
 

 

Optimization of PLGA microspheres 

for immunotherapy of tumors in the 

mouse model 
 

 

Dissertation 
 

Zur Erlangung des akademischen Grades eines 

"Doktors der Naturwissenschaften" 

(Dr. rer. nat.) 

des Fachbereiches für Biologie 

an der Universität Konstanz 

vorgelegt von 

 

Marc Ulrich Müller 
 

 
Tag der mündlichen Prüfung: 27.07.2010 

1. Referent: Prof. Christoph Hauck 
2. Referent: Prof. Marcus Groettrup 

 
 
 
 
 

http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-122288
http://kops.ub.uni-konstanz.de/volltexte/2010/12228/


 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

… for my pack



Table of contents 

Table of contents 
 

Abbreviations ............................................................................................................4 
 

Zusammenfassung / Summary ................................................................................7 

Zusammenfassung ............................................................................................. 7 

Summary ............................................................................................................ 8 

 

Introduction ...............................................................................................................1 

1. Dendritic cells and immunity ........................................................................ 2 

2. Principles in immunotherapy........................................................................ 5 

3. Immunostimulatory adjuvants and vaccine delivery systems....................... 8 

4. PLGA-microspheres .................................................................................. 10 

5. Invariant natural killer cells ........................................................................ 12 

6. CD1d ligands – α-GalCer and its analogues.............................................. 14 

7. Aim of thesis .............................................................................................. 16 

8. References of chapter I: ............................................................................ 17 

 

Eradication of large tumor masses by immunotherapy with biodegradable 
PLGA microspheres - an alternative to incomplete Freund’s adjuvant..............29 

Abstract............................................................................................................. 30 

Introduction ....................................................................................................... 30 

Materials and methods ..................................................................................... 32 

Results.............................................................................................................. 35 

Discussion ........................................................................................................ 43 

References of chapter II: .................................................................................. 46 

 

α-Galactosylceramide and its C-glycoside α-C-galatosylceramide show no 
significant differences in activation of NKT cells.................................................49 

Abstract............................................................................................................. 50 

Introduction ....................................................................................................... 50 

 

 



Table of contents 

 

Material and methods ....................................................................................... 52 

Results and discussion ..................................................................................... 54 

References of chapter III:.................................................................................. 62 

 

α-C-N-acyl-diPhenyl-galactosylceramide - A new analogue of α-C-
galactosylceramide shows effective Th2 polarization and is highly potent in 
therapy of models for Th1 dependent autoimmunity...........................................65 

Abstract............................................................................................................. 66 

Introduction ....................................................................................................... 66 

Materials and methods ..................................................................................... 68 

Results.............................................................................................................. 71 

Discussion ........................................................................................................ 79 

References for chapter IV: ................................................................................ 81 

 

Co-encapsulation of tumor lysate and CpG-ODN in PLGA-MS for anti-tumor 
immunotherapy – A proof of principle...................................................................84 

Abstract............................................................................................................. 85 

Introduction ....................................................................................................... 85 

Material and methods ....................................................................................... 87 

Results.............................................................................................................. 89 

Discussion ........................................................................................................ 93 

References of chapter V: .................................................................................. 95 

 

Discussion ...............................................................................................................98 

Discussion and outlook..................................................................................... 99 

References of discussion and outlook: ........................................................... 105 

 

Appendix ................................................................................................................108 

I References ................................................................................................... 109 

II Record of achievement / Eigenabgrenzung................................................. 122 

III List of publications ...................................................................................... 122 

IV Acknowledgements .................................................................................... 123 

 



Abbreviations 

Abbreviations 
 

AG antigen 

APC antigen presenting cell 

BMDC  bone marrow derived dendritic cell 

CCL  CC chemokine ligand 
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Zusammenfassung 

Zusammenfassung / Summary 

Zusammenfassung 

1971 erklärte der damalige U.S. Präsident Nixon dem Krebs den Krieg, indem er 

den „National Cancer Act“ unterzeichnete. Ungefähr 40 Jahre später, im Jahr 

2009, erneuerte U.S. Präsident Barack Obama diese Kriegserklärung, da im Jahr 

2007 immer noch ca. 13% der Todesfälle auf Krebs zurückzuführen waren. Krebs 

wird heutzutage meist opertiv entfernt oder mit Hormontherpie, Chemotherapie, 

oder Strahlentherpie behandelt. Trotz beträchtlicher Nebenwirkungen ist der Erfolg 

solcher Therapien jedoch meist gering. Immuntherapie, also eine Aktivierung von 

CD4+ T Zellen, von B Zellen und / oder cytotoxischer T Zellen zur Therapie von 

Krebs, ist eine vielversprechende Idee, ist aber leider noch nicht allzu effektiv. 

Um kosten- oder arbeitsintensive Methoden zu umgehen, ist es notwendig, 

dendritische Zellen in vivo mit Antigenen zu beladen und zu aktvieren. 

Dendritische Zellen sind professionelle antigen-präsentierende Zellen, die die 

Möglichkeit haben, aufgenommene Antigene zusammen mit kostimulierenden 

Molekülen zu präsentieren. Dadurch lassen sich cytotoxische T Zellen effektiv 

aktivieren. Biologisch abbaubare PLGA-Mirkosphären (MS) sind eine attraktive 

Möglichkeit, um die Aufnahme von verkapselten Antigenen und 

immunstimulierenden Substanzen durch dendritische Zellen zu erreichen. Wir 

haben nach Verfahren gesucht, diesen experimentellen Ansatz weiter zu 

verbessern, um den Ansprüchen eines Einsatzes in der Klinik gerecht zu werden. 

Kapitel II befasst sich mit der Charakterisierung von PLGA-MS zur Therapie von 

Tumoren im Mausmodell und vergleicht sie mit dem incomplete Freund’s Adjuvant 

(IFA). Es konnte gezeigt werden, dass PLGA-MS eine Reihe von vorzüglichen 

Eigenschaften besitzen und sie im Vergleich mit dem „Gold-Standard“ IFA sehr 

gut abschneiden. Kapitel III und IV untersuchen CD1d Liganden auf die 

Möglichkeit, sie als stimulative oder regulative Modulatoren im PLGA-MS System 

einzusetzten. Kapitel V setzt unsere vorangegeangenen Ergebisse in einen 

klinisch relevanten Kontext, indem Tumorzelllysat als „Antigen“ verwendet wird. 

Tumorlysat stellt, z.B. nach Tumoroperationen, eine leicht zugängliche Quelle für 

eine Vielzahl an verschiedenen Tumorantigenen dar. Grundsätzlich präsentieren 

sich PLGA-MS als ein flexibles, potentes System. Sie könnten das zeitgemäße 
IIa 



Summary 

Trägersystem zur in vivo-Antigenübertragung sein, das die Immuntherapie so 

dringend braucht. 

 

Summary 

In the year 1971 U.S. President Nixon signed the “National Cancer Act” and thus 

declared a “war on cancer”. Unfortunately, about 40 years later in 2009, U:S: 

pesident Barack Obama had to renew this declaration, since in 2007 still about 

13% of all human deaths were caused by cancer. Standard therapies for most 

cancer types are surgery, hormone-, chemo- or radiotherapy, associated with 

severe side effects but, unfortunately in most cases, only limited success. The 

idea of immunotherapy, that means therapy of cancer via activation of CD4+ T 

cells, B cells and / or cytotoxic T cells responses against a tumor specific antigen, 

is promising, but up to date not very effective. 

In order to circumvent labor or cost intensive approaches it is necessary to target 

dendritic cells in vivo. They are professional antigen presenting cells, with the 

ability to present engulfed antigens in the context of co-stimulatory molecules, and 

thereby efficiently activating cytotoxic T lymphocytes. Biodegradable PLGA-

microspheres (MS) are a potent tool to opsonize encapsulated antigens and 

immunostimulatory molecules for uptake by dendritic cells. Here we investigated, 

how this approach could be further improved in order to fulfill the requirements for 

clinical use. 

Chapter II deals with the characterization of PLGA-MS in the therapy of tumors in 

the mouse model and compares PLGA-MS with incomplete Freund’s adjuvant 

(IFA). It could be shown that PLGA-MS possess a variety of valuable features and 

compare favorably to the “gold-standard” IFA. Chapter III and IV investigate CD1d 

ligands for their properties to serve as stimulatory and regulatory modulators in 

combination with the PLGA-MS system. Chapter V puts our previous findings in a 

more clinically relevant context, by using tumor cell line lysate as an antigen. 

Tumor lysate is a source of a variety of tumor antigens, which is easily accessible, 

e.g., after surgery of tumors. In general, PLGA-MS emerge as a flexible, powerful 

tool for immunotherapy, which might serve the desperate need for a contemporary 

in vivo antigen delivery device. 
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Chapter I 

1. Dendritic cells and immunity 

The idea of a “sentinel”, patrolling the body and scanning for a necessity for 

intervention of the immune system is very pictographic, but purposive (1). Indeed, 

dendritic cells (DC) (2) are scanning the organism for pathogens and signs of 

inflammation. DCs are antigen-presenting cells (APC) with the unique ability to 

take up and process antigens (AG) in order to effectively stimulate AG-specific T 

cells. Thereby, they represent the critical part for the induction of immune 

responses but also for induction of tolerance or anergy (3-5) (for an overview see 

figure 1). Murine DCs are characterized by the expression of their linage marker 

cluster of differentiation (CD) 11c and by several uptake receptors, such as DC-

Sign, DEC 205, the scavenger receptor and Fc receptors (7). Originating in the 

bone marrow, immature DCs (iDC) locate to pathogen exposed tissues like the 

airways, the skin, or the gastrointestinal mucosa. There, AGs are taken up by 

pinocytosis or receptor mediated endocytosis and subsequently processed (8). 

Tissue resident DCs are in an immature state (iDC). This state is defined by the 

expression of the CC chemokine receptors (CCR) CCR 1, CCR 2, CCR 5 or CCR 

6 (9-11). Maturation is triggert by uptake of AG in combination with a pathogen 

associated molecular patterns (PAMPS), represented by ligands for the nucleotide 

binding oligomerization domain-like receptors (NOD-like) (12) or Toll like receptors 

(TLR) (13). These TLRs are highly expressed by DCs (14) and influence the 

uptake mechanism of AGs (15) as well as the character of the induced immune 

response (16-18). Mature DCs (mDC) downregulate the above mentioned CCRs 

and upregulate the production of proinfammatory cytokines and chemokines like 

CC chemokine receptor ligand (CCL) 3, CCL4 and CCL5 in order to track iDC, 

macrophages (Mφ) and monocytes to the site of inflammation. At the same time 

they upregulate the chemokine receptor CCR7, and thereby gain sensitivity for the 

lymph node homing chemokines CCL19 and CCL21 (19, 20). The homing of mDC 

to the lymphatics is crucial for the quality of the following immune response. If high 

numbers of well stimulated mDC enter the lymph node, DC – T cell interaction is 

facilitated and competition is reduced (21, 22), whereas presentation by low 

numbers of sub-optimally stimulated mDC or even iDC may lead to abortive T cell 

proliferation, tolerance or anergy (23, 24). Another T cell extrinsic mechanism for 

the induction of peripheral tolerance mediated by iDCs is the activation of 

regulatory T (T-reg) cells (4). 
2 
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Figure 1: Environmental polarization of dendritic cell functions and programming of T cells: 
Immature DCs are influenced by the micromilieu, which is built up by environmental factors like 

microbes, pathogens, epithelial cells or other cells of the immune system. Through this, DCs are 

activated and express surface molecules or cytokines, which themselves influence the 

differentiation or activation state of different T cell subtypes. Graphic is adopted from reference (6). 

 
Also going along with maturation of DCs is the upregulation of molecules acquired 

for antigen presentation, such as major histocompatibility complex (MHC) class I 

and MHC class II molecules as well as the costimulatory molecules CD80 and 

CD86, which are essential for proper priming of naive T cells (25). It has been 

shown that a potent CD4+ T cell response requires a sustained AG presentation by 

mDCs, playing an important role in immunization attempts and vaccines (26, 27). 

Further up-regulation of costimulatory molecules, e.g., OX-40 L and 4-1BBL, 

requires licensing of the DCs mediated by the cross-linking of CD40 on the DCs 

with CD40L expressed on activated CD4+
 T helper (Th) cells (28). This process 

also triggers the production of interleukin (IL) -12p70, a cytokine, driving the 

polarization of the CD4+ Th cell response towards a Th1 phenotype required for 

the efficient activation of CTLs. 
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AGs, processed by DC are presented on both, MHC class I and class II, 

dependent on the subset of DC. In the spleen, there can be found mainly two 

populations of DCs, differing in the expression of CD8 (4, 29, 30). CD8- DCs are 

specialized on presentation of exogenous AG “directly” on MHC class II, whereas 

CD8+ DCs of the spleen are able to process non-replicating, exogenous AG for 

MHC class I presentation (31). This paradox is termed “cross-presentation” (32, 

33) (see figure 2). Cross-presented AG can be soluble or particulate antigen, 

immune complexes, intracellular bacteria, parasites or, most importantly, cellular 

AG (34), dependent on the AG dose (35) and costimulation (36). Besides DCs, Mφ 

are known to be able to cross-present (37). 

Interestingly, monocyte-derived DCs (moDC) are not only able to cross-present 

exogenous AG on MHC class I, but they are also able to “cross-dress” lymph node 

resident CD8+ / CD11c+ DCs. It could be shown, that lymph node homing 

monocyte derived DCs engulfed and processed AG and transferred their MHC 

class I / peptide complex onto lymph node resident DCs, which then in turn 

efficiently primed CD8+ lymphocytes (38). 

Recently, a new subtype of DC emerged, being referred to as blood derived 

inflammatory DCs. This subtype might be especially important in viral infections or 

immunizations favoring a strong CTL response. Blood derived inflammatory DCs 

are recruited to the lymph nodes, dependent on CCR2, but not dependent on 

CCL2 or CCR7. Most interestingly, they produced large amounts of IL-12p70 and 

thereby strongly support a Th1 response (40). Thus, they are an attractive target 

for immunizations, which seek to elicit robust CTL responses. 

Of great importance for this work is, that all these DCs subsets are not only able to 

directly stimulate CD8+ T and B cells. They are also capable of skewing T cell 

differentiation into different directions like Th1 or Th2, but also Th17 and T-reg 

(see figure 1). Th2 differentiation is mainly dependent on the cytokines IL-6 and IL-

10, whereas the major Th1 cytokines are IFN-γ and IL-12. Dependent on the 

cytokine environment, CD4+ T cells develop either into Th1 cells, stimulating a 

CTL response, or into Th2 cells, activating B cells in order to secrete Igs. 

4 
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Figure 2: Antigen processing pathways: a) Endogenously synthesized peptides or intracellular 

pathogen derived peptides are generally presented on MHC class I. These peptides are provided 

by the proteasome and then transported through the transporters of antigen-processing (TAP) 

molecules into the endoplasmic reticulum (ER) for loading on MHC class I molecules. b) MHC 

class II molecules present exogenous proteins, which were taken up by endocytosis. They are 

degraded in the endosome and subsequently loaded on MHC class II molecules, provided by the 

ER. c) Dendritic cells are able to endocytose antigens and cross-present them on MHC class I to 

CD8+ CTLs. The endocytosed material escapes the endosome and enters the MHC class I 

presentation pathway by being degraded via the proteasome. In most cases, these antigens will 

also be processed into the MHC class II presentation pathway for recognition by CD4+ Th cells. 

Graphic is adopted from reference (39). 

 

2. Principles in immunotherapy 

At present, there are several promising strategies for immunotherapy of tumors. In 

general the immune system is able to avoid or to cope with tumors. This becomes 

obvious in spontaneously regressing tumors or the significantly increased 

susceptibility to tumors in immune suppressed patients. Tumors themselves evade 

the immune mechanisms by losing targeted tumor antigens, downregulating MHC 

or costimulatory molecules, by physical exclusion of immune cells or by 

expression of immune suppressive cytokines, such as IL-10, transforming growth 

factor (TGF) -β or vascular endothelial growth factor (VEGF), deranging DC 
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activation or maturation. Even the induction of T cell anergy or the induction of 

regulatory T (T-reg) cells is part of the immune evading repertoire of tumors. 

Nevertheless, there are possibilities to effectively stimulate the immune system 

(41). A central part of all these strategies is the choice of a suitable antigen target. 

The innate immune system e.g., can be triggered by the intra-tumoral or systemic 

application of IFN-γ or IL-12. This activates DCs, which then in turn activate T cells 

and by their production of IL-12 create a Th1 polarizing environment. An important 

physiological source of early IFN-γ is the population of NK or NKT cells. Another 

approach, for the activation of the innate immune system, is to isolate these NK 

cells from the blood and reinfuse them in an activated state. In vitro, activation of 

NK cell can be achieved by IL-2, which itself is also used in high dose systemic 

injections, in order to activate the innate immune system in cancer patients. 

However, all these strategies are limited by severe side effects, most prominently, 

the excessive induction of tumor necrosis factor (TNF) -α production. The injection 

of IFN-γ has been proven to be clinically effective. It has been shown to induce 

tumor regression in renal cell cancer and chronic myelogenous leukemia 

(reviewed in (41)). 

Harnessing the adaptive immune response, e.g., monoclonal antibodies (mAb) are 

used in modern immunotherapy. One possibility to apply humoral activity in 

immunotherapy is passive antibody transfer, e.g., against IL-2, CD20 (Rituximab) 

or CD74 (Mitatuzumab). The latter is used as a standard therapy in combination 

with chemotherapy in Hodgkin’s lymphoma. These mAbs act either by stimulation 

of effector cells, by blocking survival signals or by a coupled toxin (reviewed in 

(42)). Another possibility to make use of the humoral immune response against 

tumors is to enhance or stimulate B cell activity. This approach must be seen as 

less promising, since in the last years only one strategy was fairly successful. In 

this specific study, patients were immunized with an idiotypic immunoglobulin (Ig) 

of an autologous B cell lymphoma. After boosting these responses with the 

idiotypic Ig, coupled to the helper protein keyhole limpet hemacyanin (KLH), 

patients experienced robust anti-tumor responses as well as tumor remission (43). 

In general, the induction of cellular responses is more promising. E.g., the use of 

allogenic tumor cells vaccines. The rank and file had only limited success, but 

mentionable is GVAX®, a vaccine using tumor cells transfected with granulocyte 

macrophage colony stimulating factor (GM-CSF), and Melacine®, which consists of 
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tumor cell lysate, applied in a water-in-oil dispersion and an adjuvant (DETOX®) 

(44). The second approach to mention in this context is the ex vivo loading of 

autologous DCs. Patient derived DC are matured and, after being pulsed with 

peptides or proteins, are reinfused (45, 46). This strategy has been successful in 

patients with skin cancer or prostate cancer (47-49). The AGs can also be coupled 

to TLR ligands or other immunostimulatory molecules in order to improve DC 

maturation or increase their activation state (50, 51). Unfortunately, this procedure 

is extremely cost and work intensive (52) and externally loaded DCs have been 

shown to be rather ineffective in the stimulation of T cells due to the rapid peptide 

turnover (53). 

To the present day, the most active field concentrates on adoptive transfer of DCs, 

presenting tumor associated antigens (TAA) (54, 55), or of T cells, reactive against 

one or more TAAs (56-58). Another source for tumor reactive T cells are tumor 

infiltrating T lymphocytes (TIL) from operated tumors, which can be reinfused after 

in vitro expansion. But again, cost and work intensity as well as the need for the 

vaccine to be “personalized” are on the downside. 

To sum up, it is a general consensus that successful immunotherapy is dependent 

on both, a robust CTL response and a substantial T helper cell activation. Many of 

the above mentioned strategies make use of immune-stimulants like GM-CSF (59-

61), or try to avoid immune regulation by blocking e.g., CTLA-4 (62). The 

avoidance of functional exhaustion by impeding PD-1 – PD-1L interaction (63) or 

the down regulation of the anti tumor response by T-reg cells, and thereby by the 

immune system itself, is also a goal of many immunologists (64). An upcoming 

idea is to combine immunotherapy with chemotherapy (65). 

An appropriate stimulation of CD4+ and CD8+ T cells, a favorable tumor 

microenvironment, and the reduction of hand-on-time are the main factors to be 

improved. A promising approach is the in vivo loading of APC by adjuvants or 

carrier systems. In vivo delivery of antigens, regardless if it is DNA, proteins or 

peptides, would circumvent in vitro manipulation of lymphocytes and therefore 

reduce the hand-on-time. An advantage of using DNA or proteins is to be 

independent of HLA restriction and probably the feeding of multiple epitopes into 

the MHC class I pathway. 
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3. Immunostimulatory adjuvants and vaccine delivery systems 

Immunostimulatory adjuvants are assigned to either prepare the immune system 

to the immunization, to enhance immune activation or to mature and activate DCs 

(66). Examples are, e.g., pre-conditioning the site of injection by a single dose of 

TNF-α (21), or pretreatment with chloroquine, which positively influences cross-

presentation by hindering acidification of the lysosome (67). Also the co-

applications of IL-2, IL-12 or GM-CSF are conducted in order to change the 

organisms microenvironment favoring a strong and long lasting immune response 

(64, 68, 69). 

TLR ligands are widely used as well. There are 11 TLRs known in the mouse, all 

expressed on APCs, either on their surface (TLR1, 2, 4, 6, 10 and 11) or in the 

endosomal compartments (TLR3, 5, 7, 8 and 9). They are all dependent on 

signaling via MyD88, except TLR3, which is signaling via the TIR domain-

containing adaptor molecule 1 (TICAM-1). Here I will concentrate on the TLR 

ligands binding TLR9 and TLR3, namely Cytosine-phosphorothioate-guanine 

oligodeoxynucleotides (CpG-ODNs) and polyriboinosinic:polyribocitidylic acid 

(polyI:C). 

CpG-ODNs consist of unmethylated, double stranded (ds) DNA and leads to 

effective stimulation and activation of DC as well as their maturation (70). CpG-

ODNs are also known to favor a Th1 biased immune response and to support 

cross-presentation (16, 18). In vaccination studies it could be shown that CpG-

ODNs elicit improved immune responses if they either are used in combination 

with other TLR ligands (71) or if they are in close proximity to an AG (72, 73), 

which was generally stated by Blander and Medzhitov in 2006 (74). Today, there 

are several CpG-ODN sequences available. The most known and most widely 

used in mouse models is 1826 (5’ TCCAGGACTTCTCTCAGGTT 3’), but there 

exist more, e.g., the 2006 sequence for use in humans (5’ 

TCGTCGTTTTGTCGTTTTGTCGTT 3’) or a sequence published in 2008, called 

KSK (5’ TCGTCGTTTTCGTCGTCGTTTT 3’), which has been shown to be 

effective in mice (75). Another classification identifies CpG-ODNs type A and type 

B. CpG-ODNs type A (e.g., ODN 2216 and ODN 1585) are characterized by poly 

G tails and induce high amounts of interferon (IFN) -α and IFN-β in human 

plasmacytoid dendritic cells (pDCs), strongly activate NK but are relatively weak at 

activating B cells. CpG-ODNs type B (e.g., ODN 2006) have a phosphorothioate 
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backbone and lack the poly-G tails. They strongly promote the maturation and 

activation of human pDCs, but induce only small amounts of IFN-α and –β. B type 

CpG-ODNs are weak at activating natural killer (NK) cells, but strongly stimulate B 

cells. 

PolyI:C is a double stranded RNA molecule, mimicking a viral infection. Previous 

experiments revealed that polyI:C also upregulates interferon production, supports 

cross-presentation (76) and that it can be used in humans successfully (77, 78). 

Again, like for CpG, there is evidence that its association to an AG increases its 

beneficial effects (79, 80). Mentionable at this point is that single-stranded (ss) 

RNA binds to TLR7 in mice and to TLR7/8 in humans. There are ss RNA 

oligoribonucleotides (ORN) that are approved by the Food and Drug 

Administration (FDA) for clinical use in humans, such as imiquimod (81, 82). The 

mode of action is comparable to polyI:C and CpG, leading to up regulation of MHC 

class I and II, CD80 and CCR7 on DCs and inducing Th1 cytokines like TNF-α and 

IFN-γ as well as AG specific IgG2a (83, 84). This might be a suitable candidate for 

further investigation in clinical trials. 

In general one could say, that mimicking a viral infection is a promising strategy in 

order to boost CTL responses in vivo. Heterologous boosting of immunizations 

using variable recombinant viruses is a common and rather safe strategy in many 

vaccination schedules (85-87). It is noticeable that comparable news about 

homologous prime-boost strategies are rare (88). 

The second part of the adjuvants super-family is what Charles Janeway referred to 

as “the immunologists dirty little secret” (89): AG carrier systems or delivery 

devices are crucial preconditions for in vivo loading of APC with the AG and 

immunostimulatory adjuvants of choice. Besides the direct injection of an AG, 

coupled to an immunostimulatory adjuvant, e.g., CpG (90), the infection with 

recombinant viruses expressing a TAA (91) or the injection of DNA encoding for 

an TAA with or without CpG (92), there a more “carrier like” systems available. 

Liposoms, for example, form a phospholipid bi-layer around an aqueous phase 

containing immunostimulatory adjuvants and/or AG or DNA. They are one of the 

first carrier systems, bringing along the advantage to protect their content from 

lysosomal degradation and to effectively target their content into the MHC class I 

pathway in APCs (93). Another carrier system, that efficiently targets antigenic 

content to the MHC class I pathway is virus-like particles (VLP) (94). VLPs are 
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icosahedral structures consisting of viral structure proteins and a linked AG. This 

forms a highly repetitive structure, which can be filled or combined with 

immunostimulatory adjuvants. 

The most competent delivery device for AG and adjuvants today is incomplete 

Freund’s adjuvant (IFA). Although having been discovered in the 50s of the last 

century (95), that is to say nearly 60 years ago, it is still regarded as the “gold 

standard” for immunizations and is therefore still widely used, even in clinical trials 

(96). IFA is an emulsion of paraffin oil and the surfactant mannide monooelate. 

Due to its severe side effects it is lively discussed (97) but inadequately studied 

(98). Although long term studies reported no incidents of long term side effects 

(99), more recent studies describe severe local skin reactions or persistent painful 

granulomas at the injection site, when using a refined formulation of IFA 

(Montanide ISA-51) in clinical studies (100). Nevertheless, striking immune 

responses, humoral and cellular, and a good depot effect make IFA still the 

adjuvant of choice for many researchers and clinical trials. Recent advancements 

like Ribi DETOX, Quil-A or Alumn face either decreased immunogenicity or have 

severe side effects, including IgE production, which is connected with allergic 

reactions. Alumn, for example is approved by the FDA and has good safety 

records, but leads to decreased Th1 polarization. 

 

4. PLGA-microspheres 

There definitely is an onerous necessity for a delivery device, which is well 

tolerated and effectively targets APCs in vivo. We and others make use of a carrier 

system that provides the possibility to encapsulate AGs and PAMPs for 

subcutaneous injection. Biodegradable poly(lactide-co-glycolide) (PLGA) 

microspheres (MS), produced by spray drying (other techniques are reviewed in 

(101)), form micro-sized, spherical structures, which are slowly hydrolyzed in an 

aqueous environment (for chemical structure see figure 3). Thereby PLGA 

(resomer RG-502-H; 50:50 - lactate:glycolate) is degraded to non-toxic α-hydroxy-

acids, lactic acid and glycolic acid, which are metabolized in the citric acid cycle. 

This is one reason why PLGA is approved for clinical use and has applications 

e.g., as biodegradable sutures or for the delivery of drugs (102, 103). 
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Figure 3: PLGA-microspheres: Left side. Scanning electron micrograph of PLGA-microspheres. 

Right side: Chemical structure of the 14 kDa molecule poly(lactide-co-glycolide). m = lactic acid 

part; n = glycolic acid part 

 
We produce MS by spray drying technique (104), which enables us to encapsulate 

virtually any stable AG or TLR ligand, e.g., proteins, peptides or DNA and RNA, in 

microspheres of about 1-10 µm in size (105, 106) (see figure 3). 

Whereas empty PLGA-MS were prouved to have no effect on viability, maturation 

state or stimulatory capacity of DCs in vitro, TLR ligand containing PLGA-MS are 

rapidly taken up within 1 hour and induce effective maturation of DCs (107). It 

could be shown that the size of about 1-10 µm is favorable for uptake by DCs and 

commits for well characterized trafficking to lymphatic organs (108, 109). 

Furthermore it is known that encapsulated AGs are protected from degradation 

(110) and continuously released over a period of about one month, depending on 

the resomer composition used (111, 112). 

In vivo experiments showed, that PLGA-MS effectively target their contents to DC 

and Mφ (113, 114). After endosomal escape, the AGs are processed and 

presented on MHC class I and class II (112, 115). Due to the depot effect that is 

built up by PLGA-MS, stimulation of T cells is prolonged and could be show to be 

highly effective (112, 116). Single injections of PLGA-MS containing ovalbumin 

(ova) and CpG-ODN elicited robust CTL responses and protected from 

recombinant virus or tumor challenge (72, 73). Endogenous antigens, e.g., tumor 

lysate (117) or tyrosinase-related protein 2 (TRP2) (118), which were co-

encapsulated with TLR ligands displayed similar effects. A former comparison with 

the FDA approved adjuvant alumn hydroxide revealed clear advantages for PLGA-

MS (119). 

Taken together, PLGA-MS posses several beneficial characteristics, rendering 

them interesting for immunotherapy in humans. The method, used for production 

is save, rapid and enables up-scaling. Production under sterile conditions is also 
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possible, even though elaborative. Another possibility to produce a drug that 

meets the criteria for application in humans would be a subsequent sterilization 

(120, 121). Our laboratory has positive experiences with γ-irradiation of PLGA-MS, 

which was carried out earlier as well with similar results. 

 

5. Invariant natural killer cells 

Natural killer T (NKT) cells are defined as a linage of T cells that expresses 

markers of natural killer (NK) cells, such as NK1.1 on a C57BL/6 background, 

along with semi-invariant CD1d restricted αβ T cell receptors (TCRs) (122). They 

are subdivided into type I and type II. Whereas the former dominates in mice, the 

latter prevails in humans. Type II NKT cells have a variable TCR V-gene 

rearrangement and can be stimulated with the self glycolipid 3-sulfated 

galactosylceramide (sulfatide) (123, 124). Type I NKT cells are also referred to as 

invariant NKT (iNKT) cells, because they express an invariant TCR encoded by 

the Vα14Jα18 gene segment combined with a limited number of Vβ chains in mice 

(125), and correspondingly the Vα24Jα18 and the Vβ11 chains in humans (126). 

They can be found in significant numbers in the liver, bone marrow and, in 

reduced numbers, in the spleen (127). NKT cells are capable of producing a large 

variety of cytokines, such as IFN-γ, IL-2, IL-3, IL-21, IL-10, TGF-β, TNF-α, GM-

CSF, or IL-4 (128-132). Depending on the stimulus and the context of stimulation, 

they commit for different cytokine profiles. Both, Th1, including IFN-γ and TNF-α, 

or Th2, including IL-4 and IL-13 or even a combination of both, are possible (122, 

125, 133). The production of these cytokines and their rapid release influences the 

activation of cells downstream the activation cascade, such as DCs, NK cells, B 

lymphocytes, or T cells. Therefore, they are considered as an important bridge 

between the adaptive and the innate arm of the immune system (127) (for an 

overview of NKT activation see figure 4, left hand side). 

The recognition of glycolipids in the context of CD1d is a key issue during the 

activation of iNKT cells (134). The non-polymorphic MHC class I like molecule 

CD1 exists in several isoforms, namely CD1a-e, which are all expressed in 

humans, whereas in mice only CD1d exists (135). CD1d is found on DCs, 

macrophages, thymocytes, hepatocytes (122), and tumor cells (136, 137), which in 

turn are all capable of stimulating iNKT cells.  
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Figure 4: Interaction of NKT cells with their environment: Left hand side: Activated iNKT cells, 

the ‘Swiss-Army knife’ of the immune system. A) cytokines and chemokines, produced by activated 

NKT cells. B) Interaction partners of NKT cells. C) Microorganisms directly activate iNKT cells 

through TCR engagement by glycolipids, presented on CD1d, in the absence of co-stimulation. D) 

LPS-positive bacteria can activate TLR4-expressing APCs and thereby induce iNKT cell activation 

through presentation of self-glycolipids in conjunction with IL-12 co-stimulation. Alternatively, E) by 

an IL-12/IL-18-dependent, CD1d-independent mechanism. F) Finally, intracellular pathogens may 

stimulate TLR7/9 to induce the presentation of CD1d-restricted, IFN-α/β dependent, self-glycolipids 

to iNKT cells. Graphic is adopted from reference (127). Right hand side: Cellular and molecular 

network activated by the NKT ligand αGalCer. DCs represent a crucial control center of a cellular 

network. Upon activation by DCs, NKT cells upregulate CD40L and start the production of Th1 and 

Th2 cytokines and chemokines, which in turn further activate DCs in order to prime adaptive CD4+ 

and CD8+ T cell responses. NKT cells can directly induce B cells for antibody production or rapidly 

activate NK cells. CXCR6/CXCL16 interactions provide essential survival signals for NKT cells. 

(EC, endothelial cell). Graphic is adopted from reference (122).  

 

There are various ligands for CD1d, the most prominent one is certainly the 

marine sponge derived glycolipid α-galactosylceramide (α-GalCer) (138) (for NKT 

interaction upon α-GalCer activation see figure 4, right hand side). The orientation 

of the ligand in the pocket of CD1d, and therefore the length of its 

glycosphoingolipids, plays a crucial role for the outcome of the iNKT cells 

stimulation (139-141). It is under debate, whether a perfect orientation may lead to 

unphysiologically high cytokine level and therefore less defined cytokine patterns. 

In this context it becomes interesting, that endogenous ligands have lower affinity 

to CD1d and tend to more defined cytokine profiles. This may help to explain, why 

super-activation of iNKT cells by α-GalCer is only occasionally helpful in treatment 

of autoimmunity models. Given that Th1 and Th2 cytokines are released, they 
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have opposing and maybe neutralizing effects. In general, the benefit of an 

activation of iNKT cells in autoimmune diseases strongly depends on and varies 

with the ligand that is used and the time it is applied (142). 

 

6. CD1d ligands – α-GalCer and its analogues 

Since most ligands for CD1d are synthetic, they are excessively numerous and 

diverse. In principle, they can be divided in two classes, namely endogenous 

ligands like sulfatide or iGb3, activating type II NKT cells (125), and exogenous 

ligands. This passage will focus on exogenous ligands, which are most 

prominently represented by α-GalCer. In 1995, the company Kirin Pharmaceuticals 

synthesized α-GalCer, a glycolipid based on a glycosphingolipid from an extract of 

the marine sponge Agelas mauritianus, that was collected in the Okinawan sea 

(143). α-GalCer (for chemical structure see figure 5) was subsequently found to 

have anti tumor effects when applied to tumor bearing mice (138) and to 

effectively activate NKT cells (144). It has been shown for α-GalCer that the length 

of the lipid chains, which is essential for binding into the CD1d binding groove 

(140, 141), is perfectly orientated and therefore commits for perfect signaling 

(139). Depending on the cells on which it is presented, α-GalCer leads to a 

cytokine storm produced by NKT cells. Within minutes α-GalCer leads to the 

production of IL-4 and IFN-γ, if its presented by DCs (145), but if it is less 

effectively presented, e.g., by Swann cells, or B cells it induces only IL-4 (146).  

In general, NTK cells produce a variety of cytokines upon stimulation with α-

GalCer, such as IFN-γ, IL-2, IL-4, IL-10, IL-12, TGF-β, TNF-α, GM-CSF or IL-4 

(131, 132). This makes α-GalCer a potent modulator of immune responses but the 

ability to induce both, Th1 and Th2 polarizing cytokines, make α-GalCer only 

occasionally helpful in therapy of autoimmunity models (152). In experimental 

autoimmune encephalomyelitis (EAE), beneficial effect could be observed after 

repeated injection of α-GalCer. It is lively discussed, if this effect is caused by 

anergy of the NKT cells, which hinders the production of IFN-γ but not IL-4 (147), 

or if it is due to an induction of T-reg cells and the subsequent rising of serum IL-

10 (148). At least it could be shown that timing of the injection and MHC 

haplotypes play important roles in this model (149, 150).  
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Figure 5: Chemical structures of α-galactosylceramide (α-GalCer) and α-C-
galactosylceramide (α-C-GalCer): Differences between the two chemical structures are 

highlighted in red. 

 

In other models, e.g., CD8+ T cell mediated diabetes or DSS induced colitis, α-

GalCer showed beneficial effects like reduced hemorrhage rate, improved survival, 

or improved weight gain (151). 

An analogue of α-GalCer with a more defined cytokine pattern is α-C-

galactosylceramide (α-C-GalCer) (153, 154) (for chemical structure see figure 5). 

The C-glycoside has been published by Frank and colleagues to induce 

production of substantial amounts of IFN-γ in the almost complete absence of IL-4 

and is therefore showing improved modulatory functions. More recent studies 

confirmed some of their aspects, referring to the cytokine profile (155) or the 

adjuvant effect (156). In an autoimmune model, α-C-GalCer could be shown to 

have a beneficial effect in EAE (142), independent of the Th2 cytokine IL-4 or of 

IL-10. In 2006, another α-GalCer analogue synthesis was described, in which the 

C26 N-fatty acyl tail was replaced by a C8 N-fatty acyl tail and a terminal benzene. 

The interactions formed between the aromatic substitute of the glycolipid and 

aromatic CD1d side-chain residues contribute additional stability to the complex 

(157). The new molecule altered the cytokine profile towards Th1 and showed a 

significantly higher anticancer efficacy than α-GalCer (158). 

CD1d ligands with an opposite cytokine pattern, referring to Th1/Th2 bias, are 

C20:2 (159) or more prominent OCH (160). OCH has a truncated sphingosine 

chain, and therefore binds ineffectively to CD1d resulting in a more defined 

cytokine pattern biased towards Th2. Experiments using OCH in autoimmune 

models for type I diabetes (T1D) (161), STZ induced diabetes, collagen-induced 

arthritis (CIA) (162) or EAE (160) showed that OCH is a very potent Th2 polarizing 

agent, leading to reduced symptoms and improved progress of the disease. Also a 
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very clear Th2 cytokine pattern could be demonstrated for the first OCH analogue 

in 2009 (163). 

This summary of the most studied synthetic CD1d ligands clearly mirrors the high 

diversity in this field, even though the list is far from being complete. Depending on 

the required cytokine environment, a variety of ligands exists, more or less specific 

and more or less studied in immunological models. Predictions about the cytokine 

pattern induced by a new ligand fail in most cases, for many reasons. On the one 

hand it is clearly due to the chemical features of the side chains, on the other hand 

multiple factors of the immune system influence the outcome. 

In general it seems evident that stimulation with a synthetic superantigen like α-

GalCer is like opening Pandora’s box, over-stimulating the cytokine production. 

Still, it needs to be clarified, whether it is exclusively due to the binding properties 

of the CD1d ligand. Most likely other factors, like the time point of injection or the 

context of the stimulus, play a role, too. 

 

7. Aim of thesis 

Effective immunotherapy of tumors requires a suitable antigen on the one hand 

and efficient activation of DCs for proper stimulation of CD4+ and CD8+ T cells on 

the other. The main topic of this thesis is the characterization and optimization of 

PLGA-MS as a delivery device for TAA and immunostimulatory adjuvants. This 

implies the search for an accessible tumor antigen and alternative 

immunostimulatory adjuvants. Besides further characterization of the system, we 

wanted to prove the efficacy of PLGA-MS in a broad range of tumor models. 

Furthermore, we wanted to compare the PLGA-MS to IFA, the best established 

carrier system in immunizations, in order to be able to estimate their potential in 

immunotherapy of tumors. 
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Abstract 

The delivery of immune stimulating agents and antigens is a major requirement for 

successful immunotherapy of cancer. So far incomplete Freund’s adjuvant (IFA) 

was considered to be the “gold-standard” and is used in mice and humans. In this 

study we compared a mixture of IFA and the model antigen ovalbumin as well as 

the adjuvants CpG-oligodeoxynucleotides (CpG-ODN) and polyI:C to poly(lactide-

co-glycolide) (PLGA) microspheres (MS), which contain the antigen and the 

adjuvant. This study elucidates the potential of PLGA-MS to elicit substantial 

humoral and cellular immune responses after a single administration. A 

subsequent injection of recombinant vaccinia virus expressing ovalbumin 

increases the CTL response significantly. Furthermore, we could show that both, 

IFA and PLGA-MS, form a depot that accounts for a long-lasting potential to 

stimulate proliferation of CD4+ and CD8+ T cells, as well as in vivo cytotoxicity for 

at least 3 weeks after the immunization. In several tumor models we could show 

that PLGA-MS are at least equally efficient than IFA, if not better. In detail, PLGA-

MS show a potent protective potential and superior therapeutic efficacy compared 

to IFA. 

 

Introduction 

The quality of an immune response upon immunization is not only dependent on 

the dose of antigen used, but also on the availability of an adjuvant. Dendritic cells 

(DCs) are a major factor in inducing immune responses, because they are 

scanning their environment by the uptake of antigens in the periphery. To acquire 

their full co-stimulatory capacity and to avoid autoimmunity induced by 

presentation of self antigens to naïve T cells, DC need to be co-triggered by a 

danger signal, a so called pathogen associated molecular pattern (PAMP) (1). The 

most prominent receptors for these, the Toll like receptors (TLR) have various 

ligands. Here we will focus on cytosine-phosphorothioate-guanine 

oligodeoxynucleotides (CpG-ODN) (2), binding TLR9, and 

polyriboinosinic:polyribocitidylic acid (polyI:C), binding TLR3. Both, TLR 9 and TLR 

3 are located in the endosome. Modern vaccine delivery systems are challenged 

by the fact, that these endosomal receptors need to be triggered efficiently (3). 
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Furthermore, it is known that an antigen and a TLR ligand must be on hand in 

close proximity (4) or physically associated (5), in order to efficiently activate DCs. 

The ability of professional antigen-presenting cells (APCs) to cross-present 

phagocytosed antigen (6) on major histocompatability complex (MHC) class I is a 

central phenomenon of tumor-derived antigen based immunotherapy (7, 8). 

Vaccination with externaly loaded, patient derived DCs yielded promising results in 

the past years (9, 10), but therapies are expensive and laborious. A major 

challenge for efficient in vivo loading of DCs with an antigen of choice, is to track 

DCs to the injection site. Several adjuvants are on the market, but so far the gold 

standard in immunotherapy is the usage of protein or peptide in combination with 

CpG-ODN and IFA (11, 12). 

IFA represents today’s most potent adjuvants, but it is also lively discussed for its 

side effects. Although long term studies reported no incidents of long term side 

effects (13), more recent studies describe severe local skin reactions or persistent 

painful granulomas at the injection site, when using an advancement of IFA 

(Montanide®  ISA-51) (14). The reason for these symptoms remain unclear but 

compared to the enormous potential of IFA or its successors, they appear to be 

minor. Nevertheless, an alternative method to opsonize an antigen in combination 

with a TLR ligand to DCs, providing a close proximity of the agents as well as a 

long lasting depot effect might be of benefit for future studies. 

Using biodegradable poly(lactide-co-glycolide) (PLGA) microspheres (MS), 

obtained by spray-drying (15) entails, that encapsulated antigens are taken up, 

processed and efficiently presented on MHC class I and II (16, 17). PLGA-MS are 

known to protect the encapsulated antigen and the adjuvant from degradation and 

thus form a long lasting depot for sustained and prolonged immune responses in 

vivo (18-20). The particle size of PLGA-MS obtained by spray-drying is about 1-10 

µm, which facilitates the uptake of antigens by APCs (21), followed by transport to 

the secondary lymphoid organs (22). Furthermore, the co-encapsulation of the 

model antigen ovalbumin and CpG-ODN yields substantial CTL responses as well 

as striking anti tumor responses (23, 24). Also endogenous tumor antigens were 

successfully co-encapsulated with CpG-ODN with promising results (25, 26). 

In this study we show that a mixture of PLGA-MS co-encapsulating 

ovalbumin/CpG-ODN and PLGA-MS encapsulating polyI:C yields comparable 

results to the utilization of IFA as a delivery system. 
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Materials and methods 

Preparation of MS: MS were prepared from 14 kDa PLGA 50:50 carrying 

hydroxyl and carboxyl-end groups (Resomer RG502H, Boehringer Ingelheim, 

Ingelheim, Germany). The antigens and TLR ligands were microencapsulated by 

spray drying as described elsewhere (27). Briefly, 50 mg ovalbumin (Grade V, 

Sigma) and 5 mg CpG oligodeoxynucleotides with a phosphothioate backbone 

(CpG-ODN 1826, Microsynth, Balgach, Switzerland) (MS-Ova/CpG) or 0,5 mg 

polyI:C (Calbiochem, VWR, Dietikon, Switzerland) (MS-polyI:C) were dissolved in 

0.5 ml 0.1M NaHCO3 (aqueous phase) and mixed with 1 g of PLGA dissolved in 

20 ml of dichloromethane (organic phase). The two phases were subsequently 

emulsified by ultrasonication (Hielscher, UP200 H, Ampl. 40%) for 10 s on ice. The 

obtained dispersion was immediately spray-dried (Büchi, Mini Spray-Dryer 191) at 

a flow rate of 2 ml/min and inlet/outlet temperatures of 40/37 °C. The obtained MS 

were washed out of the spray-dryer’s cyclone with 0.05 % Synperonic 

(Synperonic®F68, Serva Electrophoresis GmbH, Heidelberg, Germany), collected 

on a cellulose acetate membrane filter and dried under reduced pressure (20 

mbar) for 18 h at room temperature. PLGA-MS were stored at 4 °C. Immediately 

before use MS were dispersed PBS by ultrasonication for 30 sec. 

 

Mice and immunizations: OT-I were obtained from the Dr. Ying Waeckerle-

Men (University of Zurich, Switzerland), OT-II/Thy1.1 mice were obtained from the 

Prof. Thomas Brocker (LMU Munich, Germany). C57BL/6 mice (H-2b) were 

originally purchased from Charles River Laboratories. All mice were kept in a 

specific pathogen-free facility and used at 6–10 wk of age. Animal experiments 

were approved by the review board of the Regierungspräsidium Freiburg. Mice 

were immunized either with a mixture of 5 mg PLGA-MS, co-encapsulating 

ovalbumin (250 µg) and CpG-ODN (25 µg) (MS-Ova/CpG) and 5 mg MS polyI:C 

(2,5 µg) (MS-polyI:C) or the corresponding amounts of ovalbumin, CpG-ODN and 

polyI:C in PBS:IFA (1:1) (in IFA). Control mice were either treated with empty 

microspheres (empty) or left untreated (naïve). All injections were performed in a 

total volume of 200 µl. 

 

Cell lines and media: EL-4 cells and the ovalbumin expressing transfectant EG-

7 were kindly provided by Dr. Wolfram Osen (DKFZ Heidelberg, Germany) and 
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kept in RPMI medium. MO-5 cells were kindly provided by Dr. Antje Heit (LMU 

Munich, Germany) and were kept in DMEM medium. All media were purchased 

from Invitrogen Life Technologies and contained GlutaMAX, 10% Fetal Calf Serum 

(FCS), and 100 U/ml penicillin/streptomycin (P/S). For the clone Vf10, TrampC2 

cells (provided by Dr. Peter Öhlschläger; University of Konstanz, Germany) were 

transfected with a plasmid encoding for full-length, cytosolic ovalbumin. Vf10 cells 

were kept in DMEM (-Pyruvate), complemented with 5 % FCS, 5 % Nu-serum (BD 

Biosciences), 5µg/ml Insulin (Sigma), 10-8 M dihydrotestosterone (DTH, Sigma)) 

and 1% P/S. To maintain the expression of ovalbumin in EG-7, MO-5 and Vf10 

cells the media contained geneticin (G418; Sigma) (0,2 mg/ml). 

 

Intracellular cytokine staining (ICS) and tetramer staining: For 

intracellular cytokine staining mice were immunized by s.c. injection of MS in 200 

µl PBS at the base of the tail. Six days later, splenocytes were isolated and 

incubated with or without 10 µM SIINFEKL peptide (Eurogentec, Cologne, 

Germany) in the presence of brefeldin A (10µg/ml, Sigma-Aldrich) for 5 h at 37 °C. 

After washing cells were stained with PE-Cy5-conjugated anti-mouse CD8α 

antibody (BD Biosciences Pharmingen, Clone 53-6.7) for 20 min at 4 °C. The cells 

were washed again and fixed with 4 % paraformaldehyde in PBS for 10 min at 

room temperature. After washing the cells twice with PBS, cells were labeled 

intracellularly with FITC-conjugated rat-anti-IFN-γ antibody (clone XGM1.2, diluted 

in PBS/0.1% Saponin) at 4 °C overnight. The next day cells were washed and 

resuspended in PBS for flow cytometric analysis. Background values for each 

sample (without peptide) were subtracted. The H-2Kb/SIINFEKL tetramers used in 

this study were kindly provided by Prof. Thomas Brocker (LMU Munich, Germany). 

For MHC tetramer staining, splenocytes were stained with PE-labeled 

SIINFEKL/H-2Kb-tetramer for 20 min at 37 °C and subsequently with PE-Cy5-

conjugated rat anti-CD8 -IgG for 20 min at 4 °C. Cells were washed twice and 

measured by flow cytometry. 

Data were acquired using a FACScan Flowcytometer (BD Biosciences) and 

analyzed with FlowJo software (Treestar). 

 

In vivo cytotoxicity assay: Cytotoxic activity of CD8+ cells in vivo was assessed 

as described elsewhere (28). Briefly, splenocytes from naive mice were pulsed 
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with 10 µM SIINFEKL peptide for 1 h at 37 °C or left untreated. Pulsed cells were 

stained with 20 µM carboxyfluorescein succinimidyl ester (CFSE), while unpulsed 

cells were stained with 2 µM CFSE. Immediately before injection, both cell 

populations were mixed in equal amounts, and a total number of 1×107 cells per 

mouse were injected i.v.. After 18 h, splenocytes were prepared and analyzed by 

flow cytometry. The percentage of specific cytolysis was calculated as follows: 

100-[(% peptide pulsed cells in vaccinated mice / % unpulsed cells in vaccinated 

mice)/(% peptide pulsed cells in control mice / % unpulsed cells in control mice)] × 

100.  

 

Chromium release assay: C57BL/6 mice were immunized either by a mixture 

of PLGA-MS or the corresponding components in IFA. Six days later splenocytes 

were isolated and used as effectors in a primary chromium release assay as 

previously described (29). EL-4 (H-2b) (negative control) or EG-7 cells served as 

target cells. After 4 h of coincubation at 37°C supernatants were analyzed by 

enumerating the γ-counts per minute. 

 

Ex vivo cytotoxicity assay: For measurement of ex vivo cytolytic activity a 

time-resolved fluorimetric assay was used. C57BL/6 mice were immunized either 

by a mixture of PLGA-MS or the corresponding components in IFA. Six days later 

splenocytes were isolated and used as effectors in a primary cytotoxicity assays 

as previously described (30) using DELFIA® EuTDA cytotoxicity reagents 

(PerkinElmer). 

Briefly, 5x104 Vf10 cells served as target cells and were labeled with BaTDA. After 

4 h of co-incubation, supernatants were mixed with Europium solution for 1 h and 

subsequently measured at excitation/emission 340/615 nm and a lag time of 200 

nsec. Specific cytolysis was calculated as follows: [(counts for immunized mouse - 

counts for naïve mouse) * 100)] / (counts for total lyses). 

 

ELISA: For detection of ovalbumin specific immunoglobulin (Ig) blood samples 

were taken at indicated time points after immunization, either by a mixture of 

PLGA-MS or the corresponding components in IFA, using a heparin coated 

microvette (Sarstedt, Nümbrecht, Germany) and spun down for 5 min at 1000 rpm. 

Serum was stored at –80 °C. 96 well ELISA plates were coated with 0,1 mg/ml 
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ovalbumin in PBS over night at 4 °C. The next day plates were wash 3 times with 

PBS-Tween20 (0,05 %) and serum samples were applied for 2 h at room 

temperature. For detection of mouse Ig isotypes the mouse-Ig-isotyping-kit (BD 

Bioscience) was used according to the manufacturers instructions. For detection of 

IL-4 and IFN-γ in supernatants of cell cultures the respective kit (mouse IFN-γ/IL-4 

ELISA set, BD Bioscience) was used, following the manufacturers instruction.  

 

Proliferation assay: Proliferation of CD8 and CD4 lymphocytes was measured 

via CFSE dilution. Mice, immunized either by a mixture of PLGA-MS or the 

corresponding components in IFA, received 1x107 CFSE (10µM) labeled 

splenocytes derived from either OT-I mice or OT-II/Thy1.1 mice. For transfer of 

CD8 lymphocytes, OT-I splenocytes treated with erythrocyte-lyses buffer (155 mM 

NH4CL, 0,01 M Tris) for 5 min at room temperature. Cells were magnetically sorted 

for CD8+ surface expression, labeled with CFSE and injected i.v. into Thy1.1 

recipient mice. Three days later spleens of Thy1.1 recipient mice were stained for 

Thy1.2+ cells (PE-Cy5-conjugated anti-mouse CD90.2 (Thy1.2), eBioscience, 

Clone 53-2.1) for 20 min at 4 °C washed with PBS and analyzed by flow cytometry 

for CFSE fluorescence. 

For transfer of OT-II/Thy1.1 splenocytes, spleens of OT-II/Thy1.1 mice were 

homogenized and treated with erythrocyte-lyses buffer for 5 min at room 

temperature. Cells were labeled with CFSE and injected i.v. into C57BL/6 recipient 

mice. Three days later spleens of C57BL/6 recipient mice were harvested, 

homogenized and stained for Thy1.1 (PE-Cy5-conjugated anti-mouse CD90.1 

(Thy1.1) Ig, eBioscience, Clone HIS51) and for CD4 (PE conjugated anti mouse 

CD4 Ig, eBioscience, Clone RMA4-5) for 20 min at 4 °C. CD4/Thy1.1 double 

positive cells were analyzed for CFSE fluorescence. 

 

Results 

Humoral response after a single injection of MS-Ova-CpG. In order to determine 

the humoral immune response to PLGA-MS over a time course of 4 weeks, mice 

received a single injection of MS-Ova/CpG. The ovalbumin specific Ig isotype 

concentrations shown in figure 1 indicate a robust IgM, IgG1 and IgG2a response 

in the absence of IgE. Empty MS showed no significant increase of Ig isotypes 
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within 4 weeks (data not shown). The maximum concentration of about 12,5 µg/ml 

ovalbumin specific IgG1 was reached after 2 weeks and stayed consistent until the 

end of the experiment after four weeks. The relative IgG1 to IgG2a response 

indicates a rather balanced Th1 to Th2 response, with slight bias to Th2. 

 
Figure 1: Serum levels of Ovalbumin specific Ig after a single injection of PLGA-MS. C57BL/6 

mice (n=5) were immunized with 5mg of PLGA-MS, containing ovalbumin (50mg/g) and CpG 

oligonucleotides (5mg/g). Serum was obtained from capillary blood at day 0 and weekly for 4 

weeks. Serum was analyzed for ovalbumin specific IgE (crossed bars), IgM (empty bars), IgG1 

(doted bars), IgG2a (black bars). Given values are µg/ml ovalbumin specific Ig. One out of two 

experiments with the same outcome is shown. 

 
Pre-treatment with TNF-α and repeated injections of PLGA-MS. We tested two 

possibilities to optimize the CTL response to PLGA-MS. On the one hand, a pre-

treatment of the injection site with TNF-α, on the other hand a booster 

immunization. We immunized mice with MS-Ova/CpG 2 to 10 hours after a pre-

conditioning injection of 200 ng TNF-α. After six days we analyzed splenocytes for 

improved ovalbumin specific CTL responses by ICS. As shown in figure 2A, a pre-

treatment of the injection site with 200ng TNF-α at least 6 hours prior to the 

immunization increases the CTL response drastically. Clearly, treatment of less 

than 6 hours in advance let to no advantage compared to mice that were not pre-

treated. Still 10 hours after the pre-treatment the immunization benefited from the 

conditioned environment. The second strategy we investigated was the effect of 

booster immunizations. As figure 2B shows, a homologous prime boost strategy, 

with an interval of 4 weeks, was not able to increase CTL responses but a 

heterologous boost using recombinant vaccinia virus, expressing full length 

ovalbumin, clearly enhanced the ovalbun specific CTL response. This finding did 

not reflect our expectations so that we analyzed for SIINFEKL/H-2Kb tetramer 
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positive T lymphocytes after the same injection regiment (figure 2C). Surprisingly, 

although the homologous treatment was not able to further increase the 

ovalbumin-specific CD8+/IFN-γ+ population in the spleen, the SIINFEKL/H-2Kb-

tetramer+/CD8+ population could obviously be increased. A homologous as well as 

a heterologous prime boost strategy resulted in a significant increase compared to 

a single administration of PLGA-MS when stained for SIINFEKL/H-2Kb-

tetramer+/CD8+ cells. 

 
Figure 2: (A) Pre-treatment of the injection site. C57BL/6 mice (n=3) were pre-treated with 

200ng TNF-α at the site of injection 2h, 4h, 6h, 8h or 10h prior to immunization with 5mg of 

microspheres, containing ovalbumin (50mg/g) and CpG-ODN (5mg/g). Control animals were left 

untreated. Six days after immunization splenocytes were isolated and analyzed for intracellular 

IFN-γ by ICS. Left side shows dot plots for exemplary animals. Right side shows a quantitative 

representation of one out of three similar experiments. Values are given in percent IFN-γ+ cells of 

the CD8+ lymphocyte population, +/- SEM. Background signals (no peptide) were subtracted. One 

out of three similar experiments is shown. (B&C) Booster immunizations. C57BL/6 mice (n=2) 

received either single injections of microspheres (MS) or recombinant vaccinia virus expressing 

ovalbumin (rVV:Ova), or additional booster immunizations after 4 weeks (MS-MS or MS-rVV:Ova). 
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After six days splenocytes were isolated and analyzed for intracellular IFN-γ by ICS (B) or 

SIINFEKL/H-2Kb-tetramer staining (C). In each case a quantitative analysis of one out of 3 

experiments is shown. Values for (B) are given in percent IFN-γ+ cells of the CD8+ lymphocyte 

population, +/- SEM. Background signals (no peptide) were subtracted. Values in (C) are given in 

percent SIINFEKL/H-2Kb-tetramer+ cells of the CD8+ lymphocyte population, +/- SEM. The 

background (naïve mouse) was subtracted. One representative out of three experiments is shown. 

 

Il-4 and IFN-γ produced by CD4+ splenocytes. To further characterize the bias of 

Th1 to Th2 after immunization we measured cytokine levels of IL-4 and IFN-γ in 

the supernatant of splenocytes derived from mice, either immunized with PLGA-

MS or the according components in IFA. Therefore, splenocytes were stimulated 

by plate bound anti-CD3 / anti-CD28 antibodies, six days after the immunization 

for 24 hours. Subsequently, supernatants of both groups were analyzed by ELISA 

for levels of IFN-γ and IL-4. As figure 3 shows, in both groups we found 

predominantly IFN-γ and little IL-4, proposing a robust Th1 bias. 

 
Figure 3: Production of IFN-γ and IL-4 by CD4+ cells after PLGA-MS immunization. C57BL/6 

mice (n=2) were immunized with a mixture of PLGA-MS (black bars), the corresponding amounts 

of ovalbumin, CpG-ODN and polyI:C in IFA (gray bars), or empty PLGA-MS (white bars). After six 

days splenocytes were isolated and magnetically sorted for CD4+ cells. 5x105 CD4+ cells were 

restimulated by plate-bound Ig anti-CD3 and Ig anti-CD28 for 18 hours. Supernatants were 

analyzed for IL-4 and IFN-γ by ELISA. Values are given in ng/ml, +/- SEM. The graph shows one 

out of three similar experiments. 

 
In vivo proliferation after injection of PLGA-MS. Since the proliferation of antigen 

specific CTLs is crucial for a successful of immunotherapy we investigated the 

potential of PLGA-MS to induce proliferation of CD8+ and CD4+ cells in vivo. 

Figure 4A shows that PLGA-MS are, comparable to IFA, able to induce detectable 

CD8+ cell proliferation for at least 21 days. The same is true for CD4+ cell 

proliferation induced by PLGA-MS, which is even more persistent compared to 

CD8+ cells (Figure 4B). 
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Figure 4: (A) Potential to stimulate proliferation of CD8+ cells. Thy1.1 mice (n=3) were 

immunized with a mixture of PLGA-MS (black bars), the corresponding amounts of ovalbumin, 

CpG-ODN and polyI:C in IFA (gray bars). Three days before mice were sacrificed, 1x107 

magneticaly sorted CD8+, CFSE labeled splenocytes, derived from OT-I mice were injected i.v.. 

After three days spleens of the recipient mice were taken and the Thy1.1+ cells were analyzed for 

CFSE fluorescence. On the right side a quantitative analysis is shown for day 3, 6, 10, 14, and 21 

(one out of two experiments with similar results). Values are given in percent proliferating Thy1.1+ 

cells, +/- SEM. Background values (PBS treated mice) were subtracted. On the right side 

representative gating is shown for day six. 

(B) Potential to stimulate proliferation of CD4 positive cells. C57BL/6 mice (n=2) were 

immunized with microspheres (black bars) or IFA (gray bars). Three days before mice were 

sacrificed, 2x106 CFSE labeled splenocytes from OT-II/Thy1.1 mice were injected i.v.. After three 

days spleens of the recipient mice were taken and Thy1.1/CD4 double positive cells were analyzed 

for CFSE fluorescence. On the right a quantitative analysis is shown for day 3, 6, 10, 14, and 21 

(one out of two experiments with similar results). Values are given in percent proliferating 
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Thy1.1/CD4 positive cells, +/- SEM. Background values (PBS treated mice) were subtracted. On 

the right side representative gating is shown for day six. 

 

In vivo and ex vivo cytotoxicity. In order to show the cytotoxic effect of the 

generated CTLs in vivo, we performed in vivo and ex vivo cytotoxicity assays. 

Figure 5A shows an ex vivo 51-chromium cytotoxicity assay, 6 days after 

immunization either with a mixture of PLGA-MS or the corresponding components 

in IFA. EL-4 thymoma cells served as control cells, whereas EL-4 cells, stably 

transfected with a plasmid encoding for full-length, cytosolic ovalbumin (EG-7 

cells) served as target cells.  

 

 
Figure 5: (A&B) Ex vivo cytotoxicity of PLGA-microspheres induced CTLs. (A) 51-chromium 

release assay. C57BL/6 mice (n=2) were immunized with a mixture of PLGA-MS (black bars), the 

corresponding amounts of ovalbumin, CpG-ODN and polyI:C in IFA (gray bars). On day six, 

splenocytes were co incubated with 51-chromium labeled EL-4 or ovalbumin expressing EG-7 

cells, for four hours. Supernatants were than measured by γ-count. Values are given in percent 

specific lyses of 5x104 target cells, +/- SEM. One out of two similar experiments is shown. (B) Ex 

vivo BaTDA-cytotoxicity assay. C57BL/6 mice (n=2) were immunized with a miture of PLGA-MS 

(black lines) or equal amounts of ovalbumin and CpG oligonucleotides in IFA (gray line). Spleens 

were removed after 6 days (circles) or after 14 days (triangles) and co-incubated with BaTDA 

labeled TrampC2 cells that express ovalbumin for four hours. Supernatants were than mixed with 
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Europium solution and incubated on a shaker for one hour prior to measurement at ex./em. 

340/615nm. Values are given in percent specific lyses +/- SEM of 5x104 target cells with effector to 

target ratios of 100, 50, 25 and 12,5 to one. One out of three experiments is shown. (C) In vivo 
cytotoxicity assay. C57BL/6 mice (n=3) were immunized with microspheres (black bars) or IFA 

(gray bars). In vivo cytotoxicity was analyzed for day 6, 9, 16, and 21. (Left side) Quantitative 

representation of one out of three experiments is shown, +/- SEM. (Right side) Flow cytometry dot 

plots and histograms of representative animals. The lymphocyte population was analyzed for 

different CFSE fluorescence intensities. One representative out of three experiments is shown. 

 

In this case, IFA elicits a slightly superior ex vivo cytotoxicity in the 51-chromium 

cytotoxicity assay referring to the magnitude as well as the effector to target ratio. 

In contradiction to this, the EuBATDA cytotoxicity assay in Figure 4B implies that 

PLGA-MS elicite better ex vivo cytotoxicity responses, since they yield a 

detectable response even after 14 days post immunization. In this assay the 

prostate tumor derived cell line TrampC2, stably transfected with a plasmid 

encoding for full-length, cytosolic ovalbumin (Vf10) served as target cells. In vivo 

cytotoxicity assays performed in figure 5c showed robust responses in both cases 

after 6 six days, being detectable for up to 21 days. Taken together, all cytotoxicity 

assays clearly show a strong cytotoxic potential for both systems, IFA as well as 

PLGA-MS. 
 
Anti tumor effects. Since we wanted to compare the anti-tumor potential of the 

PLGA-MS in respect to IFA, we tested two models of solid, subcutaneous tumors. 

EL-4 lymphoma cell derived tumors (Figure 6A) and the very aggressive and fast 

growing B16F10 melanoma tumors (Figure 6B). The correspondent ovalbumin 

transfectant, EG-7 and MO-5, was used in either a protective setting (left side), 

where therapy was started 6 days before challenge, or in a therapeutic setting 

(right side), where mice were immunized when palpable tumors were already 

established. Subsequently, tumor sizes were measured daily until they reached 

15mm in mean size of 2 orthogonal measurements. If this abort criterion was 

fullfilled, mice were sacrificed and percentualy substracted from the total sum. 

All mice being treated with PLGA-MS in a protective setting survived tumor free in 

protective models using EG-7 (figure 6A, left side) and MO-5 (figure 6B, left side), 

whereas 20 % of mice being treated with IFA developed tumors in the EG-7 model 

and 60 % in the MO-5 model. The therapeutic settings showed, that both delivery 

systems were able to cure all mice from EG-7 tumors (figure 6A, right side). For 
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MO-5 (figure 6B, right side) however, 20 % of the PLGA-MS group and 30% of the 

IFA group survived tumor free. 

 
Figure 6: Tumor challenge with (A) EG-7 & (B) MO-5. Left side (protective setting): C57BL/6 

mice (n=5) were immunized with PLGA-MS (circles), IFA (triangles) or empty PLGA-MS (squares). 

After six days mice were challenged with 5x105 MO-5 cells s.c.. Tumor sizes were measured daily 

until they reached 15mm in mean size of 2 orthogonal measurements. Right side (therapeutic 

setting): C57BL/6 mice (n=10) were challenged with 5x105 MO-5 cells s.c.. As soon as palpable 

tumors occurred mice were immunized with a mixture of PLGA-MS (circles), the corresponding 

amounts of ovalbumin, CpG-ODN and polyI:C in IFA (triangles) or empty PLGA-MS (squares). 

Tumor sizes were measured daily until they reached 15mm in mean size of 2 orthogonal 

measurements. (C) Metastatic tumor challenge. Left side (protective setting) C57BL/6 mice (n=3) 

were immunized with a mixture of PLGA-MS (MS), the corresponding amounts of ovalbumin, CpG-

ODN and polyI:C in IFA (IFA) or empty PLGA-MS (empty MS). After six days mice were challenged 
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with 5x104 melanin expressing MO-5 cells i.v.. After two weeks mice were sacrificed and lungs 

were removed. Visible metastases were counted and are given in means +/- SEM. Right side 

(therapeutic setting). C57BL/6 mice (n=3) were challenged with 2x104 melanin expressing MO-5 

cells i.v.. After one week mice were immunized with a mixture of PLGA-MS (MS), the 

corresponding amounts of ovalbumin, CpG-ODN and polyI:C in IFA (IFA) or empty PLGA-MS 

(empty MS). After seven days mice were sacrificed and lungs were removed. Visible metastases 

were counted and are given in means +/- SEM. All graphs show one representative experiment out 

of three. 

 
In experiments, using melanin producing MO-5 cells injected i.v. in order to 

establish metastases in the lung, both IFA and PLGA-MS were able to clearly 

reduce the numbers of metastases in a protective setting. A therapeutic setting 

showed a clear benefit for the group being treated with PLGA-MS compared to the 

IFA group. Taken together, we could show that PLGA-MS are a potent tool to 

effectively stimulate a robust immune response in order to eradicate not only solid 

tumors, but also metastases. 
 

Discussion 

In the present study, we were able to show that a mixture of PLGA-MS 

encapsulated antigen and CpG-ODN, together with encapsulated polyI:C is able to 

elicit robust CTL responses that can even be improved by preconditioning the 

injection site with TNF-α (figure 1A) or by subsequent booster immunizations 

(figure 2B&C). Interestingly, we could demonstrate, that homologous booster 

immunizations indeed are able to improve the antigen specific CD8+ T cell 

response to the model antigen ovalbumin, like it has been reported in earlier 

studies (31) but the level of  activated CD8+/IFN-γ+ stayed unaffected. The reason 

for this remains unclear. Nevertheless, heterologous booster immunizations 

elevated both, number of specific CTLs and the number activated CTLs as 

previously shown for other vaccines in mice (32) and humans (33, 34). 

Furthermore, a single injection of PLGA-MS elicits substantial humoral responses 

(figure 1), which in detail proposes, by its IgG2a (Th1) to IgG1 (Th2) ratio, a rather 

balanced Th1/Th2 bias with a tendency towards a Th2 biased CD4+ T cell 

response. This could be a disadvantage, because in vivo DC loading with PLGA-

MS aims strongly on a CTL response in order to eradicate tumors. Contradictory to 

that, we found a clear induction of IFN-γ but less IL-4 when investigating sorted 
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CD4+ splenocytes 6 days after injection of the PLGA-MS, clearly proposing a Th1 

bias (figure 3). Jegerlehner et. al. showed in 1997 that the induction of IgG2a class 

switching is mainly induced via CpG-mediated engagement of TLR9 on B cells, 

and not generally by the induction of Th1 responses and IFN-γ (35). Since both 

techniques, the IgG2a:IgG1 ratio and secretion of IFN-γ/IL-4 by CD4+ T cells, are 

used to address that question (36, 37) our case remains unsolved. The fact that 

CpG-ODN are known to favor a Th1 bias (38) is supporting the data set showing a 

robust the induction of IFN-γ production by CD4+ lymphocytes. Considering these 

aspects, we think that our PLGA-MS induced immune responses are mainly Th1 

biased. 

The second part of the study was designed to compare PLGA-MS to IFA. Both are 

antigen carriers that mimic a pathogen infection and are well-established delivery 

system for antigens and CpG-ODNs. Furthermore, both delivery systems show 

comparable capacities to induce proliferation of T cells. Even though IFA seems to 

be more successful in stimulating proliferation of CD8+ T cells at later time-points 

(figure 4A). Nevertheless, PLGA-MS are able to induce detectable proliferation for 

at least 21 days after their injection. In case of CD4+ T cells the two delivery 

systems gave the same results, indicating that both systems procure a strong 

depot effect and excellent immune stimulative properties (figure 4B). It is known, 

that encapsulated antigens show a remarkable potential to stimulate proliferation 

of CD4+ and CD8+ T cells in vitro and in vivo (39), but we could show for the first 

time, that this potential lasts for a time span of at least 3 weeks after immunization. 

The ex vivo and in vivo cytotoxicity as well as the therapeutic tumor experiments 

are indicating a robust and long lasting immune response (figure 5). The protective 

properties of the encapsulation of antigens and adjuvants in PLGA-MS become 

obvious in the protective tumor settings (figure 6A&B, left side). Both experiments 

display encapsulation as superior. In contrast to that, the model for metastasized 

tumors indicate, that PLGA-MS show a comparable efficacy to IFA referring to 

protection but is clearly more successful in the therapeutic setting (figure 6C). 

Reasons for that might be an promising effect of the PLGA particles themselves, 

leading to better uptake by APCs and efficient processing of the encapsulated 

antigens. On the other hand, adjuvants might be more accessible when using IFA 

as a delivery system, what might be an explanation for its side effects like skin 

reactions and granulomas. Taken together PLGA-MS show a great potential in 
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delivering antigens and adjuvants to the immune system. PLGA-MS seem to be at 

least as powerful as the “gold-standard” delivery device IFA, but without showing 

any side effects. Therefore it might be an alternative to IFA and a promising 

candidate for clinical trials in the near future. 
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Abstract 

Since α-C-galactosylceramide was reported to show an advantageous cytokine 

profile, compared to α-galactosylceramide in the past years, we decided to 

investigate both glycolipids for their Th1 polarizing capacity. An improved cytokine 

environment is known to positively influence immunotherapeutical approaches. 

Here, we investigated putative beneficial effects of both, the C and the O glycoside 

of α-galactosylceramide in an immunization strategy based on poly(lactide-co-

glycolide) microspheres (PLGA-MS). Therefore, α-C-galactosylceramide was 

synthesized in our laboratory and microencapsulated into PLGA-MS or used in a 

soluble form. Surprisingly, α-C-galactosylceramide did neither show any 

superiority to α-galactosylceramide wit respect to the activation of NKT cells or 

DCs nor did it lead to altered levels of IFN-γ or IL-4. In particular, we were not able 

to reproduce the previously reported Th1 polarizing effects of α-C-

galactosylceramide. We investigated the potential of both substances to improve 

poly(lactide-co-glycolide) microspheres induced cytotoxic T lymphocyte 

responses, in vivo cytotoxicity and anti tumor responses, but we failed to confirm 

an improved anti tumor response by α-C-galactosylceramide as compared to α-

galactosylceramide. 

 

Introduction 

Invariant natural killer T (iNKT) cells are a subtype of NK cells, which express an 

invariant T cell Vα14/18 (mouse/human) receptor that recognizes glycolipid 

antigens in the context of the non-polymorphic MHC class I like molecule CD1d (1, 

2). They can be found in significant numbers in the liver, bone marrow, and in 

reduced numbers in the spleen (3). INKT cells are identified by their reactivity to α-

galactosylceramide (α-GalCer) (4), a synthetic glycolipid, efficiently binding to 

CD1d. α-GalCer was found to stimulate proliferation of NKT cells, maturation of 

DC, up-regulation of costimulatory molecules and production of IL-12 (5), as well 

as cytokine production of e.g., IFN-γ, IL-2, IL-10, TGF-β, TNF-α, GM-CSF or IL-4 

(6, 7). Furthermore, NKT cells are attested to support cross-priming of antigens by 

DC activation (5) and thus forming a cross-link between the native and the 

adaptive immune system (8). 
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Consequently, α-GalCer has been shown to influence the Th1/Th2 bias of an 

immune response (9) and to be effective in anti-tumor responses (10), therapies 

against melanoma metastases of liver and lung, e.g., using α-GalCer pulsed DCs 

(11-13), as well as infectious diseases (14). Several studies stated that α-GalCer 

can act as an adjuvant (15) and cooperates with TLR stimulation (16, 17). More 

recently the C-glycoside analogue of α-GalCer, α-C-galactosylceramide (α-C-

GalCer) was reported to improve immune-modulatory functions (18, 19), due to 

the preferential induction of Th1 cytokines produced by NKT cells and DCs. 

Recent studies confirmed some of these findings, in particular the cytokine profile 

(20) and the adjuvant effect (21). 

α-GalCer shows the highest efficacy if it is loaded directly onto DCs. Therefore, a 

potent in vivo loading of DCs with α-GalCer or α-C-GalCer would facilitate their 

usage for immunotherapy of tumors or infectious diseases. We, and others, have 

recently shown that poly(lactide-co-glycolide) (PLGA) microspheres (MS) are a 

powerful device to target APCs in vivo and induce substantial CTL responses 

resulting in tumor regression (22, 23). PLGA is a well-defined, biodegradable 

polymer, which is approved for clinical use and is widely used e.g., for sutures or 

implants. It is known to protect microencapsulated materials from degradation, 

thus forming an antigen depot (24). Prior studies showed, that PLGA-MS, ranging 

from 1-10 µm in size, are effectively taken up at the site of injection (25) by APCs 

which efficiently present the delivered antigen on MHC class I and class II (26). 

These features make PLGA-MS an interesting candidate for further studies 

involving the in vivo loading of DCs with CD1d ligands in order to activate NKT 

cells. These NKT cells could provide useful assistance by a rapid and robust 

production of cytokines and the establishment of a Th1 polarizing environment. 

In order to test α-C-GalCer as an additional immune-stimulator together with 

PLGA-MS, containing co-encapsulated ovalbumin (Ova) and CpG-

oligodeoxynucleotides (CpG-ODN) (MS-Ova/CpG), we synthesized α-C-GalCer 

according to the protocol of Wipf and Pierce (27). Surprisingly, we found only 

minor differences between α-C-GalCer and α-GalCer, when we tried to reproduce 

the key experiments of two previous reports. Similarly, the encapsulated 

glycolipids did neither improve the CTL response nor anti tumor activity. 
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Material and methods 

Glycolipids: α-C-GalCer [(3S,4S,5R)-1-(a-D-galactopyranosyl)-3-(N-

hexacosanoylamino)-4,5-nonadecanediol] (18) was synthesized following a 

protocol by Wipf et al. (27). The key reactions of this synthesis route are a 

diastereoselective alkenylalane addition to a C-glycosidic α-galactosyl N-tert-

butanesulfinyl imine derivative, followed by epoxidation and carbamate ring 

opening to generate an amino diol stereotriad.  The resulting α-C-

Galactosylsphingosine was coupled to the fatty acid chloride to obtain the required 

α-C-GalCer.  

α-GalCer [(2S,3S,4R)-1-O-(a-D-galactopyranosyl)-2-(N-hexacosanoylamino)-

1,3,4-octadecanetriol] was synthesized according to reference (40). All glycolipids 

were dissolved in Dimethyl sulfoxide DMSO (0,5mg/ml) and diluted in PBS 

immediately before i.v. injection. 

 
Mice and immunizations: C57BL/6 mice (H-2b) were originally purchased from 

Charles River Laboratories. All mice were kept in a specific pathogen-free facility 

and used at 6–10 weeks of age. Animal experiments were approved by the review 

board of the Regierungspräsidium Freiburg, Germany. 

 
ELISA: For the IFN-γ, IL-4, TNF-α and IL-12 cytokine determination, the 

corresponding BD-ELISA Kit (BD OptEIATM, BD Bioscience) was used, following 

the manufacturer’s instructions. Absorbance at 450-570 nm was measured, using 

a SpectrafluorPlus plate reader (Tecan).  

 
ELISPOT Assay: For IFN-γ and IL-4 ELISPOT the respective ELISpot Kit 

(Cellular Technology Ltd.) was used according to the manufacturers instructions. 

Plates were read using an ELISpot plate reader (Cellular Technology Ltd.). 

 
Intracellular cytokine staining (ICS): Splenocytes were isolated and 

restimulated with or without 10 µM SIINFEKL peptide (Eurogentec, Cologne, 

Germany) in the presence of brefeldin A (10 µg/ml, Sigma-Aldrich) for 5 h at 37 °C. 

Subsequently, cells were stained with anti-mouse-CD8α-PE-Cy5 antibody (BD 

Biosciences Pharmingen, Clone 53-6.7) or anti-mouse NK1.1-PerCP-Cy5.5 (BD 

Biosciences Pharmingen) and anti-mouse-CD11c APC conjugated (BD 

Biosciences Pharmingen) for 20 min at 4°C. After fixation with 4% 
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paraformaldehyde in PBS for 10 min at room temperature, cells were labeled 

intracellularly with rat-anti-IFN-γ-FITC antibody (clone XGM1.2, diluted in 

PBS/0.1% Saponin) or anti-mouse-IL-12-PE antibody (BD Biosciences 

Pharmingen) at 4 °C overnight. The next day cells were analyzed by flow 

cytometry. Background values for each sample (without restimulation) were 

subtracted. 

Data were acquired using a FACScan flow cytometer (BD Biosciences) and 

analyzed with FlowJo software (Treestar). 

 

In vivo cytotoxicity assay: Splenocytes from naive mice were pulsed with 10 

µM SIINFEKL peptide for 1 h at 37 °C or left untreated. Pulsed cells were stained 

with 20 µM carboxyfluorescein succinimidyl ester (CFSE), while unpulsed cells 

were stained with 2 µM CFSE. Immediately before injection, both cell populations 

were mixed in equal amounts, and a total number of 1×107 cells were injected i.v.. 

After 18 h, splenocytes were prepared and analyzed for CFSE fluorescence by 

flow cytometry. The percentage of specific cytolysis was calculated as follows: 

100-[(% peptide pulsed cells in vaccinated mice / % unpulsed cells in vaccinated 

mice)/(% peptide pulsed cells in control mice / % unpulsed cells in control mice)] × 

100. 

 
Preparation of PLGA-microspheres: Microspheres (MS) were prepared from 

14 kDa poly(D,L-lactide-co-glycolide) (PLGA) 50:50 carrying hydroxyl and 

carboxyl-end groups (Resomer RG502H, Boehringer Ingelheim, Ingelheim, 

Germany) by spray drying. Briefly, 50 mg ovalbumin (Grade V, Sigma) and 5 mg 

CpG oligodeoxynucleotides with a phosphothioate backbone (CpG-ODN 1826, 

Microsynth, Balgach, Switzerland) or 0,5 mg polyI:C (Calbiochem, VWR, Dietikon, 

Switzerland) (MS polyI:C) were dissolved in 0.5 ml 0.1 M NaHCO3 (aqueous 

phase) and mixed with 1 g of PLGA dissolved in 20 ml of dichloromethane 

(organic phase). Optionally 0.5mg α-GalCer (MS-α-GalCer) or α-C-GalCer (MS-α-

C-GalCer) were dissolved in 160µl methanol / chloroform and mixed with 1 g of 

PLGA dissolved in 20 ml of dichloromethane. The two phases were subsequently 

emulsified by ultrasonication (Hielscher, UP200 H, Ampl. 40%) for 10 s on ice. The 

obtained w/o dispersion was immediately spray-dried (Büchi, Mini Spray-Dryer 

191) at a flow rate of 2 ml/min and inlet/outlet temperatures of 40/37 °C. The 
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obtained MS were washed out of the spray-dryer’s cyclone with 0.05 % 

Synperonic (Synperonic®F68, Serva Electrophoresis GmbH, Heidelberg, 

Germany), collected on a cellulose acetate membrane filter and dried under 

reduced pressure (20 mbar) for 18 h at room temperature. PLGA-MS were stored 

at 4 °C. Immediately before use MS were dispersed in PBS by ultrasonication for 

30 sec. 

5mg MS-Ova/CpG (containing 250 µg Ova, 25 µg CpG-ODN) or indicated 

amounts of MS-α-GalCer and MS-α-C-GalCer were injected in PBS s.c. at the 

base of the tail. 

 

Results and discussion 

We analyzed serum cytokine levels of IL-4, IFN-γ, TNF-α and IL-12 in mice, 

injected with graded doses of either α-GalCer or α-C-GalCer. To that aim, mice 

were immunized i.v. with 20 ng, 200 ng, or 2000 ng of either α-GalCer or α-C-

GalCer. Peripheral blood was drawn at different time points post injection and 

serum was stored at –80 °C for cytokine quantification by ELISA. As sown in figure 

1A, differences in the abundance of IL-4 could only be detected at lower doses of 

the two ceramides. At a dose of 2000 ng no significant difference could be 

detected. After the initial burst of IL-4 secretion, a prolonged phase of IFN-γ 

production has been described for α-C-GalCer (19). This effect, and the complete 

absence of IL-4, as previously reported, could not be observed by us. The cytokine 

profiles for IL-12 and TNF-α were in accordance with the literature (19). 

The source of IFN-γ detected in the serum of α-GalCer or α-C-GalCer treated mice 

is presumably the NKT cells population. In order to characterize the sources of 

IFN-γ and IL-12 we injected mice i.v. with 1 µg of either α-GalCer or α-C-GalCer 

and CD11c+ splenocytes were magnetically isolated 6 hours post injection. 

CD11c+ splenocytes were stained and gated for the expression of CD11chigh and 

NK1.1+ as shown in figure 1B (top graph). The NK1.1+ population in gate R2 

produced mainly IFN-γ (left panel) but only little IL-12 (right panel), whereas the 

CD11chigh population (gate R3) was positive for IL-12. 
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Figure 1: Serum cytokine levels and cytokines produced by CD11c+ splenocytes. (A) Mice 

(n=3) were injected i.v. with indicated doses of either α-GalCer (left panel) or α-C-GalCer (right 

panel) and bled after 2, 6, 10, 24 and 48 hours. IFN-γ, IL-4, TNF-α, and IL-12 cytokine levels in the 

sera (mean values +/- SEM) were determined after injections of indicated amounts of the 

respective glycolipid. One out of three similar experiments is shown. (B) Mice (n=2) were injected 

i.v. with 1 µg of either α-GalCer or α-C-GalCer. After 6 hours, splenocytes were prepared, 

magnetically sorted for CD11c, and stained for CD11c and NK1.1. Shown in the top dot plot for 

CD11chigh DCs (gate R3) and NK1.1+ cells (gated as R2). Both populations were stained for 

intracellular IFN-γ (left side) or IL-12 (right side). Representative dot plots for each group are shown 

from one, out of three independent experiments with similar outcome. 

 

Interestingly we found that α-C-GalCer was slightly superior in the stimulation of 

IL-12 produced by DC, but clearly less effective than α-GalCer with regard to the 

stimulation of NK1.1+ cells to produce IFN-γ. 

These findings are in disagreement with recent work performed with α-C-GalCer 

synthesized by R. Frank and colleagues (18, 19, 28). They described α-C-GalCer 

as a strong stimulator of IFN-γ but not IL-4, presumably produced by NKT cells. In 

accordance with reference (19), we could confirm that α-C-GalCer is a strong 

inducer of DC mediated IL-12 production, but we did not find a more potent 

stimulation of NKT cells to produce IFN-γ. Importantly, we could not reproduce the 

claimed reduction of IL-4 in the sera of α-C-GalCer immunized mice (19). 
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Figure 2: ELISPOT for IFN-γ and IL-4. Mice (n=2) were immunized with vehicle (V) or indicated 

doses of α-GalCer or α-C-GalCer. Two days later the splenocytes were isolated. 3x105 cells were 

either restimulated with α-GalCer (100 ng/ml) (white bars) or left untreated (black bars) for 16 hours 

in precoated ELISPOT plates at 37 °C. IFN-γ (upper graph) or IL-4 (lower graph) specific spots 

were counted and are given +/- SEM. The graph represents one out of three independent 

experiments. 

 

In order to gain deeper insight into the activation of NKT, we performed another 

experiment previously described by Fuji et al. (19). We immunized mice with 

vehicle or different concentrations of either α-GalCer or α-C-GalCer. Two days 

later we isolated the splenocytes and restimulated them with α-GalCer (100 ng/ml) 

for 16 hours. As shown in figure 2, α-GalCer is able to prime NKT cells even when 

low doses are applied. Our data even suggest that α-C-GalCer primes splenocytes 

a bit less effectively for the production of IL-4 and IFN-γ than α-GalCer. 

Since we could confirm the identity of the ceramides used in this study by NMR-

spectra (not shown) a difference in chemical composition can not account for the 

discrepancy of our results and those published by Fuji et al. (39). In general, an 

altered interaction of the aliphatic chains of the N-acyl and the sphingosine tail with 

56 



Chapter III 

amino acids of the lipid chain pocket of the CD1d molecule could be possible. This 

would, as a consequence, alter the immune-stimulatory features of the substance 

(29), and thereby influence the cytokine production. Crystal structures of α-GalCer 

bound to CD1d showed that in addition to the galactose 2’-OH hydrogen and the 

3’-OH of the sphingosine the glycosidic 1’-O of α-GalCer is also involved in binding 

to CD1d (30). According to structural considerations, a replacement of the 1’-O by 

CH2 in the C-glycoside is not expected to stabilize the binding to NKT cells 

because the 1’-O atom seems to be important for the correct positioning of the 

CD1d ligand for recognition by the invariant TCR of NKT cells. This notion would 

be consistent with our results (figure 1 and 2). 

Loading of DCs with α-GalCer has previously been shown to be effective in anti 

cancer therapies (31, 32) but it is also well known that ex vivo loading of DCs is 

laborious and expensive (33). With PLGA-MS we make use of a tool that targets 

antigens and adjuvants to DCs in vivo upon s.c. injection (34, 35). To investigate 

the potential of α-GalCer or α-C-GalCer charged PLGA-MS for immune stimulation 

we immunized mice with PLGA-MS containing ovalbumin and CpG 

oligonucleotides (MS-Ova/CpG) and PLGA-MS containing either α-GalCer (MS-α-

GalCer) or α-C-GalCer (MS-α-C-GalCer). Six days later we performed an in vivo 

cytotoxicity assay. As shown in figure 3 we could not find any improvement of our 

original vaccination strategy when the α-GalCer or α-C-GalCer containing PLGA-

MS were co-administrated. 
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Figure 3: In vivo cytotoxicity assay. Mice (n=2) were immunized either with 5mg MS-Ova/CpG 

or with 5mg MS-Ova/CpG in combination with 1mg MS α-GalCer (indicated as +MS-α-GalCer) or 

1mg MS α-C-GalCer (indicated as +MS-α-C-GalCer). After six days, mice received 1x107 

SIINFEKL pulsed (low CFSE) or unpulsed (high CFSE), CFSE-labeled C57BL/6 splenocytes. 18 

hours later splenocytes were analyzed for CFSE fluorescence. The upper graph shows a 

representative histogram for one animal of each group, the lower graph shows one quantitative 

analysis of three experiments, values are given in percent specific lysis, +/- SEM. 

 

The loading of DC with α-GalCer has been shown to improve NKT proliferation 

and IFN-γ production (11) but also the maturation of DCs and their potential to 

stimulate CD4+ and CD8+ T cells via CD40 binding (36, 37). This suggests that the 

activation of DCs through the uptake of antigen and adjuvants in PLGA-MS 

microencapsulated form is highly effective and could not be further promoted by 

the supply of the investigated CD1d ligands. 
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Figure 4: CTL response after co-injection of encapsulated or soluble glycolipids and MS-
Ova/CpG. Mice (n=2) were immunized with 5 mg MS-Ova/CpG and (A) indicated amount of MS-α-

GalCer (black bars) or MS-α-C-GalCer (white bars) s.c. or (B) with or without 1 µg soluble 

glycolipids (indicated as MS + α-GalCer and MS + α-C-GalCer) i.v.. After six days splenocytes 

were isolated and analyzed for IFN-γ+/CD8+ lymphocytes, +/- SEM. Both experiments were 

conducted three times with similar results. One representative of each is shown. 

 

To confirm this finding we analyzed the CTL response to MS-Ova/CpG and the co-

injection of either MS-encapsulated or soluble glycolipids. Respective kinds of 

PLGA-MS were mixed and injected s.c. followed by analysis of splenocytes at day 

6 after injection. Figure 4A shows a titration of encapsulated glycolipids in 

combination with MS-Ova/CpG. Compared to an injection of MS-Ova/CpG alone 

neither the addition of α-GalCer nor of α-C-GalCer showed any enhanced IFN-γ 

response. In contrast to our expectation, the co-delivery of encapsulated 

glycolipids negatively affected the generation of CTL responses at higher doses. 

This is actually enhanced if the glycolipids are not encapsulated but injected i.v., 

dissolved in PBS. We injected 1 µg of either α-GalCer or α-C-GalCer i.v. together 

with a s.c. injection of MS-Ova/CpG and measured the Ova specific CTL response 

on day six after injection. As shown in figure 4B, we found that a co-injection of 

both glycolipids strongly reduced the percentage of SIINFEKL specific, CD8+/IFN-

γ+ lymphocytes. 

Taken together these experiments clearly show, that the co-delivery of a putative 

CD1d ligand does not foster the establishment of a strong CTL response but has 

adverse effects, at least in our system. It has been shown for α-GalCer, that it can 

act as an adjuvant in combination tumor cells (38), proteins or peptides (16) or 

Ova and TLR ligands (17). An adjuvantic activity has also been shown for α-C-

GalCer (19). It is known, that DCs provide cytokines, which serve as co-

59 



Chapter III 

stimulatory signals that can avoid NKT cell anergy (11). This indicates a 

dependency on a close interaction of the glycolipid and an antigen that is not given 

when the glycolipid is applied systemically. Nevertheless, it is possible to further 

increase the potential of PLGA-MS by the co-injection of encapsulated polyI:C 

(data not shown), implying that in vivo loading of DCs with α-GalCer or α-C-GalCer 

is either ineffective or activates a negative feedback loop (39). 

Since various reports describe α-GalCer as a potent agent in protection from 

tumors and its adjuvantic activity in therapeutic tumor models we decided to 

compare α-GalCer, α-C-GalCer and MS-Ova/CpG in therapeutic and protective 

tumor models. 

 
Figure 5: Tumor therapy and protection from lung metastases. (A) Mice (n=5) were challenged 

with 5x105 EG-7 cells s.c. into the right flank. As soon as palpable tumors emerged, mice were 

immunized with 5 mg empty MS (squares), 5 mg MS-Ova/CpG (diamonds) or with 5mg MS-

Ova/CpG and 0,5 µg encapsulated α-GalCer (circles) or α-C-GalCer (triangles). Tumors were 

measured daily until the mean of two orthogonal measurements has reached 15mm. Values are 

given in percent survival. One representative experiment out of two is shown. (B) Mice (n=3) were 

injected s.c. with empty MS, 5 mg MS-Ova/CpG, 2 µg soluble α-GalCer i.v., or 2 µg soluble α-C-

GalCer i.v.. Two days later mice were challenged i.v. with 1x105 melanin expressing MO-5 cells. 

After two weeks, visible lung metastases were counted and are given in mean numbers of counted 

metastases, +/- SEM. The experiment as shown was conducted three times with similar results. 

 
In figure 5A a therapeutic setup is shown, using an ova expressing EG-7 cell line. 

5x105 cells were injected into the right flank and as soon as palpable tumors 

occurred, mice were immunized s.c with MS-Ova/CpG alone or in combination 

with 0,5 mg MS-α-GalCer or MS-α-C-GalCer. Subsequently, tumor sizes were 

measured daily until they reached 15mm in mean size of 2 orthogonal 

measurements. If this abort criterion was fulfilled, mice were sacrificed. There is 

only a non-significant difference between α-GalCer and α-C-GalCer treated 
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groups, while all animals treated with MS-Ova/CpG alone survived tumor free. In 

order to employ a more sensitive assay we performed a lung metastases 

formation experiment, which revealed a significant difference between α-GalCer 

and α-C-GalCer in the past (18). We injected 1 µg of either α-GalCer or α-C-

GalCer i.v. or MS-Ova/CpG s.c. and two days later mice were challenged with 

1x105 melanin-positive ova expressing MO-5 cells. After two weeks visible lung 

metastases were counted as documented in figure 5B. Interestingly, we were 

again not able to find any difference between α-GalCer and α-C-GalCer treated 

groups and only minor differences between the PLGA-MS treated group and the 

groups having been treated with the respective glycolipid. 

Taken together, we can state that an additional activation of the innate arm of the 

immune system does not further enhance the potency of our system. We could 

demonstrate that PLGA-MS based immunotherapy is a powerful tool that yields 

substantial activation of the immune system (figure 5). There was no evidence, 

that α-C-GalCer shows any superiority compared to α-GalCer (figures 1 and 2). 

Repeating the key experiments of previous studies (18, 19) we only obtained 

minor differences between the O- and the C-glycoside, if any. A preferential 

application of α-C-GalCer is therefore not warranted. 

Nevertheless, both substances are potent inducers of DCs and NKT cells and 

account for rapid induction of early IFN-γ and IL-12 (figure 2), as well as the 

protection from tumor growth (figure 5). α-C-GalCer, as well as α-GalCer, might be 

possible candidates to support less effective therapeutic strategies by their NKT 

cell-activating features. 
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Chapter IV 

Abstract 

The cytokine environment is one of the most important parameters in balancing 

out an immune response. A potent source of early cytokines is the natural killer T 

(NKT) cell population. These NKT cells are effectively stimulated by glycolipids, 

presented on the MHC class I like molecule CD1d. Depending on the glycolipid, 

the stimulated NKT cells produce a variety of cytokines supporting T helper (Th) 1, 

Th2 or Th17 responses. α-C-galactosylceramide (α-C-GalCer), a C-glycoside of 

the synthetic CD1d ligand α-galactosylceramide (α-GalCer), has gained increasing 

attention because of its putative Th1 polarizing effect. This effect is explained to be 

due to the stimulation of IFN-γ and IL-12 production in the absence of Th2 

cytokines like IL-4. We investigated a Di-phenyl analogue (α-C-diPheGalCer) of α-

C-GalCer and found striking Th2 polarizing conditions in response to this novel 

compound. α-C-diPheGalCer, applied intravenously leads to rapid production of 

IL-4 but only marginal IFN-γ levels in blood serum. Furthermore, we could show 

that a single injection of 2 µg of this substance entails significant protection from 

experimental autoimmune colitis, diabetes and contact hypersensitivity. In vitro 

studies suggest that α-C-diPheGalCer shows no increased toxicity compared to 

the vehicle used. In conclusion, α-C-diPheGalCer is a potent Th2 polarizer and a 

promising drug with potential for the treatment of autoimmune diseases. 

 

Introduction 

During the past decade, invariant natural killer (iNKT) cells have been 

characterized as an important bridge between the adaptive and the innate arms of 

the immune system (1). They are also known as Type I NKT lymphocytes and are 

characterized by the expression of an invariant TCR utilizing Vα14/18 segments in 

mice and humans respectively, which recognizes glycolipid antigens in the context 

of the non-polymorphic MHC class I like molecule CD1d (2, 3). Upon stimulation 

with the marine sponge derived glycolipid α-galactosylceramide (α-GalCer) they 

produce a vast variety of both T helper (Th) 1 and Th2 cytokines, such as IFN-γ, 

IL-2, IL-3, IL-21, IL-10, TGF-β, TNF-α, GM-CSF or IL-4 (4-6). Thereby they show a 

great potential to modulate arising or ongoing immune responses. Based on the 

assumption that the affinity of the ligand to the CD1d molecule is an important 
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determinant of the kind of cytokine profile evoked (7), several different CD1d 

ligands are used in modern immunotherapy research (8-11). 

The most widely used CD1d ligand is α-GalCer (12). It has been extensively 

studied over the past years and was shown to be able to influence the Th1/Th2 

bias of immune responses (13) and to have immune-stimulatory functions in anti 

tumor responses (10) or in infectious diseases (9). Interestingly, the ability of α-

GalCer to influence the adaptive immune response has been exploited for the 

regulation of autoimmune diseases as well, a concept supported by the finding 

that NKT deficient mice are susceptible to autoimmune diseases (14, 15). As 

demonstrated in models of autoimmune encephalomyelitis (EAE) (16) or 

spontaneous type 1 diabetes (T1D) in NOD mice (17), α-GalCer can be a 

beneficial stimulus. Most likely due to the rather undefined cytokine profile elicited 

by α-GalCer, it also may augment undesired effects as described for arthritis 

models and experimental colitis (18) (19). 

At present it is under debate, whether ligands with lower affinity for CD1d are 

closer to physiology and hence create a more balanced cytokine environment (20). 

The α-GalCer analogue OCH, for example, has a shortened sphingosine tail and 

shows a better defined cytokine pattern (21). It mainly activates the production of 

IL-4 and therefore promotes a Th 2 environment. In 2006 an α-GalCer analogue 

was described, in which the C26 N-fatty acyl tail was replaced by a C8 N-fatty acyl 

tail and a terminal benzene. The interactions formed between the aromatic 

substituent of the glycolipid and aromatic CD1d side-chain residues contribute 

additional stability to the complex (22). The new molecule altered the cytokine 

profile towards Th1 and showed a significantly higher anticancer efficacy than α-

GalCer (23). This is ascribed to an improved stability of the ceramide/CD1d 

complex which could potentially enhance the Th1 response by a prolonged NKT 

cell stimulation (24). Here we investigate the N-(5-parabiphenylpentanoyl) 

analogue (α-C-diPheGalCer), of α-C-galactosylceramide (α-C-GalCer), that was 

synthesized by the group of P. Wipf at the University of Pittsburgh (unpublished 

data). 

A second aim of this study was the investigation of a novel mode of application of 

CD1d ligands. We made use of biodegradable poly(lactide-co-glycolide) (PLGA) 

microspheres (MS), a powerful tool to target APCs in vivo and induce substantial 

CTL responses as well as striking tumor regression (25, 26). PLGA is a well-
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defined polymer, which is approved for clinical use e.g., for surgical sutures or 

implants. It is known to protect its contents from degradation and thus forms a long 

lasting depot in vivo (27). Since it is known, that repeated injection of CD1d 

ligands lead to anergy of iNKT cells resulting in the production of IL-4 alone (28), 

we wanted to elucidate, whether a depot of a strong Th2 polarizing agent would 

further improve its performance. 

 

Materials and methods 

Glycolipids: α-GalCer [(2S,3S,4R)-1-O-(a-D-galactopyranosyl)-2-(N-

hexacosanoylamino)-1,3,4-octadecanetriol] was synthesized according to (29) and 

was provided by Prof. R Schmidt (University of Konstanz). 

The α-C-GalCer analogue α-C-diPheGalCer [(3S,4S,5R)-1-(a-D-

galactopyranosyl)-3-(N-5-parabiphenylpentanoyl)] was synthesized and provided 

by P. Wipf (University of Pittsburgh). All glycolipids were dissolved in dimethyl 

sulfoxide (DMSO) (0,5 mg/ml) and diluted in PBS immediately before i.v. injection. 

 
Mice: C57BL/6 mice (H-2b) were originally purchased from Charles River 

Laboratories. All mice were kept in a specific pathogen-free facility and used age 

and sex matched at 6–10 wk of age. Animal experiments were approved by the 

review board of the Regierungspräsidium Freiburg, Germany. 

 
ELISA: For the IFN-γ and IL-4 cytokine determination, the corresponding BD-

ELISA Kit (BD OptEIATM, BD Bioscience) was used, following the manufacturer’s 

instructions. Absorbance at 450-570 nm was measured, using a SpectrafluorPlus 

plate reader (Tecan). 

 
Quantitative real-time RT-PCR: Real-time RT-PCR was used to quantify 

transcription factor expression levels in CD4+ mouse splenocytes. Total RNA was 

extracted from magnetically sorted (CD4 T cell isolation kit, mouse; Miltenyi 

Biotec) CD4+ splenocytes using a NucleoSpin® RNA II extraction kit (Macherey-

Nagel). 1 µg of total RNA was reverse-transcribed using oligo(dT) primers or 18S 

rRNA RT primers (5’-GAGCTGGAATTACCGCT-3’) and the reverse transcription 

system (Promega). Quantitative PCR was performed with the LightCycler® 

instrument (Roche Applied Science) using the LightCycler® Fast Start DNA 
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Master SYBR Green I reaction mix (Roche Applied Science) with the following 

primers: GATA-3 specific forward (5’-CTGGAGGAGGAACGCTAATG-3’); GATA-3 

specific reverse (5’-AGATGTGGCTCAGGGATGAC-3’) and T-bet specific forward 

(5’-GGACCCAACTGTCAACTGCT-3’); T-bet specific reverse (5’- 

AACTGTGTTCCCGAGGTGTC-3’). Mouse 18S was used as a reference gene 

with the following primers. 18S rRNA forward (5’-

GAGGTAGTGACGAAAAATAACAAT-3’) and 18S rRNA reverse (5'-

TTGCCCTCCAATGGATCCT-3'9. Primers were purchased from Microsynth 

(Balgach, CH). 

 
Intracellular cytokine staining (ICS): Splenocytes were isolated and 

restimulated with or without 10 µM SIINFEKL peptide (Eurogentec, Cologne, 

Germany) in the presence of brefeldin A (10 µg/ml, Sigma-Aldrich) for 5 h at 37°C. 

Subsequently, cells were stained with anti-mouse-CD8α-PE-Cy5 antibody (BD 

Biosciences Pharmingen, Clone 53-6.7) for 20 min at 4 °C. After fixation with 4% 

paraformaldehyde in PBS for 10 min at room temperature, cells were labeled 

intracellularly with rat-anti-IFN-γ-FITC antibody (clone XGM1.2, diluted in PBS/0.1 

% Saponin) at 4°C overnight. The next day, cells were analyzed by flow cytometry. 

Background levels of each sample (without restimulation) were subtracted. 

 
Preparation of PLGA-microspheres: Microspheres (MS) were prepared from 

14 kDa poly(D,L-lactide-co-glycolide) (PLGA) 50:50 carrying hydroxyl- and 

carboxyl-end groups (Resomer RG502H, Boehringer Ingelheim, Ingelheim, 

Germany) by spray drying. Briefly, 50 mg ovalbumin (Grade V, Sigma) and 5 mg 

CpG oligodeoxynucleotides with a phosphothioate backbone (CpG-ODN 1826, 

Microsynth, Balgach, Switzerland) or 0,5 mg polyI:C (Calbiochem, VWR, Dietikon, 

Switzerland) (MS polyI:C) were dissolved in 0.5 ml 0.1M NaHCO3 (aqueous 

phase) and mixed with 1 g of PLGA dissolved in 20 ml of dichloromethane 

(organic phase). Optionally 0.5mg α-C-diPheGalCer was dissolved in 160 µl 

methanol / chloroform (MS-α-C-diPheGalCer) and mixed with 1 g of PLGA 

dissolved in 20 ml of dichloromethane. The two phases were subsequently 

emulsified by ultrasonication (Hielscher, UP200 H, Ampl. 40%) for 10 s on ice. The 

obtained dispersion was immediately spray-dried (Büchi, Mini Spray-Dryer 191) at 

a flow rate of 2 ml/min and inlet/outlet temperatures of 40/37 °C. The obtained MS 

were washed out of the spray-dryer’s cyclone with 0.05 % Synperonic 
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(Synperonic®F68, Serva Electrophoresis GmbH, Heidelberg, Germany), collected 

on a cellulose acetate membrane filter and dried under reduced pressure (20 

mbar) for 18 h at room temperature. PLGA-MS were stored at 4°C. Immediately 

before use MS were dispersed in PBS by ultrasonication for 30 sec. 

5 mg MS-Ova/CpG (containing 250 µg Ova, 25 µg CpG-ODN) and 5 mg MS-

polyI:C (containing 2,5 µg polyI:C) (MS mix) or 4 mg MS-α-C-diPheGalCer 

(containing 2 µg MS-α-C-diPheGalCer) were injected in PBS s.c. at the base of 

the tail. 

 
DSS-induced colitis: Mice were treated with a 2,2 % solution of dextrane 

sulfate sodium salt (DSS, MP Biomedicals, Solon, Ohio, USA) ad libitum via the 

drinking water for five days. At day four mice were inoculated with α-C-

diPheGalCer either encapsulated into PLGA-MS s.c. or dissolved in PBS i.v.. 

Control groups were treated with the corresponding volumes of DMSO in PBS. 

The percentage of body weight loss was calculated as following: (((body weight at 

day x) X 100)) / (body weight at day 0))-100. 

 
DNFB induced contact hypersensitivity: Contact hypersensitivity (CHS) was 

induced as described in reference (30). Briefly, mice were sensitized with 5 µl of a 

1 % solution of 2,4-dinitrofluorobenzene (DNFB; Sigma) in acetone:olive oil (4:1) 

epicutanously on the left ear. Five days later the right ear was challenged with 5 µl 

of a 1 % solution DNFB in acetone:olive oil (4:1) and after 24 hours ear swelling 

was assed with a micrometer. 

 
Low-dose streptozotocin induced diabetes: Male mice were treated daily 

with 40 mg/kg streptozotocin (STZ; Sigma) in freshly prepared Na-Citrate buffer 

(0,1M) i.p. for 5 days. On day four mice were injected with α-C-diPheGalCer either 

encapsulated into PLGA-MS (s.c.) or dissolved in PBS (i.v.). Control groups were 

treated with the corresponding volumes of DMSO in PBS. Blood glucose levels 

were monitored using a blood glucose analyzer (Contour, Bayer). Increase in 

blood glucose level on day 7 and day 9 was calculated as follows: (blood glucose 

level on day x) - (blood glucose level on day 0). 

 
Propidium Iodide (PI) / AnnexinV staining: Splenocytes were incubated in 

medium containing increasing doses of α-C-diPheGalCer dissolved in DMSO or 
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with the same volume of DMSO. After 24 hours, cells were washed twice with cold 

PBS and resuspended in AnnexinV binding buffer (FITC AnnexinV Apoptosis 

Detection Kit I, BD Pharmingen). Cells were stained with PI and AnnexinV 

following the manufacturers protocol and analyzed by flow cytometry. AnnexinV+ 

cells were classified as apoptotic, cells that were AnnexinV+/PI+ were counted as 

dead cells. 

 

Results 

α-C-diPheGalCer was synthesized according to literature protocols (31) to give 

amino diol 1 (Figure 1). This intermediate served as the starting material for the 

synthesis of α-C-diPheGalCer as follows: Deprotection of the Boc group with HCl 

in dioxane, and coupling to 5-([1,1'-biphenyl]-4-yl)pentanoic acid to provide the 

desired N-acyl diPhe derivative in high yield. Benzyl protective groups were 

subsequently removed by H2/Pd, resulting in 2 (Figure 1). Detailed information of 

this synthesis and spectroscopic data will be published separately (J. Pierce and 

P. Wipf, unpublished). 

 
Figure 1: Synthesis of α-C-diPheGalCer. The synthesis started with an amino diol 1, 

representing an intermediate of the previously described α-C-GalCer synthesis (31). The Boc 

group was removed and replaced by 5-parabisphenyl acid to receive α-C-diPheGalCer 2. 

 

In an initial experiment we wanted to characterize the cytokine pattern, induced by 

a single i.v. injection of 2 µg α-C-diPheGalCer. We treated mice with 2 µg of either 

α-C-diPheGalCer (diPheGal) or 2 µg of α-GalCer (α-GalCer), both dissolved in 

DMSO (0,5 mg/ml) and diluted in PBS to a final concentration of 10 µg/ml. α-C-

diPheGalCer induced an initial burst of IL-4 release (figure 2; upper graph), 

peaking at 2 hours post injection. Compared to α-GalCer, α-C-diPheGalCer 

yielded lower quantities of IL-4, but in both cases IL-4 in the serum had vanished 

10 hours after injection. Interestingly, there was virtually no release of IFN-γ 

detected (figure 2; lower graph) after the injection of α-C-diPheGalCer. Unlike for 
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α-GalCer, where we found robust production of IFN-γ, which peaked 24 hours 

after injection and was still detectable after 48 hours. Thus, α-C-diPheGalCer 

shows a clear Th2 polarizing cytokine pattern, characterized by substantial 

amounts of early IL-4 in the absence of IFN-γ. 

 
Figure 2: Serum cytokine levels after injection of 2 µg α-C-diPheGalCer or α-GalCer. Mice 

(n=3) received i.v. injections of either α-C-diPheGalCer or α-GalCer. At indicated time point blood 

samples were taken and analyzed by standard sandwich ELISA for IL-4 (upper graph) and IFN-γ 

(lower graph). Mean values are given in ng/ml serum +/- SEM. The experiment was conducted 3 

times with the same outcome. One representative experiment is shown. 

 

To further strengthen the initial data on the Th2 polarizing capacity of α-C-

diPheGalCer we investigated the expression of the transcription factors GATA-3 

and T-bet upon treatment with α-C-diPheGalCer. Therefore we made use of the 

Th1 dependent murine disease model DSS-induced colitis. We induced colitis by 

feeding mice a 2,2 % DSS solution for five days and monitored weight loss until 

day 8. On day four, mice were treated with either 2 µg α-C-diPheGalCer 

(diPheGal) or with the vehicle alone. At day 8 the average weight loss of the 

vehicle treated groups ranged between 13,5 % to 14,5 % whereas the α-C-

diPheGalCer treated groups showed a decreased weight loss of about 8 % to 8,5 

%. Splenocytes of these mice where subsequently sorted for CD4+ lymphocytes, 

followed by RNA isolation. The real-time RT-PCR analysis, shown in figure 3, 
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revealed a significant reduction in the expression of T-bet in the α-C-diPheGalCer 

treated groups, whereas GATA-3 levels were not affected. This clearly indicates a 

shift Th1 vs. Th2 differentiation by α-C-diPheGalCer in favor of Th2. 

 
Figure 3: Quantification of GATA-3 and T-bet mRNA levels in colitic mice, treated with α-C-
diPheGalCer. Mice (n=9) were treated with 2,2 % DSS for a period of five days. On day four mice 

were treated either with 2 µg dissolved α-C-diPheGalCer in PBS (diPheGal) or with the vehicle 

alone (vehicle). At day 8 splenocytes were isolated and magnetically sorted for CD4+ lymphocytes. 

Expression levels of GATA-3 and T-bet mRNA were assessed by real-time PCR using SYBR 

GREEN technology. Mean values were normalized for 18S rRNA and are given in fold upregulation 

compared to a naïve mouse, +/- SEM. Real-time RT-PCR analysis was performed twice for each 

sample. The graph shows a compilation of three independent experiments with the same outcome. 

Differences between groups were assessed by an unpaired students t-test (p=0,0106) 

 

To further investigate the ameliorating effects of α-C-diPheGalCer in DSS induced 

colitis over a longer period, we again challenged mice for five days with a 2,2 % 

solution of DSS in drinking water. On day four, mice were treated with a single 

injection of either 2 µg of dissolved α-C-diPheGalCer in PBS i.v. (indicated as 

dissolved) or with 2 µg of PLGA-MS encapsulated α-C-diPheGalCer in PBS s.c. 

(indicated as encapsulated). Control animals were treated with corresponding 

volumes of DMSO in PBS (vehicle). The observed change in body weight is given 

in figure 4A as percentage of body weight change. 
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Figure 4: DSS-induced colitis. (A) Mice (n=25) were treated with 2,2 % DSS for a period of five 

days. On day four, mice were treated either with 2 µg dissolved α-C-diPheGalCer in PBS 

(dissolved; square), 2 µg encapsulated α-C-diPheGalCer (encapsulated; triangles) or DMSO in 

PBS (vehicle; circles). The body weight was assessed at indicated time points and body weight 

loss was calculated, which is given in percent body weight loss, +/- SEM. The graph shows a 

compilation of five independent experiments with similar results. Differences between groups were 

assessed by one-way analyses of variance (day 15: p=0,0165; day 17: p=0.0238). (B) Experiments 

were conducted as in (A). At day 11, mice (n=12) were sacrificed and colon length was measured. 

Values are given in colon length in cm, +/- SEM. The graph represents a compilation of 3 

independent experiments with similar results. Differences between groups were assessed by one-

way analyses of variance (p=0,0238). 

 

74 

A significant benefit of the treatment could be detected at day 15 and day 17. In 

general it could be stated, that a single injection of α-C-diPheGalCer applied early 

after onset of the disease lead to decreased body weight loss of the treated 

groups and to faster recovery compared to the vehicle treated group. This 

significant benefit is also reflected by the colon length of α-C-diPheGalCer treated 

animals 11 days after onset of the experiment (figure 4B). The excised colons, 

starting at the appendix, ending at the rectum, were measured with a ruler. Again it 

could be shown, that α-C-diPheGalCer treated mice significantly benefit from an 
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early injection. The reduction in colon length, indicating an ongoing inflammation, 

was clearly reduced in α-C-diPheGalCer treated groups compared to the vehicle 

treated groups. Encapsulation of α-C-diPheGalCer in PLGA-MS does not further 

improve the long-term outcome of the experiment, compared to soluble α-C-

diPheGalCer. 

Another model for Th1 driven autoimmunity is contact hypersensitivity (CHS). 

Here, we sensitized ears of mice with 5 µl NDFB (1 % in acetone : olive oil) and 

challenged the opposing ears after five days again with 5 µl DNFB (1 % in acetone 

: olive oil). Immediately after challenge, mice were treated with either 2 µg of 

dissolved α-C-diPheGalCer in PBS i.v. (indicated as dissolved), with 2 µg of 

encapsulated α-C-diPheGalCer in PBS s.c. (indicated as encapsulated) or with the 

vehicle alone (vehicle). 24 hours post challenge, the ear thickness was measured 

(figure 5). 

 
Figure 5: DNFB induced contact hypersensitivity. Mice (n=13) were sensitized at the left ear 

with 5 µl of a 1% DNFB in acetone:olive oil (4:1) mixture on day 0. Five days later, mice were 

challenged at the right ear with 5 µl of 1 % DNFB. Ear swelling, compared to the naive ear at day 0, 

was measured after 24 hours. Values are given as mean ear swelling in µm, +/- SEM. The graph 

represents a composition of 3 independent experiments with similar results. Differences between 

groups were assessed by one-way analyses of variance (p=0,0222). 

 
As shown in figure 5, significant differences between α-C-diPheGalCer treated 

groups and the vehicle treated group could be observed. Of note, there is a slight 

benefit for the group being treated with dissolved α-C-diPheGalCer i.v., compared 

to the group having received encapsulated α-C-diPheGalCer s.c.. 
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To further characterize the therapeutic potential of α-C-diPheGalCer in Th1 driven 

autoimmunity, we treated mice with low-dose streptozotocin (STZ) i.p. for 5 five 

days. STZ is a sugar analog which is taken up by pancreatic Langerhans-islet cells 

causing apoptosis. The reduced number of insulin secreting cells leads to diabetic 

blood glucose level. On day four, mice were immunized with either 2 µg of 

dissolved α-C-diPheGalCer in PBS i.v. (indicated as dissolved), with 2 µg of 

PLGA-MS encapsulated α-C-diPheGalCer in PBS s.c. (indicated as 

encapsulated), or with the vehicle alone (vehicle). Every two to three days, blood 

was analyzed for glucose levels. Figure 6 shows a kinetic of the blood glucose 

levels in mg glucose per dl blood. In line with the other models we have used, 

early treatment with α-C-diPheGalCer resulted in a significant reduction in the 

susceptibility to develop diabetes. For later time points an additional benefit for the 

group with encapsulated α-C-diPheGalCer can be seen, compared to the group 

being treated with soluble α-C-diPheGalCer. 

 
Figure 6: Low-dose streptozotocin induced diabetes. (A) Mice (n=15) were treated daily with 40 

mg streptozotocin / kg bodyweight i.p. for a period of five days. On day four, mice were treated 

either with 2 µg of soluble α-C-diPheGalCer in PBS (dissolved; square), 2 µg of encapsulated α-C-

diPheGalCer (encapsulated; triangles) or DMSO in PBS (vehicle; circles). Blood glucose levels 

were measured at indicated time points and are given in mg glucose / dl blood, +/- SEM. The graph 

shows a composition of three independent experiments with similar results. Differences between 

groups were assessed by one-way analyses of variance (day 7: p=0,0071; day 11: p=0.0025) (B) 

Increase of blood glucose levels was calculated for the same mice as in (A) for day 7 and day 9. 

Values are given in increase in blood glucose levels compared to day 0, +/- SEM. The graph 

represents a composition of 3 independent experiments with similar results. Differences between 

groups were assessed by one-way analyses of variance (day 7: p=0,0082). 

 

In order to further characterize our new compound we investigated the in vitro 

toxicity of α-C-diPheGalCer on primary cells. To this aim, splenocytes of naïve 
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mice were co-incubated with increasing doses of dissolved α-C-diPheGalCer or 

corresponding volumes of DMSO for 24 hours. After 24 hours the percentage of 

dead cells was assessed by PI/AnnexinV staining and analyzed by flow cytometry. 

Furthermore, the viable lymphocyte population was assessed by FSC/SSC gating. 

As figure 6 shows, α-C-diPheGalCer itself cannot be claimed to cause cell death, 

since the detected cell death is also apparent in the vehicle control curve. Only 

minor differences could be detected, implying a vehicle mediated toxicity. Hence, 

α-C-diPheGalCer shows no signs of toxicity in the concentration, used in our 

studies.  

 
Figure 7: In vitro toxicity of α-C-diPheGalCer: Splenocytes of a naïve mouse were incubated in 

medium, containing increasing doses of α-C-diPheGalCer dissolved in DMSO (black) or 

corresponding volumes of DMSO (gray). After 24 hours, cells were stained for PI/AnnexinV and cell 

death was analyzed by flow cytometry. Values are given in percent total dead cells (circles) or % 

living lymphocytes (squares), +/- SEM. The graph shows a compilation of three independent 

experiments with similar outcome. 

 

Furthermore, we conducted in vivo toxicity studies, in order to test toxicity of α-C-

diPheGalCer in the spleens of mice treated with 2 µg of α-C-diPheGalCer i.v.. 24 

hours after injection we could not detect any reduction of CD4+, CD8+, NK1.1+ or 

CD11c+ splenocytes, compared to naïve mice (data not shown). In none of the 

experiments, the injection of α-C-diPheGalCer had any visible, adverse effects on 

the mice referring to fitness or health. 

Studies with α-GalCer or α-C-GalCer showed, that under certain conditions, a co-

injection of these ceramides can stimulate robust CTL responses (32). In contrast 

to that we could show in chapter III (figure 4) that a co-injection of α-GalCer or α-

C-GalCer leads to a clear reduction of the CTL response. In order to investigate, 

whether this effect can be seen for α-C-diPheGalCer as well, we co-injected a 
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mixture of PLGA-MS, containing either ovalbumin/CpG or polyI:C (MS mix) 

together with either encapsulated α-C-diPheGalCer s.c. or dissolved α-C-

diPheGalCer i.v.. At day 6 after immunization splenocytes were analyzed for 

SIINFEKL specific CTL response (figure 8). Interestingly, i.v. administration of α-C-

diPheGalCer significantly enhanced the number of SIINFEKL specific CD8+/IFN-γ+ 

lymphocytes, whereas a s.c. co-injection of encapsulated α-C-diPheGalCer did 

not. 

 
Figure 8: Co-injection of dissolved or encapsulated α-C-diPheGalCer with a mixture of 
PLGA-MS containing ovalbumin and CpG or polyI:C. Mice (n=12 for group MS mix and MS mix 

+ diPheGal; n=9 for MS mix + MS-diPheGal) were immunized with a mixture of PLGA-MS 

containing either ovalbumin and CpG or polyI:C (MS mix), MS mix plus 2 µg dissolved α-C-

diPheGalCer in PBS (MS mix + diPheGal) or with MS mix and 2 µg encapsulated α-C-diPheGalCer 

(MS mix + MS-diPheGal). On day six after immunization mice were sacrificed and homogenized 

splenocytes were analyzed for CD8+/IFN-γ+ cells by flow cytometry. Values are given in percent 

SIINFEKL specific CD8+/IFN-γ+ splenocytes, +/- SEM. Background values (not restimulated) were 

subtracted. The graph shows a composition of 4 independent experiments with comparable results. 

Differences between groups were assessed by an unpaired students t-test (p=0,0216). 
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Discussion 

Treatment of autoimmune diseases with ligands for CD1d has been a rapidly 

growing field. The finding that a new analogue of α-GalCer induces IL-4 but only 

little IFN-γ raised our interest to exploit α-C-diPheGalCer for the treatment of Th1 

dependent autoimmunity. The new compound OCH was effective in the therapy of 

EAE (21), experimental colitis (8), collagen induced arthritis (CIA) (33), or type I 

diabetes (T1D) in NOD mice (34). Here we investigated a substance, namely α-C-

diPheGalCer, that induces a Th2 but not a Th1 cytokine pattern. The absence of 

IFN-γ in the serum of α-C-diPheGalCer treated mice (figure 2) in combination with 

the down regulation of the transcription factor T-bet in α-C-diPheGalCer treated 

mice, suffering from colitis (figure 3), can be evidenced as the bias for Th2 

differenciation. 

The efficacy of α-C-diPheGalCer in activation of NKT cells, calls for the necessity 

to investigate the toxicity of this new substance. Our first data indicate only minor 

toxicity of the substance in vivo, as it did not affect the numbers of CD4, CD8, 

NK1.1 or CD11c positive splenocytes 24 hours after injection of α-C-diPheGalCer 

i.v. (data not shown), or in vitro (figure 7). Undesired cytotoxic effects of the 

substance are most likely due to the used vehicle. DMSO possesses a great 

potential as a solvent for ceramides and is widely used in the field. Chemical 

studies about α-C-diPheGalCer revealed that it can be dissolved in a 1 : 1 (v/v) 

ethanol : DMSO mixture in a concentration of <1 mg / ml. A vehicle of a 1 : 1 (v/v) 

mixture of ethanol : DMSO is approved for clinical use and therefore the solution of 

0,5 mg α-C-diPheGalCer per ml ethanol:DMSO could be used in clinical trials. 

In order to characterize the new substance in in vivo autoimmune disease models, 

we conducted experiments using DSS as an inducer of experimental colitis in 

mice. Our experiments show that an early injection of α-C-diPheGalCer is 

significantly reducing the symptoms of the induced disease, as revealed by a 

reduced weight loss and accelerated recovery (figure 4). It has been shown for α-

GalCer that similar effects in EAE are dependent on IL-4 and IL-10 release or, in 

general, a reduced inflammatory cytokine environment (35). Comparable results 

could be achieved using OCH in T1D (34) and for EAE (35). In all cases there was 

a clear dependency on NKT cells, which could be convincingly demonstrated in 

NKT cell deficient mice. This is, most likely, also true for α-C-diPheGalCer, but this 

remains to be experimentally investigated. The need for an early modulation of the 
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cytokine environment also is consistent with our finding that the encapsulation of 

α-C-diPheGalCer did not yield a better protection in the investigated models for 

colitis and diabetis. The slow release profile of PLGA-MS seems not to be needed 

to exert protection. 

Another model we investigated is CHS. It is assumed, that CD4+ and CD8+ T cell 

responses emerge 24 hours post challenge with DNFB, in which CD8+ T cells 

were shown to have effector functions and CD4+ T cells appear to be regulatory 

(36). As a consequence, α-C-diPheGalCer must be available immediately in order 

to show an alleviative effect in CHS. This is consistent with our data that show a 

slight benefit for dissolved α-C-diPheGalCer compared to encapsulated α-C-

diPheGalCer (figure 5). Release studies with PLGA-MS showed that within 24 

hours approximately 20 % of their content has been released (37). This might not 

be sufficient to stimulate NKT cells effectively. Consequently the PLGA-MS must 

have been taken up and processed by DCs very effectively in order to account for 

the therapeutic benefit that is still obvious. 

Interestingly, co-injection of encapsulated α-C-diPheGalCer has no beneficial 

effect on the CTL response. In contrast, dissolved α-C-diPheGalCer increased the 

CTL responses, when injected i.v., simultaneously to the s.c. injection of a MS-

Ova/CpG / MS-polyI:C mixture (figure 8). Although this effect is not understood, it 

might represent an interesting strategy to promote CTL responses in anti-tumor 

immunizations. 

Taken together, we think that the new compound deserves to be tested in further 

experimental models of autoimmune disease. So far we could show that α-C-

diPheGalCer is highly effective in polarizing the cytokine environment towards 

Th2, it is effective at a dose which entails no obvious toxicity and thereby provides 

an excellent platform for further therapeutic development. 
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Abstract 

The success of an immunotherpeutic approach is dependent on several factors, 

for example the immunological status of the patient, the carrier system, the antigen 

and the immunostimulatory adjuvants. We have established a well characterized 

carrier system, which can be used to microencapsulate several Toll like receptor 

ligands, in our case CpG oligodeoxynucleotides (CpG-ODN) and polyI:C. 

Biodegradable poly(lactide-co-glycolide) (PLGA) microspheres (MS) represent a 

potent carrier system which is very effective in tumor immunotherapy in mice 

(Chapter II). The choice of the antigen is a more complex issue. So far, we have 

worked with ovalbumin, a well studied model antigen, with a variety of tumor 

models and well established read out systems. Here we tested our approach in a 

more physiological model by using tumor lysate. Although cell lysate cannot be 

easily characterized and is scantly defined, the clinical availability is a clear 

advantage. Here we show, that PLGA-MS loaded with tumor cell line derived 

lysates and CpG-ODN, mixed with PLGA-MS containing polyI:C elicits ex vivo 

detectable CTL responses and show anti tumor activity in tumor bearing mice. 

 

Introduction 

Prostate cancer is one of the most common cancers in men beyond 60 years of 

age. In about 80 % of all men above 70 years of age, at least latent prostate 

tumors could be detected in situ (1). The survival of patients diagnosed with 

prostate cancer is about 80-90 % if the tumor is limited to the prostate gland itself, 

but only 30 % for metastatic tumors. Diagnosis of prostate cancer is reliant on the 

Gleason score, prostate specific antigen (PSA) levels or the level of early prostate 

cancer antigen - 2 (EPCA-2). Modern standard therapy for tumors of the prostate 

include radical surgery, radio therapy, or hormone ablation therapy. At least in 

some cases, hormone therapy decelerates progression or accounts for stable 

disease. Unfortunately, incidences of hormone resistance almost always appear 

after several months of hormone ablation therapy (2). Cryo-conservation of the 

removed primary tumor can be used for saving patient specific antigenic material 

for lysate preparation in cases of recurrence. 
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for the SV40 large T antigen under the control of the rat probasin regulatory 

element (3). They remain healthy until puberty (week 4 to 5), but during the 

following weeks all TRAMP mice progressively develop prostate intraepithelial 

neoplasia, with documented progression to invasive carcinoma of epithelial origin 

and metastasis (4), closely resembling the human pathology (5). 

It has been shown that biodegradable poly(lactide-co-glycolide) (PLGA) 

microspheres (MS) bearing encapsulated antigens are taken up by dendritic cells 

very efficiently in vitro and in vivo. Furthermore, it is known that the encapsulation 

of an antigen into PLGA-MS protects the antigen from degradation and provides a 

long lasting depot for sustained and prolonged immune responses in vivo (6-8). 

The particle size of PLGA-MS obtained by spray-drying is about 1-10 µm, which 

facilitates the uptake of antigens by APCs (9), followed by transport to the 

secondary lymphoid organs (10). We and others could show that vaccination 

approaches involving the co-encapsulation of the model antigen ovalbumin (ova) 

and CpG oligodeoxynucleotides (ODN) yield substantial cytotoxic T lymphocyte 

(CTL) responses as well as striking anti tumor responses (11, 12). These are 

excellent prerequisites for efficient in vivo loading of professional antigen 

presenting cells (APC) and thus for the priming of CTL mediated anti tumor 

responses. 

In 2007 it was shown, that encapsulation of tumor cell lysate and subsequent 

injection leads to delayed tumor occurrence, even without the usage of any 

immunostimulatory adjuvant (13). Other laboratories could show that 

encapsulation of endogenous antigens can break tolerance (14) and that co-

encapsulated tumor lysates with CpG-ODN lead to impaired tumor growth in mice 

(15). We could further improve this system by adding a second Toll like receptor 

(TLR) ligand, separately encapsulated. This has been shown to influence DCs in 

terms of T helper (Th) cell response polarization (16). 

In chapter II we have shown that PLGA-MS as a delivery system is at least as 

potent as IFA, which has been used in clinical trials with melanoma patients (17). 

Furthermore, the spray-drying-technique is rapid, highly reproducible and easy to 

scale up. Therefore, a clinical trial using PLGA-MS encapsulated tumor lysate in 

combination with two encapsulated TLR ligands might be a suitable and feasible 

approach for clinical use. 
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Material and methods 

Preparation of MS: MS were prepared from 14 kDa PLGA 50:50 carrying 

hydroxyl and carboxyl-end groups (Resomer RG502H, Boehringer Ingelheim, 

Ingelheim, Germany). The tumor cell line lysate and TLR ligands were 

microencapsulated by spray drying. Lysate of ~ 1x108 TrampC2 cells (in 0.75 ml 

0.1M NaHCO3) stably transfected with full-length cytosolic ovalbumin (figures 2 

and 3) or EG-7 cell lysate (figure 4), and 5 mg CpG oligodeoxynucleotides with a 

phosphothioate backbone (CpG-ODN 1826, Microsynth, Balgach, Switzerland) 

dissolved in 0.25 ml 0.1M NaHCO3 (MS Lysate/CpG) or 0,5 mg polyI:C 

(Calbiochem, VWR, Dietikon, Switzerland) dissolved in 0.5 ml 0.1M NaHCO3 (MS 

polyI:C) (aqueous phase) were mixed with 1 g of PLGA dissolved in 20 ml of 

dichloromethane (organic phase). Alternatively the aqueous phase contained 50 

mg ovalbumin (Grade V, Sigma) and 5 mg CpG (MS-Ova/CpG).  

The two phases were subsequently emulsified by ultrasonication (Hielscher, 

UP200 H, Ampl. 40%) for 10 s on ice. The obtained dispersion was immediately 

spray-dried (Büchi, Mini Spray-Dryer 191) at a flow rate of 2 ml/min and inlet/outlet 

temperatures of 40/37 °C. The obtained MS were washed out of the spray-dryer’s 

cyclone with 0.05 % Synperonic (Synperonic®F68, Serva Electrophoresis GmbH, 

Heidelberg, Germany), collected on a cellulose acetate membrane filter and dried 

under reduced pressure (20 mbar) for 18 h at room temperature. PLGA-MS were 

stored at 4°C. Immediately before use MS were dispersed in PBS by 

ultrasonication for 30 sec. 

γ-Irradiation of PLGA-MS with a dosage of 25 kGy was performed by the company 

Gamma-Service (Radeberg, Germany). 

 

Mice and immunizations: C57BL/6 mice (H-2b) and TRAMP mice (3) were 

originally purchased from Jackson Laboratories. All mice were kept in a specific 

pathogen-free facility and used at 6–10 wk of age if not other information is 

provided. Animal experiments were approved by the review board of the 

Regierungspräsidium Freiburg. Mice were immunized with a mixture of 5 mg MS-

Ova/CpG or MS-Lysate/CpG together with 5 mg MS-polyI:C. Control mice were 

treated with empty microspheres (empty) or left untreated (naïve). All injections 

were performed in a total volume of 200µl s.c. at the base of the tail. 
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Cell lines and media: EL-4 thymoma cells and the ovalbumin expressing 

transfectant EG-7 were kindly provided by Dr. Wolfram Osen (DKFZ Heidelberg, 

Germany) and kept in RPMI medium. Media were purchased from Invitrogen Life 

Technologies and contained GlutaMAX, 10% Fetal Calf Serum, and 100U/ml 

penicillin/streptomycin. For the clone Vf10, TrampC2 cells (provided by Dr. Peter 

Öhlschläger; Univerity of Konstanz, Germany) were transfected with a plasmid 

encoding for full-length, cytosolic ovalbumin. Vf10 cells were kept in DMEM (-

Pyruvate), complemented with 5 % FCS, 5 % Nu-serum (BD Biosciences), 5µg/ml 

Insulin (Sigma), 10-8 M dihydrotestosterone (DTH, Sigma)) and 1% P/S. To 

maintain the expression of ovalbumin in EG-7, MO-5 and Vf10 cells the media 

contained geneticin (G418; Sigma) (0,2 mg/ml). 

 

Intracellular cytokine staining: For intracellular cytokine staining (ICS), mice 

were immunized with PLGA-MS s.c. at the base of the tail. Six days later, 

splenocytes were isolated and incubated with or without 10 µM SIINFEKL peptide 

(Eurogentec, Cologne, Germany) in the presence of brefeldin A (10 µg/ml, Sigma-

Aldrich) for 5 h at 37°C. After washing, cells were stained with PE-Cy5-conjugated 

anti-mouse CD8α antibody (BD Biosciences Pharmingen, Clone 53-6.7) for 20 min 

at 4°C. The cells were washed again and fixed with 4% paraformaldehyde in PBS 

for 10 min at room temperature. After washing the cells twice with PBS, cells were 

labeled intracellularly with FITC-conjugated rat-anti-IFN-γ antibody (clone XGM1.2, 

diluted in PBS/0.1% Saponin) at 4°C overnight. The next day, cells were washed 

and resuspended in PBS for flow cytometry. Background values for each sample 

(without peptide) were subtracted. 

Data were acquired using a FACScan flow cytometer (BD Biosciences) and 

analyzed with FlowJo software (Treestar). 

 
Ex vivo cytotoxicity assay: For measurement of ex vivo cytolytic activity a 

time-resolved fluorometric assay was used. C57BL/6 mice or TRAMP mice were 

immunized with PLGA-MS. At the indicated time points splenocytes or blood 

lymphocytes were isolated and used as effectors in a primary cytotoxicity assay as 

previously described (18) using DELFIA® EuTDA cytotoxicity reagents 

(PerkinElmer). 
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Briefly, 5x104 Vf10 cells served as target cells and were labeled with BaTDA. After 

4 h of coincubation, supernatants were mixed with Europium solution for 1 h and 

subsequently measured at excitation/emission 340/615 nm and a lag time of 200 

nsec. Specific cytolysis was calculated as follows: [(counts for immunized mouse - 

counts for naïve mouse) * 100)] / (counts for total lyses). 

 
Therapeutic EG-7 tumor setting: C57BL/6 mice were challenged with 5x105 

EG-7 tumor cells in PBS, s.c. at the right flank. As soon as tumors were palpable, 

treatment with PLGA-MS was initiated. Subsequently, tumor growth and survival 

was monitored. Tumor sizes were measured daily until they reached 15mm in 

mean size of 2 orthogonal measurements. If this abort criterion was fulfilled, mice 

were sacrificed. 

 

Results 

A central parameter for all vaccine formulations is, whether production under 

sterile conditions is possible. Since production of clinical grade, sterile PLGA-MS 

would require a sterile GMP facility not frequently accessible, we decided to γ-

irradiate PLGA-MS. In order to elucidate, whether γ-irradiation affects the 

immunostimulatory properties of PLGA-MS we immunized C57BL/6 mice (n=3) 

with γ-irradiated or non-sterile MS-Ova/CpG in combination with MS-polyI:C and 

performed an ICS for IFN-γ, six days post injection. As shown in figure 1, we could 

not detect a significant influence of γ-irradiation on PLGA-MS. 

 
Figure 1: γ-irradiation of PLGA-MS does not alter the outcome of CTL-targeted 
immunization: Mice (n=3) were immunized with 5 mg MS containing Ova/CpG in combination with 

5 mg MS-polyI:C, either γ-irradiated with a dosage 25 kGy (sterile) or not sterilized (not sterile). Six 

days after immunization an ICS for IFN-γ was performed to monitor the success of the 

immunization. Values are given in percent CD8+ / IFN-γ+ lymphocytes, +/- SEM. No significant 
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difference could be observed. The experiment was conducted three times, with similar results. One 

representative experiment is shown. 

 

In an initial experiment, we established an appropriate read out system for this 

new approach in our laboratory. We immunized C57BL/6 mice with MS containing 

either Ova/CpG (gray line; MS-Ova/CpG) or Lysate/CpG (black line; MS-

Lysate/CpG) in combination with MS-polyI:C. After six days we performed a 

DELFIA® EuTDA cytotoxicity assay, using splenocytes derived from the immunized 

mice as effector cells and ovalbumin transfected TrampC2 cells (clone Vf10) as 

target cells. As figure 2A shows, splenocytes from both groups were potent in 

killing Vf10 target cells directly ex vivo in a 4 hour assay. As shown in figure 2B 

this potential for killing BaTDA labeled target cells lasted for at least 14 days after 

immunization. On day 21 cytotoxic activity was detected only at the highest 

effector to target ratio. The group, which was immunized 14 days prior to the 

assay showed substantial killing for effector to target ratios of 100:1 and 50:1, but 

not for 25:1, the lowest effector to target ratio used. Immunization 6 days prior to 

the assay reproduced well the data obtained in figure 2A. 

 
Figure 2: Ex vivo cytotoxicity of C57BL/6 derived splenocytes after immunization with MS-
Lysate/CpG and MS-polyI:C: A) C57BL/6 mice (n=2) were immunized with 5 mg MS-polyI:C and 

either 5 mg MS-Lysate/CpG (MS-Lysate/CpG) or with 5 mg MS-Ova/CpG (MS-Ova/CpG). At day 

six post immunization, splenocytes were monitored for ex vivo cytotoxicity in a DELFIA® EuTDA 

cytotoxicity assay. Values are given in percent specific killing of 5x104 Vf10 target cells for the 

indicated effector to target ratios. The graph shows a summary of three independent experiments 

with the same outcome. B) C57BL/6 mice (n=2) were immunized with 5 mg MS-polyI:C and 5 mg 

MS-Lysate/CpG. At day six (black circles, solid line), at day 14 (black triangle, dotted line) and at 

day 21 (black square) after immunization, splenocytes were monitored for ex vivo cytotoxicity in a 

DELFIA® EuTDA cytotoxicity assay. Values are given in percent specific killing of 5x104 Vf10 target 

cells for the indicated effector to target ratios. The graph shows a summary of three independent 

experiments with the same outcome. 
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Figure 3 shows an initial experiment using TRAMP mice. Mice were primed at 10 

weeks of age and boosted after 4 weeks with MS containing Lysate/CpG in 

combination with MS-polyI:C. Six days after the primary immunization (black 

squares; solid line) and the booster immunization (black triangles; solid line), blood 

was drawn and blood derived lymphocytes were analyzed in an ex vivo DELFIA® 

EuTDA cytotoxicity assay. As graph 3A shows, specific killing of 5x104 Vf10 target 

cells was generally low but well detectable after the boost. Given that the assay 

was performed directly ex vivo without any restimulation we decided to choose 

another read out for this challenging model. The same mice were sacrificed, 

without any further treatment, and at an age of 20 weeks. The prostatic tissue was 

excised and weight. As shown in figure 3B we could not detect any significant 

difference between TRAMP mice treated with empty MS (empty MS) or MS 

Lysate/CpG in combination with MS-polyI:C treated mice (MS-Lysate /CpG). A 

naïve C57BL/6 is given as a reference. The graph shows a composition of 5 

individual mice per group, equally treated, starting at 10 weeks of age and ending 

at 20 weeks of age. One mouse of the MS-Lysate /CpG group had to be killed at 

an age of 16 weeks due to poor health conditions (zoonosis, reduced food uptake 

and lethargy). 

 
Figure 3: Anti tumor response after homologous prime-boost immunization with MS-
Lysate/CpG and MS-polyI:C: A) TRAMP mice were immunized twice with 5 mg MS-polyI:C and 5 

mg MS-Lysate/CpG in an interval of four weeks. Six days after each immunization blood 

lymphocytes were analyzed for ex vivo cytotoxicity in a DELFIA® EuTDA cytotoxicity assay. Values 

are shown for the primary immunization (squares) and for the booster immunization (triangles) at 

different effector to target ratios in % specific killing of 5x104 TrampC2 target cells. The graph 

shows a single experiment using four independently treated TRAMP mice, starting therapy at the 

age of 10 weeks. B) Mice from experiment A) were sacrificed at an age of 20 weeks and prostatic 

tissue was excised (MS-Lysate/CpG). Prostatic tissue was defined as the glandula vesiculosa, the 

glandula ampullaris, the pars anterior prostatae, the pars ventralis prostatae as well as the pars 
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dorsalis prostatae. As a reference the prostatic tissue weight of a C57BL/6 at an age of 20 weeks is 

given as well in mg prostatic tissue weight. Similar to the mice in experiment A) a control group 

(n=5) was treated with empty MS twice, in an interval of four weeks, starting at the age of 10 weeks 

(empty MS). 

 

A parallel experiment to proof the principle working-hypothesis, that using tumor 

lysate as an antigen in PLGA-MS is an appropriate tumor associated antigen in 

immunotherapy of prostate tumors, we inoculated C57BL/6 mice with 5x105 EG-7 

tumor cells, s.c. at the right flank. As soon as palpable tumors occurred we started 

treatment with either MS containing Ova/CpG (gray line; MS-Ova/CpG) or 

Lysate/CpG (black line; MS-EG-7Lysate/CpG) in combination with MS-polyI:C. A 

group of mice, treated with empty MS served as a control. Mice were killed if the 

tumors size exceeded a mean size of 15 mm in two orthogonal measurements. 

Figure 4 shows the % survival of a representative experiment. The experiment 

was conducted three times with similar results. 

 
Figure 4: MS-Lysate/CpG mediated anti tumor response to solid, subcutaneous EG-7 
tumors: C57BL/6 mice (n=5) were challenged with 5x105 EG-7 cells s.c. at the right flank. As soon 

as palpable tumors occurred, mice were immunized with 5 mg MS-polyI:C and either 5 mg MS-EG-

7Lysate/CpG (MS-Lysate/CpG) or 5 mg MS-Ova/CpG (MS-Ova/CpG). The control group was 

immunized with 5 mg empty MS. Mice were sacrificed when the mean tumor size, assed by two 

orthogonal measurements, exceeded 15 mm. Values are given in percent survival. The graph 

represents one out of three experiments with similar results. 
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Discussion 

The availability of tumor-associated antigens (TAA) is a general problem in 

immunotherapy, regardless whether ex vivo pulsed DCs are used, if the approach 

is based on the transfer of autologous T cells or on in vivo loading of APCs. On the 

one hand, a tumor specific antigen is needed, on the other hand, the TAA needs to 

be available in substantial amounts. For peptides this is rather easy, since they 

can be synthetically synthesized in large amounts. The backside of the coin is that 

costs are immense and tumors might evolve to be resistant by down-regulating the 

expression of the protein from which the peptide stems (19, 20). Furthermore, 

peptides are restricted to certain MHC haplotypes, narrowing the pool of putative 

patients immensely. If the TAA is a whole protein, the production of large amounts 

gets challenging. The establishment of a protocol for recombinant production of 

desired proteins can take years or even longer and the problem of tumor evasion 

is also apparent in this approach. An advantage is that a protein encodes for a 

variety of putative epitopes, which might be helpful in clinics (21). At least the 

problem of costs and hand on time can be circumvented by tumor cells based 

vaccines (reviewed in (22)). An approach using lysate of melanoma tumors was 

pioneered in 1988 by Mitchell and colleagues (23). The tumor lysates were applied 

together with DETOX, a water-in-oil emulsion containing bacterial derived 

immunostimulatory adjuvants. The vaccine Melacine was launched by Corixa 

Corporation with about 10-20 % success in melanoma patients in first trials. Later 

studies revealed an influence of the HLA type of the patient (24) and confirmed the 

low but consistent efficacy in clinical phase I and II studies (25). Its carrier system 

is similar to IFA (26), a water in oil emulsion building a physical barrier and thereby 

hindering diffusion of the antigen and the adjuvants. IFA is still used in clinical 

trials, but will most likely never be approved for standard clinical use, due to 

considerable side effects. 

In our approach we opsonize the tumor lysate to APCs by co-encapsulation in 

PLGA-MS together with the immunostimulatory adjuvants. This has been proven 

to be effective in vitro and in the mouse model. An improved uptake by APCs and 

thereby prolonged presentation in the lymphoid organs might improve the efficacy 

of the vaccine and even help to overcome the restraining effect of the HLA 

dependency. A prolonged Th cell activation and sustained supply of TAA loaded 

DCs to the lymphoid organs has been shown to effectively improve anti tumor 
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immunity in the TRAMP model (27, 28). Furthermore, it has been shown, that 

immunization with subdominant epitopes can help to overcome T cell tolerance 

(29). Since it is likely, that tumor lysate carries several epitopes we hypothesize 

that this might be an additional beneficial factor of our approach. We could show, 

that manufacturing of sterile PLGA-MS for non-contaminating injection is feasible 

and does not affect immunogenicity of encapsulated contents. Furthermore, we 

were able to show, that encapsulation of tumor lysates and co-administration with 

TLR ligands yields detectable cytotoxic T cell responses ex vivo and robust anti 

tumor immunity. In contrast to IFA, which is known for its severe side effects, the 

administration of PLGA-MS does not elicit any adverse effects. Thus our approach 

seems to be suitable and powerful enough for further studies in the TRAMP 

mouse. Moreover, the combination of the two encapsulated TLR ligands CpG-

ODN and polyI:C and tumor lysate as a carrier of several TAAs is a potent alliance 

for the eradication of prostate tumors. 
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Discussion and outlook 

Whether Ambrose Bierce was right when he said that “medicine is like a stone, 

flung down the Bowery to kill a dog on Broadway” and if he thought about 

immunotherapy is questionable. If so, the big challenge would be to get the stone 

flying over a distance of around 1 km from Bowery to Broadway. Figuratively 

spoken, PLGA-MS might be the tool to get the stone flying. 

 

PLGA-MS have been shown to posses a variety of advantageous features for the 

loading of APCs in vitro and in vivo. Their ability to encapsulate virtually any 

antigen regardless of its size or origin, from peptides to proteins, from DNA to solid 

matters, and to release their otherwise protected contents slowly but constantly 

are the most interesting ones. It is not surprising, that numerous groups tried to 

study their potential to elicit immune responses, strong enough to cure tumor 

burden. Besides the fact that we could not detect an adverse effect of sterilization 

of PLGA-MS, we never experienced any negative side effects after the 

immunization with PLGA-MS. Other carrier systems, e.g., IFA, aluminum adjuvant 

or free CpG-ODN, in contrast, are known to commit for granulomas, erythemas (1, 

2) or splenomegaly, a sign of toxicity (3). Apart from that, we could very 

convincingly show that PLGA-MS commit for a long lasting potential to induce 

proliferation of CD4+ and CD8+ T cells as well as effective and long lasting in vivo 

cytotoxicity. Given that IFA, the “gold standard” in immunization, and PLGA-MS 

yielded mostly similar results when being directly compared (chapter II), PLGA-MS 

compare favorably with IFA, providing a promising alternative. 

After an immunization with PLGA-MS, we saw a rapidly decreasing CTL response 

after day 8. The percentage of IFN-γ+ / CD8+ splenocytes peaked at day 6, while 

being low on day 5 and on day 8 (data not shown). In general, an increased 

proliferation in combination with absence of IFN-γ at later stages is a characteristic 

of T cell anergy by functional exhaustion (4), probably due to antigen overload (5). 

This explanation goes in line with the earlier described depot effect of PLGA-MS, 

but is inconsistent with long lasting cytotoxic functionality shown in chapter II 

(figure 5). 

Another interesting point of chapter II is that we found two approaches to further 

increase CTL responses upon PLGA-MS immunization. At first we could show that 

a TNF-α preconditioning of the site of injection increases the CTL response 
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significantly. This result goes in line with the original publication of Martin-

Fontecha et al. in 2003 suggesting an improved DCs migration by the up 

regulation of CCL21 (6). Subsequently, we could show that homologous boosts 

with PLGA-MS significantly elevated levels of tetramer specific CD8+ lymphocytes 

population but not the IFNγ+ / CD8+ lymphocyte population of the spleen, 6 days 

after the booster immunization. The reason for this discrepancy could not be 

clarified, so far. It has been published for VLPs that homologous boost can 

effectively elevate the epitope specific T cell population (7), but the authors did not 

refer to the question, whether the IFNγ+ / CD8+ lymphocyte population is affected 

in this study as well. Nevertheless, heterologous boosting, using recombinant 

vaccinia virus, gave promising results in both read out systems and might be a 

candidate for clinical testing. The modified vaccinia Ankara (MVA) strain has been 

proven to be safe in clinical trials (8) and is commonly used as a vector for 

recombinant expression of TAAs in different systems (9-12). 

 

Another, very versatile field of this thesis covers immunostimulatory adjuvants. In 

principle our approach makes use of TLR ligands, especially the TLR9 ligand CpG 

and the TLR3 ligand polyI:C. We found that the combination of CpG-ODN and 

polyI:C leads to increased CTL responses (data not shown), which was proposed 

by Napolitani et al in 2005 to be true for a variety of combinations (13). Up to now, 

we stick to our finding, that CpG-ODN have an increased impact, if they are in 

close proximity to the antigen (14) and used CpG-ODN in an co-encapsulated 

form with the antigen (15). This should be reconsidered if clinical trials are 

planned. Given that TLR9 is absent on human myeloid DCs (mDC) but only 

expressed on plasmacytoid DCs (pDC), it might be favorable to co-encapsulated 

polyI:C with the antigen. PDCs are able to cross-present endocytosed antigens 

(16) but are generally inferior with respect to T cell stimulation (17). In humans, 

TLR3 is known to be expressed on both, mDCs and pDCs, and it has been shown 

that polyI:C effectively activates mDCs and immature moDCs (18, 19). Moreover, 

polyI:C gave satisfying results when being co-encapsulated with ovalbumin in 

preliminary experiments (data not shown). 

Nevertheless, a second TLR ligand stimulating the MyD88 independent pathway is 

known to cause striking benefits in vivo, referring to CTL responses and also T-reg 

inhibition in mice (20). New B type CpG-ODN sequences, e.g., CpG 2006, have 
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been published to activate human pDCs effectively (21). Another advantage of 

these CpG-ODN is their ability to activate B cells (22), probably a crucial point in 

studies using unmethylated CpG-ODNs in combination with IFA. A possibility to 

exploit this feature of CpG-ODN could be the adsorption or coupling to PLGA-MS 

as it has recently been demonstrated by Fischer et al. (23) or the single 

encapsulation of CpG-ODNs in PLGA-MS. 

 

Chapters III and IV deal with CD1d ligands. Ligands, binding the MHC class I like 

molecule CD1d, are potent activators of NKT cells and therefore interesting 

immune modulators. For PLGA-MS we could show, that the Th1/Th2 bias is rather 

balanced (chapter II; figure 1 and figure 3). Depending on the read out which was 

used, we saw either a slight Th2 shift (chapter II; figure 1) or a Th1 bias (chapter II; 

figure 3). An enticing idea was to modulate the system by the usage of a CD1d 

ligand that effectively drives the Th bias towards Th1. Additionally, the activation of 

the innate immune system represented by NKT cells would probably contribute to 

anti tumor responses (24) and have positive effects on the down regulation of the 

ongoing immune response (25, 26). In chapter III we investigated α-GalCer and α-

C-GalCer for positive properties. Unfortunately, the hopes raised by Frank and 

colleagues (27, 28) faded again. On the one hand, we could not reproduce the 

published cytokine pattern of α-C-GalCer or its superior anti tumor reactivity, on 

the other hand neither α-GalCer nor α-C-GalCer gave any additional benefit when 

used in vaccination studies together with PLGA-MS. It is known that activation of 

NKT cells leads to improved activation of DCs and thereby enhanced cross-

presentation of phagocytosed antigens (29). The absence of a co-stimulatory 

signal, normally provided by activated DCs, can lead to anergy of both, T cells and 

NKT cells. Since free α-GalCer can also be presented by B cells (30), which lack 

co-stimulatory molecules, efficient targeting to DCs is important. This can be 

achieved by encapsulation in or conjugation to microparticles (31). In our 

experiments, co-application of both CD1d ligands in a soluble form had even 

adverse effects regarding intracellular production of IFN-γ by CD8+ lymphocytes in 

the spleen on day six after immunization, whereas co-application of encapsulated 

CD1d ligand showed no effect (chapter III; figure 4). The reasons for this remain 

unclear. The NMR-spectra for α-C-GalCer, which was synthesized in our 

laboratory by Mirko Zierke, under the supervision of Prof. Richard Schmidt, put the 
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chemical identity of our substance beyond doubt. Neither the experiments referring 

to the activation of DCs, the activation of NKT cells nor the tumor challenge 

experiments revealed any significant improvement. Only the serum cytokine 

pattern was slightly improved by α-C-GalCer (chapter III; figure 1), but not to the 

extent published previously. It can be hypothesized, that α-C-GalCer shows only 

marginally reduced binding properties compared to α-GalCer and therefore acts as 

a “super-antigen”. This would in turn lead to a less defined cytokine pattern and 

the released Th1 and Th2 cytokines would have opposing, and in turn neutralizing 

effects. 

 

As a side project we investigated an α-C-diPheGalCer, a synthetic N-acyl 

analogue α-C-GalCer. Interesting about α-C-diPheGalCer is that it showed a 

cytokine pattern which was the opposite of what we were searching for. α-C-

diPheGalCer induced after i.v. administration high amounts of IL-4 but very low 

amounts of IFN-γ (chapter IV, figure 2). We tested α-C-diPheGalCer in several 

models of autoimmunity and found α-C-diPheGalCer to be very effective, even in 

single dose administrations. Furthermore, there were no detectable signs of 

toxicity in vitro (chapter IV; figure 7). We could show that α-C-diPheGalCer lead to 

an efficient down regulation of the transcription factor T-bet on mRNA level 

(chapter IV; figure 3) and thus counteracted Th1 mediated autoimmunity. So far 

we did not prove that the Th2 polarization is NKT cell dependent, but large 

amounts of early cytokines are most likely produced by NKT cells. Experiments 

using CD1d-/- mice or Jα18-/- mice should conclusively clarify this issue. Another 

topic that needs to be investigated in the future is the efficacy of α-C-diPheGalCer 

after repeated injections. This might lead to a synergistic effect based on NKT cell 

anergy, which is characterized by the preservation of IL-4 production and the loss 

of IFN-γ secretion (32). Whether a depot effect by encapsulation in PLGA-MS is 

needed or not depends on the disease model. At least we could show that it is an 

option, even though, it still has to be optimized. 

Another interesting aspect of α-C-diPheGalCer is, that co-injection in a soluble 

form together with PLGA-MS, significantly increases the CTL response (chapter 

IV; figure 8). In chapter III we have seen adverse effects for soluble α-GalCer and 

α-C-GalCer negatively correlating with the amount of IFN-γ apparent in the serum 

(chapter III, figure 4). A possible explanation for that might be a negative feedback 
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loop. Minami et al. showed in 2005, that DCs effectively trigger a Th1 cytokine 

polarization if they were pretreated with Th2 cytokines like IL-4 (33). In 2000, it 

could be demonstrated by Hochrein et al. for various DC subtypes, that treatment 

with IL-4 leads to the secretion of IL-12p70, the major Th1-inducing cytokine and 

in parallel down regulated its agonist IL12p40 (34). In our model the induction of 

early IL-4 by α-C-diPheGalCer activated NKT cells would lead to sustained 

production of IL-12p70 by DCs in the lymph nodes. The DCs, which engulfed 

PLGA-MS in the periphery and subsequently migrated to the lymph nodes would 

then be preconditioned by IL-4 and favor Th1 polarization of Th cells in the 

lymphoid organs. The situation would be contrary for α-GalCer and α-C-GalCer 

since both induce higher serum IFN-γ levels. 

 

Chapter V explores the possibility of the encapsulation of tumor cell lysate. The 

fact that ex vivo responses could be detected and tumor experiments using EG-7 

lysate proved, that in principle the encapsulation of lysate is effective, raised 

hopes for the future of this project. On the other hand the initial experiment in 

TRAMP mice (chapter V; figure 3B) were sobering. Admittedly, neither the group 

size of n = 4, nor the read out were sophisticated enough for such a challenging 

model. An alternative would be a computed tomography scan for malignant tumor 

mass. Nevertheless, we could induce a CTL response against tumor cells and 

even succeeded with a homologous boost (chapter V; figure 3A), strengthening 

the data obtained in chapter II (figure 2C). 

 

In general, PLGA-MS represent an excellent carrier system for antigens and 

immunostimulatory adjuvants for immunotherapy of tumors. Our approach was 

proven to be at least equivalent to IFA, in some cases, e.g., tumor therapy, even 

better. Considering that IFA is apparently the most successful carrier system 

available and that PLGA-MS are flexible enough to cope with the exchange of 

immunostimulatory adjuvants for clinical trials, PLGA-MS are a very promising 

delivery device. An approach using autologous tumor tissue for lysates, which are 

co-encapsulated with suitable TLR ligands, seems to be feasible and passed the 

proof of principle. General features of the spray-drying technique, e.g., short 

manufacturing times and the ease of up-scaling, but also of the microparticles, 
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e.g., the possibility of sterilization by γ-irradiation, make PLGA-MS even more 

interesting for clinical trials. 

 

Returning to the beginning of this chapter, PLGA-MS could get the stone flying, 

let’s get a dog … 
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