
tumor models [23;24]. Interestingly, iNKT cells also play an important role in immuno-
surveillance in the absence of αGalCer, as shown by studies in iNKT-deficient mice. These 
mice were found to be more susceptible to chemically induced sarcomas, while protection 
could be restored by adoptive transfer of iNKT cells derived from wild-type animals. 
Protection depended on CD1d, IFN-γ production by iNKT cells, and NK and CD8 T-cell 
function [25].  

 
These intriguing findings from pre-clinical studies prompted several groups to study iNKT 
cells in human cancer patients. Inconsistent data were obtained from these studies from 
mostly relatively small and sometimes poorly defined cohorts, with some investigators stating 
that iNKT cells in peripheral blood of cancer patients were numerically and/ or functionally 
compromised whereas others observed no differences compared to healthy controls [26-32]. 
Chapter 2 of this thesis addresses this discrepancy in a study in a relatively large cohort of 
120 healthy controls and 69 carcinoma patients. Results from this study demonstrated that a) 
iNKT cell levels in humans selectively decrease with age, most prominently in males and b) 
that after correction for age and gender variation, carcinoma patients had a selective numeric 
iNKT cell deficiency, particularly when evaluated within the circulating T cell pool [33]. 
Interestingly, iNKT cell numbers were not influenced by tumor type, disease stage (also 
reported by Motohashi et al [28] and Konishi et al [30]) or tumor de-bulking by surgery or 
radiotherapy, suggesting that the numeric defect was not the consequence of tumor growth. 
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Furthermore, there were no differences in the percentages of CD4+ and CD4- iNKT cells 
compared to healthy controls, and the residual iNKT cells had retained the capacity to 
produce IFN-γ in response to αGalCer in a direct ex-vivo ELISPOT assay. Finally, iNKT cell 
levels were found to be very broadly distributed in these cohorts with some cancer patients 
having levels comparable to age matched healthy controls. 
The reduction in circulating iNKT cells of cancer patients is indicative of their alleged 
importance for efficient anti-tumor immune responses to occur. However, it has not been 
demonstrated previously, whether a reduction of circulating iNKT cells in cancer patients 
precedes the development of cancer and can be regarded as a risk factor. In Chapter 3 we 
therefore studied prospectively the relation between peripheral blood iNKT cell and 
frequencies and the natural course of human papillomavirus th16 (HPV16) infection, in 82 
patients who participated in a non-intervention cohort study of women with abnormal cervix 
cytology (Molling JW et al, Int. J. Cancer in press). HPV16 infection is strongly related to the 
development of cervical dysplasia,  and persistent HPV16 infection is associated with the 
development of severe cervical intraepithelial neoplasia (CIN3) which may eventually lead to 
cervical carcinoma. The number of iNKT cells was not related to persistent HPV16 infection or 
progression of cervical dysplasia towards carcinoma in situ, indicating that iNKT cells appear to 
play no part in this early event of HP16-persistance-induced progression to neoplasia. Of 
course, this does not exclude that iNKT cells could control immune responses directed at later 
stage malignancies.  
The findings in patients with established carcinomas (Chapter 2), in conjunction with 
observations that iNKT cell infiltration in neuroblastoma  [31] and colon carcinoma [34] was 
related to favorable clinical outcome, prompted us to postulate that a severe deficiency in 
circulating iNKT cells would be related to a poor prognosis in individual patients as compared 
to those with a relatively intact iNKT cell population. Indeed, as presented in Chapter 4 of 
this thesis, we established in a prospective study in 47 head and neck squamous cell 
carcinoma (HNSCC) patients that after tumor debulking by radiotherapy a severe quantitative 
defect in circulating iNKT cells predicted a significantly shortened disease specific survival; 
associated with poor locoregional control of tumor recurrence [35]. Collectively these two 
chapters support the alleged critical contribution of iNKT cells to anti-tumor immune 
responses. Furthermore, screening for iNKT cell numbers may be useful for determining 
which patients can benefit from immunotherapeutic adjuvant therapies aimed at 
reconstitution of the circulating iNKT cell pool.  
Clinical phase I trials aimed at achieving the above goal have already been conducted. We 
have demonstrated that i.v. injection of a broad dose range of αGalCer was well tolerated in 
patients with solid tumors and lead to increased serum cytokine levels (IL-12, IFN-γ, TNF-α 
and GM-CSF) in those patients with relatively high numbers of iNKT cells [36]. However, the 
applied regimen resulted in loss of detectable iNKT cells from the circulation within 24 hours 
after αGalCer treatment. Subsequent injections of the glycolipid, in retrospect at the moment 
that iNKT cell numbers were not yet normalized, did not evoke the same cytokine release in 
these patients. Other groups have followed the strategy of delivering αGalCer to patients by 
loading it to immature or mature autologous monocyte derived DC prior to i.v. injection [37-
39]. Again no adverse events were recorded, but with this protocol striking but transient 
immunological effects were observed including increases in serum IL-12 and IFN-γ, reduced 
levels of IL-4, activation of myeloid DC, T and NK cells, an increase in NK cell number and 
cytotoxicity and a potent expansion of circulating iNKT cells.   
An alternative strategy would be the adoptive transfer of high purity and well defined 
autologous iNKT cells. This would facilitate manipulation of the functional aspects of these 
cells in vitro (e.g. Th1/ Th2 cytokine profile, the capacity to home towards tumor sites or 
tumoricidal potential) and to control these aspects before transferring the iNKT cells into the 
patient. Furthermore, this approach would enable to ascribe any immunological or clinical 
effects observed to the injected iNKT cells. In Chapter 5 of this thesis the development of a 
robust method to expand peripheral blood iNKT cells of healthy controls as well as advanced 
cancer patients in vitro is presented. Furthermore, the polarization of the obtained iNKT cells 
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towards a Th1 cytokine profile by stimulation with mature αGalCer loaded monocyte derived 
DC (moDC) in the presence of IL-15 [40] is demonstrated. These Th1 polarized iNKT 
cultures secreted large amounts of the pro-inflammatory cytokines IFN-γ, TNF-α and GM-
CSF. Importantly, although some cancer patient derived iNKT cell cultures showed a delay in 
the proliferative response this could be overcome by repeated stimulation via this protocol. 
The direct injection of lymphocytes highly enriched for iNKT cells as a result of ex vivo 
expansion has already been demonstrated to be well tolerated [41].  However, although the 
approach of treating patients with high purity Th1 polarized iNKT cell cultures is very 
appealing, intensive long term culture with repeated in vitro stimulation would be required. 
This might eventually lead to a loss of in vivo function, e.g. as a result of selection for those 
cells that only respond to the very strong in vitro signals delivered by αGalCer.  
To address this issue in mouse tumor models, we developed a method to generate from 
mouse spleen highly pure, long-term and chronically stimulated oligoclonal murine iNKT cell 
lines representative of in vivo iNKT cells (Chapter 6) [42]. DC derived from the D1 dendritic 
cell line were loaded with αGalCer and employed to expand iNKT cells in vitro in the 
presence of exogenously added IL-7, which had a pronounced enhancing effect on iNKT cell 
expansion. Using this method up to 108 iNKT cells could be obtained from one spleen within 
12 to 14 weeks, and cell lines could be continued for up to 24 months. Importantly, the iNKT 
cell lines had retained the capacity to swiftly secrete substantial amounts of both Th1 and 
Th2 cytokines upon in vitro activation. Next we set out to determine whether, despite of the 
repeated stimulation with αGalCer, these polyclonal iNKT cell lines still possessed a strong 
capacity to strengthen anti-tumor immune responses in vivo. Indeed, as demonstrated in 
Chapter 7 of this thesis, we observed that 4 out of 4 intravenously administered iNKT cell 
lines investigated were capable of evoking a cytokine storm, resulting in the partial inhibition 
of B16.F10 melanoma experimental lung metastases. In vitro and in vivo cytolytic activity of 
this iNKT cell line towards B16.F10 tumor cells was very low, suggesting that activation of 
down-stream effector cells constituted the major anti-tumor effector mechanism in this model. 
Depletion experiments revealed that the predominant effector cells needed for lung 
metastasis inhibition in our system were NK cells. Furthermore, injection of iNKT cells 
resulted in an increase of NK cells, but not CD8 T cells, in the lungs of mice. These findings 
emphasized that, after in vitro culture, mouse iNKT cells retain their function and can instruct 
NK cells to interfere with outgrowth of B16.F10 metastases. (JW Molling et al, submitted 
manuscript).   
 
In summary, based on our epidemiologic findings in carcinoma patients, this thesis provides 
evidence for a distinct contribution of iNKT cells to natural anti-tumor immune responses. 
Furthermore, screening for iNKT cell levels may be useful for determining which patients 
could benefit from re-constitution of the circulating iNKT cell pool, since its size is positively 
related to favorable clinical outcome. Additional evidence regarding the physiological role of 
iNKT cells in anti-tumor responses, possible mechanisms behind this and the efforts already 
made to exploit their potential in cancer patients are discussed in Chapter 8. Our 
observations that: a) the functionality of apparently defective iNKT cells of some individual 
cancer patients can be restored in vitro using αGalCer loaded DC and b) long-term 
polyclonal mouse iNKT cell lines, repeatedly stimulated with αGalCer, retain their ability to 
enhance anti-tumor immune responses in vivo underscore the potential of autologous 
adoptive transfer of ex vivo expanded Th1 polarized iNKT cells, in conjunction with 
established modalities such as  surgery and radiotherapy, as an immunotherapeutic adjuvant 
therapy against carcinomas.  
 
 

  126



Reference List 
 

 (1)  Godfrey DI, Hammond KJ, Poulton LD, Smyth MJ, Baxter AG. NKT cells: facts, 
functions and fallacies. Immunol Today 2000; 21(11):573-583. 

 (2)  Speak AO, Salio M, Neville DC, Fontaine J, Priestman DA, Platt N et al. Implications 
for invariant natural killer T cell ligands due to the restricted presence of 
isoglobotrihexosylceramide in mammals. Proc Natl Acad Sci U S A 2007; 
104(14):5971-5976. 

 (3)  Porubsky S, Speak AO, Luckow B, Cerundolo V, Platt FM, Grone HJ. Normal 
development and function of invariant natural killer T cells in mice with 
isoglobotrihexosylceramide (iGb3) deficiency. Proc Natl Acad Sci U S A 2007; 
104(14):5977-5982. 

 (4)  Spada FM, Koezuka Y, Porcelli SA. CD1d-restricted recognition of synthetic glycolipid 
antigens by human natural killer T cells. J Exp Med 1998; 188(8):1529-1534. 

 (5)  Kawano T, Cui J, Koezuka Y, Toura I, Kaneko Y, Motoki K et al. CD1d-restricted and 
TCR-mediated activation of valpha14 NKT cells by glycosylceramides. Science 1997; 
278(5343):1626-1629. 

 (6)  Kinjo Y, Wu D, Kim G, Xing GW, Poles MA, Ho DD et al. Recognition of bacterial 
glycosphingolipids by natural killer T cells. Nature 2005; 434(7032):520-525. 

 (7)  Wu DY, Segal NH, Sidobre S, Kronenberg M, Chapman PB. Cross-presentation of 
disialoganglioside GD3 to natural killer T cells. J Exp Med 2003; 198(1):173-181. 

 (8)  Zhou D, Mattner J, Cantu C, III, Schrantz N, Yin N, Gao Y et al. Lysosomal 
glycosphingolipid recognition by NKT cells. Science 2004; 306(5702):1786-1789. 

 (9)  Mattner J, Debord KL, Ismail N, Goff RD, Cantu C, III, Zhou D et al. Exogenous and 
endogenous glycolipid antigens activate NKT cells during microbial infections. Nature 
2005; 434(7032):525-529. 

 (10)  van der Vliet HJ, Molling JW, von Blomberg BM, Nishi N, Kolgen W, van den 
Eertwegh AJ et al. The immunoregulatory role of CD1d-restricted natural killer T cells 
in disease. Clin Immunol 2004; 112(1):8-23. 

 (11)  Gumperz JE, Miyake S, Yamamura T, Brenner MB. Functionally distinct subsets of 
CD1d-restricted natural killer T cells revealed by CD1d tetramer staining. J Exp Med 
2002; 195(5):625-636. 

 (12)  Lee PT, Benlagha K, Teyton L, Bendelac A. Distinct functional lineages of human 
V(alpha)24 natural killer T cells. J Exp Med 2002; 195(5):637-641. 

 (13)  Seino K, Taniguchi M. Functionally distinct NKT cell subsets and subtypes. J Exp 
Med 2005; 202(12):1623-1626. 

 (14)  Kim CH, Butcher EC, Johnston B. Distinct subsets of human Valpha24-invariant NKT 
cells: cytokine responses and chemokine receptor expression. Trends Immunol 2002; 
23(11):516-519. 

 (15)  Kawano T, Cui J, Koezuka Y, Toura I, Kaneko Y, Sato H et al. Natural killer-like 
nonspecific tumor cell lysis mediated by specific ligand-activated Valpha14 NKT cells. 
Proc Natl Acad Sci U S A 1998; 95(10):5690-5693. 

  

                                              Summary

                                                127



 (16)  Nakagawa R, Nagafune I, Tazunoki Y, Ehara H, Tomura H, Iijima R et al. 
Mechanisms of the antimetastatic effect in the liver and of the hepatocyte injury 
induced by alpha-galactosylceramide in mice. J Immunol 2001; 166(11):6578-6584. 

 (17)  Nakui M, Ohta A, Sekimoto M, Sato M, Iwakabe K, Yahata T et al. Potentiation of 
antitumor effect of NKT cell ligand, alpha-galactosylceramide by combination with IL-
12 on lung metastasis of malignant melanoma cells. Clin Exp Metastasis 2000; 
18(2):147-153. 

 (18)  Crowe NY, Coquet JM, Berzins SP, Kyparissoudis K, Keating R, Pellicci DG et al. 
Differential antitumor immunity mediated by NKT cell subsets in vivo. J Exp Med 
2005; 202(9):1279-1288. 

 (19)  Shin T, Nakayama T, Akutsu Y, Motohashi S, Shibata Y, Harada M et al. Inhibition of 
tumor metastasis by adoptive transfer of IL-12-activated Valpha14 NKT cells. Int J 
Cancer 2001; 91(4):523-528. 

 (20)  Liu K, Idoyaga J, Charalambous A, Fujii S, Bonito A, Mordoh J et al. Innate NKT 
lymphocytes confer superior adaptive immunity via tumor-capturing dendritic cells. J 
Exp Med 2005; 202(11):1507-1516. 

 (21)  Ueda Y, Hagihara M, Gansuvd B, Yu Y, Masui A, Okamoto A et al. The effects of 
alphaGalCer-induced TCRValpha24 Vbeta11(+) natural killer T cells on NK cell 
cytotoxicity in umbilical cord blood. Cancer Immunol Immunother 2003; 52(10):625-
631. 

 (22)  Patterson S, Kotsianidis I, Almeida A, Politou M, Rahemtulla A, Matthew B et al. 
Human invariant NKT cells are required for effective in vitro alloresponses. J Immunol 
2005; 175(8):5087-5094. 

 (23)  Akutsu Y, Nakayama T, Harada M, Kawano T, Motohashi S, Shimizu E et al. 
Expansion of Lung Valpha14 NKT Cells by Administration of alpha- 
Galactosylceramide-pulsed Dendritic Cells. Jpn J Cancer Res 2002; 93(4):397-403. 

 (24)  Smyth MJ, Wallace ME, Nutt SL, Yagita H, Godfrey DI, Hayakawa Y. Sequential 
activation of NKT cells and NK cells provides effective innate immunotherapy of 
cancer. J Exp Med 2005; 201(12):1973-1985. 

 (25)  Crowe NY, Smyth MJ, Godfrey DI. A critical role for natural killer T cells in 
immunosurveillance of methylcholanthrene-induced sarcomas. J Exp Med 2002; 
196(1):119-127. 

 (26)  Kawano T, Nakayama T, Kamada N, Kaneko Y, Harada M, Ogura N et al. Antitumor 
cytotoxicity mediated by ligand-activated human V alpha24 NKT cells. Cancer Res 
1999; 59(20):5102-5105. 

 (27)  Tahir SM, Cheng O, Shaulov A, Koezuka Y, Bubley GJ, Wilson SB et al. Loss of IFN-
gamma production by invariant NK T cells in advanced cancer. J Immunol 2001; 
167(7):4046-4050. 

 (28)  Motohashi S, Kobayashi S, Ito T, Magara KK, Mikuni O, Kamada N et al. Preserved 
IFN-alpha production of circulating Valpha24 NKT cells in primary lung cancer 
patients. Int J Cancer 2002; 102(2):159-165. 

  128



 (29)  Dhodapkar MV, Geller MD, Chang DH, Shimizu K, Fujii S, Dhodapkar KM et al. A 
reversible defect in natural killer T cell function characterizes the progression of 
premalignant to malignant multiple myeloma. J Exp Med 2003; 197(12):1667-1676. 

 (30)  Konishi J, Yamazaki K, Yokouchi H, Shinagawa N, Iwabuchi K, Nishimura M. The 
characteristics of human NKT cells in lung cancer--CD1d independent cytotoxicity 
against lung cancer cells by NKT cells and decreased human NKT cell response in 
lung cancer patients. Hum Immunol 2004; 65(11):1377-1388. 

 (31)  Metelitsa LS, Wu HW, Wang H, Yang Y, Warsi Z, Asgharzadeh S et al. Natural Killer 
T Cells Infiltrate Neuroblastomas Expressing the Chemokine CCL2. J Exp Med 2004; 
199(9):1213-1221. 

 (32)  Dhodapkar KM, Cirignano B, Chamian F, Zagzag D, Miller DC, Finlay JL et al. 
Invariant natural killer T cells are preserved in patients with glioma and exhibit 
antitumor lytic activity following dendritic cell-mediated expansion. Int J Cancer 2004; 
109(6):893-899. 

 (33)  Molling JW, Kolgen W, van der Vliet HJ, Boomsma MF, Kruizenga H, Smorenburg 
CH et al. Peripheral blood IFN-gamma-secreting Valpha24+Vbeta11+ NKT cell 
numbers are decreased in cancer patients independent of tumor type or tumor load. 
Int J Cancer 2005; 116(1):87-93. 

 (34)  Tachibana T, Onodera H, Tsuruyama T, Mori A, Nagayama S, Hiai H et al. Increased 
intratumor Valpha24-positive natural killer T cells: a prognostic factor for primary 
colorectal carcinomas. Clin Cancer Res 2005; 11(20):7322-7327. 

 (35)  Molling JW, Langius JA, Langendijk JA, Leemans CR, Bontkes HJ, van der Vliet HJ 
et al. Low levels of circulating invariant natural killer T cells predict poor clinical 
outcome in patients with head and neck squamous cell carcinoma. J Clin Oncol 2007; 
25(7):862-868. 

 (36)  Giaccone G, Punt CJ, Ando Y, Ruijter R, Nishi N, Peters M et al. A Phase I Study of 
the Natural Killer T-Cell Ligand alpha- Galactosylceramide (KRN7000) in Patients 
with Solid Tumors. Clin Cancer Res 2002; 8(12):3702-3709. 

 (37)  Chang DH, Osman K, Connolly J, Kukreja A, Krasovsky J, Pack M et al. Sustained 
expansion of NKT cells and antigen-specific T cells after injection of alpha-galactosyl-
ceramide loaded mature dendritic cells in cancer patients. J Exp Med 2005; 
201(9):1503-1517. 

 (38)  Ishikawa A, Motohashi S, Ishikawa E, Fuchida H, Higashino K, Otsuji M et al. A 
phase I study of alpha-galactosylceramide (KRN7000)-pulsed dendritic cells in 
patients with advanced and recurrent non-small cell lung cancer. Clin Cancer Res 
2005; 11(5):1910-1917. 

 (39)  Nieda M, Okai M, Tazbirkova A, Lin H, Yamaura A, Ide K et al. Therapeutic activation 
of V{alpha}24+V{beta}11+NKT cells in human subjects results in highly co-ordinated 
secondary activation of acquired and innate immunity. Blood 2003. 

 (40)  van der Vliet HJ, Molling JW, Nishi N, Masterson AJ, Kolgen W, Porcelli SA et al. 
Polarization of Valpha24+ Vbeta11+ natural killer T cells of healthy volunteers and 
cancer patients using alpha-galactosylceramide-loaded and environmentally 
instructed dendritic cells. Cancer Res 2003; 63(14):4101-4106. 

  

                                              Summary

                                                129



 (41)  Motohashi S, Ishikawa A, Ishikawa E, Otsuji M, Iizasa T, Hanaoka H et al. A Phase I 
Study of In vitro Expanded Natural Killer T Cells in Patients with Advanced and 
Recurrent Non-Small Cell Lung Cancer. Clin Cancer Res 2006. 

 (42)  Molling JW, Moreno M, van der Vliet HJ, von Blomberg BM, van den Eertwegh AJ, 
Scheper RJ et al. Generation and sustained expansion of mouse spleen invariant 
NKT cell lines with preserved cytokine releasing capacity. J Immunol Methods 2007; 
322(1-2):70-81. 

 
 

  130




