
 

Natural killer T (NKT) lymphocytes 
regulate intestinal tumor immunity 

 

 

 

Ying Wang 

 

 

 

Department of Microbiology and Immunology 
Institute of Biomedicine 

Sahlgrenska Academy at University of Gothenburg 
 

 

 

 

 

 

 

Gothenburg 2017 

 



 

Cover illustration: Invariant natural killer T (iNKT) cells suppressed T-helper 
1 (TH1) immunity and promoted an immunoregulatory microenvironment in 
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ABSTRACT 

CD1d-restricted natural killer T (NKT) lymphocytes are known as potent early 
regulatory cells of immune responses, acting as a bridge between innate and adaptive 
immunity. While invariant NKT (iNKT) cells have a protective role in many tumor 
models, their ability to promote intestinal inflammation, known to enhance intestinal 
cancer, raised the question if they would be protective in intestinal tumor 
development. In this thesis we aimed to define the regulatory role of iNKT 
lymphocytes in the immune response to intestinal tumors, and explore iNKT cell 
directed immunotherapy in this disease. In the first section we have investigated the 
natural regulation by iNKT cells of intestinal tumor formation. ApcMin/+ mice were 
used as a mouse model for colorectal cancer (CRC) in these studies. By crossing 
ApcMin/+ mice with two different iNKT cell deficient mouse strains, we demonstrated 
that the absence of iNKT cells markedly decreased the total number of intestinal 
polyps in ApcMin/+ mice. Results from mechanistic studies suggest that iNKT cells 
promote intestinal polyps by enhancing the activity of regulatory T cells specifically 
in polyps, promoting a switch to a suppressive (M2) macrophage phenotype, and 
suppressing antitumor TH1 immunity. In the second section we performed preclinical 
therapeutic studies with different iNKT cell ligands to determine whether this 
treatment could subvert the tumor enhancing function of iNKT cells and result in 
suppressed tumor development. We demonstrate that iNKT cell directed 
immunotherapy prevented the tumor enhancing function of NKT cells leading to a 
reduction of tumor growth. Further, a treatment combining the iNKT ligand α-
GalCer with PD-1/PD-L1/2 immune checkpoint blockade succeeded to further 
reduce polyp development.  

In summary, this thesis demonstrates that iNKT cells naturally promote intestinal 
tumor development, by enhancing immunoregulation and suppressing TH1 anti-
tumor immunity. In contrast, iNKT cell directed immunotherapy combined with 
immune checkpoint blockade led to a reduction of tumors. This prompts further 
exploration of iNKT cell directed immunotherapy in intestinal cancer.  

Keywords: NKT lymphocyte, CD1d, intestinal tumor, colorectal cancer, 
immunoregulation, α-galactosylceramide, PD-1 

ISBN: 978-91-629-0272-8                                      ISBN: 978-91-629-0273-5 (e-pub)  



SAMMANFATTNING PÅ SVENSKA 
Immunförsvaret har en avgörande roll för vårt skydd mot cancer. Naturliga 
mördar T lymfocyter, på engelska "natural killer T" (NKT) celler, aktiveras 
tidigt i immunsvar och reglerar immunitet mot t ex infektioner, 
autoimmunitet och cancer. De utgör en subgrupp av T lymfocyter som 
aktiveras av lipider och glykolipider som visas upp på den 
antigenpresenterande molekylen CD1d. Funktionellt och genom sin tidiga 
aktivering fungerar de som en brygga mellan det tidiga medfödda 
immunsvaret och det adaptiva immunsvaret. Man har visat i djurmodeller att 
NKT cellerna ger ett skydd mot olika cancerformer. Målsättningen för denna 
avhandling var att bestämma NKT cellernas regulatoriska roll vid 
tarmcancer. Bakgrunden är att inflammation är pådrivande för tumörtillväxt, t 
ex för tumörer i tarmen, och det faktum att NKT cellerna tidigare har visats 
främja tarminflammation. Det väckte frågan om NKT celler skulle vara 
beskyddande vid utveckling av tumörer i tarmen, eller om de skulle öka 
tumörbildning genom sin förmåga att gynna inflammation i denna vävnad.  

I den första artikeln har vi undersökt NKT cellernas naturliga reglering av 
tarmtumörer.  Vi har använt oss av en musmodell för kolorektal cancer, 
ApcMin/+ möss, i dessa studier. Genom att korsa ApcMin/+ mössen med två olika 
mussorter som båda saknar NKT celler, har vi visat att frånvaron av NKT 
celler markant minskade det totala antalet tarmtumörer. Vi fann att NKT 
celler som lokaliserar till tumörerna såg annorlunda ut än NKT celler i 
lymfoida organ och i andra vävnader. De uppvisade en ökad produktion av 
vissa cytokiner (IL-10, och IL-17) och uttryckte ett annorlunda mönster av 
cellyteproteiner (CD4+, NK1.1− CD44int, och PD-1lo), och de var negativa för 
NKT cells-transkriptionsfaktorn PLZF. I frånvaro av iNKT celler var andelen 
regulatoriska T-celler minskad i tumörerna och det fanns också färre 
immunosuppressiva makrofager. I stället såg vi en ökning av gener som 
normalt uttrycks vid effektiv anti-tumör immunitet, som IFN-γ och Nos2 i 
tumörerna hos ApcMin/+ möss som saknade NKT celler, tillsammans med en 
förhöjd frekvens av CD4 och CD8 T celler. Tillsammans tyder dessa resultat 
på att tumörerna innehåller en unik population av regulatoriska NKT celler 
som ökar bildandet av tarmtumörer genom att motverka immunsvaret mot 
tumörerna, och i stället förstärka regulatoriska T-celler och generell 
immunosupression. 

Målsättningen i det andra arbetet var att undersöka om NKT cellernas 
tumörbefrämjande effekt kan förändras till en skyddande effekt, och därmed 
minskning av tumörformation, genom modulering av NKT cells-aktivering. 



Vi behandlade ApcMin/+ möss med olika lipid-ligander för NKT celler, som 
tidigare visats ha olika effekt på NKT celler i andra sjukdomsmodeller. 
ApcMin/+ möss blev behandlade under den tidiga fasen (5 - 15 veckors ålder) 
eller den sena fasen (12 - 15 veckors ålder) av tumörtillväxt. Möss 
behandlade i tidig fas med liganden C26:0 visade en signifikant minskning i 
antal och storlek på tumörer, medan behandling i sen fas reducerade 
tumörstorlek men inte tumörantal. I motsats till detta ledde behandling med 
liganden C20:2 i tidig fas till förhöjd tumörtillväxt, medan behandling i sen 
fas resulterade i minskning av tumörer. Dessa resultat visar att NKT 
cellsaktiverande immunterapi kan ändra funktionen hos NKT celler från 
tumörbefrämjande till tumörbekämpande. Resultaten visar också att olika 
NKT cellsaktiverande ligander har motsatt effekt och tidpunkten för 
behandling var central betydelse.  

För kraftig aktivering av NKT celler leder till en sorts förlamning, anergi, 
som gör att de inte längre kan aktiveras effektivt. Detta beror på uppreglerad 
ytexpression av den inhibitoriska receptorn PD-1. Denna receptor finna också 
högt uttryckt på T celler i tumörer, och förhindrar deras förmåga att attackera 
tumören. I det tredje arbetet utförde vi därför en ny behandling av ApcMin/+ 
möss där vi kombinerade NKT cells-liganden C26:0 och blockering av PD-1 
receptorn. Vi fann att kombinationen lyckades reducera polyptillväxt 
ytterligare. Vi kunde visa att blockering av PD-1 förhindrade anergi hos NKT 
celler i ApcMin/+ mössen som behandlats med C26:0. Vi såg också att 
kombinationsbehandlingen ökade aktivering av tumör-infiltrerande T-celler. 
Detta tyder på att kombinationsbehandlingen med NKT cells- aktiverande 
ligand och blockad av den inhibitoriska PD-1 receptorn förhöjer effekten av 
NKT cellsaktivering, och ökar immunsvaret mot tumörerna vilket leder till 
minskad tumörtillväxt. 

Sammanfattningsvis visar denna avhandling att den naturliga funktionen av 
NKT celler i tarmen är att främja tumörutveckling genom att bekämpa ett 
effektivt tumör-immunsvar. Denna funktion hos NKT celler kan motverkas 
genom NKT cellsaktiverade immunterapi och minska tumörtillväxt. Det visar 
att NKT celler har avgörande betydelse för immunsvar mot tarmtumörer, och 
bör utforskas vidare för utveckling av NKT cellsaktiverande immunoterapi 
vid tarmcancer. 
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ABBREVIATIONS 
 
 
α-GalCer  α-galactosylceramide 
ANOVA  analysis of variance 
AOM  azoxymethane 
Apc/APC  adenomatous polyposis coli (gene, mouse/human) 
APC  adenomatous polyposis coli (protein) 
APCs  antigen presenting cells 
COX-2  cyclooxygenase-2 
CTLs  cytotoxic T lymphocytes 
DCs  dendritic cells 
DMSO  dimethyl sulfoxide 
DP   double positive 
FAP  familial adenomatous polyposis 
FoxP3  forkhead box P3 
HNPCC  hereditary non-polyposis colorectal cancer 
IBD  inflammatory bowl disease 
iGb3  isoglobotriosylceramide 
IL   interleukin 
iNOS  inducible nitric oxide synthase 
i.p.   intraperitoneal 
i.v.   intravenous 
KO  knock out 
LP   lamina propria 
MDSC  myeloid derived suppressor cell 
M-MDSC  monocytic-MDSC 
MHC  major histocompatibility complex 
Min  multiple intestinal neoplasia 
MLN  mesenteric lymph node 
Mø  macrophage 
NK cells  natural killer cells 
NKT cells  natural killer T cells 
PCR  polymerase chain reaction 
PD-1  programmed cell death protein 1 
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PD-L1  programmed death-ligand 1 
PLZF  promyelocytic leukaemia zinc finger 
PMN-MDSC  polymorphonuclear-MDSC 
TAM  tumor associated macrophages 
TCR  T cell receptor 
TLR  Toll-like receptor 
TH  T helper 
TNF-α  tumor necrosis factor alpha 
Treg  regulatory T cells 
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INTRODUCTION 

Natural killer T (NKT) cells 
The term "NKT cells" was first used to define a subset of αβ T cells 
that expressed the natural killer (NK) cell marker NK1.1 (CD161) in 
C57Bl/6 mice [1]. Further studies showed that a majority of these cells 
are CD1d-restricted [2, 3]. Therefore, it is now generally accepted that 
the term NKT cells refers to CD1d-restricted T cells. As compared to 
the conventional major histocompatibility complex (MHC) restricted 
CD4+ and CD8+ T cells, NKT cells express an intermediate level of T 
cell receptors (TCR). Following activation, NKT cells respond rapidly 
and produce large amounts of cytokines, including TH1, TH2 and 
TH17 type cytokines such as IFN-γ, IL-4 and IL-17 [4-7]. They can 
thereby regulate diverse immune responses before the adaptive T- and 
B-lymphocytes become effector cells in an immune response. Also, 
NKT cells respond to innate activating signals through toll-like 
receptors (TLR) [8], and in turn influence the downstream adaptive 
immune response. Due to their innate-like properties and functions, 
NKT cells are sometimes referred to as "innate-like T cells", and are 
seen as a bridge of the innate and adaptive immune system.  

The CD1d molecule 

The CD1-family is a group of glycoproteins expressed on most 
professional antigen presenting cells (APCs). Antigens presented by 
CD1 molecules are not peptides, as for MHC class I- and -II 
molecules, but lipids and glycolipids [9-11]. There are five isoforms of 
CD1 molecules that have been classified into three groups according to 
the differences in the mode of lipid presentation. Group 1 (CD1a CD1b 
and CD1c) and group 2 (CD1d) involved in lipid presentation to T 
cells, while group 3 (CD1e) facilitates intracellular lipid processing 
and trafficking [12]. CD1 genes are found in all mammalian species, 
while different numbers of CD1 isoforms are expressed in different 
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species. CD1a-e are expressed in human while only CD1d is expressed 
in rat and mouse [13]. Murine and human CD1d and CD1d-restricted 
NKT cells are highly homologous. Structurally, the CD1d molecule is 
an MHC class I-like molecule, consisting of a CD1d heavy chain that 
associates with β2-microglobulin. The professional APCs such as 
dendritic cells (DCs), B cells and macrophages (Mø) are the major 
CD1d expressing cells. Unlike classical MHC molecules, CD1 
molecules are non-polymorphic, a feature of importance for potential 
applications such as vaccine development and therapeutic treatments 
that target NKT cells. Various structures of lipids can bind to CD1d, 
such as glycosphingolipids (GSLs) [14, 15] and phospholipids [16]. 

NKT cell classification 

According to the type of TCR expressed, NKT cells can be divided 
into type I NKT and type II NKT cells. The most frequent NKT cells 
in mice are type I NKT cells, while type II NKT cells may be more 
common in human [17, 18]. 

The type I NKT cell, also called invariant NKT (iNKT) cell, is an 
evolutionarily conserved category of NKT cells. It uses a semi-
invariant TCR containing a unique TCR α-chain. In mice, iNKT cells 
express an invariant Vα14-Jα18 TCR α-chain paired with a limited set 
of TCR β-chains including Vβ8.2, Vβ7 and Vβ2 [19]. Homologous to 
the murine iNKT cells, human iNKT cells express an invariant Vα24-
Jα18 TCR α-chain paired with Vβ11 [20, 21]. Phenotypically, murine 
iNKT cells are either CD4+CD8- or CD4/CD8 double-negative 
whereas also CD8+ iNKT cell can be found in human. All iNKT cells 
are activated by the artificial lipid ligand α-galactosylceramide (α-
GalCer) [22]. Therefore these cells can be identified and quantitated 
using α-GalCer loaded CD1d tetramers [23-26]. iNKT cells can also be 
divided into three functional subsets according to their expression of 
the transcription factors promyelocytic leukaemia zinc finger (PLZF), 
T-bet and RORγt [27]. PLZFloT-bet+ iNKT1, PLZFhi iNKT2, and 
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PLZFintRORγt+ iNKT17 cells are characterized by their production of 
IFN-γ, IL-4, and IL-17 respectively (Figure 1), which is similar to TH1, 
TH2 and TH17 cells. During the work of this thesis, another distinct 
regulatory iNKT subset producing IL-10 (termed “iNKT10” in Figure 
1) has been identified [28]. iNKT10 cells lack the expression of PLZF 
and are enriched in adipose tissue and suppress anti-tumor response 
through IL-10 production [28-30]. Subsequently, work from another 
group showed that the development of iNKT10 cells is directed by 
signals received in thymus [31], suggesting that iNKT10 cells are a 
distinct lineage rather than a functional state induced in the periphery. 

 

 

Figure 1. Four functional subsets of iNKT cells. The currently defined iNKT-cell 
subsets are iNKT1, iNKT2, iNKT17 and iNKT10. The expression of subset-specific 
phenotypic markers and transcription factors, and the secretion of characterizing 
cytokines are shown. 

 

Type II NKT cells, also named diverse NKT (dNKT) cells, were first 
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a diversity of TCR α- and TCR β-chains in mice lacking MHC II [3]. 
These cells have no response to α-GalCer [32] and therefore cannot be 
detected by α-GalCer loaded CD1d tetramers. Studies have shown that 
a fraction of dNKT cells respond to sulfatide [33]. Due to the poor 
stability and high background staining, the sulfatide-loaded CD1d 
tetramers, however, have not been were commonly used for identifying 
dNKT cells. Further, a human dNKT population isolated from from the 
plasma of myeloma patients responds to lysophosphatidylcholin (LPC) 
and binds to LPC-CD1d dimer [34].  Nonetheless, the lack of unique 
reagent, the diversity of ligands recognized and the limitation of the 
techniques to detect these cells make dNKT cells less well studied.  

NKT cell development 

The use of α-GalCer-CD1d tetramers has enabled studies of iNKT cell 
development, whereas there is no common ligand that could be used to 
detect dNKT cells. This makes most of the knowledge of NKT cell 
development based on studies of iNKT cells. NKT cells arise in the 
thymus from the same CD4+CD8+ double-positive (DP) precursor as 
that of conventional T cells. At this stage, DP thymocytes that will 
enter the NKT cell lineage are positively selected by binding to self-
lipid or glycolipid presented on CD1d on the surface of other DP cells. 
This is in contrast to the selection of conventional CD4+ T cells or 
CD8+ T cells, which are selected by binding of TCR to self-peptide 
presented on MHC II or MHC I on thymic epithelial cells. Once 
selected, NKT cell precursors undergo a series of developmental stages 
(illustrated in Figure 2). At least four distinct NKT cell developmental 
stages have been defined through differences in expression of CD24, 
CD44 and NK1.1; these are controlled by a series of transcription 
factors. PLZF plays a role as a master regulator and controls the NKT 
development [35, 36]. Most NKT cells migrate from the thymus at 
stage 2 and progress to stage 3 in the periphery. The transcription 
factor T-bet is essential in this step. Some stage 3 NKT cells remain in 
the thymus as long-term thymus-resident cells [37]. Evidence suggests 
that CD4− NKT cells branch from CD4+ NKT cells at approximately 
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stage 1 of development. A separate pathway of NKT cell development 
gives rise to an IL-17-producing subset that seems to be regulated by 
the transcription factor RORγt [7]. 

 

 

Figure 2. NKT cell development. CD4+CD8+ DP cells are selected by TCR-CD1d 
ligation. A costimulatory signal SLAM-SLAM is necessary for the positive selection. 
Further development of NKT cells is divided into different stages according to the 
surface expression of CD24, CD44 and NK1.1. Most NKT cells leave thymus at 
stage 2 and complete the development in periphery, whereas some NKT cells stay in 
thymus. This figure is simplified from Godfrey et al., Nature Immunology, 2010 [38]. 

 

Ligands of iNKT cells 
Invariant NKT cells can bind to a variety of lipid-based antigens 
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microbial ligands and a list of endogenous self-antigens [38, 39]. 
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α-GalCer was originally derived from a marine sponge [40]. It has 
been described as a compound that has strong anti-tumor properties, 
identified in a broad screen for molecules that could prevent murine 
lung metastasis [41]. Several studies applying α-GalCer in different 
disease models found that α-GalCer potently activate iNKT cells 
associated with rapid TH1/TH2 cytokine secretion. Subsequently the 
stimulatory effects of alternative synthetic α-GalCer analogues was 
investigated (reviewed in Venkataswamy and Porcelli [42]; Tyznik 
et al.[43]). The aims of these investigations were to identify synthetic 
α-GalCer analogues that were skewing either a TH1 or a TH2 cytokine 
response and find the ones which could be applied on the treating 
conditions where polarized cytokine responses were implicated in 
pathogenesis, such as cancer, allergy and autoimmunity. These 
synthetic ligands include the sphingosine-based truncated derivative of 
α-GalCer OCH [42], which induces a Th2 response during activation 
of iNKT cells in mice as defined by rapid IL-4 production with no 
detectable IFN-γ [44]. Other variants of α-GalCer have been made by 
altering the length and the degree of unsaturation of the fatty acyl 
chain, including the C20:2 analogue and α-C-GalCer, which are 
ligands skewing the iNKT cell response towards TH2- and TH1 
cytokines, respectively [42, 45]. The list of synthetic lipid antigens for 
iNKT cells is growing and their capacity to induce biased immune 
responses holds great promise therapeutically [46]. 

Besides α-GalCer, a number of exogenous ligands such as microbial 
glycolipids have been identified to stimulate the activation of iNKT 
cells. The first identified microbial glycolipid is GSLs from 
Sphingomonas spp., a Gram-negative member of α-proteobacteria. 
GSLs have been shown to induce strong CD1d-dependent iNKT 
activation [47-50], and their function related to clearing of microbial 
infections [51].  

During the thymic development of iNKT cells, an endogenous self-
lipid ligand and iNKT autoreactivity is necessary for the positive 
selection [52]. This autoreactivity is also required for the TLR 
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triggered immune response against bacterial infection [51, 53]. 
Isoglobotriosylceramide (iGb3) was thought to be a possible 
endogenous antigen in both mice and human. iGb3 was reported as an 
iNKT cell activating ligand [54]. However, a study of the distribution 
of iGb3 with high-pressure liquid chromatography analysis 
demonstrated that iGb3 was not detected in either the mouse or human 
thymus [55]. Further, the iGb3 synthase knockout (iGb3S-/-) mice did 
not show decreased number of iNKT cells in the thymus, spleen, or 
liver, and showed a similar cytokine response to α-GalCer 
administration as compared to iGb3S+/- mice [56]. Taken together, the 
results strongly suggested that iGb3 is unlikely to be the endogenous 
ligand required for iNKT cell selection in the thymus.  

Immunity to tumors 
The effector mechanisms of both innate and adaptive immunity have 
been shown to attack tumor cells. Despite this, immunity to tumors is 
often under immunoregulatory control, leading to tumor escape from 
immune destruction. To determine the mechanisms that underpin 
immunoregulation of tumor immunity will be essential as a basis for 
the development of novel therapies that contribute to improved 
immune protection against tumors.  

Innate immune responses to tumors  

The main killers of tumor cells in the innate immune response are 
natural killer (NK) cells and Mø. NK cells kill many types of tumor 
cells. Their tumor killing activity is termed natural because they do not 
require activation to kill cells. NK cells carry several activating 
receptors, the ligands of some are upregulated on tumor cells. Classical 
studies have shown that MHC I molecules on the surface of normal 
cells inhibit NK cells and prevent lysis [57]. Thus, the decreased level 
of MHC I molecule expression characteristic of many tumor cells may 
allow activation of NK cells and subsequent tumor killing. 
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Mø can kill tumor cells when activated by a combination of factors, 
including cytokines. They are less effective than T cell-mediated 
cytotoxic mechanisms. Under certain circumstances, Mø may present 
tumor antigens to T cells and stimulate tumor-specific immune 
responses. Classically activated M1 Mø display various anti-tumor 
functions. They produce large amounts of proinflammatory cytokines, 
such as IL-6, IL-1 and TNF-α, and are involved in the killing of tumor 
cells [58]. They also express inducible nitric oxide synthase (iNOS). In 
contrast, activated alternatively M2 Mø produce IL-10 and 
transforming growth factor-β (TGF-β), and are thought to be 
associated with tissue repair [59, 60]. Tumor associated Mø (TAM) are 
normally of M2-like phenotype and evidence suggests that they are 
part of inflammatory circuits that promote tumor progression [61-63]. 

Adaptive immune responses to tumors 

The principal mechanism of adaptive tumor immunity is killing of 
tumor cells by CD8+ cytotoxic T lymphocytes (CTLs). Tumor-specific 
CTLs have been found in a diversity of cancers including 
neuroblastomas; malignant melanomas; sarcomas; and carcinomas 
[64]. CTLs recognize peptide antigens presented on MHC I on target 
tumor cells and lyse these cells. CD4+ helper T cells stimulated by 
peptides presented by MHC II on APCs produce diverse cytokines, 
which provide the help for CTLs and activate other cells with tumor 
killing capacity, such as NK cells and Mø.  
	

Suppression of the immune response to tumors 

Regulatory T cells (Treg) are MHC II restricted CD4+ T cells that 
express the master transcription factor FoxP3. They develop in the 
thymus and are normally present in the body and function to prevent 
autoimmune reactions. They are also induced peripherally during the 
active phase of immune responses to pathogens and limit the strong 
immune response that could damage the host. Studies of Treg cells in 
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mouse models and cancer patients have shown that Treg accumulate in 
tumor-bearing individuals, especially at the tumor site [65]. These cells 
secrete IL-10 and TGF-β and result in an inhibited CTL response and 
suppression of tumor immunity [66, 67]. Depletion of Treg cells in 
tumor-bearing mice has been shown to induce T cell infiltration, 
enhance anti-tumor immunity by increasing TH1 cell proliferation and 
thereby reduce tumor growth [68-71].  

Myeloid-derived suppressor cells (MDSCs) are a diverse set of cells 
that accumulate in cancer patients [72, 73]. They consist of immature 
myeloid cells and their precursors, lacking the surface markers specific 
for monocytes, macrophages or DCs [74]. In mice, MDSCs are defined 
by co-expression of the myeloid lineage markers CD11b and Ly6G 
[75]. In humans, MDSCs are characterized as CD14-CD11b+ [76] or 
CD33+HLA-DR- cells [77]. MDSCs are classified into two subtypes: 
monocytic MDSC (M-MDSC) and polymorphonuclear MDSC (PMN-
MDSC) according to their surface marker expression. In mice, M-
MDSC express high level of Ly6C and low or no Ly6G, while PMN-
MDSC express intermediate Ly6C and positive for Ly6G [74, 78]. 
These cells accumulate in large numbers in cancers and potently 
suppress anti-tumor innate and T cell responses by mechanisms that 
include IL-10 secretion [79]. MDSCs also indirectly impair anti-tumor 
T cell responses by enhancing Tregs and skewing CD4 helper T cell 
differentiation to TH2 cells [79, 80].  
 

NKT cells in tumor immunity 

The role of NKT cells in tumor immunity has been displayed in many 
studies. It has been shown that NKT cells play important roles in tumor 
surveillance and the control of tumor metastasis [81]. It has been 
shown in several experiment mouse models that iNKT cells promote 
tumor immunity and protect against tumors [82, 83]. The IFN-γ 
production by iNKT cells was identified as a key component of the 
iNKT anti-tumor effect [84]. Further, NK cells were activated by NKT 
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cells in an IFN-γ and IL-2 dependent manner and suppressed tumor 
cell growth [85]. Although many studies have shown that iNKT cells 
protect against tumors, in some models, iNKT cells have instead been 
shown to suppress immune-surveillance by producing TH2 cytokines, 
such as IL-13, IL-4 and IL-5 [86, 87]. Regulation of tumor immunity 
by dNKT has also been demonstrated. An IL-13 producing dNKT 
population was increased in peripheral blood from myeloma patients, 
and these cells were activated by an inflammation-associated 
lysophospholipid presented on CD1d [88]. Moreover, a series of 
elegant studies by Berzofsky and co-workers have demonstrated that 
dNKT cells suppress CD8+ T cell mediated tumor immunity through 
IL-13 and TGF-β production [89].  

Immunotherapy against cancer 

Immunothreapy is the treatment that takes advantages of the ability of 
immune system to fight against disease such as cancer. The main 
advantage of immunotherapy compared to traditional drug therapies is 
that the immune response is specific for tumor antigens and will not 
injure most of the normal cells, whereas the drugs often have severe 
side effects on normal proliferating cells. The main types of 
immunotherapy used to treat cancers include monoclonal antibodies, 
adoptive cell transfer, cancer vaccines and immune checkpoint 
blockade. 

Antibody therapy 

Antibodies are a key component of the adaptive immune system. Man-
made monoclonal antibodies are designed to bind to tumor-specific 
antigens, and thereby cause an immune response to attack the tumor 
cells. Currently there are more than 100 monoclonal antibodies that 
have been explored for cancer therapy [90, 91]. Some of them have 
been applied in experimental animal models, some tested in human 
clinical trials and some have been approved for clinical use [92]. One 
of the most successful anti-tumor antibodies is the humanized mouse 
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monoclonal anti-CD20, which has been used for treating B-cell 
lymphoma patients [93]. The mechanisms of tumor cell elimination by 
antibodies include opsonization, activation of the complement system, 
and antibody-dependent cell-mediated cytotoxicity. Further, another 
type of antibody may directly activate apoptosis in tumor cells such as 
anti-CD30 used to treat lymphomas [94, 95]. 
 
Adoptive cellular immunotherapy 

The approach called adoptive cell transfer collects and utilizes the 
patient's own cells to treat the cancer. Adoptive cell transfers have 
been applied in small clinical trials to the patients in different types of 
cancer [96-98]. There are different forms of adoptive cell transfer 
treatments. In CAR T cell therapy, T cells from the patients are 
collected and are genetically engineered to produce specific receptors 
called chimeric antigen receptor (CARs) [99]. CARs allow T cells to 
recognize specific tumor antigens. The CAR T cells are cultured in 
vitro and the expanded population is then transferred back to the 
patient. The transferred CAR T cells multiply in vivo and recognize 
and kill cancer cells by the guidance of the introduced receptors. 
 
Tumor vaccines 

The use of vaccination with tumor antigens is another approach to 
immunotherapy. These vaccines are usually made from tumor cells 
from cancer patients produced by tumor cells [100]. They are designed 
to treat cancers by enhancing the immune response against the tumor. 
Two types of tumor vaccines have been shown to be effective in 
clinical trails and experimental animal models [101]. One approach is 
to vaccinate with patient derived DCs that have been incubated with 
tumor antigens or transfected with genes encoding these antigens [102, 
103]. An alternative approach in clinical trails is the use of DNA 
vaccines composed plasmids of viral vectors encoding tumor antigens 
[104-107]. As the encoded antigens are synthesized in cytoplasm and 
then enter the MHC I antigen presentation pathway, the cell-based and 
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DNA vaccines may provide the best ways to induce CTL responses 
[108-110]. 
 
Immune checkpoint blockade  

Checkpoint blockade is an immunotherapy approach to block the 
ability of certain proteins, called immune checkpoint proteins, which 
limit the strength and duration of immune responses [111]. It is been 
clearly shown that tumors can make use of certain checkpoint 
pathways to resist T cell immunity [112]. Checkpoint pathways can be 
blocked by administration of specific monocolonal antibodies, since 
many of them are initiated by ligand-receptor interactions. The first 
checkpoint blockades target, cytotoxic T-lymphocyte-associated 
antigen 4 (CTLA-4), is a receptor that down regulates immune 
response. It is highly expressed on Treg cells and is up regulated after 
T cell activation. CTLA-4 share exact ligands, CD80 and CD86 (also 
known as B7-1 and B7-2), with CD28 [113-115] and has much higher 
affinity for both ligands. Binding of CTLA-4 to CD80/CD86 blocks 
the co-stimulatory signals of T cells through CD28, and delivers 
inhibitory signals to T cells [116-120]. The CTLA-4 specific 
checkpoint inhibitors enhance the strength of immune responses by 
preventing inhibitory signals by binding to and blocking CTLA-4.  

Another immune checkpoint is the receptor programmed death protein 
1 (PD-1) pathway. PD-1 ligation has been reported to promote self-
tolerance and to limit autoimmunity by down regulating the T cell 
activity [121-127]. Expression of PD-1 is induced when T cells 
become activated [121]. Ligation of PD-1 with its ligands PD-L1/2 
inhibits kinases involved in T cell activation [122]. Similar to CTLA-4, 
PD-1 is also highly expressed on Treg cells [128]. Tumor associated T 
cells often have high PD-1 expression that inhibits their anti-tumor 
activity. Moreover, PD-L1 is often found upregulated on tumor cells. 
Administration of antibodies to PD-1 or its ligands releases T cell 
activation towards the tumor, allowing T cell mediated tumor 
eradication. During recent years, check-point blockade treatments have 
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led to important clinical advances, resulting in durable clinical 
responses and long-term remission in a fraction of treated patients. 

iNKT cell targeting cancer therapy 

A number of studies have reported the anti-tumor effects by iNKT 
cells targeting therapies in animal models (see reviews [129-131]). 
There are three main iNKT cells-based anti-tumor therapies have been 
applied in animal models and clinical trails. Systemic administration of 
α-GalCer was found to control tumor metastasis and increase the 
survival in different models [132-134]. In addition, modified analogues 
of α-GalCer that induce an enhanced TH1-skewed cytokine response 
in iNKT cells were found to be superior to α-GalCer in inducing anti-
tumor immunity [135]. Further, injections of α-GalCer pulsed DCs led 
to an enhanced iNKT and downstream NK cell response and reduced 
tumor formation in a B16 melanoma model [134]. Alternatively, 
adoptive transfer of ex vivo expanded iNKT cells into non-small-cell 
lung cancer patients resulted in downstream NK cell activation and 
IFN-γ production [136]. Interestingly, the combination of iNKT cell 
adoptive transfer and injections of α-GalCer pulsed DCs has been 
report to enhance the anti-tumor response in patients with head and 
neck carcinoma [137, 138].  

Colorectal cancer (CRC) 
Colorectal cancer (CRC), is the second most common cancer 
worldwide, after lung cancer. The risk for developing CRC is 
influenced by environmental and genetic factors. The sporadic form of 
CRC increases with age with 90% of the cases occurring after 50 years 
of age. Sporadic CRC is in most cases initiated by a mutation in the 
adenomatous polyposis coli (APC) gene, followed by additional 
mutations in oncogenes, tumor suppressor genes and genes encoding 
DNA repair proteins. Besides a diet that is high in red meat, smoking 
and heavy alcohol use can also raise the CRC risk. Genetic mutations 
are the main risk factor for hereditary CRC. The most common 
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inherited syndromes linked with colorectal cancers are familial 
adenomatous polyposis (FAP) and Lynch syndrome (hereditary non-
polyposis colorectal cancer, or HNPCC). FAP is caused by an 
inherited mutation in the adenomatous polyposis coli (APC) gene and 
accounts for around 1% of all CRC. In contrast to the sporadic CRC, 
FAP patients present with high numbers of colorectal adenomatous 
polyps as early as age 20 and almost all individuals with FAP will have 
colon cancer by the age of 40 unless their colon has been removed. 
Persons with FAP also have an increased risk for cancers of the 
stomach, small intestines, and some other organs. Lynch syndrome 
accounts for about 2% to 4% of all colorectal cancers. In most cases, 
this disorder is caused by an inherited defect in either the MLH1 or 
MSH2 genes, which play an important role in DNA mismatch repair. 
The most common colorectal cancer treatment currently is surgery as 
there is no other efficient treatment available. 

Mouse models of colorectal cancer 
Mouse models of colorectal cancer and intestinal cancer are 
experimental systems in which mice are genetically manipulated, fed a 
modified diet or challenged with chemicals to develop malignancies in 
the gastrointestinal tract. These models enable researchers to study the 
onset, progression of the disease, and understand in depth the 
molecular events that contribute to the development and spread of 
colorectal cancer. 

Genetically manipulated mice 

Common genetic mouse models for CRC are mutant mice carrying a 
heterozygous mutation in the Apc gene. The Apc gene is defined as a 
tumor suppressor gene, which is involved in the Wnt/β-catenin 
signaling pathway. Deficiency of the APC protein will lead to nuclear 
accumulation of β-catenin that results in a dysregulated cell division, 
and thereby initiating cancer formation. The first mouse described that 
contained a mutation in the Apc gene was designated multiple 
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intestinal neoplasia (Min) [139]. This mouse model is called the 
ApcMin mouse, which carries a truncation mutation at codon 850 of 
the Apc gene. The ApcMin mouse can develop more than 100 polyps 
in the small intestine and colon. Two years later, a new mutant of the 
Apc gene with a truncation mutation at codon 716 (ApcΔ716)[140] was 
engineered. It results in a mouse that develops more than 300 polyps in 
the small intestine. More recently a novel Apc mutation mouse model 
having multiple polyps form in the distal colon was constructed [141]. 
In this model an additional mutation in the Cdx2 gene on the ApcΔ716 
background shifted the formation of polyps from the entire intestine to 
the colon, resembling human CRC. In addition, a mouse model 
carrying mutations in ApcΔ716 and Smad4 is characterized with 
development of invasive adenocarcinomas [142]. 

Since heterozygous gene deletions were less successful for 
constructing the mouse model for HNPCC, mice carrying homozygous 
deletions of the mismatch repair genes such as Msh2, Mlh1, Msh6, 
Msh3, Pms2, and Pms1have been used as disease models for HNPCC-
like cancers [143]. Although such mice are more susceptible to tumor 
formation, the tumor spectrum observed consists of various 
lymphomas that are almost never encountered in HNPCC affected 
patients. Also, deficiency of Msh2 and Pms2 promoted APC-mediated 
intestinal tumorigenesis [144]. 

Chemically induced colorectal cancer 

Carcinogen-induced colon cancer in rodents can recapitulate in a 
reliable way the phases of initiation and progression of tumors that 
occurs in humans. Such models are frequently used to assess activity 
of chemo-preventive compounds and to identify risk factors. These 
models are highly reproducible, they can be readily tested on animals 
with different genetic backgrounds, and the pathogenesis recapitulates 
human CRC. 
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A variety of chemicals have been used for inducing colon tumors in 
animals. Azoxymethane (AOM) is a genotoxic carcinogen and is 
routinely used to induce colon tumors in mice [145, 146]. The AOM-
induced tumors locate in the distal colon whereas a p21 knock out 
mouse treated with AOM shows tumor distribution throughout the 
colon [147]. They share many histopathological characteristics with 
human CRC and frequently carry K-Ras mutations, whereas AOM 
induced APC mutations are less frequent in rodents and the tendency 
to metastasize is low [144]. An inflammation-related mouse model of 
colorectal carcinogenesis induces colon lesions with combination of 
AOM and dextran sodium sulphate (DSS). AOM/DSS induced 
adenocarcinoma showed positive staining for nuclear β-catenin, 
cyclooxygenase-2 (COX-2) and iNOS [146] 



Ying Wang 

 23 

AIMS 
NKT cells have been shown to play important roles in tumor 
surveillance and the control of tumor metastasis [148, 149]. Activation 
of iNKT cells provides protection against tumor growth and metastasis 
in various experimental models [40, 150, 151]. However, it has been 
reported that NKT cells inhibit tumor immunity, as examplified in a 
murine lymphoma model [86]. Cytokines produced by inflammatory 
cells directly or indirectly promote cancer cell growth [152-156]. 
Inflammation plays a critical role in the development of IBD-
associated CRC [157, 158]. Significantly, NKT cells have been found 
to promote intestinal inflammation in a mouse model for IBD through 
IL-13 production [159]. The pro-inflammatory role of NKT cells and 
the dual role of inflammation in CRC raised the question whether NKT 
lymphocytes may promote the inflammation driven tumorigenesis in 
the intestine. In this thesis we have investigated the natural effect of 
iNKT cells in tumor regulation in the intestine, and performed 
preclinical studies of therapeutic treatments to suppress tumor 
development through iNKT cell activation.  

Specific aims: 
- To investigate whether NKT cells naturally modulate tumor 
development in the ApcMin/+ mouse model for CRC 

- To identify the mechanism underlying the natural promotion of 
intestinal tumors by iNKT cells in ApcMin/+ mice 

- To apply iNKT cell directed immunotherapy to investigate whether 
treatment with iNKT cell agonists can prevent tumor development in 
ApcMin/+ mice 

- To apply PD-1 checkpoint blockade together with iNKT cell directed 
immunotherapy to investigate whether this would improve suppression 
of tumor development in ApcMin/+ mice 
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METHODLOGICAL CONSEDERATIONS 

The ApcMin/+ mouse model for CRC 
The ApcMin/+ mouse was established on the C57BL/6 genetic 
background and when used as a model for CRC, carries a heterozygous 
mutation of the Apc gene. While homozygous mutant mice (ApcMin/Min) 
are not viable, a heterozygous mutation results in spontaneous polyp 
formation in the small intestine and colon. Tumor immunity can be 
studied after transplantation of tumor cell lines, such as the MC38 cell 
line, which is derived from C57BL/6 mouse adenocarcinoma. 
However,	 ApcMin/+ mice developing spontaneous polyp formation 
allow us to investigate the regulation of tumor immunity in a proper 
tumor microenvironment in vivo. In addition, due to the same gene 
mutation as in human CRC, these mice are recapitulating early events 
in human colorectal carcinogenesis, which provide a natural process of 
tumor growth rather than in chemically induced CRC models. 
Therefore, we took the advantages of ApcMin/+ mouse and used the 
mice as a colorectal cancer model to investigate iNKT cell regulation 
of intestinal tumor development. Female ApcMin/+ mice and Apc+/+ 
littermates were used for studies of the natural effect of iNKT cells 
(Paper I) and both male and female ApcMin/+ mice were used for the 
preclinical immunotherapeutic study (Paper II and III). 

NKT cell deficient mice 
In order to investigate the role of iNKT cells in intestinal tumor 
development in the ApcMin/+ mouse model, we crossed ApcMin/+ mice 
with Jα18-/- mice to generate ApcMin/+Jα18-/- and ApcMin/+Jα18+/- 
littermate controls (Paper I). Jα18-/- mice lack a TCR α-segment, 
which is required to form the iNKT cell TCR, so that ApcMin/+Jα18-/- 
mice are completely devoid of iNKT cells.  
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Since a recent study showed that Jα18-/- mice have impaired diversity 
of the TCR repertoire due to suppressed rearrangement to Traj (Jα) 
gene segments upstream of Traj18 (Jα18) [160]. Consequently, the 
effects on tumor development in these mice might be caused by a 
decreased repertoire of T cells. Concerning the validity of the 
experiment, we also introduced another NKT deficient mouse model, 
the CD1d-/- mouse, on the ApcMin/+ background. The CD1d-/- mouse 
lacks the CD1d molecule, which results in a loss of the TCR ligand for 
positive selection of NKT cells in the thymus, and the mice 
consequently lack all NKT cells. Thus, we crossed ApcMin/+ mice with 
CD1d-/- mice to confirm the effect of iNKT cells in intestinal tumor 
formation in the ApcMin/+ mouse model (Paper I).  

Gene expression analysis 
To identify gene expression regulated by iNKT cells, we performed 
real time PCR (RT PCR) for analysis of gene expression in the 
presence and absence of iNKT cells. RT PCR also called quantitative 
PCR (qPCR) or real time quantitative PCR (RT-qPCR), is a common 
method to quantify gene expression at the transcriptional level. Due to 
the property of high throughput and sensitivity, in this thesis, we first 
designed and applied custom RT2 profiler PCR arrays,	to determine the 
mRNA expression levels of selected genes in tissues from iNKT 
deficient mice (Paper I). We selected genes relevant for immune 
responses, tumor growth and apoptosis. The genes have been grouped 
according to the encoded protein types, such as cytokines, chemokines 
and chemokine receptors, cell linage markers, and are listed in Table 1. 
The arrays allowed us to have a fast and broad peek into the iNKT cell 
dependent regulation of the tumor microenvironment; thereby 
providing us with a reasonable hypothesis for further experimentation. 
RT PCR was used as an important supportive and complementary 
method to screen and confirm the regulation of certain genes such as 
those encoding chemokines, cytokines and transcription factors. The 
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most regulated gene expressions we obtained from the gene arrays 
were confirmed with RT PCR (Paper I). 

 

Table 1. List of genes that were analyzed in the gene expression array. 
Cytokine	 Cytokine	receptor	 Immune	response	 Tumor	growth	

Il1b	 IL-1β	 Il4ra	 IL-4RA	 Rorc	 RORγt	 Myc	 c-MYC	
Il1a	 IL-1α	 Il13ra1	 IL-13	Rα1	 Tbx21	 T-bet	 Mapk1	 ERK	
Il2	 IL-2	 Il13ra2	 IL-13	Rα2	 Gata3	 GATA3	 Mmp9	 MMP9	
Il4	 IL-4	 Il22ra1	 IL22	Rα1	 Stat1	 STAT1	 Mmp3	 MMP3	
Il5	 IL-5	 Il22ra2	 IL22	Rα2	 Stat3	 STAT3	 Mmp1a	 MMP1	
Il6	 IL-6	 Chemokine	 Stat6	 STAT6	 Egf	 EGF	
Il8	 IL-8	 Ccl20	 CCL20	 Nfkb1	 NF-κB	 Egfr	 ErbB1	
Il9	 IL-9	 Cxcl1	 CXCL1	 Klrk1	 KLRK1	 Vegfa	 VEGF	
Il10	 IL-10	 Cxcl10	 IP10	 Rae1	 RAE1	 Fgf2	 bFGF	
Il11	 IL-11	 Cxcl9	 CXCL9	 H60a	 H-60	 Tgm2	 TGM2	
Il12a	 IL-12A	 Cxcl11	 CXCL11	 Ido1	 INDO	 Apoptosis	
Il12b	 IL-12B	 Chemokine	receptor	 Cell	linage	marker	 Cd274	 PD-L1	
Il13	 IL-13	 Cxcr2	 CXCR2	 Cd4	 CD4	 Pdcd1lg2	 PD-L2	
Il15	 IL-15	 Cxcr3	 CXCR3	 Cd8b1	 CD8β	 Pdcd1	 PD-1	
Il17a	 IL-17A	 Ccr2	 CCR2	 Cd19	 CD19	 Pdgfb	 PDGFB	
Il17f	 IL-17F	 Ccr6	 CCR6	 Foxp3	 FoxP3	 Gzma	 Gramzyme	A	
Il18	 IL-18	 	 	 Zbtb16	 PLZF	 Gzmb	 Gramzyme	B	
Il21	 IL-21	 	 	 Arg1	 ARG1	 Bcl2l1	 BCL-XL	
Il22	 IL-22	 	 	 Nos2	 NOS2	 Xiap	 IAP3	
Il23a	 IL-23A	 	 	 Chi3l3	 YM1	 	 	
Il25	 IL-25	 	 	 Mrc1	 MRC1	 	 	

Il27p28	 IL-27A	 	 	 Ly6g	 Ly6G	 	 	
Il33	 IL-33	 	 	 Mpo	 MPO	 	 	
Ifng	 IFN-γ	 	 	 Retnla	 Fizz1	 	 	
Tnf	 TNF	 	 	 Ptgs2	 COX2	 	 	

Tgfb1	 TGF-β1	 	 	 	 	 	 	
Ifnb	 IFN-β	 	 	 	 	 	 	
Tslp	 TSLP	 	 	 	 	 	 	

Tnfsf15	 TL1A	 	 	 	 	 	 	
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Characterization of iNKT cells and their 
functions 
To determine the expression of extracellular and intracellular markers 
on defined cell populations, we performed flow cytometry on cells 
from spleen, MLN, intestine, polyps (Paper I, II and III) and liver 
(Paper II). There are alternatives to this method, such as 
immunohistology. The advantage of flow cytometry compared to other 
options is that flow cytometry can process thousands of cells per 
second; it is fast and directly showing the protein expression levels on 
the cells. Also, flow cytometry enabled us to do subpopulation analysis, 
so that the phenotypes and function of specific immune cells can be 
determined. In this thesis, cell surface and intracellular antigen 
expression was detected by using fluorochrome-conjugated anti-mouse 
antibodies. To investigate the cytokine production by iNKT cells, we 
stimulated iNKT cells in vitro with phorbol myristate acetate (PMA) 
plus ionomycin, in the presence of brefeldin A. Followed by 
intracellular staining, the cytokine production was determined by flow 
cytometry. 

We applied adoptive transfer of iNKT cells into ApcMin/+Jα18-/- mice, 
to determine whether adding back iNKT cells to ApcMin/+Jα18-/- mice 
lacking these cells could switch back the macrophage phenotype from 
M1 to M2, (Paper I). Since iNKT cells are enriched in the liver 
providing a rich source of iNKT cells, we isolated mouse hepatic 
iNKT cells by fluorescence-activated cell sorting (FACS) and then the 
isolated cells were i.v. injected to 12-week old ApcMin/+Jα18-/- mice.  
Although cell sorting is more time consuming than cell enrichment 
through immunomagnetic separation, sorting results in a more pure 
preparation of iNKT cells.  

In addition, we performed cytometric bead array (CBA) analysis, a 
flow cytometry based method, to determine the dynamic cytokine 
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production in mouse serum (Paper I). Because of the high sensitivity of 
this method, it significantly reduces sample volume requirements and 
time to results in comparison with traditional ELISA and Western blot 
techniques.  

 

iNKT targeting immunotherapy in ApcMin/+ mice 
In this thesis, we performed preclinical immunotherapeutic studies to 
investigate whether α-GalCer therapy is beneficial in the ApcMin/+ 
model of intestinal tumors (Paper II). An important finding in the field 
is that while α-GalCer stimulation of iNKT cells results in a mixed 
IFN-γ and IL-4 cytokine production, certain analogues of α-GalCer can 
skew the iNKT cells cytokine production towards a IFN-γ dominated 
Th1 profile [161] or a TH2 profile with high amounts of IL-4 [45, 
162]. These iNKT ligands provide more sophisticated tools for iNKT 
cell target immunotherapy, for situations when a specific cytokine 
profile is desired. Thus we also included groups treated with either the 
TH1 skewing α-GalCer analogue α-C-galactosylceramide (referred to 
C-glycoside below), or the TH2 skewing analogue C20:2 (Figure 3). 
Here we treated ApcMin/+ mice from 5 weeks of age with α-GalCer 
C26:0, or vehicle, to evaluate the effect of treatment on the early-phase 
of tumor formation (for treatment schedule see Figure 4).   

To investigate whether α-GalCer based treatment could modulate the 
late phase of polyp growth, we also performed a three-week treatment 
schedule of ApcMin/+ mice starting at 12 weeks, and sacrificed the mice 
for analysis at 15 weeks of age (see treatment schedule in Figure 4). 
This time, we compared mice treated with α-GalCer C26:0 and mice 
treated with C20:2, the two treatments that had resulted in the most 
significant and opposite results using the long-term early-phase 
treatment protocol. 
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Figure 3. Chemical structures of αα-GalCer and analogues used in this thesis. 

 

 

Figure 4. Treatment schedule for early- and late-phase iNKT cell directed 
therapy. For early-phase treatment with glycolipid, 5 week old ApcMin/+ mice were 
injected i. p. with 4 μg of glycolipid in 200 μl of vehicle, or vehicle control. Mice 
were injected on day 1, 2, 7, 14, 21, 28 and 60, and sacrificed at 15 weeks of age. For 
late-phase treatment with glycolipid, 12 week-old ApcMin/+ mice were injected i.p. 
with 4 μg of glycolipid in 200 μl vehicle solution or vehicle control only on day 1, 7, 
14, and the mice were sacrificed at 15 weeks of age. Arrows indicate the injections of 
glycolipid. 
 

Combination of checkpoint blockade and iNKT 
cell directed therapy  
Ligation of the PD-1 on T cells results in an inhibitory signal, and is 
therefore referred to as an immune checkpoint for T cells. 

α-GalCer C26:0 (Th1/Th2)

α-GalCer C20:2 (Th2)

α-C-Glycoside (Th1)

5 6 7 8 9 10 11 12 13 14 15

Late phase treatment with glycolipid

Early phase treatment with glycolipid
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Accumulated evidence has revealed that blockade of the PD-1/PD-L1 
pathway can enhance the anti-tumor response [163]. In colorectal 
cancer, checkpoint blockade with PD-1 targeting antibody was 
effective in a subset of patients [164]. With the aim to achieve 
improved effects, the PD-1/PD-L1 checkpoint blockade has been 
combined with other immunotherapies. For example, an improved 
clinical response has been shown after treatment with the combination 
of anti-PD-L1 and anti-CTLA-4 in melanoma patients [165, 166]. Here 
we hypnotized that a combination treatment with the iNKT cell agonist 
α-GalCer together with PD-1 antibody might cooperate and enhance 
anti-tumor activities. In this thesis (Paper III), we performed the 
combination of iNKT directed therapy and checkpoint blockade in the 
ApcMin/+ mouse model in the late phase of tumor formation to 
investigate whether this treatment could enhance the anti-tumor 
response and reduce intestinal tumor development (treatment schedule 
in Figure 5).  

 

 
Figure 5. Combination of checkpoint blockade and iNKT direct treatment 
schedule. 12 weeks ApcMin/+ mice were i.p. administrated with 0.25 mg anti-PD-1 
antibody RMP1-14 twice a week, together with or without weekly 4µg α-GalCer in 
200μl of PBS solution. The mice were sacrificed at 15 weeks of age. Arrows indicate 
the injections of RMP1-14 and α-GalCer. 
 

Statistical analysis 
Since we had relatively small numbers of data points and non-normal 
distribution, nonparametric statistical tests were applied. To evaluate 
significant difference between genotypes (Paper I), Mann-Whitney test 
was used. Unpaired one-way ANOVA was used to evaluate the 
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significance between treatment groups (Paper II and III). p values < 
0.05 were considered significant.  



Natural killer T (NKT) lymphocytes regulate intestinal tumor immunity 

 32 

RESULTS AND DISCUSSIONS 
The results from the studies presented in Paper I-III on the natural and 
induced effects of iNKT cells in intestinal tumor development will be 
summarized and discussed in this chapter following the aims.  

Characterization of ApcMin/+ mice 
As a spontaneous model for CRC, ApcMin/+ mice develop a number of 
adenomas in the small and large intestine, as summarized in Figure 6. 
Early ileal lesions can be found in 1-month old ApcMin/+ mice [167]. In 
our breeding colony, 10–12-week old ApcMin/+ mice had no 
macroscopically visible intestinal polyps, but early polyp formation 
could be seen on hematoxylin-eosin stained sections using a 
microscope (Paper I, Figure 1a). By 15 weeks of age, an average of 20 
polyps were found in the entire small intestine in ApcMin/+ mice (Figure 
8). Based on these observations, we designed our experimental system 
according to these key time points. To investigate the role of NKT 
cells in the regulation of tumor formation, and the underlying 
mechanisms, we used 15-week old mice due to the presence of 
substantial polyp formation in the small intestine at this time (Paper I). 
We performed early-phase treatment (also referred to as long-term 
treatment in Paper II) of the mice with iNKT ligands starting at 5 
weeks of age when only early lesions can be detected. In the late phase 
treatment protocol (also referred as short-term treatment in Paper II 
and III), we started from 12 weeks of age when small polyps had been 
established, to investigate whether a short treatment from 12 to 15 
weeks could be effective at a time when the polyps were growing 
rapidly. 
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Figure 6. The diagram shows tumor development in ApcMin/+ mice over time. 
Early lesions in ileum can be detected as early as at 4 weeks of age [167]. At 12 
weeks of age, early polyp formation in small intestine is shown with hematoxylin and 
eosin staining on sections from paraffin embedded tissue. Macroscopic polyps in 
small intestine from a 15-week old ApcMin/+ mouse are indicated by red arrows. 

 

Another interesting observation was that ApcMin/+ mice developed 
spenomegaly with age (Figure 7A and B). The ApcMin/+ spleen weight 
was around 3-fold increased and the cell number was twice as high as 
in the littermate Apc+/+ mice. We also determined the frequency of 
leukocytes in the spleen with flow cytometry (Figure 7C). The cell 
population that had increased most in ApcMin/+ mice among total 
CD45+ cells was negative for common cell surface linage markers. 
Research has shown that aged ApcMin/+ mice (around 26 weeks old) 
demonstrated neutrophilia and monocytosis with macrocytic anemia 
and anisopoikilocytosis [168]. The cell population, which increased in 
15-week ApcMin/+ spleen, might include hematopoietic precursor 
cells. 

Depending on the location of the truncating mutation, ApcMin/+ mice 
develop 3-300 adenomas/polyps in the intestine (see review [169]). In 
our specific pathogen-free (SPF) facility, the mice develop a relatively 
low number of polyps in the small intestine (with a median ∼20 per 
mouse) at 15 weeks of age, compared to several publications on 
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ApcMin/+ mice (see for example [170-172]). Germ free ApcMin/+ mice 
have been shown to develop significantly reduced tumor load in both 
small intestine and colon than SPF mice, due to the gut microbiota 
[173]. Therefore, the possible reason for the low number of polyps in 
our breeding unit might be that the species and diversity of the gut 
microbiota in our unit is different from that of other mouse facilities, 
resulting in the numeric difference of polyps in different studies. 

 

       

      

Figure 7. Spenomegaly and altered immune cell populations in ApcMin/+ spleen. 
(A) Photo shows representative spleens from 15 week old Apc+/+ and ApcMin/+ mice. 
(B) Spleen weight and absolute number of splenocytes in the same mice. Data 
indicate mean ± standard deviation (s.d.) of 13 mice. (C) Splenocytes from 15 week 
old Apc+/+ and ApcMin/+ mice were stained with linage markers for each cell 
population (Lin-: CD45+CD3-CD19-; T cell: CD45+CD3+; B cell: CD45+CD19+; NK 
cell: Lin-NK1.1+; MDSC: Lin-F4/80-CD11b+; DC: Lin-F4/80-CD11chi; Mø: Lin-

F4/80+; iNKT: CD45+CD19-CD3+CD1d-tet+). Pie chart shows the percentage of each 
cell population among CD45+ cells. 
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We also compared the polyp numbers in 15-week old male and female 
ApcMin/+ mice. There was no significant difference in total polyp 
numbers between males and females (Figure 8). A published study 
using different CRC models demonstrated an enhanced tumorigenesis 
in colon but not small intestine of ApcMin/+ males, enhanced colon 
tumorigenesis shown in a rat model to depend on male hormones 
[174]. In our investigations, we used females for the study of the 
natural effect of iNKT cells on polyp development (Paper I), while we 
used both males and females for the preclinical therapeutic studies 
(Paper II and III). 

 

iNKT cells naturally promoted intestinal tumor 
development in ApcMin/+ mice  
To investigate the natural regulation of polyp development in ApcMin/+ mice 
by NKT cells, we first crossed iNKT deficient Jα18-/- mice with ApcMin/+ 
mice. At 15 weeks of age, ApcMin/+Jα18-/- mice demonstrated ∼75% reduction 
of polyp numbers in the small intestine, and the splenomegaly was reduced 
compared with ApcMin/+Jα18-/- littermate controls, whereas there was no 
significant polyp reduction in colon (Paper I, Figure 1). We established 
another NKT deficient model, ApcMin/+CD1d-/- mice, that showed a similar 
reduction of polyp numbers at 20 weeks of age (Paper I, Figure 1). These 
results from two distinct NKT cell deficient mouse models demonstrated that 
iNKT cells promote intestinal polyp development. Moreover, the fact that 
lack of iNKT and lack of all NKT cells resulted in similar reduction of polyp 
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Figure 8. No difference in polyp numbers in 
male and female 15 week old ApcMin/+ mice. 
Male and female ApcMin/+ mice were sacrificed 
at 15 weeks of age and total polyp numbers 
were counted. Data are presented as mean ± s.d. 
of 9 mice. 
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numbers, suggested that dNKT cells did not play a significant role in the 
regulation of polyps in ApcMin/+ mice. This was surprising, as this result is 
opposite to studies of other tumor models, in which iNKT cells usually 
associate with promotion of tumor immunity and suppression of tumors [82, 
175, 176] while dNKT usually play immunosuppressive role to down-
regulate tumor immunosurveillance [176-179].  

 

Polyp iNKT cells in ApcMin/+ mice demonstrated a 
unique phenotype and function 

Our finding that iNKT cells naturally promoted tumor development in 
ApcMin/+ mice, motivated us to investigate the mechanism underlying 
the tumor promotion. We first determined whether the numbers and 
functions of iNKT cells were influenced by the heterozygous Apc 
mutation in ApcMin/+ mice (Paper I, Figure 1). We found similar 
frequencies of iNKT cells in lymphoid organs and comparable levels 
of cytokine production after in vivo α-GalCer stimulation in ApcMin/+ 
and Apc+/+ mice at 12-week of age (Paper I, Figure 1). This suggested 
that iNKT cells in ApcMin/+ mice are not directly affected by the 
heterozygous ApcMin mutation, and have comparable functions as in 
Apc+/+ mice. Intestinal polyps were visible in all ApcMin/+ mice at 15 
weeks of age. At this tumor-bearing stage, the frequencies of iNKT 
cells were comparable in lymphoid organs and small intestine lamina 
propria (LP) between ApcMin/+ and Apc+/+ mice. The percentage of 
polyp-infiltrating iNKT cells were similar to the levels found in LP 
(Paper I, Figure 2). Comparing iNKT from 12-week and 15-week old 
mice, the absolute number of iNKT cells was slightly but significantly 
increased in ApcMin/+ mice due to the splenomegaly (Figure 9 and 
Paper I, Figures 1 and 2). In vitro stimulation of splenocytes from 15-
week old mice with PMA and ionomycin showed similar frequency of 
cytokine producing iNKT cells in ApcMin/+ and Apc+/+ mice (Figure 10), 
suggesting that iNKT cells were not systemically altered in polyp 
bearing mice at this age.  
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Figure 9. iNKT cell frequencies and absolute numbers in spleens of ApcMin/+ and 
Apc+/+ mice. ApcMin/+ and Apc+/+ mice were sacrificed at 12 or 15 weeks of age. 
Splenocytes were stained with TCRβ and α-GalCer-loaded CD1d-tetramer to detect 
iNKT cells (n= 7-12).  

 

 

 

Figure 10. Cytokine production by splenic iNKT cells from ApcMin/+ and Apc+/+ 
littermate mice. Spleen cells from 15 week old ApcMin/+ and Apc+/+ mice were 
stimulated in vitro with PMA and ionomycin for 4 hours in the presence of Brefeldin 
A. Cells were stained for surface markers and intracellular IFN-γ and IL-4. Panels 
have been gated for α-GalCer-loaded CD1d-tetramer positive cells (iNKT cells), 
FACS plots (A) are representative and the graphical representation of the data (B) 
show a pool of three experiments. Bars indicate the average values and data are 
presented as mean ± s.d. of 10 mice. 
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To investigate putative regulatory functions of iNKT cells in tumor 
immunity in ApcMin/+ mice, we first perfomed a phenotypic study of 
iNKT cells in tumor-bearing mice. We found that polyp iNKT cells 
had a different surface phenotype compared to iNKT cells in other 
organs with high percentage of CD69+ cells, but lower percentage of 
CD4+, NK1.1+, CD44+, PD-1+ and CCR9+ cells (Figure 11, and Paper I, 
Figure 2). We next identified functional subsets of iNKT cells in 
different tissues by staining the cells for the relevant transcription 
factors. We surprisingly found that over 90% of polyp iNKT cells were 
negative for PLZF (Paper I, Figure 2), normally expressed by all iNKT 
cells [35]. Accordingly, we termed the PLZF- iNKT cells “iNKT-Pneg”. 
We found that iNKT-Pneg had a generally lower production of IFN-γ, 
IL-2, IL-4, IL-13 and TNF-α after in vivo α-GalCer activation 
compared to spleen and LP iNKT cells, however, they were enriched 
for IL-10 and IL-17 producing cells (Paper I Figure 2). These polyp 
iNKT cells share some features with adipose tissue iNKT cells as well 
as with IL-10 producing regulatory iNKT cells (so called iNKT10 cells) 
[28, 30]. Adipose tissue iNKT cells were negative for PLZF, and both 
activated adipose tissue iNKT and iNKT10 cells produce IL-10. 
Similar to ApcMin/+ iNKT cells, α-GalCer induced iNKT10 cells 
promote tumor growth in the B16 melanoma model via IL-10 
production [28]. Taken together, this suggests that iNKT cells might 
enhance immunoregulation in ApcMin/+ mice through mechanisms that 
include IL-10 production. 

   

Figure 11. Expression of phenotypic markers on iNKT cells from ApcMin/+ and 
Apc+/+  mice. Mice were sacrificed at 15 weeks of age. Phenotypes of iNKT cells 
were determined by flow cytometry. Data are presented as mean ± s.d. of 10 mice. 
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The mechanisms underlying the natural 
promotion by iNKT cells of intestinal tumor 
development in ApcMin/+ mice 

To identify the mechanisms underlying the polyp promotion of iNKT 
cells, we first performed a custom RT2 profiler PCR array to compare 
the inflammatory microenvironment in polyps and LP from 
ApcMin/+Jα18-/- and ApcMin/+Jα18+/- mice. Results from the array 
demonstrated an increased expression of proinflammatory genes in 
both LP and polyps, and down-regulated FoxP3 transcription in 
polyps, in the absence of iNKT cells (Figure 12 and Paper I, Figure 4). 
The expression of highly up-regulated genes in polyp and LP (Ifng, 
Nos2) and the most down-regulated gene in LP (Foxp3) was verified 
with RT qPCR. We also investigated IL17A expression by RT qPCR, 
as this cytokine had previously been shown to promote polyp 
formation in ApcMin/+ mice [180]. Absence of iNKT cells did not 
significantly alter IL-17A expression in polyp or LP, although levels of 
IL-17A were generally higher in polyp compared to LP (Paper I, 
Figure 4C). The decreased FoxP3 expression in polyps from iNKT 
deficient ApcMin/+Jα18-/- mice compared to ApcMin/+Jα18+/- mice 
suggested that Treg cells might be promoted in the presence of iNKT 
cells. The up-regulation of IFN-γ and NOS2 expression in iNKT cell 
deficient ApcMin/+ mice indicated that a Th1 immune response was 
inhibited in the presence iNKT cells. This strongly suggested iNKT 
cells promoted polyp development by suppressing Th1 immunity and 
enhancing immune regulation by Treg cells. 
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Figure 12. Gene regulation in polyp and polyp-free LP in the presence of iNKT 
cells. The expression of mRNA from polyp and unaffected LP of 15-week-old 
ApcMin/+Jα18-/- and ApcMin/+Jα18+/- mice was examined by RT2 PCR profiler array 
with a selection of genes of relevance for immunity and tumor progression. Data 
show gene regulation fold of ApcMin/+Jα18+/- mice compared to gene expressions in 
ApcMin/+Jα18-/- mice. Each sample was a pool of mRNA from five mice.  
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Following this assumption, we explored the Treg cells in ApcMin/+Jα18-

/- and ApcMin/+Jα18+/- mice. As found by previous studies (see for 
example [65]), we confirmed that ApcMin/+ polyps contain high 
frequencies of Treg cells. Further, we found that only in polyp but not 
in other organs, both the frequency of FoxP3+ Treg cells and the levels 
of FoxP3 protein expression in Treg cells were decreased (Paper I, 
Figure 5). Notably, significantly lower expression of ST2, receptor for 
the alarmin IL-33, was shown on both polyp and LP Treg cells in the 
absence of iNKT cells. Recent studies have demonstrated that ST2 is 
highly expressed on colonic and adipose Treg cells [181-183], and 
TH2 biased ST2-expressing Treg cells are highly activated and 
suppress CD4 T cell proliferation through IL-10 and TGFβ production 
[184]  Moreover, ST2 deficient mice were prevented from colonic 
tumor development [185]. Further, IL-33 promotes tissue-specific Treg 
accumulation and stability in colon [181]. This may indicate that iNKT 
cells promote the accumulation and maintenance of Treg cells in 
polyps through enhanced IL-33/ST2 signaling. 

The absence of iNKT cells in ApcMin/+ mice was associated with 
increased expression of IFN-γ and NOS2 (also denoted iNOS) (Paper 
I, Figure 4). Although we did not determine the source of IFN-γ, CD8+ 
T cells are possibly the candidates for the increased expression of IFN-
γ. Consistently, we defined differences in T cells infiltrating the polyp 
in ApcMin/+Jα18-/- compared to ApcMin/+Jα18+/- mice. In the absence of 
iNKT cells, the frequencies of conventional CD4+ T cells were 
increased in both MLN and polyps and the frequencies of CD8+ T cells 
were augmented in polyps (Paper I, Figure 3). This suggested that 
iNKT cells limited the polyp infiltration of conventional CD4+ T and 
CD8+ T cells. This maybe an indirect effect due to the reduction of 
Treg cells in ApcMin/+Jα18+/- mice. Indeed, it was recently shown that 
depletion of Treg in ApcMin/+ mice leads to the accumulation of 
CXCR3+ conventional T cells in intestinal tumors [68]. 

Different types of TAM have been described, and they can be either 
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tumor killing (M1) or tumor promoting (M2) [186, 187]. iNOS is 
potentially expressed by M1 Mø, and absence of iNKT cells resulted in 
a systemically altered Mø phenotype from M2 towards M1 (Paper I, 
Figure 6c and d). Moreover, the phenotype shift was reversed by 
adoptively transferred iNKT cells to iNKT cell deficient ApcMin/+ mice 
(Paper I, Figure 6g). Therefore, we conclude that iNKT cells promote 
an anti-inflammtory environment and enhance M2 Mø in ApcMin/+ 
mice. Previous research has shown that ApcMin/+ mice lacking iNOS 
have significantly more adenomas than iNOS-positive littermate 
controls [188]. This is consistent with data from CRC patients showing 
that those that have tumors highly infiltrated with iNOS expressing Mø 
had a significantly improved prognosis [189]. In addition, we found 
that presence of PMN-MDSC was strongly reduced in polyps in the 
absence of iNKT cells (Paper I, Figure 6e and f). In conclusion, iNKT 
cell promotion of polyps was associated with an immunoregulatory 
polyp microenvironment, characterized by increased Treg and PMN-
MDSC populations and an enhanced M2 macrophage phenotype, but 
suppressed Th1 immunity and reduced frequencies of tumor-
infiltrating conventional CD4 and CD8 T cells. 

 

iNKT cell directed immunotherapy modulated 
tumor development in ApcMin/+ mice 
The first identified NKT cell ligand, α-GalCer, was found to prevent 
tumor development and increased survival in several cancer models 
[41, 190, 191]. Positive results from clinical trials with cancer patients 
have shown the feasibility of the treatment [137, 192, 193]. The results 
in Paper I demonstrated that iNKT cells naturally promote polyp 
development associated with a suppression of Th1 immune response, 
and an increase in M2 macrophages and Treg cells in polyps. This 
could be an indication that further activation of iNKT cells would 
increase polyp development in ApcMin/+ mice. However, iNKT cell 
ligands have been described that preferentially induce Th1 cytokines, 
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and we speculated that treatment with such ligands might reduce polyp 
development. We therefore investigated whether iNKT cell targeted 
immunotherapy could subvert the polyp promotion by iNKT cells and 
suppress polyp development in the ApcMin/+ mouse model. We 
performed one treatment schedule starting at the time of early-phase 
polyp initiation (long term, 5-15 weeks of age), and a late-phase 
treatment (short term, 12-15 weeks of age) during the period when the 
polyps expanded in size in the intestine (see treatment schedules in 
Figure 3).  

In the early-phase treatment, we compared the glycolipid α-GalCer 
(C26:0), and the analogues of this ligand, C20:2 and C-glycoside, 
which enhance TH2 [45] or TH1[161] cytokine responses by iNKT 
cells, respectively. We hypothesized that the two analogues would give 
opposite results, that C20:2 would enhance the polyp development 
whereas C-glycoside would suppress the polyp growth in ApcMin/+ 
mice. As we expected, treatment with C20:2 increased polyp growth as 
evident by the increased numbers of large polyps in the small intestine 
compared to vehicle treated mice (Paper II, Figure 1). This was not the 
case for treatment with C26:0, which resulted in a significant decrease 
in number and size of polyps (Paper I, Figure 1 and Paper II, Figure 1). 
These results suggested that activation of iNKT cells by C26:0 
treatment enhanced a tumor immune response. Surprisingly, instead of 
promoting an anti-polyp immune response, treatment with the Th1 
skewing ligand C-glycoside did not show significant difference in 
polyp number and size. (Paper II, Figure 1). Therefore, we excluded C-
glycoside in the late-phase treatment. We also a different lipid solvent 
in the late-phase treatment. The vehicle used to dissolve the glycolipids 
in the early-phase treatment contained dimethyl sulfoxide (DMSO), 
which is a commonly used solvent for α-GalCer. DMSO has been 
reported as having anti-inflammatory effects by blocking certain 
inflammatory pathways [194, 195]. To avoid anti-inflammatory effects 
that might be due to DMSO in the glycolipid solvent, for the late-phase 
treatment the vehicle for dissolving the glycolipids was changed to a 
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solvent described in the protocol for α-GalCer in vivo assays 
recommended by Kirin Brewery Co., Ltd. [196], which contains no 
DMSO. 

As in the early-phase treated animals, ApcMin/+ mice that had been 
treated late-phase with C26:0 exhibited positive effects with 
diminished polyp size although the effects were less pronounced than 
after early-phase treatment. In contrast, C20:2 that had significantly 
increased polyp growth in the early-phase treated ApcMin/+ mice 
produced the opposite result with the late-phase treatment schedule. 
Total polyp numbers were reduced, and there was a dramatic decrease 
in large polyps compared to vehicle treated mice (Paper II Figure 3).  

Besides the polyp number and size, we also investigated the iNKT 
cells after treatments. Regardless of the type of iNKT ligand and 
treatment schedule, injections of the iNKT agonists resulted in a 
reduction of iNKT cell frequencies in the lymphoid organs (Paper II, 
Figure 2 and Figure 4). Moreover, there was a low responsiveness of 
splenocytes from C26:0 treated mice to in vitro α-GalCer restimulation 
(Paper II, Figure 2 and Figure 4). In contrast, after the late-phase 
treatment, splenocytes from the C20:2 treated mice still maintained the 
response to the in vitro α-GalCer activation. In accordance, the 
phenotypic marker for cell anergy, PD-1, was expressed at a lower 
level on remaining iNKT cells in spleen and MLN from C20:2 treated 
mice (Paper II, Figure 4). This indicated that a state of anergy was not 
fully reached with C20:2 during the short time period of treatment.  

The results from the early- and late-phase treatments have been 
summarized in Table 2. The opposite results after early- and late-phase 
treatment with C20:2 triggered our speculation on possible causes. One 
contributing factor might be an age-related change of the polyp 
microenvironment. The polyp/intestinal microenvironment might be 
different during the different treatment periods (early versus late). This 
could be reflected in a difference in polyp infiltrating/LP immune cells, 
such as the frequency or phenotype/function of Treg cells [65], or a 
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difference in phenotypes of iNKT cells (such as iNKT1 present in 
unaffected LP, versus iNKTpneg in polyps), etc. On the other hand, 
during the early-phase treatment, frequently injections of CD1d-
restircted TCR ligand induced cytokine burst and systemic loss of 
iNKT cells, that also altered the polyp microenvironment. This 
demonstrates that the timing for the treatment is an important factor 
that needs to be considered. 

From the early- and late-phase treatment experiments, we conclude 
that iNKT cell directed immunotherapy with α-GalCer could reduce 
tumor growth in ApcMin/+ mice. Surprisingly, however, effects with the 
Th1 and Th2 skewing analogues were not predictable, and indicated 
that the treatment timing could be essential. 

 

Table 2. Summary of the iNKT directed treatments results. 
	 Early-phase	 Late-phase	

Polyp	
#	

Polyp	
size	

iNKT	
loss/anergy	

Polyp	
#	

Polyp	
size	

iNKT	
loss/anergy	

C26:0	 ↓ ↓ ++ → ↓ +++ 
C20:2	 → ↑ ++ ↓ ↓ ++ 

C-Glycoside	 → → ++ ND	 ND	 ND	
Arrows indicate increase or decrease of the polyp number and size. 
 “+” was used to  grade the iNKT loss/anergy.  
ND means not determined. 
 

 

iNKT cell directed therapy cooperated with PD-1 
checkpoint blockade and reduced intestinal 
tumor development in ApcMin/+ mice 
According to our results from the iNKT cell directed therapeutic study 
(Paper II), α-GalCer C26:0 (referred to α-GalCer below, as in Paper 
III) only succeeded to reduce the polyp size but not the number of 
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polyps. The therapeutic effects might have been limited by an anergic 
state induced in iNKT cells by α-GalCer [197, 198], controlled by PD-
1 [199]. Indeed, after the late phase treatment with α-GalCer, we found 
that iNKT cells showed an anergic phenotype with high level of PD-1 
expression on the surface (Paper II, Figure 4). Further, PD-1 can be 
found on tumor-infiltrating T cells in different types of cancer [200-
202]. Consistently, during our studies of immune cells in ApcMin/+ 
mice, we found that PD-1 was highly expressed on T cells in LP in 
these mice, but not on LP T cells from Apc+/+ littermates (Paper III, 
Figure 1). This suggested that interactions between PD-1 on T cells 
and PD-1 ligand(s) might suppress anti-tumor responses in ApcMin/+ 
mice, and that blocking this interaction could enhance tumor 
immunity. Based on these findings, we performed a new treatment of 
ApcMin/+ mice by combining the iNKT directed late-phase treatment 
with PD-1 checkpoint blockade. We predicted that blocking PD-1/PD-
L1/2 signaling would firstly prevent iNKT loss and anergy after α-
GalCer administration, and secondly, release conventional T cells from 
PD-1 mediated inhibition. We therefore expected that the α-GalCer 
anti-tumor effect could be improved in this way.  

As we expected, we found that the combined treatment with anti-PD-1 
and α-GalCer had an additive effect on polyp size resulting in a 
significant reduction of large polyps (Paper III, Figure 2). We 
investigated iNKT cells after the combined treatment schedule, and the 
results showed that iNKT cells could be detected in different organs 
from the treated mice including polyps. This revealed that the addition 
of PD-1 blockade to α-GalCer treatment prevented anergy induction 
and loss of iNKT cells. Further analysis of immune cells in treated 
mice demonstrated that the combination treatment resulted in increased 
activation of T cells, especially in the polyps. In addition, PD-1 
blockade prevented α-GalCer induced accumulation of M-MDSC in 
spleen and PMN-MDSC in spleen and LP, while α-GalCer treatment 
promoted an M1 macrophage phenotype in the spleen both in the 
presence and absence of PD-1 blockade. The results from the 
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combined treatment experiments are summarized in Table 3.  

 

Table 3. Summary of the combination treatment results. 

	 Polyp	 iNKT	 T	cells	 %	
MDSC	

%	Mø	
#	 size	 %	 proliferation	 activation	 M1	 M2	

α-PD-1	 ↓ ↓ → → (+) → → → 
α-GalCer	 → ↓ ↓ ND	 (+) ↑ ↑ ↓ 
α-GalCer	
+α-PD-1	

↓ ↓↓ → ↑ + → ↑ ↓ 

Arrows indicate the increase or decrease of the polyp number and size.  
 “+” was used to  grade the iNKT loss/anergy.  
ND means not determined. 
 

In conclusion, the combination treatment with α-GalCer and PD-1 
blockade successfully reduced the tumor development in ApcMin/+ 
mice. Compared to the treatment with α-GalCer or PD-1 blockade 
alone, the additive anti-tumor effect of the combination treatment 
might result from an increased activation of conventional T cells, as 
well as shift from an immunosuppressive to a more proinflammatory 
microenvironment. 
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CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 
This thesis studied the regulation roles of iNKT cells in intestinal 
tumor development from two perspectives, natural and therapeutic. 
The results from these studies establish that NKT cells are potent 
regulators of intestinal tumor immunity, and should be further explored 
for the development of NKT cell directed immunotherapy in intestinal 
cancer. The main conclusions from the papers in the thesis are 
summarized below: 

I. iNKT cells present a unique phenotype in polyps being 
PLZF- and enriched for IL-10 and IL-17 producing 
cells. 
 

II. iNKT cells naturally promote intestinal tumor 
development by enhancing regulatory T cells and 
immunosuppression of antitumor TH1 immunity. 

 
III. Preclinical therapeutic treatments with NKT cell 

modulating ligands demostrated that NKT cell directed 
therapy could subvert the tumor enhancing function of 
NKT cells and suppress polyp growth. 

 
IV. Treatments with NKT cell ligand with different starting 

point give opposite results, indicates that the treatment 
timing is an ignorable consideration. 

 
V. Combined treatment with the NKT cell agonist α-

GalCer and PD-1 immune checkpoint blockade 
succeeded to further reduce polyp growth. 
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Although the current results explained the questions we asked from the 
beginning, some of our preliminary data still need to be further 
explored. Also, there are new questions popped up from what we have 
known, which also need be investigated.  

First, we showed that the tumor promoting effect by iNKT cells, but if 
the effect is direct or indirect is unknown. We have set up a new mouse 
strain, ApcMin/+CD1dfloxVillinCre, which specifically lacking of NKT 
cells on epithelial cells. Investigation of these mice will enable us to 
understand if NKT cells directly interact with tumor cells and promote 
the tumor development. 

Further, similar to iNKT10, polyp iNKT lacks PLZF expression and 
produce IL-10. Transfer of hepatic iNKT cells altered the Mø 
phenotype in ApcMin/+Jα18 -/- mice in polyps, even though hepatic 
iNKT cells are prominently iNKT1 cells, which are positive for PLZF 
and produce TH1 cytokines. This released a question that what makes 
the changes of iNKT1 behaving as iNKT10. The possible explanations 
can either be the iNKT cells changed phenotype in the location of 
polyps or only small population of iNKT10 expanded in polyp. Since it 
is hard to detect the transferred iNKT cells when we harvest the mice, 
we planed to transfer IL-10 KO iNKT cells to ApcMin/+Jα18 -/- mice to 
determine if iNKT10 plays an important role in Mø phenotype switch. 

Moreover, the iNKT directed treatment with modulated ligands have 
shown to reduce the polyp formation, but the mechanisms are 
remaining unclear. We have done PCR arrays to screen the candidate 
genes that have been regulated by the treatments, and thereby more 
specific analysis could be performed to understand the mechanisms. 

Last but not least, since ApcMin/+ mice develop most polyps in small 
intestine, all the results of this thesis are based on the studies in small 
intestine. Since the tumor microenvironment might be different in 
colon, the study of colon iNKT cannot be ignored eventually.   
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Overall, we aim to further clarify the mechanisms of iNKT regulation 
in tumor immunity and hope the study can provide useful idea for the 
clinical treatment. 
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