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1

viruses, bacteria and parasites, and sustains homeostasis. The immune system is broadly 

which is performed by immune cells of the innate immune system, such as macrophages 

1

than the innate immune system and importantly has the ability to form immunological 
memory2

+ and 
+ 3 + T cells can kill target cells, such as cancer cells and cells 

that are infected4

environment5,6

+ T cells5 +

+ + T cell 
+

7. Th1 

and IL-188,9 7. IL-2 is an important 
+ T cell subtypes10. 

+

11

12. They produce IL-4, IL-5, 
and IL-1311

Th1 responses13 14

15. Th2 cells are thereby involved in allergic 
responses12. Th17 cells play an important role in auto-immune diseases and are vital 

7

16

cells, B cells, and macrophages17. IL-21 is implicated in several autoimmune diseases18. 
Th17 cells secrete IL-17, IL-21, IL-22, and IL-2519

18. IL-
18. IL-22 is important for 

18

20

21. They 
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20 + 
+

22,23.

+ T cell subsets.
+ T cell 

subset
Signature cytokines

Th1
-

Th2 IL-4, IL-5, IL-13 -

Th17 IL-17, IL-22, IL-21, 
IL-25 of other immune cells, autoimmunity, enhancing 

Treg Suppressing other immune cells, maintaining im-

 

24-26. 
Atherosclerosis is the predominant underlying pathology of cardiovascular disease 

22

27

monocytes27

28. There 

T and B lymphocytes28,29

in atherosclerosis, it is generally accepted that Th1 cells progress the disease, while 
25,30 31. 

25.

deaths in the United States in the year 201923

are contained and will not spread to other parts of the body, while malignant tumors 
32. In cancer, T cells can recognize tumor-associated 

33,34

35. Another type of 
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1

on the cell surface of tumor cells36

+ + T cell responses to 
overcome this immune escape37.

+ + T cell responses to 
38, or to suppress 

diseases39. Strategies include cytokine therapy40 41 or T cells42

43

44-49

50

51, metals52, lipids53, proteins54

Some of these materials have intrinsic 
55

56 or 
57 on their surface can induce tolerance. 

58 59 can 

60 

61.
 Here we focus on liposomes because they have been FDA-approved for certain 
therapies62

53

53

63. In 
this thesis, we prepared immune-suppressing liposomes to treat atherosclerosis, and 

not be reached when using non-delivery approaches64



8

 reviews some of the most 

In  we present a detailed study 

delay atherosclerosis progression in a mouse model.  also focuses on liposomal 
treatment of atherosclerosis, but here liposomes were prepared to target to foam cells 

 again centers around 

 



9

1

Cell 

immune system. Science 

Annu Rev Immunol , 

Immunity 

J Leukoc Biol , 163-189, 

Microscopy research and technique , 184-

Cytokine , 

J Leukoc Biol 

J Leukoc Biol , 

Curr 
Opin Immunol 

 , 285-294, 

Nat Rev 
Immunol 

Clin Exp 
Immunol 

Annu Rev Immunol 

discovery to therapy.  

European 
Journal of Immunology 

Annu Rev Immunol , 99-

of Immunology 
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and collaborators. Ann N Y Acad Sci 

Trends Cardiovasc Med 

immune tolerance. Cell 
 et al.

analysis for the Global Burden of Disease Study 2015. The Lancet , 1459-

CA Cancer J Clin , 

 et al.
treat autoimmunity. Nature 

regulatory T cells. Arterioscler Thromb Vasc Biol 

 et al.
Proc 

Natl Acad Sci U S A 

 

Immunity 
Arterioscler Thromb Vasc Biol , 2045-

Curr Opin Lipidol 

Nat 
Immunol 

Cell 

Cell 

recognized by T lymphocytes: at the core of cancer immunotherapy. Nat Rev 
Cancer 

 et al. Gene therapy with human and mouse T-cell receptors 

Blood 
Semin 

Immunol 

immunosuppression. Expert Opin Biol Ther 
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1
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Microbiol 

autoimmunity. Nature 

novel treatments for asthma? Br J Pharmacol 

Nat Rev 
Cancer 

Nat Rev Immunol , 585-598, 

Immunol 
Rev 

Mol 
Cell Endocrinol 

45 Barr, T. A. et al.
J Exp Med 

treatment of autoimmunity. Nat Rev Immunol 

Drug Saf , 921-943, 

48 Hofmann, L. et al.
Eur J Cancer 

 et al.
immunosuppression. Transpl Int 

J 
Am Chem Soc 

and size-control parameters. Prog Polym Sci 

The Journal of Physical Chemistry B 

Drug Delivery. Chem Rev 

carriers in clinical medicine. Adv Drug Deliv Rev 
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Biomaterials 
 et al.

liver sinusoidal endothelial cells enables control of autoimmunity in mice. Journal 
of Hepatology 

57 Benne, N. et al.

in mice. J Control Release 

 et al.
Pharm Res 

59 Luo, M. et al. Nat 
Nanotechnol 

Pharm Res 

vaccines. J Control Release 

Date. Pharmaceut Res 
Vaccine , 3752-

Biopolymers , 462-479, 
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th century have resulted in 
1,2

Despite their enormous success, some problems arise when using these types of 

3

4-6. To circumvent these issues, 

must be targeted, have become more commonly used. These types of vaccines lead to 

7

8

9

10. 

reviewed in great detail11

vesicles12 13,14

15 16 
17

retain its shape under mechanical stress can be manipulated for instance by varying the 

liposomes or by increasing shell layer thickness in capsules18-20.

21-30

physicochemical parameters31. 
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2

memory for possible future encounters. For a vaccine to elicit an immune response, 

interact with T and B cells that reside in the LNs32,33. 

34-36

37. 

38

39. Small liposomes are possibly less 

the skewing of the immune response, but this is outside the scope of this review40. A 

41

42,43
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14. Thus, it appears that for 

the nanometre range. 

44

as shown in rats and mice13,45,46.  

design as well.

 An important step towards inducing a potent immune response is the uptake 

for the presence of pathogens or danger-related signals, which enables them to 

where their content is processed47,48. 

nm49-51

52

53. 

54
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2

process are able to induce immunity. 

55,56. 

57

described ‘phagosome to cytosol pathway’ and via the ‘vacuolar pathway’ in which 

58-60. 

61. 

12

capacity62. 

60. Together, these studies provide 
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63,64

65. 

nm range, which induced stronger IL-4 responses. It has been suggested that smaller 

such as clathrin-coated pit-mediated uptake, which may induce a stronger Th1 immune 
response66,67

Th1 responses. 

49,55,68[49]. There appears to be 

56. 
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2

Th2 mediated immunity, whereas larger liposomes skew towards Th1 responses12,69,70. 

71

72. Both short-rod-shaped 

72

73. Short tubular micelles 
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73

74

mainly deposited in the liver, lungs and kidneys. These results suggest that upon oral 

75

76

77

78

towards the phagocyte was of great importance in Fc receptor-mediated phagocytosis 
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2

process. If the contact angle is too large, the cell will spread across the surface of the 

79

80
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76. 

50. As these molecules 

76. 

16. They found that the 190 nm 

consistently produced in all groups. From this, it can be concluded that the smaller sized 

81

82
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2

81. 

This was combined with a decreased uptake in the liver and spleen83,84. Similar results 

85. 

cholesterol-containing liposomes, which results in faster clearance86

corresponded with higher amounts of non-rigid liposomes found in the draining LNs87. 

88

89. They theorised that the degree of wrapping was dependent on adhesion 
energy between the vesicle and the cell surface, vesicle size, the surface tension 

90

macrophages91

81

82. As previously stated, phagocytosis by macrophages is important 

39

88 and gel-state liposomes 

87. Generally, it 
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varying shell thickness that altered their rigidity92

of the microcapsules in HeLa cells, they found that more rigid capsules had longer 

93. They altered rigidity by increasing the 

87.

epitopes are derived from the cytosol. 

the immune response. In two studies by the same group, the immune response was 

94,95

96,97 and T-cell responses98,99 has been found by other groups. There is some 

87,88. 
 Arnal and colleagues reported that the presence of virulence factors in 

100. The authors postulate that FHA increases 
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2

101. The authors hypothesise that 
strains with more rigid cell walls remain viable within macrophages longer, prolonging 

102,103. It can 

role of this parameter in vaccine design.

immune cells are targeted and what type of immune response is preferred. Importantly, 

may not be ideal for inducing the desired skewing of the immune response. Therefore, 



30

due to the small size. As rigid bacterial strains and liposomes are known to skew the 

internalised. This also results in skewing towards a Th2-mediated immunity. 

and rigidity, more studies will inevitably contribute to a more thorough understanding 



31

2

The height of the red line 



32

induced interleukin-1beta in a new murine model for analysis of neuronal side 
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2

method for measuring rigidity of submicron-size liposomes with atomic force 



34

according to their size. 
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2

54 le Guével, X. et al. 
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liposomal adjuvants plays a role in the cell-mediated immune response but has 



37

2
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Immunogenicity of liposomes and iscoms containing the major outer membrane 

virulent Bordetella pertussis envelope. 
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1 Reddy, S. T. et al. 

patches in mice. 
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2

21 Silva, A. L. et al. 

liposomal adjuvants plays a role in the cell-mediated immune response but has 

28 Huang, X. et al. 
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Immunogenicity of liposomes and iscoms containing the major outer membrane 
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53

3

of carbon chains of the phospholipids in the bilayer, and in part by the presence of 

323

± 

in vitro.

in vitro in vivo in 

importance of this parameter when designing liposomes as a vaccine delivery system. 
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1. They do so by producing 
2

3

of Tregs has been implicated in many diseases, including type 1 diabetes, rheumatoid 
4.  Due to their immunosuppressive capacity, inducing 

5

Maldonado6

7 or rapamycin8,9, 

10

11, whereas we and other groups have shown that anionic 
12,13. 

14. Finally, the rigidity of 
15,16, 

however, to our knowledge, it is unknown whether Treg responses are similarly 

17, 
in vivo18. Furthermore, 

19. Finally, 
increasing liposomal rigidity has been shown to result in increased humoral and cellular 
immune responses20-22.

m m, phospholipid bilayers 

23

24 are commonly used to determine the average Tm of liposomal bilayers. However, 

clear Tm25

imaging and rigidity measurement of individual liposomes, whether or not they contain 
26
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3

in vitro and in vivo.



56

323

2+- and Mg2+

323

®
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3

323

5

described previously27

323

the Tm 323 from the liposomes, 

323 323 323-

 by laser Doppler 

28

7 and 109

323, the 



58

previously29

30. 

2O2 2SO4
silicon surface. The plates were then washed with water and dried for 30 minutes in a 

31, 
and plates used had RMS values between 0.6 and 3 nm, which was deemed to have 

32.

® 

12 13

remove free liposomes.
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3

baseline. Imaging of the liposomes was performed with a z-length 200 nm and a set 

33

35

center of the liposomes.

2
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323

323 323

2

In vitro

plate, and pulsed for 4 hours with liposomes or controls in cIMDM. Spleens from OT-

NH4 3, 0.1 mM Na2
+ + T cell 

+

provided with food and water ad libitum. All animal work was performed in compliance 

of Leiden University.

+ + T cells splenocytes isolated 
from a female OT-II transgenic mouse via the tail vein. On day 1, mice were immunized 

323
via

323



61

3



62

323 

e.g. 
e.g.

323

SD
a at room 

temperature
166.1 ± 8.5 0.09 ± 

0.05
-48.0 ± 6.0 16.0 ± 8.5 Lo

177.3 ± 6.6 0.08 ± 
0.03

-46.4 ± 9.5 15.8 ± 5.5 Lo

173.5 ± 10.6 0.08 ± 
0.04

-46.2 ± 11.7 24.7 ± 10.2 Lo

168.1 ± 17.0 0.10 ± 
0.05

-45.8 ± 4.9 13.9 ± 3.9 Lo

158.7 ± 14.7 0.12 ± 
0.03

-43.4 ± 5.1 24.8 ± 12.8 Lo

138.4 ± 13.2 0.10 ± 
0.03

-39.7 ± 5.7 11.4 ± 6.2 Gel

140.1 ± 4.9 0.13 ± 
0.03

-44.9 ± 5.9 24.6 ± 12.9 Ld

a
323



63

3

a high-Tm phospholipid with a lower-Tm
all phospholipids by a lower-Tm

m

Finally, we found that the Tm
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in vitro

323
 

323

323

F in vitro 323-

analyzed via
323-containing 

323 323 was encapsulated in liposomes and incubated 

323 323 control. Graphs show mean 
323 determined by one-
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3

+

323-containing liposomes, the 

+ + +
323. 

323. Furthermore, we 

323-loaded liposomes in vitro
+ T cells 

+ + + T cells. 
+ + + +

323 323

323
+ + +

323 control. The dashed line 
323

323

in vivo
in 

vivo
in vivo

+ T cells than 
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in vitro
+

323

+ - +
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3

323 323-
323

+ + T cells 

323
+ + T cell 

+ + + +

323

+ + + +
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10,13. 

overlooked15

25, Fourier-transform infrared 
36, and Laurdan anisotropy37. Furthermore, compounds encapsulated 

38,39 and FTIR measurements40

41,42 are indirect 

liposomal rigidity.

composed of low-Tm
Tm
high-Tm

2 groups. As the acyl chains become 

increased43

also in line with results from Takechi-Haraya et al
44.

e.g. 

thereby the rigidity of the liposomes23

liposomes in the presence of a small amount of lower-Tm e.g.

e.g. m values and the 
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3

rigid than larger liposomes45

of smaller liposomes46

47. Due to technical 

48

 to allow an in vitro and in vivo assessment 
primarily based on liposome rigidity. 

49

50

 -49.7 
the range of rigidities of the liposomes is relatively small. This is especially true for the 

state. However, even such small differences in rigidity could be measured using our AFM 

due to a lack of precision of the AFM measurements, as repeated measurements of the 

323

323

51. It is known that phospholipid 

in vivo compared to 
18. 
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macrophages52

cells53

rigidity and membrane permeability, as measured by calcein leakage37. So, it may be that 

323

323

Treg responses they elicited in vitro and in vivo
19, and enhanced 

humoral and cellular responses54,55

in 
vitro and in vivo
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Biochim Biophys Acta , 453-
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 Tm of phospholipids.

Neutral
1,2-distearoyl-sn-glycero-3-phospho-
choline

55 56

1,2-dipalmitoyl-sn-glycero-3-phospho-
choline

41 57

1,2-dioleoyl-sn-glycero-3-phosphocho-
line

-17 58

Anionic
1,2-distearoyl-sn-glycero-3-phospho- 55 57

1,2-dipalmitoyl-sn-glycero-3-phos- 41 57

1,2-dioleoyl-sn -18 59

measured

n
3611 ± 1271 450
1498 ± 531 281
1208 ± 538 243
1195 ± 348 170
825 ± 307 31
911 ± 447 63
494 ± 365 149
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ns
****

ns
ns
*

****
***

ns
ns
ns

****
**
**

****
****

ns
****
****
****
****
****

m
size, liposome 323 m
and Tm
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in vitro 323-
 and 

being analyzed via

 to 37
comparisons test.

323 liposomes measured twice. Measurement 1 and 2 indicate 

Measurement 1  Measurement 2
1660.80 1651.40
1345.50 1643.60
2009.60 2393.20
1345.80 1731.60
957.60 1277.50
677.60 1229.10
857.90 784.50
1595.50 1394.40
636.00 792.30
1246.50 743.00
1842.50 1687.30
720.10 1128.00
1234.90 1886.80
1595.10 1229.20
1131.30 1038.60
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3

1508.20 1324.50
1055.20 1406.50
1187.50 974.30
2258.40 1343.30
1226.00 1642.40
734.10 930.90
901.70 988.20
1385.20 1247.10
2038.90 1876.20
1854.40 1506.90
2111.80 2249.80
2949.30 2779.90
749.10 798.40
1253.40 1300.80
772.30 638.50
1607.90 2085.40
1626.90 1608.20
1604.00 1537.50
683.80 775.90
2214.00 2287.70
1562.20 1703.10
2994.10 3184.40
1706.60 1603.80
Average
1443.20 1484.32
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323-containing 
+ + T cells.  Graphs show mean ± SD, n 

323 liposomes. 
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4

Atherosclerosis is the predominant underlying pathology of many types of cardiovascular 
disease and is one of the leading causes of death worldwide. It is characterized by the 
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 Atherosclerosis is a disease involving large and medium-sized arteries, which 
1

2. In recent years, it has 

progression of the disease3,4

+ T cells 

5,6

7 + T cells 

8, consuming IL-2, 
9. In many diseases, 

including atherosclerosis10-12

13-15

2,16

17

18-20. LDL, ApoB100, ApoB100-

been used as vaccine targets in mice21-28. 

29 or 
24. To our knowledge, there are no reports about the use of 

ex vivo

ex vivo
30-32

in vivo33

in vivo. 

directly into the cell34

the therapy. For instance, it has been shown that anionic liposomes composed of 

35
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4

models36,37

cells38

39,40. 

in an atherosclerosis mouse model.
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2+- and Mg2+

Salmonella Typhosa, phorbol 12-myristate 
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4

 and LDLr

provided with food and water ad libitum. LDLr

animal work was performed in compliance with the Dutch government guidelines and 

 mice. A 

2

10 days. Medium was refreshed every other day.

41

6

41. Lysates were centrifuged for 10 min at 2500 × g 

41. The 
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in silico 

as described previously42
m

43
m

44
m

45
m

46
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4

ave

using the same instrument. For measurements, the liposomes were diluted 100-fold 

42

to remove unbound proteins, leaving the ‘hard’ protein corona47
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2

In vitro

NH4 3, 0.1 mM Na2
+ + T cell 

+ + 

+ in vivo

+ +

ex vivo
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4

 mice were randomized into 3 groups of 9 mice. Mice 

48 

staining as previously described49

staining, as previously described50. All stainings were analyzed by microscopy using Leica 

2

51, and the 

30.
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36,37, although it is 

Z
167.3 ± 11.8 0.08 ± 0.04 -54.4 ± 5.5 10.6 ± 3.9
165.4 ± 15.7 0.12 ± 0.05 -54.0 ± 6.4 14.7 ± 4.7
166.9 ± 14.9 0.09 ± 0.04 33.7 ± 3.7 27.6 ± 8.5

a
ave

b

+

+

in vivo

+ + 

+ T 

+

+
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+ +

+



96

in vivo
+ T cells induced by the liposomes 

+ + + +

- + + +

+ T cells, while both anionic liposomes induced almost no 

any of the groups.

+ + +

+

+ + T-cells in the iLNs of a mouse 8 

+ +
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4

in vivo immunological 

complement proteins52

it can bind to various receptors53

54-56. To test whether the protein 

+ + + 

in vitro data supports the in vivo

57, 

important role in atherosclerosis58
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 in vitro 

+ + + 

test.
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4

Liposomes were 

59, in both 
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in vitro 

23-28

+ T cell epitopes. To 

3500-3514

selected as a model for diet-induced atherosclerosis12
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4

60

+

+ hi monocytes were unchanged in the blood of mice in all 

the collagen content in the lesions was assessed, which is a measure of lesion stability51. 
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: LDLr-

 



103

4

 Atherosclerosis is the main underlying pathology for cardiovascular disease 
and is one of the leading causes of death worldwide1

atherosclerosis has been successful in murine models23-28, a major challenge is the 

liposomes were prepared with high-Tm lipids, since rigid liposomes have been shown 
61 62, and would, therefore, be more potent at 

in vivo
42

+ + + Tregs 

36. In 
accordance with our study, however, IL-10 and IL-4 responses were also unchanged in 
the diabetes model36

in vitro

63

study63

in vitro

64. The mechanism of uptake could also be responsible 
In vitro and in vivo, liposomes interact with 

65. As 

mediated uptake may lead to immune suppression66

37,67-71
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via SRs54-56,72

regulate immunity53,73

74. Moreover, there is evidence of 

75-77 78 72, can lead 

79

present in the protein corona and binds to anionic liposomes. This is in accordance with 
70 80

70

81

binding80,82, or that the chemical structure of the lipids is crucial83. In this work, the zeta-

et al.

was only a trend towards higher Treg responses84

corona likely contains more components that help to induce Tregs.

3501-3516

23

23

28

responses85
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4

85. Unfortunately, we 

cholesterol levels in LDLr mice86, while in vivo  mice reduced 
cholesterol levels87, so this decrease in cholesterol levels could be caused by an increase 

lesions of mice that received liposomes indicated more stable lesions. In accordance with 
 mice with Tregs decreased lesion size and lesion macrophage 

content while increasing lesion collagen content88.

+ + +

reduced lesion size, lowered serum cholesterol levels, and stabilized lesions in a murine 

autoimmune diseases.
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 et al.

analysis for the Global Burden of Disease Study 2015. The Lancet , 1459-
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3500-3513
1942-1952
1945-1952
1943-1957
1942-1958
1943-1956

in silico

0.23
0.24
0.26
0.62
0.64

ave
a b

166.8 ± 0.5 0.07 ± 0.05 -55.9 ± 4.0 10.6 ± 3.9
165.0 ± 4.1 0.06 ± 0.04 -51.4 ± 2.3 15.2 ± 5.0

a

b

Z a

168.9 ± 2.1 0.04 ± 0.03 -55.9 ± 2.0 14.3 ± 4.2
164.5 ± 10.3 0.08 ± 0.02 -45.7 ± 5.9 -

a

b
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3500-3513
ApoB1003500-3513

+

+ - +

+ + + 

+ - 
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- + + +
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4

 To obtain a protein corona, 
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 in vitro 

 in vitro 
+ + + 

and TIM4
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4

+ +

+ + T cells in the aortas of mice. 

test.

                              

+ hi monocytes in the blood of 

tests.
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+ + T cells in the 
+ + T cells in the aortas of mice. Graphs show mean ± 



119

4



120



121

Naomi Benne*1 1, Aimee L. Boyle2 2

1 1 1 1 1

1

Netherlands
2

the Netherlands



122



123

5

Atherosclerosis is the predominant underlying pathology of cardiovascular disease and 

-
-

-

-
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 Atherosclerosis is the predominant underlying pathology of cardiovascular 
disease and is one of the leading causes of death worldwide1. It is characterized by 

2

scavenger receptors and can transform into large lipid-laden foam cells3. These foam 
cells are unable to migrate out of the vessel wall, leading to a build-up at the site of 

.
 There is increasing evidence that the migratory capacity of foam cells out of 

5. Therefore, a promising 
6. 

7

8

9

10

11

and kidney12

12

13-15. This unwanted 

16. In 

17

18-22 23, or 
macrophages24-26 27,28

29

22,23 25,29

30. It binds to p32, also known as 

cells31 32

33,34, but so far, no 
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5

atherosclerosis35. 
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collagenase I, collagenase XI, DNase, and hyaluronidase were purchased from Sigma-
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5

acetamidomethyl group, was synthesized using a Liberty Blue microwave-assisted 

the precipitate and the ether was evaporated, leaving a white residue. This residue 

desired product had been formed. 

described previously36
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was detected at 272 nm.

 mice on a chow diet. 

 for 7 days, as described previously37. 
The medium was refreshed every other day. To generate foam cells, macrophages were 

Male LDLr
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5

Male LDLr

39. The largest Oil-red-O 

MOMA2 staining40

41

were visualized under polarized light42 and the collagen content was determined by 
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43. The Folch method44

43. Both triglyceride and cholesterol levels were 

assays, as previously described by Out et. al.43

post-test were used, where appropriate.
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5

ave

Z

84.7 ± 3.9 0.09 ± 0.02 -19.3 ± 2.3 -
73.8 ± 4.9* 0.10 ± 0.02 -19.7 ± 2.3 93.5 ± 19.9

-
somes

77.5 ± 4.0* 0.09 ± 0.02 -19.5 ± 2.1 92.9 ± 22.5

labeled liposomes were incubated with LDLr

22
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F LDLr  M0 

 mice that received chow diet 
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5

+ + +

+ + +

unpaired t-test.

± 0.07 mm2



134

45. 
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5
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10. Triglyceride and 

lipid levels.
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5

 LXR agonists are promising compounds for the treatment of atherosclerosis, but 
13-15. In this 

46-50 and reported ability to target foam 
cells25 51.

when compared to free drug or drug encapsulated in non-targeted liposomes and was 
25. In a 

+

lesion compared to free drug and non-targeted liposomes18. Neither of these previously 

noted that, while in humans foam cells are mainly derived from macrophages52, it has 
recently been discovered that foam cells can be derived from smooth muscle cells in the 

 mouse model53

are performed in LDLr
 mice.

31, the presence of 

32. 
However, similarly to the Lyp-1 liposomes described here, heat shock protein cages 

+ foam 
33. Seo et al. also observed high 
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-

 mice34. Remarkably, in our study, the presence of Lyp-1 on the liposomal surface leads 

14. 

10. In the present study, the high 

25

al.18

54

liver.



139

5



140

27 Binderup, T. et al. Imaging-assisted nanoimmunotherapy for atherosclerosis in 
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5

36 Benne, N. et al. Atomic force microscopy measurements of anionic liposomes 

+

+ T-cell responses. 

lipids by oil red O for analyzing the metabolic status in health and disease. Nat 
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5

unpaired t-test.
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6

ex vivo

strong immune responses, ex vivo

in situ

ex vivo
+ +

+ T 
cell responses against the neoepitope Adpgkmut

+

+ T-cell responses against another neoepitope, Alg8mut, with around 
+

mut and Adpgkmut
+ + epitopes in 

+

+ epitope MTAG85B. mut was 

+ T cells to at least 



150

cells, including T cells, are important for suppressing tumor growth from the early stages 
of tumor development1 + T cells2, 

+ T cells have also been shown to be important3

+ +

4

5

6

+ 
+

7

ex vivo 8

ex vivo9

10

+ and 
+ T cell responses11

12

strong immune responses, ex vivo
8

in situ in a simpler way13. Liposomes 

14. A major advantage of liposomes is that they can encapsulate one or 
15,16 or STING agonists17, to further 

16,18-20 can induce strong 
+ + T cells responses. Furthermore, it is 

evident that liposomes with high rigidity can further enhance these responses21-23.

+ T cell responses using the 
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6

neoepitope Adpgkmut

+ T-cell responses against another 
neoepitope, Alg8mut

+ + 
+ T cell responses. 

mut
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described before23

 

mut mut mut 
mut

4OH 
4

through stacked 400-nm and 200-nm pore size polycarbonate track-etched membranes 

The same instrument was used to measure  by laser Doppler electrophoresis. 
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6

24.

6 

described previously25

6

12

mice were injected intravenously with 100 

+

staining as described before26

cytokine staining were performed according to standard protocols. Intracellular cytokine 
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5×106

3

2, which was published previously27.
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6

mut 

mut 

mut and 
+ T cell responses, mice were 

injected with Adpgkmut

or free Adpgkmut

mut
+ T cells was measured. 7 days 

+

12,28,29

mut and 

None 209.2 0.158 39.4 40.8 -
394.6 0.264 27.2 39.5 8.8
178.7 0.281 36.6 57.8
210.2 0.119 31.6 19.2 39.3
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+ in vivo  Mice 
were injected with Adpgkmut

liposomes or free Adpgkmut

mut
+ T cells 

mut

+

liposomes are a viable replacement for ex vivo

mut to measure 
+



157

6

in vivo  Mice were 
injected with Adpgkmut mut liposomes, or Adpgkmut

+
mut 

+

against other neoepitopes, such as Alg8mut, and how long these responses would be 
+ T cells persist over a 

mut liposomes, 
Adpgkmut liposomes, Alg8mut mut

with either Alg8mut or Adpgkmut
+

mut mut
+ + 

T cells for mice injected with Alg8mut mut
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mut with 

Alg8mut 178.1 0.078 38.6 60.0 -
Alg8mut 166.8 0.081 40 53.7 67.6

 
Mice were injected with Alg8mut- or Adpgkmut

+

with Alg8mut or Adpgkmut
+

comparisons test.

+

+ +

+ T-cell 
response3 + T 

processing30
mut

mut
+ epitope MTAG85B, 
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6

mut
+

mut
liposomes, Adpgkmut mut

mut
Adpgkmut

+ T cells in the blood was 
mut mut

mut
+

+ +

+ +

mut
+

mut mut 
+ T cell responses were unchanged 

+

mut 

+ + T cell 
+ T cell 

responses against the minimal Adpgkmut
+

Adpgkmut 213.1 0.180 35.7 35.4 76.7
MTAG85B 217.2 0.119 34.9 12.8 33.8
Fused Adpgkmut 235.1 0.210 36.5 28.4 58.8
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Mice were injected with liposomes 
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6

liposomes

217.4 0.075 31.5 41.6
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 Mice were 
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6
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6

liposomes.

liposomes as a treatment in the B16-F10 melanoma model. Mice were inoculated with 



166

microenvironment. However, it may be that for other tumor models than the one tested 
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6

development and shape tumour immunogenicity. Nature 410, 1107-1111, 

recognized by T lymphocytes: at the core of cancer immunotherapy. Nat Rev 
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17 Nakamura, T. et al. Liposomes loaded with a STING pathway ligand, cyclic di-
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6
42 Schwendener, R. A. Liposomes as vaccine delivery systems: a review of the recent 
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7

also be involved in diseases such as autoimmune diseases1-3 or cancer4,5. T cells are vital 

diseases6-8. In this thesis, we have focused on the treatment of diseases in which T cells 

treatment strategies using liposomes, which is introduced in .

various physical forms. In 

considered and studied in detail when designing the liposomes.
In 

9-14

+ T cell 

in vitro and in vivo

and ,  and 
focus on using liposomes to treat atherosclerosis. Atherosclerosis is the predominant 

wide15

16. LDL 

16

17

of immune cells, especially T cells2,18 or foam cells19
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atherosclerosis. In  we designed liposomes that can induce Tregs. Liposomes 

+ T cell epitope. These liposomes 
in vitro and in vivo in 

20-31

32. Through 

33,34

in vitro
In vitro and in vivo, liposomes interact with 

around the liposomes35

and lead to clearance via SRs36-39

atherosclerosis40

have not studied.

resident macrophages41

the pathogenesis of atherosclerosis, since they can phagocytose lipids and become large 
lipid-rich foam cells42. These foam cells are unable to migrate out of the vessel wall, leading 

43. Therefore, a 

cells19, which was our goal in . Macrophages are able to reverse cholesterol 



177

7

44

e.g.

45. Unfortunately, when administered systemically at 

to high triglyceride levels in the plasma or liver46-48

drug delivery vehicle such as liposomes can overcome this problem49

50,51

, 
and

in vitro
macrophages. In vivo

to treat cancer, which is another major health concern52

53. T 
4,5, 

54. As we have shown in 

 we aimed 

55. The Hannover 

responses against Adpgkmut
56. This 

ex 
vivo 57

to T cells and prime them to destroy the cancer cells58 + T cell responses, 

59. Unfortunately, ex vivo 
57. 

in situ in a simpler way60. First, we compared non-adjuvanted Adpgkmut liposomes 



178

+ T cell response, so we 

the liposomes with another neoepitope, Alg8mut.  Similar to Adpgkmut

56

+ + 
epitope MTAG85B61

mut
62

+

+ + responses. 
Due to the lack of improvement of the Adpgkmut

+ 

minimal Adpgkmut
+ T cells responded to the 

+ T cells and eliminate established tumors.

63.
In 

liposomes have been applied in the treatment of cancer64, and to cross the blood-
brain barrier to treat neurological diseases such as Alzheimer’s65. Several liposomal 

66

67.

literature concerning this parameter. Therefore, we aimed to enhance our understanding 

liposomal rigidity and Treg responses in 
protocol for measuring the rigidity of liposomes using AFM, which can also be applied to 

immune responses, and could help others with the design of liposomal vaccines. It should 
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7

and 

humanized mice68

69

mimicking liposomes led to the liposomes crossing the blood-brain barrier in an in vitro 
culture model70

71, and thereby their immunogenicity. As opposed to our study with Lyp-1 
liposomes, the tolerogenic liposomes in 

liposomes in mice with established atherosclerosis.
 Tregs are not only important in the treatment of atherosclerosis, but are 
involved in many other diseases, grouped under the term autoimmune diseases72

73. 
There is currently no cure for any of the autoimmune diseases, and treatment focuses 

long-term treatment74-76

33 and rheumatoid 
77. All of this work is vital for developing a possible treatment for autoimmune 

diseases.
, but instead of suppressing 

78 or T cells79, and immunotherapy against 
80

81, and our 

diseases82,83

cancer84

range of epitopes, liposomes could be an important player in the future of personalized 
therapies85

in vivo animal models86 and in 
vitro human cells87. Therefore, further development of these liposomes should always 
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to test whether the liposomes are safe to use, either in the short-term or long-term.

therefore cost88

89 and 
90,91 are proven to be able to reproducibly manufacture large amounts 

clinical trials66

promising.
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-
ter ook betrokken zijn bij ziekten zoals auto-immuunziekten of kanker. T-cellen zijn van 
belang voor de homeostase van het immuunsysteem en zijn daarom een   doelwit voor 

van liposomen, die in  werden geïntroduceerd.
In 

-

fysicochemische parameters, is de moeite om het nauwkeurig te meten en een gebrek 

de rigiditeit van individuele anionische liposomen nauwkeurig te meten. De oppervlak-
-

somen werden gecontroleerd om veranderingen in andere fysicochemische parameters 

liposomen in de gel-toestand vermindert en die in vloeibare toestand verhoogt. Bovend-
-

-

-
in vitro en in vivo. Onze bevindingen kunnen bijdragen 

van auto-immuunziekten.
, richten de 

 zich op het gebruik van liposomen om atherosclerose te behandelen. 
Atherosclerose is de overheersende onderliggende pathologie van hart- en vaatziekten, 
waarvan wereldwijd miljoenen mensen lijden. Lipiden in de vorm van Lagedichtheidli-

te vormen, dat immuuncellen aantrekt en de ontsteking voortzet. Sommige van deze im-

-
delen. In hebben we liposomen ontworpen die Tregs kunnen induceren. 

-

+ T-celepitoop. 
Deze liposomen bleken in vitro
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-
-
-

-

-
-

-
in vitro dan 

via SR’s. In fysiologische medium in vitro en in vivo -

werd geblokkeerd, wat niet werd waargenomen in serumvrije omstandigheden, wat 

-

eiwitcorona bevat waarschijnlijk meer componenten die helpen bij het induceren van 

tussen liposomale rigiditeit en de eiwitcorona, iets dat we niet hebben bestudeerd.

spelen macrofagen een belangrijke rol bij de pathogenese van atherosclerose, omdat 
ze lipiden kunnen fagocyteren en grote lipide-rijke schuimcellen kunnen worden. Deze 
schuimcellen kunnen niet uit de vaatwand migreren, wat leidt tot een ophoping op de 

-

doel was in . Macrofagen kunnen cholesteroltransport over hun membraan 



194

-

in het plasma of de lever. Lading van het LXR-agonist in liposomen kan dit probleem 

in vitro, terwijl ze een 
In vivo

en de lever wordt vermeden. Deze bevindingen tonen aan dat het mogelijk is om het 

-
-

dere geneesmiddelen aan schuimcellen, zoals ontstekingsremmende geneesmiddelen.

op het gebruik van liposomen om kanker te behandelen, wat ook een belangrijk ge-

-

in 
-

unrespons leveren dat nodig is om een   tumor te verwijderen. In  wilden we 

het celoppervlak van tumorcellen. De Hannover Medical School toonde eerder aan dat 
mut -

-
en, ze ex vivo

+

-

ex vivo
-

er in situ mut-liposomen vergeleken 
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+ T-celrespons, dus gingen we door met deze formulering in ver-

met een andere neoepitoop, Alg8mut. Net als bij Adpgkmut verhoogde lading van Alg8mut 

-
+ T-cellen te 

+ -
fect bestuderen van een lange versie van het Adpgkmut

+ T-celresponsen. 
+

+ + 
mut

+

een tumorstudie uit te voeren met alleen het minimale Adpgkmut -

+

-
-

+

In  hebben we een methode onderzocht om atherosclerose te be-
handelen door gerichte liposomen te gebruiken om een   medicijn af te leveren. In de 
literatuur zijn gerichte liposomen toegepast bij de behandeling van kanker en om de 
bloed-hersenbarrière te passeren om neurologische ziekten zoals Alzheimer te behan-

is van dieren naar mensen.
-
-

gevat in 
literatuur over deze parameter konden vinden. Daarom wilden we ons begrip van deze 

liposomale rigiditeit en Treg-responsen in . Hiervoor hebben we een geop-

-
cochemische parameters van liposomen op de immuunresponsen en kunnen anderen 

-
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waardevol zijn.

menselijke ApoB100 epitopen zijn beschreven door anderen, en waren succesvol tegen 

klinische studies uitgevoerd met behulp van ApoB100-afgeleide epitopen, dus er is nog 

-

leiden dat liposomen de bloed-hersenbarrière overschreden in een in vitro kweekmod-
-

vloeibaarheid kunnen veranderen, en daarmee hun immunogeniciteit. In tegenstelling 
tot onze studie met Lyp-1 liposomen, werden de tolerogene liposomen in  

-
vant zijn om de liposomen toe te dienen bij muizen die al atherosclerose hebben.

, maar in plaats van de 

-

dat immuuntherapie via liposomen een snellere, goedkopere behandelingsstrategie is. 
-

-
-

gen van liposomen om een   breed scala aan epitopen te laden, zouden liposomen een 

-
in vivo diermod-

ellen en in vitro menselijke cellen. Daarom moet de verdere ontwikkeling van deze lipo-

worden uitgevoerd in diermodellen om te testen of de liposomen veilig zijn om te geb-
ruiken, op korte of lange termijn.

Afgezien van de noodzaak om de veiligheid van de liposomen voor klinisch 
gebruik te testen, vereist testen bij mensen grote hoeveelheden liposomen en de ge-

liposomale eigenschappen worden uitgevoerd.
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